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Surgical anesthesia is intended to render the patient insensitive to pain. In a typical clinical procedure, known as balanced
anesthesia, the patient is premedicated with a sedative intended to relieve preoperative anxiety and facilitate the induction of
anesthesia itself. Often this premedication is a benzodiazepine such as diazepam or midazolam; otherwise, a barbiturate such as
thiopental or a nonbenzodiazepine such as propofol may perform this function. Sedation is followed by the induction of general
anesthesia by intravenous injection of a sedative, narcotic (e.g., morphine, fentanyl, or alfentanyl), or ketamine. In addition, a
nondepolarizing curare-like derivative (e.g., vecuronium or d-tubocurarine or a depolarizing drug (e.g., succinylcholine) is
administered to induce muscle paralysis. After intubation and connection to a ventilator for artificial respiration, general anesthesia
may be maintained by a mixture of oxygen and nitrous oxide, often in combination with a volatile agent (e.g., halothane, enflurane,
or isoflurane) or an intravenous narcotic. At the conclusion of the surgery, muscle relaxation is reversed (e.g., by neostigmine or
other anticholinesterase), and normal (unassisted) breathing is restored. In addition, the patient may be given an analgesic agent
(e.g., morphine) to manage any acute pain experienced postoperatively.
In contrast to local anesthesia, which affects the peripheral sensory nerves in particular bodily locations, general anesthesia operates
directly on the central nervous system, producing a general loss of consciousness that affects sensory awareness in all modalities
and at all body loci. This "controlled coma" is indicated clinically by: (1) the lack of motor response to instructions; (2) suppression
of autonomic and skeletal responses to intraoperative stimuli such as incisions; (3) absence of retrospective awareness of pain; and
(4) postoperative amnesia for surgical events such as conversations among the medical team. Thus, by definition, adequately
anesthetized patients rarely show any conscious recall or recognition of surgery. In fact, the incidence of intraoperative awareness
in general surgical cases has been estimated at approximately 0.15% for general surgical cases (Sandin, Enlund et al. 2000),
increasing somewhat in cardiac surgery, obstetrics, and especially trauma surgery, where lower doses of anesthetics are used.
Nevertheless, there is some evidence that surgical events may be processed to some degree even by adequately anesthetized
patients, resulting in the encoding of memory traces of experience that can affect postsurgical experience, thought, and action.

1. On-line evidence
Prima facie evidence for information processing during general anesthesia is provided by studies of classical conditioning in
animals: conditioned fear responses can be acquired during anesthesia and displayed after recovery. However, conditioned
responses can be established in almost any organism that has a nervous system, including decorticate animals. This primitive form
of learning should not be confused with the higher cognitive processes involved in intelligent perception, memory, and thought.
Other evidence indicates that adequately anesthetized patients continue to show event-related potentials (ERPs) to auditory and
somatosensory stimulation. In fact, intact ERPs constitute one way in which the patient's status is monitored during surgery,
supplementing autonomic signs such as blood pressure, heart rate, sweating, and tears (Sigl and Chamoun 1994; Thornton and
Sharp 1998). However, the ERP is very complex (Hillyard and Kutas 1983). Only the early, subcortical components are clearly
unaffected by anesthetic agents (these are the only components routinely monitored during surgery); the later, perceptual and
cognitive components exhibit dose-related suppression of activity. To date, there have been few studies of the fate of the cognitive
ERP, and the few studies relating intra-operative ERPs to postoperative memory have yielded ambiguous results (Schwender,
Klasing, et al. 1993).
In the absence of definitive studies of cognitive ERPs, on-line evidence of complex mental activity comes primarily from studies
using the "isolated forearm technique," in which muscle relaxant is prevented from affecting one arm by means of a tourniquet
(Jessop and Jones 1991). In a substantial minority of cases, the patient retains the ability to make a motor response with the spared
limb in accordance with instructions from the anesthetist. However, the vast majority of adequately anesthetized patients have no
conscious recollection of having been given these instructions. While the isolated forearm technique provides evidence of some
degree of intraoperative awareness, it should be noted that most studies with the technique are in obstetrical procedures where
relatively light doses of anesthesia are used.

