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Background: Sevoflurane is a volatile general anesthetic that
differs in chemical nature from the gaseous anesthetic nitrous
oxide. In a controlled laboratory setting, the authors charac-
terized the subjective, psychomotor, and analgesic effects of
sevoflurane and nitrous oxide at two equal minimum alveolar
subanesthetic concentrations.

Methods: A crossover design was used to test the effects of
two end-tidal concentrations of sevoflurane (0.3% and 0.6%),
two end-tidal concentrations of nitrous oxide (15% and 30%)
that were equal in minimum alveolar concentration to that of
sevoflurane, and placebo (100% oxygen) in 12 healthy volun-
teers. The volunteers inhaled one of these concentrations of
sevoflurane, nitrous oxide, or placebo for 35 min. Dependent
measures included subjective, psychomotor, and physiologic
effects, and pain ratings measured during a cold-water test.

Results: Sevoflurane produced a greater degree of amnesia,
psychomotor impairment, and drowsiness than did equal
minimum alveolar concentrations of nitrous oxide. Recovery
from sevoflurane and nitrous oxide effects was rapid. Nitrous
oxide but not sevoflurane had analgesic effects.

Conclusions: Sevoflurane and nitrous oxide produced differ-
ent profiles of subjective, behavioral, and cognitive effects,
with sevoflurane, in general, producing an overall greater
magnitude of effect. The differences in effects between sev-
oflurane and nitrous oxide are consistent with the differences
in their chemical nature and putative mechanisms of action.
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SEVOFLURANE;, recently approved for use in the United
States, is a halogenated volatile anesthetic with the
novel characteristics of a low blood - gas solubility coef-
ficient, which makes it easy to titrate, and an odor that
is less pungent than that of the other volatile anesthe-
tics. Its subjective and other behavioral effects at su-
banesthetic concentrations have yet to be characterized
in humans. Nitrous oxide is a nonvolatile, gaseous, in-
haled anesthetic that may have a different subjective
and behavioral profile from that of sevoflurane, given
the differences in their chemical natures. Indeed, a re-
cent study that characterized the behavioral and subjec-
tive effects of equianesthetic concentrations of isoflur-
ane and nitrous oxide detected greater psychomotor
impairment and greater sedating effects from isoflurane
than from nitrous oxide." In the present study, we ex-
amined two subanesthetic concentrations of sevoflur-
ane, in healthy volunteers, and compared them with
placebo and equal minimum alveolar concentrations
(equi-MAC) of nitrous oxide. Endpoints measured were
subjective, cognitive, and psychomotor effects, and an-
algesic efficacy.

Materials and Methods

Participants

This study was approved by the local institutional
review board. Informed written consent was obtained
from each participant before we began the study. The
participants were told in the consent form that the
agents being studied were used commonly in medical
settings and may come from one of six classes delivered
via a gaseous or aerosol form (7.e., sedative/tranquilizer,
stimulant, opiate, general anesthetic at subanesthetic
dose([s], alcohol, or placebo). Before the first session,
the participants attended a screening interview, in
which psychiatric and medical assessments were made
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to determine if contraindications existed to their partici-
pation in the study.”’ Seven men and five women com-
pleted the study (mean age = SD, 26.8 + 3.8 yr). Volun-
teers were instructed to refrain from using alcohol, il-
licit drugs, and over-the-counter medications for 24 h
before and 12 h after the sessions. Payment for study
participation was made during a debriefing session held
after the experiment was complete.

Experimental Design

An orientation session was held before the first experi-
mental session so that volunteers could practice the
psychomotor and cognitive tests. The experiment con-
sisted of five sessions, each separated by at least 2 days.
An incomplete Latin square, crossover design was used.
The study was double blinded in that the research tech-
nician administering tests and the volunteers were un-
aware of the drug or dose being inhaled. The anesthesi-
ologist administering the drug had minimal verbal con-
tact with the volunteer during the session. The effects
of two end-tidal concentrations of sevoflurane (0.3%
and 0.6% in oxygen), two end-tidal concentrations of
nitrous oxide (15% and 30% in oxygen), and placebo
(100% oxygen) were studied. Low and high concentra-
tions of sevoflurane and nitrous oxide were matched
to induce equal fractions of a MAC. The MAC of sev-
oflurane was estimated at 2.05% and the MAC of nitrous
oxide was estimated at 105%."

