Anesthesiology 2001; 94:973- 81

© 2001 American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins, Inc.

Subanestbetic Isoflurane Affects Task-induced Brain
Activation in a Highly Specific Manner

A Functional Magnetic Resonance Imaging Study

Wolfgang Heinke, M.D.,* Christian Schwarzbauer, Ph.D.t

Background: Functional magnetic resonance imaging of
blood oxygenation level-dependent signal changes offers a
very promising approach to investigate activated neural net-
works during anesthesia.

Methods: Sixteen healthy male volunteers, assigned into two
groups of eight subjects (isoflurane group, control group), were
investigated by functional magnetic resonance imaging during
different experimental conditions. The isoflurane group succes-
sively breathed air (baseline condition), isoflurane in air
(0.42 vol% inspiratory; isoflurane condition) and air again (re-
covery condition) while performing a visual search task,
whereas the control group breathed air during all experimental
conditions. Functional magnetic resonance images were ac-
quired during the entire experimental session. In addition, re-
action times and error rates were recorded.

Results: A significant isoflurane-related decrease (z > 3.1
corresponding to P < 0.001) in task-induced brain activation
was found in three distinct cortical regions: the right anterio-
superior insula (Talairach coordinates: x = 32,y = 22,z = 8)
and the banks of the left and right intraparietal sulcus (Ta-
lairach coordinates: x = —34,y = —36,z = 32; x = 22,y = —60,
z = 41, respectively). Subcortical structures (lateral geniculate
nucleus) and the primary cortices (motor cortex, visual cortex)
were not affected. All measured parameters indicated a nearly
complete recovery of the affected networks within 5 min.

Conclusions: Our findings indicate that subanesthetic isoflu-
rane affected task-induced activation in specific neural net-
works rather than causing a global decrease in functional
activation.

FUNCTIONAL imaging modalities such as positron emis-
sion tomography or single photon emission computed
tomography have revealed many details concerning the
effect of common anesthetic agents (e.g., isoflurane) on
cerebral blood flow and metabolism.'™® The effect of
anesthesia on task-induced brain activation, however, is
less well established. Functional magnetic resonance im-
aging (fMRI) offers a very promising approach to inves-
tigate this phenomenon.

In comparison to positron emission tomography or
single photon emission computed tomography, fMRI
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provides higher intrinsic spatial and temporal resolution,
and it does not require the injection of exogenous trac-
ers.>'® Therefore, a subject can perform a variety of
different tasks during various experimental conditions
(e.g., breathing subanesthetic concentrations of a volatile
anesthetic agent vs. breathing air) within the same im-
aging session. Most fMRI studies are based on measuring
changes in the blood oxygenation level-dependent
(BOLD) signal that arise from a complex interplay between
cerebral hemodynamics and oxidative metabolism.'®"!

Investigation of sedative effects produced by anesthet-
ics in conscious volunteers offers the possibility to study
the interaction of these drugs with cognitive processes.
It should therefore provide further evidence for a better
understanding of the general mechanism of anesthetic
action. In the present study, we investigated the effect of
subanesthetic isoflurane on functional brain activation
induced by a visual search task.

Materials and Methods

Subjects

Sixteen male volunteers between the ages of 20 and 35
yr with no history of trauma or neurologic disease were
investigated. All subjects were right-handed. Females
were excluded from the study because of the possibility
of sex differences in task-induced activation of the
brain.'? The study was approved by the local ethics
committee of the Medical Faculty, University of Leipzig.
Written informed consent was obtained from each sub-
ject before the study. Subjects were instructed not to eat
or drink 6 h before the experiment and to refrain from
consuming alcohol or using any medication on the day
of the experiment. All volunteers took part in a familiar-
ization session before the day of the study in which all
tasks and proceedings were practiced.