2. Retrospective evidence

Evidence of information processing during anesthesia is often sought in evidence of memory afterward. Of course, a failure to
remember surgical events is part and parcel of the definition of adequate anesthesia. However, recent studies of both brain-damaged
patients and intact subjects support a distinction between explicit memory, which requires the conscious recollection of a previous
episode, and implicit memory, as revealed by a change in task performance that is attributable to such an event (Schacter 1987).
While amnesic patients typically fail to recall or recognize the items studied in a list of words; they generally show priming effects
attributable to the study episode when they are asked to identify words presented under degraded conditions, or words as
completions of stems or fragments. By definition, adequate general anesthesia abolishes explicit memory for surgical events; but
the possibility remains that some degree of implicit memory may be spared.
Although the evidence is still rather mixed, some studies employing procedures derived from the laboratory study of normal and
pathological memory suggest that a dissociation between explicit and implicit memory may be obtained under certain conditions of
adequate anesthesia (Ghoneim and Block 1992; Andrade 1995; Ghoneim and Block 1997). In one study, adequately anesthetized
patients maintained on isoflurane who were presented paired associates of the form bread-butter over earphones during surgery
showed no subsequent free recall, cued recall, or recognition of the items during postoperative testing (Kihlstrom 1990, Schacter, et
al. 1990). However, when presented with the first term of the pair and asked to report the first word that came to mind, they were
more likely to produce the second term than were controls. However, a subsequent study by the same team, employing the same
methods with patients maintained on sufentanil and nitrous oxide, yielded negative results (Cork, Kihlstrom, et al. 1992).
As the discrepancy between these two studies suggests, implicit memory for events occurring during general anesthesia remains
controversial. The situation is complicated by wide variation from laboratory to laboratory in type of surgery, anesthetic cocktail,
techniques for monitoring anesthetic depth, and tests of implicit memory. However, a 1996 meta-analysis of 44 studies clearly
showed that repetition priming is relatively spared under adequate anesthesia (Merikle and Daneman 1996). However, there is little
evidence for spared semantic priming. This conclusion is consistent with the idea that variations in depth of anesthesia may permit
some "automatic" perceptual processing of surgical events, but not complex meaning analyses. Along these lines, there is some
evidence that implicit memory is increased when physiological stress responses to surgical stimuli such as incisions adventitiously
improve the circumstances of memory encoding (Stapleton and Andrade 2000). Implicit memory also appears to be greater with
inhaled anesthetics, or lighter planes of anesthesia. The relation of postoperative implicit memory to intraoperative ERPs is
ambiguous at present (Schwender, Klasing, et al. 1993).
In conscious sedation, a technique that is increasingly popular in outpatient surgery, the patient receives sedatives and analgesics
but not inhalant or narcotic anesthetics. As a result, the patient remains awake throughout the procedure, and can interact with the
surgical team. However, the sedatives employed frequently render patients amnesic for their experiences, a condition something
like alcoholic blackout. However, as in general anesthesia, this amnesia affects explicit memory, but not implicit memory (Polster
1993). For example, one study showed significant priming on a free-association task in patients who were sedated with propofol, a
synthetic drug with sedative effects similar to those of benzodiazepine (Cork, Heaton, et al. 1996).

3. Therapeutic suggestions
Early findings that adequately anesthetized patients could make postoperative motor responses to cues arranged during surgery
(Bennett, Davis, et al. 1985) have not been confirmed by subsequent research (Dwyer, Bennett, et al. 1992). Nevertheless, the
possibility of spared implicit memory has suggested that patients might respond to therapeutic suggestions administered during
anesthesia with improved postoperative course. Again, occasional positive results, showing speeded postoperative recovery,
diminished requests for pain medication, and the like (Bonke, Schmitz et al. 1986; Evans and Richardson 1988), were not
confirmed in the 1996 meta-analysis (Merikle and Daneman 1996). Although the sparing of implicit memory warrants further study
of this issue, the likelihood that patients can respond positively to specific suggestions administered during adequate anesthesia is
diminished by the absence of semantic priming in implicit memory. Adequate anesthesia almost certainly precludes the sort of
semantic analysis that would be required for such an outcome.
Some patients, and their physicians, are disturbed by any evidence of postoperative memory for surgical events (Schwender, KunzeKronawitter, et al. 1998). However, evidence of postsurgical implicit memory does not imply that ostensibly anesthetized patients
are in fact aware of surgical events as they occur. Rather, they indicate only that some degree of perceptual processing can proceed
outside of awareness, even under conditions of adequate anesthesia. Implicit memory following adequate anesthesia is revealed
under only very special conditions. Although accidental surgical awareness leading to explicit memory for surgical events and

