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Abstract

Introduction: Unconscious processing of words during general anaesthesia has
been suggested. We used the process dissociation procedure (PDP) to test mem-
ory performance during sevoflurane and propofol anaesthesia in relation to hyp-
notic depth.

Material and methods: One hundred participants anaesthetised for elective sur-
gery (50 with propofol and 50 with sevoflurane) and 50 non-anaesthetized lis-
tened to a list of words. The bispectral index (BIS) of the anaesthetised patients
was recorded. Within 36 h after word presentation, memory was assessed using
a word stem completion task, based on Buchner’s model applied on the PDP.
Results: There was evidence of memory for words presented during light (BIS
61-80) (p = 0.001) and adequate (BIS 41-60) (p = 0.008) but not deep anaes-
thesia (BIS 21-40) (p = 0.09). The PDP showed a significant implicit but not
explicit memory contribution (mean total explicit memory scores: 0.04 +0.07 in
all BIS categories; mean implicit memory scores: 0.01 +0.04, 0.1 +0.08, and 0.05
+0.09 at BIS = 21-40, 41-60, and 61-80, respectively). There was a statistically
significant difference between the mean implicit memory score (1) of the propo-
fol and sevoflurane group in the BIS category 41-60 in general (p = 0.016), and
after incision (l,) (p = 0.005) in particular, with propofol depressing | more than
sevoflurane in both cases. Memory performance of nonanaesthetized partici-
pants was better, with a higher contribution of explicit and a comparable con-
tribution of implicit memory.

Conclusions: During general anaesthesia, implicit memory persists even in ade-
quate hypnotic states. Sevoflurane affects the implicit memory of adequately
anaesthetised subjects less than propofol.
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Introduction

Explicit memory refers to the conscious recollection of previous expe-
riences, whereas implicit memory refers to changes in performance or
behaviour produced by previous experiences. Anaesthetic drugs act promi-
nently on explicit memory [1, 2]. Older studies suggest that explicit mem-
ory (awareness) during general anaesthesia can occur, but it is rare
(0.1-0.2%) and is often due to an inadequate level of anaesthesia [3-5].
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The effects on implicit memory have not been stud-
ied so extensively. Whether implicit retrieval of
information presented during general anaesthesia
can also occur remains controversial in the litera-
ture [6-8], which may be explained by the lack of
standardization of various study variables [9].

Most studies have used the process dissociation
procedure (PDP) to evaluate the preservation of
memory during general anaesthesia and to distin-
guish between explicit and implicit retrieval process-
es [10-13]. The PDP in combination with Buchner’s
extended model is considered a reliable model for
memory assessment [14]. The results have been con-
flicting. Some studies using propofol suggest the
preservation of implicit memory during general
anaesthesia [15, 16] and others not [14, 17-19]. There
are a few studies about the effects of sevoflurane on
implicit memory. Renna’s study suggests the preser-
vation of implicit memory only for end tidal sevoflu-
rane concentrations lower than 1.2% [20]. Kerssen’s
et al’s [21] and Stonnel’s et al.’s [22] studies suggest
the preservation of implicit memory during adequate
general anaesthesia, whereas Kristoffer’s et al.’s
study [23] suggests the suppression of perceptual
learning during anaesthesia with sevoflurane. We
did not, however, find any studies comparing sevoflu-
rane’s and propofol’s effect on memory.

Our aim was to evaluate explicit and implicit
memory performance during general anaesthesia
with propofol and sevoflurane for elective surgery
using the PDP. The question was whether memory
preservation was related to the anaesthetic agent,
the depth of anaesthesia, and the surgical stimulus.

Material and methods
Participants

After approval by the ethics committee of
Attikon University Hospital and written informed
consent from each participant, 100 participants,
aged 18-60 years, ASA I-ll, undergoing elective sur-
gery under general anaesthesia, were included in
the study. The patients were randomly allocated to
group A (receiving sevoflurane) or B (receiving
propofol for maintenance of anaesthesia). Another
50 non-anaesthetised volunteers were also includ-
ed in our study conducted from November 2006 to
November 2008.

Participants who were not native Greek speak-
ers, had a known hearing deficit, a neurological/psy-
chiatric pathology or those under treatment affect-
ing the cognitive function, suffering from memory
dysfunction, head trauma, chronic alcoholism/drug
abuse, or programmed for cardiac, obstetric or brain
surgery were excluded from the study. The non-
anaesthetised volunteers had similar characteris-
tics and the same inclusion and exclusion criteria
as the anaesthetised participants but were non-
institutionalized.