Experimental Design and Procedure

The volunteers were positioned supine on the gantry
of the scanner. A polyethylene mouthpiece with 4 m of
flexible tubing was used to connect the subjects to an
MR-compatible ventilator. We used a semi-open circuit
with a fresh gas flow of 10 I/min. Subjects breathed
spontaneously throughout the experiment. To facilitate
inspiration, a pressure support of 200 Pa was applied.
Nasal breathing was precluded by a nose clamp. Foam
padding and a “stiff neck” were used to limit head
movements. Heart rate, arterial oxygen saturation, end-
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tidal partial carbon dioxide pressure, and isoflurane con-
centrations (inspiratory and expiratory) were continu-
ously monitored during the entire session using an MR-
compatible monitoring system.

A visual search task was used for stimulation. The
subjects were first given a cue comprising a red “L”
shape of a given orientation (0°, 90°, 180°, 270°). After
a delay of 1.2 s, a 10 X 10 array of randomly rotating
white “L”s was presented on the black background for a
period of 2.2 s. Then four of these shapes became sta-
tionary and changed their color from white to red, while
the remainder continued to rotate. The possible orienta-
tions of the stationary “L” shapes were 0°, 90°, 180°,
270°. The stationary shapes always occurred at the same
position. The distance from the position of the stationary
shapes to the center of the screen was the same, as was
the distances between the stationary shapes. The sub-
jects had to determine whether the orientation of any
one of the stationary shapes matched that of the cue and
had to give a yes-no response using a two-button key
pad. Subjects used the index finger (yes response) and
middle finger (no response) of the right hand. To intro-
duce a further level of complexity, the coding of the key
depended on the orientation of the cue “L” shape. If it
was rotated by 90° or 270°, the first key corresponded to
“yes” and the second to “no.” If it was rotated by 0° or
180°, the coding of the keys was reversed. Reaction
times and error rates were recorded. The reaction limit
was 2 s. Answers exceeding this limit were discarded.
The stimulation protocol consisted of five blocks of
control interleaved with five blocks of visual stimulation.
During the control task, the subject had to fixate on a
gray dot positioned at the center of a black screen. The
duration of each block was 30 s, and the entire stimula-
tion experiment lasted 5 min. The stimulation program
was written in ERTS (BeriSoft Cooperation, Frankfurt am
Main, Germany). Using a liquid crystal display projector,
the display was projected onto a translucent screen
positioned inside the magnet bore behind the subject’s
head. The screen was viewed using mirror glasses that
were equipped with correction lenses as necessary.

The fMRI imaging protocol is illustrated in figure 1.
The 16 volunteers were divided into two groups, each
consisting of eight subjects. The first group took part in
the actual isoflurane experiment (isoflurane group), and
the second group took part in a control experiment
(control group). The isoflurane experiment lasted 30
min and included three 5-min stimulation blocks. During
the first stimulation block (baseline condition [BC]) per-
formed at O to 5 min, the subjects breathed air. The
vaporizer was then adjusted at 0.42 vol% isoflurane so
that the participants were breathing isoflurane in air at 5
to 20 min. The second block (isoflurane condition [IC])
was performed at 15 to 20 min. A tactile stimulation was
performed on the big toe 30 s before the IC started to
ensure that every subject was aware of the task and was
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Fig. 1. Schematic representation of the experimental protocol.
The stimulus (visual search task vs. baseline task) was pre-
sented during three epochs corresponding to the following
experimental conditions: baseline condition, isoflurane condi-
tion, and recovery condition. During each experimental condi-
tion, five blocks of the baseline task were presented in an
interleaved manner with five blocks of the visual search task.
The duration of each block was 30 s. Functional magnetic res-
onance imaging (fMRI) data were continuously acquired during
the entire experiment. As a representative example we show a
typical fMRI signal response of a single voxel in the visual
cortex. It was obtained by multisubject averaging over the
isoflurane group. Note how the fMRI signal follows the switch-
ing on and off of the external stimulus.

not asleep during this part of the session. After the IC,
the vaporizer was closed and the subjects breathed air
again. The third block (recovery condition [RC]) was
performed at 25 to 30 min to investigate the recovery
from the preceding IC. Functional magnetic resonance
images were acquired in a continuous fashion during the
entire experimental session with a repetition time of 2 s.
The control experiment was identical to the isoflurane
experiment, except that the subjects breathed air during
the entire experiment.

