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Abstract

Background: General anaesthesia induces highly structured oscillations in the electroencephalogram (EEG) in adults, but

the anaesthesia-induced EEG in paediatric patients is less understood. Neural circuits undergo structural and functional
transformations during development that might be reflected in anaesthesia-induced EEG oscillations. We therefore
investigated age-related changes in the EEG during sevoflurane general anaesthesia in paediatric patients.

Methods: We analysed the EEG recorded duringroutine care of patients between 0 and 28 yr of age (n=54), using power spectral and
coherence methods. The power spectrum quantifies the energy in the EEG at each frequency, while the coherence measures the
frequency-dependent correlation or synchronization between EEG signals at different scalplocations. We characterized the EEGasa
function of age and within 5 age groups: <1 yrold (n=4), 1-6 yrold (n=12), >6-14 yr old (n=14), >14-21yrold (n=11), >21-28 yrold (n=13).
Results: EEG power significantly increased from infancy through ~6 yr, subsequently declining to a plateau at approximately
21 yr. Alpha (8-13 Hz) coherence, a prominent EEG feature associated with sevoflurane-induced unconsciousness in adults, is
absent in patients <1 yr.

Conclusions: Sevoflurane-induced EEG dynamics in children vary significantly as a function of age. These age-related
dynamics likely reflect ongoing development within brain circuits that are modulated by sevoflurane. These readily observed
paediatric-specific EEG signatures could be used to improve brain state monitoring in children receiving general anaesthesia.
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Millions of children each year undergo general anaesthesia for
surgical and medical procedures.! A growing body of evidence
from animal models suggest that exposure to anaesthetic drugs
can have neurotoxic effects in the developing brain, resulting in
neurodegeneration and cognitive impairment.’” It is unclear
how this potential neurotoxicity translates to children receiving

general anaesthesia or sedation. Moreover, we do not yet know
how anaesthetic neurotoxicity influences circuit or systems
level brain function. In addition, the relationship between anaes-
thetic actions and mechanisms of brain development remain
unclear. Limited retrospective studies suggest that long-term
cognitive effects are related to early anaesthetic exposure,* and
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Editor’s key points

e Age-dependent changes in the EEG effects of general anaes-
thetics in children are anticipated due to neurodevelop-
mental factors, but are poorly understood.

The age-dependent effects of sevoflurane anaesthesia on
EEG power spectrum and coherence were retrospectively
analysed in 54 patients.

EEG dynamics showed marked age-dependent effects,
which has practical implications for EEG-based monitors
of anaesthetic effects in children.

larger detailed prospective trials are in progress to further inves-
tigate these effects.”

A practical strategy for limiting potential neurotoxic effects of
anaesthetic exposure in children would be to monitor paediatric
patients’ brain states during general anaesthesia and sedation, to
ensure appropriate dosing. Currently, the prevailing approach to
monitoring brain activity in anaesthetized patients is based on
quantitative parameters or single-number indices developed
from electroencephalogram (EEG) recordings during general an-
aesthesia in adults. However, the level of unconsciousness or
‘depth of anaesthesia’ implied by these indices in paediatric
patients can vary substantially from clinical assessments.®™?
For example, the bispectral index (BIS®), a calculated measure
of anaesthetic depth, increases with decreasing age at one min-
imum alveolar concentration (MAC) of sevoflurane.® Similarly, we
have observed that the SedLine PSI® is often far above the recom-
mended range in paediatric patients, who by clinical indications
are under general anaesthesia (unpublished observations). The
apparent inaccuracy of these monitors in paediatric patients is
consistent with findings in adults showing that these indices
do not accurately reflect patients’ state of awareness.™® Funda-
mentally, these indices perform poorly because they do not relate
directly to the underlying neurophysiology of the anaesthetic
drugs. Fortunately, significant recent progress has been made
to understand the systems neurophysiological mechanisms of
anaesthesia and their manifestation in the EEG.