On the day before surgery, the participants were
informed that they would listen to some words
through headphones during the operation and after
several hours, they would undergo an unspecified
test. The auditory material for the memory test
(word stem completion task) consisted of 60 three-
syllable Greek words chosen according to a pilot
word stem completion study [24].

Procedure

This was a double blind, randomised, clinical tri-
al. All anaesthetised participants were unpremed-
icated and randomly assigned to one of the two
anaesthetic regimens using sevoflurane or propofol
as the main anaesthetic. They all received propofol
and fentanyl for induction of anaesthesia. Partici-
pants of group A received sevoflurane (Et Sevoflu-
rane 1.2%) and those of group B propofol infusion
(50-100 pg/kg/min) combined with fentanyl, a neu-
romuscular blocking agent and an air-oxygen mix-
ture for maintenance of anaesthesia.

Standard monitoring including electrocardiogram,
pulse oximeter, and non-invasive blood pressure
was applied to all participants. A BIS A-2000® mon-
itor (Aspect Medical Systems Inc., Newton, MA) with
single-use silver-silver chloride electrodes (Zipprep;
Aspect Medical Systems) was attached to all par-
ticipants’ foreheads through a single channel. The
bispectral index (BIS) was recorded every 15 s on
a portable computer. Mean arterial blood pressure
(BP), heart rate (HR), oesophageal temperature
(Teentral)» Peripheral oxygen saturation (SatO,), and
end-tidal concentrations of CO, (EtCO,) were also
recorded every 1.5 min. Each participant heard two
practice words in order to adjust the volume. The
program for word presentation started as soon as
possible after induction of anaesthesia.

The administration of anaesthesia and neces-
sary deviations from the standard protocol were
the responsibility of the anaesthesiologist (who was
different from the researcher). All personnel were
blinded to BIS indications. Anaesthesia was titrat-
ed using classic clinical signs (blood pressure and
heart rate variation, sudation, movements, eyes
opening, grimacing, cough, and pupil diameter). Par-
ticipants who accidentally received benzodiazepi-
nes were excluded from the study.

In the presentation phase, two lists of 20 words
each, one for the inclusion and one for the exclu-
sion condition of the PDP were played to the par-
ticipants via headphones placed on their ears, con-
nected to a laptop (Sony VAIO VGN-FZ21S, 2005
Sony Corporation, made in China). The program
chose the word lists according to a counterbalanc-
ing scheme (Table 1) and presented the words in
random order, different for each participant. Each
word was repeated 25 times consecutively, with a 2-
second delay between repetitions. We allotted
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a period of 2 s to each word. A new word presen-
tation started 5 s after the end of the previous pres-
entation. The entire set of auditory stimuli lasted
70 min.

The mean values of BIS and the other parame-
ters (BP, HR, Teentrat Sat0,, EtCO,) were automati-
cally computed and averaged for each presented
word. If the BIS value for any given word was at any
time above 60 we replaced the average BIS with the
maximal recorded BIS for the particular word.

The same task was administered to the non-
anaesthetised volunteers in a quiet room. They
were instructed to listen carefully to a series of
repeated words that would be included in a later
unspecified test.

For the evaluation phase we used the PDP orig-
inally introduced by Jacoby [25] in combination with
Buchner’s et al.’s extended model [26]. The evalu-
ation was performed within 36 h after the presen-
tation phase (retention interval) both on non-anaes-
thetised and anaesthetised participants, whenever
they felt comfortable, and the retention interval was
recorded for each one. Each previously anaes-
thetised participant was first given a short inter-
view roughly testing preservation of explicit mem-
ory during general anaesthesia [27]:

1. What is the last thing you remember before you
fell asleep?

2. What is the first thing you remember after you
woke up?

3. Do you remember any words or any intraopera-
tive events?

4. Do you remember having any dreams and if so
what were they about?

In the evaluation phase, each participant was
presented with three lists of word stems according
to the group he/she was originally assigned. Thir-
ty word stems were presented in each condition,
20 corresponding to previously presented target
words and 10 to not previously heard distractor
words, in order to assess the completion rate due
to chance or guessing (base rate). These stems
were audible only to the participants.

In the inclusion condition, measuring general
memory performance, participants were asked to
use each stem as a clue to recall the previously
heard word or otherwise complete the stem with
the first 3-syllable word that came to mind. Accord-
ing to Buchner’s model the subject’s performance
in this condition is described by equation (1): Inclu-
sion=e+(1-e)-[i+(1-1 - g]. Parameter e rep-
resents explicit memory, i implicit memory, and g
the base rate in the inclusion condition.