Functional Magnetic Resonance Imaging

All experiments were performed on a 3 Tesla whole-
body scanner equipped with a quadrature birdcage head
resonator and an actively shielded whole-body gradient
set capable of switching 30 mT/m in 500 us. The MPIL
software package developed at the Max-Planck-Institute
of Cognitive Neuroscience in Leipzig was used to drive
the console.

Functional magnetic resonance imaging was per-
formed on the basis of a conventional blipped echo-
planar imaging sequence.'® Imaging parameters were as
follows: matrix size, 64 X 64; field of view, 19.2 X 19.2
cm; in-plane spatial resolution, 3 X 3 mm,; slice thick-
ness, 5 mm; repetition time, 2 s; echo time, 30 ms.
Sixteen axial slices were acquired covering the entire
brain.

Before the fMRI experiment, high-resolution anatomic
images were obtained from the same slices using a mod-
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ified driven equilibrium Fourier transform (MDEFT) im-
aging sequencel4 with the following imaging parame-
ters: matrix size 256 X 256; field of view, 19.2 X 19.2
cm; in-plane spatial resolution, 0.75 X 0.75 mm; slice
thickness, 5 mm; inversion time, 0.65 s; recovery time,
0.65 s; echo time, 6.1 ms; total acquisition time, 5.5 min.

In a different imaging session, a three-dimensional (3D)
data set was acquired using 3D MDEFT imaging.'®> Imag-
ing parameters were as follows: matrix size, 256 X 256
X 128; field of view, 25.0 X 25 X 19.2 mm; spatial
resolution, 0.98 X 0.98 X 1.5 mm; inversion time, 0.65 s;
recovery time, 0.65 s; echo time, 6.1 ms; total acquisition
time, 19 min.

Image Processing and Statistical Analysis

Functional data sets were acquired with a repetition
time of 2 s per volume. Since each volume consisted of
16 slices acquired in a serial manner, the temporal delay
between slices was corrected by sinc-interpolation. In
addition, data were corrected for bulk motion using a
rigid-body realignment algorithm. Image time series
were then displayed as a movie to ensure that no sub-
stantial through plane motion was present. A spatial
Gaussian filter with a full width at half maximum of
5 mm was applied to each image. Finally, a baseline
correction of the image series was performed by apply-
ing a high-pass filter with a cutoff frequency of 1/120 Hz.

Statistical evaluation was based on a least-squares esti-
mation using the general linear model for serially auto-
correlated observations.'®™° First, for each individual
subject, statistical parametric maps were generated. The
design matrix was generated with a boxcar (square
wave) function and a response delay of 6 s. The model
equation, including the observation data, the design ma-
trix, and the error term, were convoluted with a Gauss-
ian kernel with a dispersion of 4 s (full width at half
maximum). The model includes an estimate of temporal
autocorrelation that is used to estimate the effective
degrees of freedom. For each experimental condition
(BC, IC, RO), contrasts between visual search and base-
line task were calculated using ¢ statistics. Subsequently,
t values were converted to z values. The resulting z maps
were coregistered onto the corresponding 3D anatomic
data sets using the two-dimensional high-resolution
MDEFT images as a reference, and finally transformed
into a stereotactic Talairach coordinate system.*®