Experimental Sessions

Each session lasted approximately 120 min and took
place in the morning or in the afternoon. Participants
had been instructed not to eat food for 4 h and not to
drink any liquids for 2 h before the sessions. Female
volunteers had to have a negative urine pregnancy test
before each session could start. Subjects were given a
breath alcohol test before beginning each session to
ensure that no alcohol was in their systems. Anesthetic
agents and oxygen were delivered via a semiclosed
circuit from an anesthetic machine (Ohmeda Modulus
II, Madison, WI), and volunteers inhaled through a clear
anesthesia face mask while in a semirecumbent posi-
tion. Noninvasive measurements of heart rate, periph-
eral oxygen saturation, and blood pressure were initi-
ated at the beginning of the session and were monitored
continuously throughout the session. Inhaled and ex-
haled levels of oxygen, carbon dioxide, sevoflurane, and
nitrous oxide were measured continuously with a gas
analyzer (Datex Capnomac, Helsinki, Finland) and re-
corded at periodic intervals during inhalation.
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Each session consisted of three periods: baseline (ap-
proximately 5 min), inhalation (35 min), and recovery
(60 min). During baseline, participants completed sev-
eral mood forms and psychomotor tests while inhaling
oxygen through the mask. They were told at this time
that the air they were breathing (100% oxygen) did
not contain any drug. When the baseline testing was
complete, the inhalation period began. Volunteers were
told that for the following 35 min they would be inhal-
ing air that may or may not contain a drug. The anesthe-
siologist alerted the technician to begin timing the ses-
sion and turned on the agent appropriate for the ses-
sion. The anesthesiologist was allowed to rapidly
equilibrate concentrations of sevoflurane and nitrous
oxide as monitored with the gas analyzer. Inspired gas
concentrations were not to exceed 1.5% sevoflurane or
50% nitrous oxide. Using these maximum concentra-
tions as limits, the anesthesiologist applied over-pres-
sure to equilibrate the exhaled gas concentration with
the target concentration as rapidly as possible. Total
fresh open flow was held constant at 5 I/min. The anes-
thesiologist recorded end-tidal concentrations at 1, 2,
3, 4, 5, 10, 15, 20, 25, and 30 min. This procedure
documented when equilibration to the desired end-tidal
concentration had been achieved. In 96% of the active-
drug sessions, the desired end-tidal concentration
(£15%) was achieved within the first 5 min of the 35-
min inhalation period. The anesthesiologist stayed in
the immediate vicinity throughout the inhalation. At the
end of the 35-min inhalation period, the anesthesiolo-
gist removed the mask and the 60-min recovery period
began. Participants completed mood forms and psycho-
motor tests 5 and 15 min after beginning the inhalation
and at 5, 30, and 60 min into the recovery period. A 3-
min cold water test, in which the participant’s nondom-
inant forearm was immersed in 2°C water, was initiated
30 min into the inhalation to determine if nitrous oxide
or sevoflurane manifested analgesic effects.’

Dependent Measures

Subjective Effects. To assess subjective effects, we
used a visual analog scale and a drug effects/liking ques-
tionnaire. The visual analog scale consisted of 21 100-
mm lines, each labeled with an adjective (e.g., anxious,
high, lightheaded, sleepy [tired, drowsy]). Participants
were instructed to place a mark on each line indicating
how they felt at the moment, ranging from 0 (‘‘not
at all”) to 100 (“‘extremely”). The drug effects/liking
questionnaire consisted of two items and assessed the
extent to which participants felt a drug effect, on a
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scale of 1 to 5 (1 = “I feel no effect from it at all’’; 5
= “I feel a very strong effect’), and the extent to which
they liked the drug effect, on a 100-mm line (0 = dislike
a lot; 50 = neutral; 100 = like a lot).