General anaesthetic and sedative agents induce highly struc-
tured oscillations in the EEG."*?° There is growing evidence that
these oscillations relate directly to the systems-level mechan-
isms by which anaesthetics produce altered states of conscious-
ness.’®® 2% 27 28 Dyring normal brain function, oscillations
regulate the timing and coordination of brain activity within
and between functional systems and circuits.” *° Anaesthesia-
induced oscillations are thought to disrupt this coordinated
activity,>™*? 22 ?7 28 producing different states of altered arousal
depending upon the receptors and circuits upon which the
drugs act.”>*# ?* 2’ General anaesthesia with sevoflurane is char-
acterized in the EEG by frontally coherent alpha (8-12 Hz), delta
(1-4 Hz), and high amplitude slow (0.1-1Hz) oscillations.'® *'
This pattern, observed when adult patients are sufficiently
anaesthetized to conduct surgery, is similar to that observed
under propofol-induced general anaesthesia,””™' *' 2 and
suggests a common systems-level mechanism of action.

Given that the brain rapidly develops and undergoes sig-
nificant changes from childbirth into adulthood, anaesthesia-
induced EEG oscillations in children might differ from those of
adults, and could vary significantly with age. Characterizing the
structure of the EEG in relation to age would help establish the
foundations for age-appropriate monitoring of brain states dur-
ing general anaesthesia and sedation in children. We aimed to

27 33

examine the effects of age on the EEG during general anaesthesia,
with sevoflurane as the sole hypnotic agent.

Methods

Subject selection and data collection

The Human Research Committee at Massachusetts General
Hospital approved this retrospective observational study. We
reviewed our database of 627 general anaesthesia cases with
simultaneous EEG recordings collected between September 1,
2011 and April 1, 2014. We identified 201 patients to whom sevo-
flurane was administered. From these, we excluded 132 patients
>28 yr of age. Of the remaining 69 patients, we identified 61 cases
with sevoflurane as the sole anaesthetic agent. All data from the
61 selected cases were reviewed for artifacts and noise. Ultimate-
ly 54 patients were deemed suitable for analysis. We excluded
patients who had poor quality data, most likely because of poor
electrode contact, and patients who had neurological or psychi-
atric abnormalities.

Frontal EEG data were recorded using the Sedline brain func-
tion monitor (Masimo Corporation, Irvine, CA USA). The EEG data
were recorded with a pre-amplifier bandwidth of 0.5-92 Hz, sam-
pling rate of 250 Hz, with 16-bit, 29 nV resolution. The standard
Sedline Sedtrace electrode array records from electrodes located
approximately at positions Fp1, Fp2, F7, and F8, with ground elec-
trode at Fpz and reference electrode approximately 1 cm above
Fpz. Electrode impedance was <5 kQ in each channel.

We selected EEG data segments using information from both
the electronic anaesthesia record (Metavision, Dedham, MA USA)
and EEG analysis in the spectral domain. EEG epochs were chosen
after the onset of surgery and during an artifact free period in the
EEG, as viewed in the spectrogram. We visually examined the EEG
spectrogram to ensure that EEG dynamics were stable (i.e. not
transitioning to burst suppression or emergence) for at least
10 min. The electronic medical record was used to confirm sevo-
flurane as the sole anaesthetic agent (isoflurane, desflurane or
nitrous oxide were not co-administered), and that regional
nerve block techniques were not used during or preceding
the EEG epochs analysed. Sevoflurane concentrations were cap-
tured automatically, and care providers recorded other drugs ad-
ministered manually in the electronic medical record. Table 1
summarizes the subject characteristics, end-tidal sevoflurane
concentrations used during the selected maintenance phases
of the EEG epochs, and additional information on co-adminis-
tered medications. Two authors (O.A., K.J.P.) visually inspected
all EEG data for each subject and manually selected data
segments free of noise and artifacts for analysis.