The primary statistical analysis described above
yielded 48 z maps (Z.,,) corresponding to the three
conditions (¢ = BC, IC, RC), the 8 subjects per group
(s = 1, 2...8), and the 2 groups (g = isoflurane group,
control group). It is reasonable to assume that differ-
ences between experimental conditions in the isoflurane
group are not solely caused by anesthesia but may also
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reflect carryover effects (e.g., habituation, fatigue, learn-
ing). However, using an appropriate statistical design,
separation of isoflurane from carryover effects can be
achieved by comparison with a suitable control group.
For this purpose, we used the concept of the “split-plot”
factorial design,?' using planned contrasts to increase
statistical sensitivity. We expected a specific interaction
between group and condition: isoflurane effects should
be dominant during the IC and may be still present
during the RC of the isoflurane group, whereas carryover
effects in both groups should be the same. The latter
assumption is reasonable because both groups under-
went the same experimental procedure, except that the
control group was breathing air during the entire exper-
iment. To separate isoflurane from carryover effects, we
calculated the following planned contrasts between the
experimental conditions (¢ = BC, IC, RC) from the
individual z maps for each of the 16 subjects:

C=Zye/2 — Zic + Zxe/2 (@))

These contrasts are quantitative measures that de-
scribe the difference between the IC in comparison to
the mean of the BC and RC. In the isoflurane group,
these differences may be caused by both isoflurane and
carryover effects, whereas in the control group, differ-
ences may only arise as a result of carryover effects. The
effect of isoflurane can therefore be separated from
carryover effects by comparing the contrasts obtained in
both groups. For this purpose, we applied a ¢ test for
independent samples. The resulting # map was finally
converted into a z map. Hereafter we refer to this z map
as “interaction map” because it displays the isoflurane-
induced interaction between the two groups.

However, we were not only interested in the isoflu-
rane-induced changes in the task-induced activation pat-
tern, but also in the activation pattern itself. We there-
fore calculated six activation maps (A, ) corresponding
to the three experimental conditions (¢ = BC, IC, RC)
and the two groups (g = isoflurane group, control
group) by multisubject analysis of the individual z
maps>?:

8
Ac,g = E Zc,s,g \/g (2)

s=1

Multisubject analysis was used for two reasons: to
increase statistical sensitivity and to reduce the amount
data.

Finally, the interaction map showing isoflurane-related
changes in task-induced activation was superimposed
onto an activation map (A._pcg-1) that indicates the
entire task-induced activation pattern during the BC.
Significant task-induced activation (z > 5.5, uncorrected
for multiple comparisons) was color-coded in uniform
blue, whereas a red-yellow color scale was used to
display the level of significance in isoflurane-related
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Fig. 2. Functional interaction map showing isoflurane-related changes in task-induced activation. Significant decrease in activation
(z > 3.1 corresponding to P < 0.001) is visible in three distinct cortical regions: the right anterio-superior insula, the left intraparietal
sulcus (ascending—horizontal branch), and right intraparietal sulcus (horizontal branch); a three-dimensional representation of
these regions is given in figure 3. Voxels with a significant increase in task-induced activation were not found at this level of
significance. Regions of significant task-induced activation that were not affected by isoflurane are shown in uniform blue (z > 5.5
corresponding to P < 10”7, uncorrected for multiple comparisons). L = left; R = right.

changes. Correction for multiple comparison was omit-
ted because of this reasonable high threshold. Color-
coded regions were then overlaid onto a 3D anatomic
data set that was obtained by multisubject averaging
over all individual 3D anatomic data sets (n = 16) in the
Talairach coordinate system.

Image processing and statistical analysis were per-
formed on the basis of the LIPSIA software package
developed at the Max-Planck-Institute of Cognitive Neu-
roscience in Leipzig.?®> The routine for generating the
interaction map was written in IDL (Research Systems,
Boulder, CO).

Physiological data (heart rate, breathing rate, arterial
oxygen saturation, end-tidal carbon dioxide values) of
the isoflurane group were compared between experi-
mental conditions (BC, IC, RC). A one-way repeated-
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measures analysis of variance was used to compare nor-
mally distributed data (heart rate, breathing rate, arterial
oxygen saturation), whereas a repeated-measures analy-
sis of variance on ranks (Friedman test) was applied to
analyze data that were not normally distributed (end-
tidal carbon dioxide).