In the exclusion condition, measuring implicit effect,
the participants were instructed to use the stem as
a clue to recall a word previously heard, then avoid this
word and find another one. The participant’s per-
formance in this condition is described by Buchner’s

Table . Counterbalancing scheme for words used in
the process dissociation procedure

Group List1 List2 List3
(words 1-20)  (words 21-40)  (words 41-60)

1 Inclusion target Exclusion target  Distractor

2 Distractor  Inclusion target Exclusion target

3 Exclusion target  Distractor  Inclusion target

equation (2): Exclusion = (1—¢) - [i+ (1 - 1) - h]. Param-
eter h represents the base rate in the exclusion con-
dition.

Before the evaluation phase the participants
were asked to complete the stems using three-syl-
lable words, no plurals, no proper nouns, present
tense for verbs, in 30 s.

Randomization

Each participant was assigned to sevoflurane
group A or propofol group B and also to one of the
3 groups of Table | with the closed envelop method
and thus was presented with a different combina-
tion of the 3 lists of words. There was also group C
of the non-anaesthetised volunteers, who were also
randomly assigned to one of the 3 groups of our
counterbalancing scheme.

Statistical analysis

For each participant we calculated the propor-
tion of correct answers over the sum of the pre-
sented words (hit rate) and the percentage of cor-
rect responses over the sum of distractor words
(base rate). Based on these results we estimated
the mean explicit memory score (E) and the mean
implicit memory score (I) for the three BIS cate-
gories (21-40, 41-60, 61-80) and also for propofol
and sevoflurane, separately.

We performed normality and equal variances
t-ests for quantitative variables in order to decide
when to apply parametric and when to resort to
non-parametric t-ests. For negative memory values
we applied the truncation method and they were
set equal to zero. Such values were few and the
case of normality was not affected. If a participant
heard fewer than 3 words in any condition he was
excluded from the particular condition.

We performed one-tailed t-tests to check that the
calculated memory scores differed from zero. We
used paired t-tests or the non-parametric equivalent
Wilcoxon test to compare mean memory scores and
the ANOVA analysis of variance or the corresponding
non-parametric Kruskal-Wallis test to compare mem-
ory scores to other factors. For post hoc (multiple
comparisons) we used Bonferroni tests (i.e. testing
gender, education, severity of surgery, etc.)

We used the correlation coefficients of Pearson
(for normally distributed variables) and/or Spear-
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man to test possible correlations between memo-
ry and quantitative variables (age, duration of
anaesthesia/surgery). Correlation tests were also
performed (Pearson/Spearman) between memory
scores and vital signs or breathing variables (EtCO,,
Sat0,). Further tests were performed on partici-
pants with extreme (breathing and vital signs) val-
ues and those without (t-tests).

The level of statistical significance was set at
p < 0.05 for all tests. The average power of the
study (given the available sample size per test and
for predefined a = 0.05) was calculated to be 0.88,
which is satisfactory.

Results

Two participants from the sevoflurane group,
5 from the propofol group and 5 non-anaesthetised
were excluded from the study either due to tech-
nical problems, accidental or non-accidental devia-
tions from the protocol, or because they were lost
to follow-up.

Table Il shows subjects’ demographic data, oper-
ation data, and the retention interval.

Twenty-four participants underwent surgery of
moderate (e.g. arthroscopy, wall hernia repair, thy-

roidectomy, etc.) and 69 of major surgical grade (e.g.
spinal fusion, hysterectomy, laparotomy, etc.).

Table Il compares E and Table IV | for the differ-
ent BIS categories of participants anaesthetised
with propofol and sevoflurane. Table V compares
E and | of the anaesthetised (of each BIS category)
and the non-anaesthetised participants.

No participant manifested explicit recall accord-
ing to the 5-question interview. The contribution of
explicit memory was not significant in any BIS
group (p > 0.05). Implicit memory was preserved in
participants with BIS 41-60 (p = 0.001) and 61-80
(p = 0.008) and was absent in those with BIS 21-40
(p = 0.09). E was comparable between anaes-
thetised participants of all three BIS categories
(p = 1.00), but was not comparable between anaes-
thetised and non-anaesthetised subjects (p < 0.001).
I was comparable between participants with BIS (a)
41-60 and 61-80 (p = 0.067), (b) 41-60 and the non-
anaesthetised (p = 1.00), and (c) 61-80 and the non-
anaesthetised (p = 0.476), but was not comparable
between BIS groups (a) 21-40 and 41-60 (p < 0.001),
(b) 21-40 and 61-80 (p = 0.017) and (c) 21-40 and the
non-anaesthetised (p < 0.001). We found a statisti-
cally significant difference between | before inci-