posttraumatic stress disorder is not a trivial problem, and can have significant medicolegal consequences (Domino, Posner, et al.
1999), evidence that surgical events can unconsciously influence patients' real-world experiences, thoughts, and actions (Levinson
1965) remains at the anecdotal level (Chortkoff, Gonsowk, et al. 1995).
Although the preservation of implicit memory in general anesthesia and conscious sedation may not have much practical
significance, research on anesthetic agents may play an important role in cognitive neuroscience, especially with respect to
uncovering the neural correlates of consciousness. For example, at the molecular and cellular level of analysis, anesthesia has been
viewed as the result of generalized inhibition of synaptic transmission, perhaps through effects on protein receptors for certain
neurotransmitters, or on the production of neurotransmitters themselves (Hameroff and Penrose 1996). At the systems level, it has
been proposed that anesthetics act through portions of the reticular formation, to inhibit communication from the thalamus to
cerebral cortex (John, Prichep, et al. 2001). Although these theories are interesting, it seems likely that different anesthetic agents,
such as inhalants and narcotics, have different pharmacological mechanisms of action, with different psychological effects as well.
Detailed study of the cognitive effects of the various classes of anesthetic agents, coupled with a more detailed
psychopharmacological theory of anesthetic effects, may yield important insights into the biological substrates of conscious and
nonconscious cognitive processes.

4. Author notes
The point of view represented in this article is based on research supported in part by NIH Grant MH-35856

5. See also
Anesthesia, mechanisms of
Anesthesia, nerve block
Cognition, unconscious processes
Learning and memory
Author's website:
http://www.socrates.berkeley.edu/~kihlstrm

6. Further reading
Cork RL, Couture LJ, Kihlstrom JF (1997): Memory and recall. In: Anesthesia: Biologic Foundations, Yaksh TL, Lynch C, Zapol
WM, Maze M, et al., eds. New York: Lippincott-Raven, pp. 451-467
Ghoneim MM, ed. (2001): Awareness During Anesthesia. Oxford: Butterworth Heinemann
Hindmarch I, Jones JG, Moss E, eds. (1987): Aspects of Recovery from Anaesthesia. London: Wiley
Jones JG, ed. (1989): Depth of Anaesthesia [Bailliere's Clinical Anaesthesiology, Vol 3, No 3]. London: Bailliere Tindall
Kihlstrom JF (1993): Implicit memory function during anesthesia. In: Memory and Awareness in Anesthesia, Sebel PS, Bonke B,
Winograd E, eds. Englewood Cliffs, NJ: Prentice Hall, pp. 10-30
Kihlstrom JF, Schacter DL (1990): Anaesthesia, amnesia, and the cognitive unconscious. In Awareness and Memory during
Anaesthesia, Bonke B, Fitch W, Millar K, eds. Amsterdam: Swets & Zeitlinger, pp 21-44
Rosen M, Lunn JN, ed. (1987): Consciousness, Awareness and Pain in General Anaesthesia. London: Butterworths

6.1. Published proceedings of the International Symposium on Memory and Awareness in Anesthesia:
Bonke B, Fitch W, Millar K, eds. (1990): Memory and awareness in anaesthesia [proceedings of the 1st conference, Glasgow,
1989]. Amsterdam: Swets/Zeitlinger
Sebel PS, Bonke B, Winograd E, eds. (1993): Memory and awareness in anesthesia [proceedings of the 2nd conference, Atlanta,
1992]. Englewood Cliffs, NJ: Erlbaum
Bonke B, Bovill JG, Moerman N, eds. (1996): Memory and awareness in anaesthesia III [proceedings of the 3rd conference,
Rotterdam, 1995. Assen, Netherlands: Van Gorcum
Jordan C, Vaughn DJA, Newton DEF, eds. (2000): Memory and awareness in anaesthesia IV [proceedings of the 4th conference,
London, 1998]. London: Imperial College Press
Information on the 5th conference, held in New York in 2001, and the 6th conference, scheduled for Hull, U.K., in 2004, is
available on the Internet at http://www.maacc.org.