Average changes in reaction times were calculated for
each group (isoflurane group, control group) comparing
IC versus BC and RC versus BC. The ¢ statistic was used
to analyze the statistical significance of the results. In
addition, the error rates (number of actual errors/
number of possible errors) were calculated for each
group and condition. For a statistical analysis of the
results, we applied a one-way analysis of variance on
ranks (Kruskal-Wallis test), because data were not
normally distributed.
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Al

Fig. 3. Three-dimensional representation
of the functional interaction map show-
ing regions with a significant isoflurane-
related decrease (z > 3.1 corresponding
to P < 0.001) in task-induced activation.
Al = anterio-superior insula; IPS;, = left
intraparietal sulcus; IPS; = right intrapa-
rietal sulcus. The Talairach coordinate of
the selected voxels are: x = 32,y = 22,
z=8(AD; x = =34,y = =36, z = 32
aPS); x = 22, y = —60, z = 41 (IPSp).
From left to right: coronal, sagital, and
axial view. L = left; R = right; A = ante-
rior; P = posterior.

IPS,

IPS,,

Results

Functional Magnetic Resonance Imaging

To separate isoflurane-related effects from carryover
effects (e.g., habituation, fatigue, learning), we per-
formed a statistical comparison between the isoflurane
group and the control group (see Methods). The result-
ing interaction map is depicted in figure 2. The red-to-
yellow color scale displays the level of significance. The
threshold was set to z = 3.1, which corresponds to a
probability of P = 0.001. Significant decrease in activa-
tion is visible in three distinct cortical regions: the right
anterio-superior insula, the left intraparietal sulcus (as-
cending- horizontal branch), and the right intraparietal
sulcus (horizontal branch); a 3D representation of these
regions is shown in figure 3. Voxels with a significant
increase in task-induced activation were not found at this
level of significance. Regions of significant task-induced
activation (z > 5.5) that were not affected by isoflurane
are shown in uniform blue. These regions include the
lateral geniculate nucleus, the striate and extrastriate
visual cortex, the motor cortex, the supplementary mo-
tor area, and the left putamen, as well as large parts of
the anterior insula and the banks of the intraparietal
sulcus.

A quantitative analysis of isoflurane-related changes is
shown in figure 4. Representative voxels were selected
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in the three regions affected by isoflurane (anterio-supe-
rior insula, left intraparietal sulcus, right intraparietal
sulcus) as well as in three regions not affected by isoflu-
rane (lateral geniculate nucleus, visual cortex, motor
cortex). For each group (isoflurane, control), the group-
specific z values calculated according to equation 2 are
plotted versus the experimental condition (BC, IC, RC).
In the anterio-superior insula, left intraparietal sulcus,
and right intraparietal sulcus, the isoflurane group shows
a clear decrease in functional activation during the IC in
comparison to the control group. During the RC, func-
tional activation almost reached BC. A statistical compar-
ison of this “decrease-recovery” behavior between both
groups using a split-plot factorial design (see Methods)
yielded significant differences (z > 3.1). However, no
significant isoflurane-related effects were detectable in
visual cortex, motor cortex, and lateral geniculate nu-
cleus. The plot corresponding to motor cortex nicely
demonstrates that a control group is indispensable for a
correct interpretation of isoflurane-related effects. The
isoflurane group shows a distinct decrease-recovery be-
havior that could be misinterpreted as an isoflurane-
related effect. However, the control group shows a
comparable time course. The observed decrease-
recovery behavior is therefore a result of carryover
effects (e.g., habituation, fatigue, learning) and not related
to isoflurane.
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Fig. 4. Quantitative analysis of isoflurane-related changes in task-induced brain activation. Representative voxels were selected in six
different regions: AI = anterio-superior insula; IPS, = left intraparietal sulcus; IPS; = right intraparietal sulcus; VC = visual cortex;
LGN = lateral geniculate nucleus; MC = motor cortex. The plots show the group-specific z values calculated according to equation
2 for each group (isoflurane, control) and condition (BC = baseline condition; IC = isoflurane condition; RC = recovery condition).
Comparing the corresponding time courses of the isoflurane and control group reveals a significant isoflurane-related decrease
(z > 3.1 corresponding to P < 0.001) in Al, IPS,, and IPS;. No such effect, however, is visible in VC, LGN, and MC.