Observer Ratings. To assess the volunteers’ sedation
levels, the blinded technician (D.J.) made a subjective
rating based on arousability. The rating was as follows:
1 —asleep, not readily arousable; 2 — asleep, slowly re-
sponds to verbal commands and/or gentle stimulation;
3 —drowsy, readily responds to verbal commands and/
or gentle stimulation; 4 —awake, calm and quiet; and
5 —awake and active. Ratings were taken at baseline;
at 5, 10, 15, 20, 25, and 30 min during the inhalation
period; and at 5, 30, and 60 min into recovery.

Psychomotor Performance. To assess cognitive
and psychomotor functioning, we used the Digit Sym-
bol Substitution Test (DSST), a computer-based auditory
reaction time test, and a time estimation test. The DSST
is a paper-and-pencil test in which participants must
replace digits with corresponding symbols for 60 s.°
The score is the correct number of symbols that the
participant draws. Different forms of the test (7.e., differ-
ent symbol-number codes) were used each time the
test was presented to the volunteer in a particular ses-
sion. For the auditory reaction time test, the volunteers
were instructed to depress a computer space bar as
soon as they heard a tone from the computer.” Ten
tones were presented over 60 s at random intervals.
The volunteer’s average time to respond to the ten
tones was calculated. For the 20-s time estimation test,
the volunteer was told to estimate 20 s and to indicate
once they thought that the 20 s had passed.® The techni-
cian started a stop watch and stopped it once the volun-
teer had indicated that 20 s had passed.

Memory. Fifteen minutes into the inhalation period,
participants were shown 15 words on a computer
screen. Each word was presented for 2 s with an in-
terword interval of 1 s. To assess immediate recall, parti-
cipants were instructed to record as many words as
they could remember from the list, in any order, for 2
min after the last word was presented. To assess delayed
recall, 60 min after the inhalation period had ended,
they were instructed to record as many words as they
could remember from the original list. The words were
sclected from norms™'” and had ratings of imagery and
concreteness greater than 4, ratings of meaningfulness

greater than 5, and frequency of usage greater than 20
per million.

Pain Assessments. Participants were instructed to
verbally rate the pain and the degree to which the pain
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bothered them on a scale of 0- 10 during the immersion
of the arm in the ice-cold water (0 = not painful/bother-
some at all and 10 = extremely painful/bothersome).
The questions, “How painful is it?”” and “How much
does it bother you?” were asked 30, 70, 110, and 170
s into the immersion.

Physiologic Measures. Pulse, systolic and diastolic
blood pressure, and hemoglobin oxygen saturatiog
were measured noninvasively (Hewlett Packard modé;
54; Waltham, MA). These measures were monitore%
continuously throughout the session and were rccordcg
at baseline; 5 and 15 min after initiation of inhalationg
and 5, 30, and 60 min after inhalation had ceased. (Ilin%
cally significant changes (20% deviation from baseling
values) were not noted in any of the physiologic varg
ables, so there will be no further mention of these datzsi’_

Data Analysis. Repeated measures of analyses of varé’
ance were done with drug condition (five levels) amg
(with the exception of the memory test) time (fou%
to ten levels) as the factors. F values were u)ns1derc*(§
significant for P = 0.05, with adjustments of w1tlnm
factors degrees of freedom (Huynh-Feldt) to pr()te(%
against violations of sphericity. Tukey post-hoc comparix
son tests were used when significant condition or condi
tion X time effects were obtained.