7. References

Andrade J (1995): Learning during anesthesia: A review. Br J Psychol 86:479-506 [MEDLINE]

Bennett HL, Davis HS, et al. (1985): Nonverbal response to intraoperative conversation. Br J Anaesth 57:174-179 [MEDLINE]

Bennett HL, Davis HS, et al. (1985): Nonverbal response to intraoperative conversation. Br J Anaesth 57:174-179 [MEDLINE]

Bonke B, Schmitz PIM, et al. (1986): Clinical study of so-called unconscious perception during general anesthesia. Br J Anaesth
58:957-964 [MEDLINE]

Chortkoff BS, Gonsowk CT, et al. (1995): Subanesthetic concentrations of desflurane and propofol suppress recall of emotionally
charged information. Anesth Analg 81:728-736 [MEDLINE]

Cork RC, Heaton JF, et al. (1996): Is there implicit memory after propofal sedation? Br J Anaesth 76:492-498 [MEDLINE]

Cork RC, Kihlstrom JF, et al. (1992): Absence of explicit or implicit memory in patients anesthetized with sufentanil/nitrous oxide.
Anesthesiology 76:892-898 [MEDLINE]

Domino KB, Posner KL, et al. (1999): Awareness during anesthesia: A closed claims analysis. Anesthesiology 90(4):1053-1061
[MEDLINE]

Dwyer R, Bennett HL, et al. (1992): Isoflurane anesthesia prevents unconscious learning. Anesth Analg 75:107-112 [MEDLINE]

Evans C, Richardson PH (1988): Improved recovery and reduced postoperative stay after therapeutic suggestions during general
anesthesia. Lancet (2)8609:491-493 [MEDLINE]

Ghoneim MM, Block RI (1992): Learning and consciousness during general anesthesia. Anesthesiology 76:279-305 [MEDLINE]

Ghoneim MM, Block RI (1997): Learning and memory during general anesthesia: an update. Anesthesiology 87:387-410
[MEDLINE]

Hameroff SR, Penrose R (1996): Conscious events as orchestrated spacetime selections. J Conscious Stud 3(1):36-53

Hillyard SA, Kutas M (1983): Electrophysiology of cognitive processing. Annu Rev Psychol 34:33-61 [MEDLINE]

Jessop J, Jones JG (1991): Conscious awareness during general anesthesia-What are we attempting to monitor? Br J Anaesth
66:635-636 [MEDLINE]

John ER, Prichep LS, et al. (2001): Invariant reversible QEEG effects of anesthetics. Conscious Cogn 10:165-183 [MEDLINE]

Kihlstrom JF, Schacter DL, et al. (1990): Implicit and explicit memory following surgical anesthesia. Psychol Sci 1(5):303-306

Levinson BW (1965): States of awareness during general anesthesia. Br J Anaesth 37:544-546 [MEDLINE]

Merikle PM, Daneman M (1996): Memory for events during anesthesia: A meta-analysis. Unpub ms, U Waterloo [MEDLINE]

Polster MR (1993): Drug-induced amnesia: Implications for cognitive neuropsychological investigations of memory. Psychol Bull
114:477-493 [MEDLINE]

Sandin, RH, Enlund G, et al. (2000): Awareness during anesthesia: A prospective case study. Lancet 355:707-711 [MEDLINE]

Schacter DL (1987): Implicit memory: History and current status. J Exp Psychol Learn Mem Cogn 13:501-518 [MEDLINE]

Schwender D, Klasing S, et al (1993): Midlatency auditory evoked potentials and cognitive function during general anesthesia.
Intern Anesth 31:89-106

Schwender D, Kunze-Kronawitter H, et al. (1998): Conscious awareness during general anaesthesia: patient's perceptions,
emotions, cognition and reactions. Br J Anaesth 80(2):133 [MEDLINE]

Sigl JC, Chamoun NG (1994): An introduction to bispectral analysis for the electroencephalogram. J Clin Monit Comput 10:392404 [MEDLINE]

Stapleton CL, Andrade J (2000): An investigation of learning during propofol sedation and anesthesia using the process

dissociation procedure. Anesthesiology 93:1418-1425 [MEDLINE]

Thornton C, Sharp RM (1998): Evoked responses in anesthesia. Br J Anaesth 81:771-781

Copyright © 2004 Elsevier B.V. All rights reserved.