Table I1. Participants’ demographic data, operation data and retention interval

Parameter Anaesthetised Anaesthetised Non-anaesthetised Value of p
with sevoflurane with propofol

n 48 45 45

Age [years] 43.13 +11.50 38.96 +11.37 40.16 +7.65 0.142
Sex: male/female 17/31 14/31 19/26 0.122
Educational level [years] 13.1£1.75 13.42 £1.93 13.33 £1.90 0.561
Duration of anaesthesia [h] 138.77 #52.47 141.89 +64.06 0.672
Duration of surgery [h] 111.58 +42.06 114.89 +53.83 0.802
Retention interval [h] 26.00 +2.85 25.53 +3.27 0.431

Data expressed as mean + standard deviation (SD)

Table I1l. Explicit memory score for different BIS categories and anaesthetic agents

E for BIS 21-40 E for BIS 41-60 E for BIS 61-80 E before incision  E after incision
Propofol 0.055 +0.087 0.046 +0.083 0.066 +0.089 0.056 +0.127 0.045 +0.084
Sevoflurane 0.025 +0.042 0.035 +0.047 0.004 +0.015 0.064 +0.122 0.030 +0.043
Value of p 0.06 0.437 0.034 0.829 0.337

Data expressed as mean * standard deviation (SD), E — explicit memory score
Table IV. Implicit memory score, for different BIS categories and anaesthetic agents

| for BIS 21-40 | for BIS 41-60 | for BIS 61-80 Ig1. Ial.
Propofol 0.016 +0.053 0.082 +0.079 0.112 +0.140 0.046 +0.101 0.070 £0.064
Sevoflurane 0.009 +0.025 0.125 £0.095 0.046 £0.088 0.038 +0.094 0.113 +0.071
Value of p 0.439 0.23 0.15 0.782 0.005

Data expressed as mean #+ standard deviation (SD); | — implicit memory score, I, — implicit memory score before incision, I, — implicit memory

score after incision
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Table V. Explicit memory score and implicit memory score for all BIS categories of anaesthetised (regardless of anaes-

thetic agent) and non-anaesthetised participants

Parameter Anaesthetised Non-anaesthetised Value of p

E BIS 21-40 0.039 +0.068 0.114 +0.107 < 0.001
BIS 41-60 0.040 +0.067 < 0.001
BIS 61-80 0.036 +0.071 < 0.001
BIS 21-40 0.012 +0.040 0.089 +0.077 < 0.001
BIS 41-60 0.096 +0.078 1.000
BIS 61-80 0.045 +£0.087 0.476

Data expressed as mean + standard deviation (SD); E — explicit memory score, | — implicit memory score

sion (Ig;) and | after incision (I5;) (p = 0.004). There
was no statistically significant difference between
the base rates in the inclusion and the exclusion
condition (p = 0.127).

The type of anaesthetic drug seemed to have an
effect on memory. E was insignificant in all BIS cat-
egories for both anaesthetic drugs. There was a sta-
tistically significant difference between I and I, in
the propofol and the sevoflurane group in BIS cat-
egory 41-60 (p = 0.023 and 0.005 respectively), with
propofol depressing implicit memory more than
sevoflurane in both cases.

Age had a very weak positive correlation with
| for BIS 41-60 (p = 0.019). The duration of surgery
had a weak positive correlation with E for BIS
41-60 (p = 0.049). Educational level did not seem to
correlate with memory (p > 0.1), while sex seemed
to correlate with E for BIS > 60 (Emae > Efemaler
p =0.076) and I, (I mate > 5. females P = 0.016).

Major surgical grade seemed to enhance
participants’ | for BIS 41-60 (p = 0.04) and I,
(p = 0.02), and suppress E for BIS 41-60 (p = 0.027).

Correlation tests were performed between the
vital signs (even extreme haemodynamic values)
and breathing variables recorded during the oper-
ation and each type of memory but they did not
provide clear and strong conclusions.

Discussion

According to our findings general anaesthesia
regardless of agent significantly suppresses explic-
it memory. Implicit memory is preserved during light
and adequate anaesthesia to a degree comparable
to the absence of anaesthesia. Both types of mem-
ory disappear during deep anaesthesia. Implicit
memory of anaesthetised participants is better pre-
served with sevoflurane than with propofol for BIS
41-60. Surgical incision and also surgery of major
degree seemed to enhance implicit memory per-
formance for both agents despite recent evidence
that implicit learning is not sensitive to stress [28].