Results

£000-0001 | 66 1-Z7/S0000/€8E¥8€/2801/3/28/3pd

Subjective Effects

In general, subjective effects were concentration re3
lated with both anesthetics. Both anesthetics at one 013,
both concentrations significantly increased ratings OE
coasting (spaced out), difficulty concentrating, drunkw
high, floating, lightheaded, sedated, and tingling. Dlrfer-
ences in subjective effects between the two drugs weret,

as follows: sevoflurane but not nitrous oxide increasedy
ratings of sleepiness, and nitrous oxide but not sev-
oflurane increased ratings of being confused, feeling
good, and having pleasant bodily sensations. Figure 1
shows that selfreported strength of drug effect was
concentration dependent for both agents and that the
agents had fairly similar time courses and magnitudes
of effects. Drug-liking ratings were neither significantly
increased nor decreased by sevoflurane or nitrous ox-
ide, although inspection of the individual participant
data revealed substantial intersubject variability with
this measure across the active-drug conditions.
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Fig. 1. Time course of the effects of placebo-oxygen, 15% and
30% end-tidal nitrous oxide, and 0.3% and 0.6% end-tidal sev-
oflurane on drug-effect strength ratings. Each time point is
the mean for 12 volunteers. The scale ranged from 1 (no drug
effect) to 5 (strong drug effect). Time 0 refers to baseline mea-
sures, times 5 and 15 min refer to intrainhalation testing, and
times 40, 65, and 95 min represent postinhalation testing. The
vertical dashed line separates the 35-min inhalation period
from the recovery period. Asterisks indicate a significant dif-
ference from placebo-oxygen.

Observer Ratings :

There was a significant effect on observer ratings of
subject sedation during the inhalation of both concen-
trations of sevoflurane and 30% nitrous oxide (condition
X time: F(36,396) = 5.2; P < 0.001; figure 2). There
was a time course difference in that the observer noted
sedation during the 0.6% sevoflurane inhalation at an
carlier time than during the 30% nitrous oxide inhala-
tion. In addition, Tukey post-hoc testing revealed that
at two inhalation times, observer sedation ratings were
significantly more extreme with 0.6% sevoflurane than
with 30% nitrous oxide.

Psychomotor Performance

Significant decreases in DSST scores were obtained
with 0.3% and 0.6% sevoflurane and 30% nitrous oxide
compared with placebo at both 5 and 15 min during
the inhalation period (condition X time: F(20,220) =
33.4; P < 0.001; figure 3, top). Tukey post-hoc testing
further revealed that there was a significantly greater
decrease in DSST performance at 5 and 15 min during
inhalation with 0.6% sevoflurane compared with 30%
nitrous oxide. In general, there was a rapid return to
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baseline in DSST performance during the recovery pe-
riod, except with the 0.6% sevoflurane concentration,
which was decreased at the 5-min but not at the 30-
min recovery time interval. Auditory reaction time was
significantly increased during the inhalation of 0.6% sev-
oflurane (condition X time: F(20,220) = 8.8: P < 0.001:
figure 3, middle). Return to baseline functioning oc-
curred by the 5-min recovery time interval for this psy-
chomotor endpoint.

Performance on the 20-s time estimation task was
affected when participants were breathing end-tidal
concentrations of 0.6% sevoflurane (condition X time:
F(20,220) = 6.3; P < 0.01; figure 3, bottom). In the
high sevoflurane group, participants overestimated the
passage of time (i.e., on average, 20 s was perceived as
approximately 35 s).

Memory

Memory was significantly affected by the drug manip-
ulation (condition X time: F(4,44) = 5.9; P < 0.001).
Tukey post-hoc testing revealed a significant decline

A 100%oxygen O 0.3%SEVO M 06%SEVO O 15%N20 ° 30°/°N20

Observer Sedation Rating

|
5.0 § I
4.5 |
4.0 |
3.5
|
3.0 | |
|
25 T T T
10__20_ 30 65 95
Y 5 15 025 A0
Time (min)