Reaction Times and Error Rates

Figure 5 shows the average change in reaction times
comparing IC versus BC and RC versus BC. The isoflu-
rane group showed a significant increase of 26.5 =*
10.6% during the IC (P < 0.0002). During the RC, reac-
tion time was still prolonged: 4.9 = 3.7% (P < 0.01). No
significant changes in the reaction times were found for
the control group. The corresponding changes in reac-
tion time of the control group are not significant.

The average error rates under BC, IC, and RC were
5.7 = 8.6, 25.1 = 23.1, and 14.9 * 18.0%, respectively,
for the isoflurane group and 6.5 = 3.7, 10.0 = 7.1, and
8.5 = 6.6%, respectively, for the control group. Differ-
ences between error rates are not significant as proven
by a statistical comparison of both groups.

Bebavioral State of the Subjects

No subject fell asleep during the IC, as proved by
reaction times. Most of the subjects compared their
behavioral state during the isoflurane experiment with a
slightly intoxicated state. During an interview conducted
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after the experimental session, they reported that details
of the search task became blurred.

Physiologic Data
Physiologic data (heart rate, oxygen saturation, and
breathing rate) of the isoflurane group did not show any

Ocontrol group
Oisoflurane group

L | T

ICvs. BC RC vs. BC

Fig. 5. Average change in the reaction times comparing isoflu-
rane versus baseline condition (IC vs. BC) and recovery versus
baseline condition (RC vs. BC).
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Table 1. Physiologic Data (Isoflurane Group) under Baseline,
Isoflurane, and Recovery Conditions

BC IC RC
HR 715 +5.5 70.9 = 6.6 68.8 £ 7.2
Sao, 94.0 £ 25 93.7 £ 29 93.6 £2.4
BR 122 £ 29 105+ 4.2 10.4 = 2.9

Mean values and standard deviations were calculated from the individual
results of all subjects (n = 8). No significant differences were found between
different conditions.

BC = baseline condition; IC = isoflurane condition; RC = recovery condition;
HR = heart rate in beats per minute; Sao, = oxygen saturation (%); BR =
breathing rate in cycles per minute.

significant difference between the three experimental
conditions (table 1). Breathing of isoflurane resulted in
an inspiratory concentration of 0.42 vol% at the begin-
ning and 0.44 vol% at the end of the IC. The correspond-
ing expiratory concentrations were 0.29 and 0.31 vol%.
The time courses of the inspiratory and expiratory con-
centrations of isoflurane during the entire session are
shown in figure 6. The end-tidal carbon dioxide values
were slightly increased (1.5 mmHg) during the IC (P <
0.05; fig. 7).

Discussion

In most brain regions, our study reveals no isoflurane-
related changes in task-induced activation, including all
areas associated with primary information processing
(e.g., lateral geniculate nucleus, primary visual cortex,
motor cortex; fig. 2). However, in three focal cortical
regions (anterio-superior insula, left intraparietal sulcus,
and right intraparietal sulcus), isoflurane significantly
decreased task-induced activation (fig. 4). This finding
indicates that subanesthetic isoflurane affected task-in-
duced activation in specific neural networks rather than
causing a global decrease in functional activation.