The base rates in our study are much lower than
in other studies [10-13, 29]. This could possibly be

explained by the fact that we used 3-syllable words
and as a peculiarity of the Greek language that
offers many alternatives for word stem completion.

None of our participants reported conscious
recall of any intraoperative events. The overall
(regardless of BIS) E in our study was comparable
to the results of older studies [10, 28]. We found no
explicit recall in any group of anaesthetised partic-
ipants in accordance with the literature [30]. We did
not find any contribution of explicit memory even
in the group of lightly anaesthetised participants
either. Some previous studies have suggested the
existence of a weak form of explicit memory that
can occur even in the absence of conscious recall
in light planes of anaesthesia [12, 13]. We, like Sta-
pleton and Andrade and Chaves [13, 28], believe
that this is a phenomenon of subjects’ manipula-
tion by the investigator’s instructions on how to
respond. Subjects tend to use or avoid familiar
words or special terms according to the instructions
given in the inclusion and exclusion conditions.

The choice of anaesthetic drug (propofol or
sevoflurane) did not seem to have a significant
impact on explicit memory according to our find-
ings. Our E for the participants lightly anaesthetised
with propofol is similar to that of Stapleton’s and
Andrade’s study [13] as well as Lubke’s et al’s study
on trauma patients [10]. Our finding that in the
propofol group there is no evidence of explicit mem-
ory for the adequately and deeply anaesthetised
participants is again in concert with the results of
older studies [17, 18].

We found no contribution of explicit memory in
the sevoflurane group of lightly anaesthetised par-
ticipants either. Other authors such as Chaves [29]
and Lubke et al. [11] studying isoflurane demon-
strated the occurrence of explicit memory in the
group of lightly anaesthetised patients, but this
could be due to moments of lighter anaesthesia.
Our E in the sevoflurane group of adequately and
deeply anaesthetised patients is similar to that of
Chaves’ study using isoflurane [29].

To compare our finding that implicit memory is
preserved during adequate anaesthesia to those of
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older studies we focused on studies of anaesthetised
participants having some type of hypnotic state
monitoring and being assessed with the PDP.

There are several studies about implicit memo-
ry during general anaesthesia with propofol. Miinte
reported intraoperative preservation of implicit
memory as indicated by an increased postopera-
tive reading speed for stories presented during light
to moderate but not deep hypnotic stages as evi-
denced by Narcotrend [31]. Deeprose reported sig-
nificant implicit memory during adequate anaes-
thesia with propofol in two studies [15, 16].
Kerssens, on the other hand, using category exem-
plar generation and the PDP [15, 16] and Struys et al.
[32] using intraoperative suggestions failed to show
the preservation of implicit memory at adequate
anaesthesia level (BIS 41-60) with propofol, but both
studies had differences in methodology compared
to ours. Hadzidiakos et al. in their study [14] despite
using Buchner’s model also found no memories for
auditory information presented during propofol-
remifentanil anaesthesia, but he routinely used
midazolam, and the median BIS was 32.5.

There are a few studies using sevoflurane. Ren-
na et al. indicated the persistence of implicit mem-
ory in patients receiving 1.2% but not 1.5% and 2%
end tidal sevoflurane regardless of BIS [20].
Kerssens et al. [21] and Stonell et al. using Buchn-
er’'s model [22] reported implicit memory during
adequate levels of general anaesthesia with
sevoflurane. Aceto, studying sevoflurane and isoflu-
rane with the use of midlatency auditory evoked
potentials (MEPs), found preservation of automat-
ic memory for latencies indicating light anaesthe-
sia under different anaesthetic regimens but MEPs
do not correspond directly to the BIS value [33].
Kristoffer, on the other hand, found that sevoflu-
rane anaesthesia prevents auditory perceptual
learning, but he used an auditory perceptual learn-
ing paradigm (tone discrimination) relying on dif-
ferent brain influences than a word stem comple-
tion task.

It is obvious that different studies have different
and sometimes opposite results about memory dur-
ing general anaesthesia with propofol and sevoflu-
rane. The physiological role of persistent implicit
memory in anaesthesia, and the possible practical
and psychological implications for people under
general anaesthesia, still remain a mystery. More
studies are required in order to establish guidelines
about the harmless administration of anaesthesia
with regard to memory.

In conclusion, implicit memory persists during gen-
eral anaesthesia for elective surgery even in adequate
(but not deep) hypnotic states. Although sevoflurane
seems to depress implicit memory to a greater yet
statistically comparable degree to propofol, it seems
to affect the implicit memory of adequately anaes-
thetised subjects less than propofol.
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