Fig. 2. Time course of the effects of placebo-oxygen, 15% and
30% end-tidal nitrous oxide, and 0.3% and 0.6% end-tidal sev-
oflurane on observer sedation ratings. Each time is the mean
across 12 volunteers. The observer scale ranged from 1
(asleep, not readily arousable) to 5 (awake and active). Time
0 refers to baseline measures, times 5—30 refer to intrainhala-
tion testing, and times 40, 65, and 95 min represent post-
inhalation testing. The vertical dashed line separates the 35-
min inhalation period from the 60-min recovery period. Aster-
isks indicate a significant difference from placebo-oxygen, and
daggers next to a 0.6% sevoflurane time point refer to a sig-
nificant difference from the 30% nitrous oxide condition at
the same time, as determined by Tukey post-hoc testing,
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in both immediate and delayed free recall with both
concentrations of sevoflurane and 30% nitrous oxide.
Tukey post-hoc testing further revealed a significantly
greater decline with 0.6% sevoflurane compared with
30% nitrous oxide (figure 4, left and right).
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Fig. 3. Time course of the effects of placebo-oxygen, 15% and
30% end-tidal nitrous oxide, and 0.3% and 0.6% end-tidal sev-
oflurane on the number of symbols correctly drawn on the
DSST (top), auditory reaction time (middle), and time estima-
tion (bottom). Each time point is the mean for 12 volunteers.
Time 0 refers to baseline measures, times 5 and 15 min refer to
intrainhalation testing, and times 40, 65, and 95 min represent
postinhalation testing. The vertical dashed line separates the
35-min inhalation period from the 60-min recovery period.
Asterisks indicate a significant difference from placebo-oxy-
gen, and daggers next to a 0.6% sevoflurane time point refed
to a significant difference from the 30% nitrous oxide cond
tion at the same time, as determined by Tukey post-hoc testin

Analgesia
Ratings of pain intensity (condition: F(4,44) = 5.2;
< 0.005) and the degree to which the pain was botheg
some (condition: F(4,44) = 6.0; P < 0.001) were sig%
nificantly decreased by 30% nitrous oxide. The meag
ratings (=SD) of pain intensity in the placebo and 30%
nitrous oxide conditions were 7 = 1.8 and 5.3 +
respectively. The mean ratings (+SD) of the degree tg
which the pain was bothersome in the placebo an
30% nitrous oxide conditions were 6.8 + 2.1 and 5 g
2.1, respectively. No hypo- or hyperalgesic effect was
noted with either concentration of sevoflurane.
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Two participants vomited during the session in whicl
they received 0.6% sevoflurane. One of them droppec
out of the study (his data were not included in th
analysis). The other participant vomited during the r
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Fig. 4. Effects of placebo-oxygen, 0.3% and 0.6% end-tidal sev-
oflurane, and 15% and 30% end-tidal nitrous oxide on immedi-
ate free recall (left) and delayed free recall (right). Each bar
is the mean for 12 volunteers. Brackets indicate SD. Asterisks
indicate a significant difference from placebo-oxygen, and
daggers refer to a significant difference from the 30% nitrous
oxide condition, as determined by Tukey post-hoc testing.
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covery period and was able to complete the rest of the
session and the study.

Discussion

Sevoflurane had some subjective effects in common
with nitrous oxide; however, there were differences.
One principal difference in subjective effects between
the drugs was that the high dose of sevoflurane in-
creased ratings of “‘sleepy,” whereas 30% nitrous oxide
did not. This is consistent with the observer ratings
of sedation in which a significantly greater degree of
sedation was noted with sevoflurane relative to nitrous
oxide. The self-reported strength of drug effect was
concentration dependent for both drugs, and drug lik-
ing ratings did not differ significantly from that of pla-
cebo.

Although the subjective effects data were for the most
part orderly (e.g., concentration related), it should be
noted that participants often had to be awakened during
0.6% sevoflurane inhalation. The extreme degree of se-
dation from 0.6% sevoflurane may have negatively in-
fluenced the degree to which participants were able
to accurately describe the qualitative and quantitative
aspects of this sevoflurane concentration. For example,
the ratings of “‘sleepy” were not elevated a great deal
during 0.6% sevoflurane inhalation: the mean (+SD)
“sleepy’ rating on a scale of 0- 100 for 0.6% sevoflurane
at 15 min during inhalation was 33 + 36.5. This some-
what low rating was surprising given the marked drows-
iness that participants exhibited both before and during
completion of the visual analog scale. Further research
should determine whether accuracy of self-reporting
is affected at higher subanesthetic concentrations of
sevoflurane by examining several concentrations be-
tween 0.1% and 0.6% end-tidal sevoflurane (perhaps at
0.1% increments) and determining 1) whether a clear
dose-response relation exists on such measures as
“sleepy,” “high,” and ‘“feel drug effect,”” and 2) if ob-
server ratings correlate with subject ratings.