The parietal association areas, i.e., the intraparietal
sulci, are known to be involved in visuo-spatial atten-
tion.?*?> Recently, the intraparietal sulcal cortex has

0.5 1

-o-inspiratory
- expiratory

0.4

0.3 1

0.2 1

concentration | vol.% ]

time [min]

Fig. 6. Time courses of inspiratory and expiratory isoflurane
concentrations during the entire experimental session obtained
by averaging the individual results of all subjects of the isoflu-
rane group (n = 8).
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Fig. 7. Time courses of end-tidal carbon dioxide (ETco,) ob-
tained by averaging the individual results of all subjects of the
isoflurane group (n = 8).

been suggested to reflect a common neural substrate
underlying multiple modes of visual selective processing
and attention. Furthermore, there is evidence that the
parietal cortex, particularly the banks along the intrapa-
rietal sulci, represent an area responsible for suppressing
irrelevant distractors to maintain visual attention.?”> The
anterior insula plays an important role in visual working
memory as shown by Courtney et al’*® Dove et al.?’
found bilateral activation of the anterior insula related to
a task-switching paradigm. Pollmann and von Cramon®®
reported activation of the anterio-superior insula (espe-
cially in the right hemisphere) associated with the diffi-
culty of a visual search task.

The quantitative analysis of the affected regions (fig. 4)
shows an isoflurane-related decrease in task-induced ac-
tivation that is accompanied by a significant increase in
the average reaction time (fig. 5). This increase in reac-
tion time clearly demonstrates an impairment of cogni-
tive performance. Despite this impairment, all subjects
were conscious and able to respond to the stimuli. Con-
sidering the isoflurane-related decrease in task-induced
activation in the parietal association cortex and the in-
sula (see anterio-superior insula, left intraparietal sulcus,
and right intraparietal sulcus regions in fig. 4), we inter-
pret the observed deterioration of cognitive perfor-
mance by a selective impairment of attention and work-
ing memory processes in the visual domain. However,
the preserved functional activation at the thalamic level
in the early visual cortices and motor cortices during
isoflurane suggests a regular perception and processing
of the stimuli in these regions (see lateral geniculate nu-
cleus, visual cortex, and motor cortex regions in fig. 4).

With regard to the difference in spatial extent and
threshold used for displaying the activation and interac-
tion maps (figs. 2-4), the following two factors should
be considered. First, the activation maps were derived
using a fixed-effect model, whereas for the interaction
maps a second-level analysis was required (see Meth-
ods). Second-level analysis usually shows lower statisti-
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cal power, mainly because error terms are estimated on
the basis of interindividual rather than intraindividual
variance. Second, the activation maps depict the differ-
ence between an experimental task and a resting base-
line, whereas the interaction maps depict the interaction
between identical tasks. For the interaction maps, the
conditions compared are more similar than they are in
the case of the activation maps.

The measured changes in reaction times and task-
induced activation almost reached baseline within 5 min
after exposure to 0.42 vol% isoflurane (figs. 4 and 5),
which suggests a nearly complete recovery of cognitive
functions. Recently published investigations based on
psychomotor tests have demonstrated a similar rapid
recovery after inhalation of subanesthetic isoflurane in
healthy young volunteers.**>°

For the interpretation of our results, a discussion of the
underlying biophysical mechanisms®*'~>*> and the possi-
ble interactions with isoflurane seems useful. Increased
neural activity is accompanied by a regional increase in
oxidative metabolism, cerebral blood flow, and cerebral
blood volume. All of these parameters affect the regional
deoxyhemoglobin concentration. Because of its para-
magnetic properties, deoxyhemoglobin causes distor-
tions of the local magnetic field that can be visualized by
BOLD-based fMRI.

Changes in the regional deoxyhemoglobin concentra-
tion arise from a complex interplay between cerebral
hemodynamics and oxidative metabolism.'®'' An in-
crease in oxygen consumption or venous blood volume
results in an increase in deoxyhemoglobin and in a
decrease of the BOLD signal, whereas an increase in
blood flow produces a decrease in the regional deoxy-
hemoglobin concentration, resulting in an increase in
the BOLD signal. Typically, the BOLD signal is found to
be increased during periods of neural stimulation. This
implies that changes in the deoxyhemoglobin concen-
tration caused by blood flow exceed changes caused by
oxidative metabolism and cerebral blood volume. There-
fore, regional cerebral blood flow is the dominant pa-
rameter in BOLD-based fMRI.

The measurable BOLD signal change depends on two
different factors. First, the change in neural activation
induced by the stimulus, and second, the coupling be-
tween oxidative metabolism and cerebral hemodynam-
ics. At this point the question arises whether the mea-
sured isoflurane-related decrease in functional activation
solely reflects a decrease in neuronal activation or was
partly caused by a change in the coupling between
oxidative metabolism and cerebral hemodynamics. As
demonstrated in rats, however, the coupling between
cerebral blood flow and metabolism is intact during
isoflurane anesthesia.>* This suggests that the measured
changes in BOLD contrast during isoflurane reflect re-
gional changes in neural activity rather than alterations
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in the coupling between cerebral hemodynamics and
oxidative metabolism.

For the isoflurane group, end-tidal carbon dioxide was
slightly increased (1.5 mmHg) during the IC (fig. 7). We
therefore cannot exclude a moderate increase in base-
line cerebral blood flow (i.e., the cerebral blood flow
value during the baseline task). An additional moderate
increase in baseline cerebral blood flow could result
from the vasodilatory properties of the anesthetic
agent.>> However, the magnitude of absolute cerebral
blood flow changes induced by visual or motor stimula-
tion was demonstrated to be independent of the baseline
values.>*~*® During hypercapnia induced by breathing of
6% CO,, Maximilian et al.>® found a fairly constant task-
induced cerebral blood flow response among highly
variable baseline values in the visual cortex. Similar re-
sults were obtained by Li et al>” in the motor cortex.
Shimosegawa et al.>® reported a significant effect of
hypocapnia on task-induced cerebral blood flow re-
sponse in the visual cortex but found no differences
between normocapnia and hypercapnia. An additional
argument is that even if global hemodynamic changes
had a significant effect on the measured BOLD signal
changes, this would be global in nature and therefore
could not explain the observed regional changes in task-
induced activation.

The effect of isoflurane on task-induced activation is
dependent on the dose of the anesthetic agent. At 0.3%
(expiratory), Logothetis et al®® found no significant
isoflurane-related changes in the monkey brain during
visual stimulation. At a comparable expiratory concen-
tration (fig. 6), we observed a significant decrease in
task-induced activation in three distinct cortical regions
of the human brain; however, most brain regions were
not affected by isoflurane (fig. 2). No activation was
found at 1.3% in the human somatosensory cortex dur-
ing sensory stimulation® and at 2.0% in the monkey
cortex during visual stimulation.** Combination of these
results supports the hypothesis of a dose-dependent
gradual decrease of task-induced activation. The ques-
tion of how anesthetic drugs affect brain activation dur-
ing the transition from the conscious to the unconscious
state opens a fascinating field for future research.

In conclusion, subanesthetic isoflurane affected infor-
mation processing during a visual search task by an
impairment of distinct parietal cortical structures and of
the right insular cortex, resulting in a reduced cognitive
performance. The information transfer and processing in
subcortical structures at the thalamic level (lateral genic-
ulate nucleus) as well as in the primary cortices (primary
visual cortex, motor cortex) was not impaired. These
results suggest that neural networks with highly differ-
entiated functions in the association cortices are more
sensitive to sedative concentrations of isoflurane than
cortical areas with a lesser degree in functional special-
ization. Functional data as well as reaction times demon-
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strate a nearly complete recovery of the brain from
subanesthetic isoflurane within 5 min.
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