Sevoflurane demonstrated marked psychomotor im-
pairment on both the DSST and the auditory reaction
time test. The only previous study that tested psycho-
motor performance of subanesthetic concentrations of
sevoflurane (0.2 MAC) showed an elevation of auditory
reaction time similar to that obtained with nitrous ox-
ide."" Our results differed in that we found a pro-
nounced increase in reaction time with the high dose
(0.3 MAC) of sevoflurane and no significant effect with
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€qui-MAC nitrous oxide. The difference in findings be-
tween studies may be accounted for by the higher con-
centrations of agents that we tested. In addition, we
found 0.3 MAC sevoflurane to impair DSST performance
to a greater degree than equi-MAC concentrations of
nitrous oxide. The psychomotor performance differ-
ences between sevoflurane and nitrous oxide are consis-
tent with results obtained in a study examining the
relative psychomotor-impairing effects of isoflurane and
nitrous oxide." In that study, isoflurane but not nitrous
oxide increased auditory reaction time and impaired
eye-hand coordination, and a greater degree of DSST
impairment was noted with isoflurane than with nitrous
oxide. However, recovery from sevoflurane- and
isoflurane-induced psychomotor impairment was as
rapid as that noted with nitrous oxide-induced impair-
ment.

The phenomenon of altered time perception was re-
ported previously when other volatile anesthetics have
been administered at subanesthetic concentrations.
With subanesthetic isoflurane, 70% of patients were
found to underestimate the duration of their operative
procedure.'” Similar results were observed with su-
banesthetic concentrations of the inhaled anesthetic,
fluroxene."” This phenomenon of disrupted time estima-
tion was described as a slowing of the body’s internal
clock. Thus, if a person with a slowed internal body
clock were asked to indicate when 30 s had elapsed,
they might say 50 s.”” This phenomenon appeared to
be operating in the present study, in which participants
who inhaled sevoflurane consistently overestimated a
short time interval.

The ability to recall words that had just been pre-
sented (immediate recall) or had been presented 60)
min previously (delayed free recall) was impaired by
sevoflurane in a concentration-related manner and by
30% nitrous oxide. The impairment from 0.6% sevoflur-
ane was significantly greater than the impairment by
30% nitrous oxide. These results parallel those in a pre-
vious study in which isoflurane produced significantly
greater memory decrements than did nitrous oxide."’
Our results also call into question the notion that the
interaction between nitrous oxide and volatile anesthe-
tics on suppression of learning is additive. An additive
interaction implies that all anesthetics act in the same
way at the molecular level on a given endpoint. Al-
though some studies have shown evidence indicative
of additivity,""” others have not.""'°"'"® The difference
in degree of memory impairment between a gascous
and volatile anesthetic in the present study suggests
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different neural mechanisms of action that mediate ni-
trous oxide-induced and volatile general anesthetic-in-
duced suppression of learning.

Nitrous oxide has a well-established analgesic effect
in both animals and humans in subanesthetic concentra-
tions."” ** In the present study, nitrous oxide, but not
sevoflurane, manifested analgesic effects. The lack of
analgesia by sevoflurane is consistent with results from
a recent study that examined the effects on pain thresh-
olds of sevoflurane and nitrous oxide in doses equiva-
lent to 0.2 MAC."!

In conclusion, when tested at equi-MAC concentra-
tions, sevoflurane had a greater magnitude of effect than
did nitrous oxide. Sevoflurane produced a significantly
greater degree of amnesia, drowsiness, and psychomo-
tor impairment. These results are consistent with a pre-
vious study that documented differences in degree of
effect between nitrous oxide and another volatile anes-
thetic, isoflurane.' The differences in subjective, behav-
ioral, and cognitive effects between nitrous oxide and
the volatile general anesthetic’ are consistent with the
differences in their chemical nature and putative mech-
anisms of action.”**
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