Spectral analysis

For each subject, we computed the power spectrum and spectro-
gram, using multitaper spectral methods implemented in the
Chronux toolbox.?* The power spectrum quantifies the energy
in the EEG at each frequency. The spectrogram is a time-varying
version of the power spectrum estimated using consecutive win-
dows of EEG data. To obtain estimates of power spectra, we used
an EEG derivation that equally weighted signals obtained from
FP1, FP2, F7 and F8. Parameters for the multitaper spectral
analysis were: window length T=2 s with no overlap, time-
bandwidth product TW=3, number of tapers K=5, and spectral
resolution of 3 Hz. In addition to these spectral parameters, we
computed an age-varying spectrogram using an overlapping
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Table 1 Characteristics of patients studied. MAC, minimum alveolar concentration; sp, standard deviation

Characteristics <1yr (N=4) 1-6 yrs (N=12) >6-14 yrs (N=14)  >14-21yrs (N=11) >21-28 yrs (N=13)
Age (yrs), mean (range) 0.7 (0.4-1) 3.2 (1.2-5.8) 10.8 (6.1-13.7) 18 5 (14.8-20.7) 25 5(22.6-27.7)
Sex (male), N (%) 4 (100) 10 (83) 6 (43) (55) (46)

Weight (kg), mean (sD) 9.0 (0.8) 14.9 (1.0) 39.4 (11.6) 77 9 (20.0) 78 4 (21.5)
Length of surgery (mins) mean (sb) 36.5 (12.4) 67.4 (37.3) 54.4 (48.2) 93.3 (61.7) 84.3 (60.4)
Sevoflurane (vol % expired), mean (sp) 3.0 (0.6) 2.7 (0.5) 2.5(0.4) 2.1(0.3) 1.9 (0.5)

MAC 1.3 (0.3) 1.2 (0.2) 1.1 (0.2) 1.0 (0.1) 1.0 (0.2)

Propofol (mg), mean (sD) 26.7 (11.5), N=3  35.6 (23.0), N=9  122.0 (63.7), N=10  200.0 (66.6), N=11  212.5 (56.9), N=12
Fentanyl (mcg), mean (sp) 150 (8.6), N=3  20.8(7.9),N=12 62.9 (24.4), N=12  155.0 (68.5), N=11  152.1 (69.5), N=13
Remifentanil (mcg) 30, N=1 N=0 N=0 N=0 0.75, N=1
Hydromorphone (mg), mean (sb) N=0 N=0 N=0 0.9 (0.7), N=6 0.8 (0.6), N=6
Morphine (mg), mean (sb) N=0 1.2 (0.8), N=3 2,N=1 3(1),N=3 N=0

Ketorolac (mg), mean (Sp) N=0 9, N=1 18.8 (8.5), N=4 N=0 N=0
Neuromuscular blocking agents N=0 N=3 N=4 N=9 N=10

(0.5 yr) moving window spanning a 2 yr range. To better illustrate
the spectral dynamics of patients <1 yr old, we computed the
age-varying spectrogram between 0-1.5 yr by computing the me-
dian spectrum across patients in 0.5 yr age bins. We also com-
puted group-level spectra and spectrograms for sevoflurane
epochs by taking the median across all patients within each
age group: <1 yr old (n=4), 1-6 yr old (n=12), >6-14 yr old (n=14),
>14-21 yr old (n=11), and >21-28 yr old (n=13). We calculated the
spectrum for the selected EEG epochs in each group. We then
averaged the resulting power spectra for all epochs, and com-
puted 95% confidence intervals using multitaper-based jackknife
techniques.®*

Coherence analysis

The coherence Cyy(f) between two signals x and y is defined as

ISxy(f )]

el = VSxx(f)Syy(f)’

where S,y (f) is the cross-spectrum between signals x(t) and y(t),
Sxx(f) is the power spectrum of signal x(t), and Syy(f) is the
power spectrum of signal y(t). Coherence can be interpreted as
a frequency-dependent correlation coefficient, and also as a
measure of synchrony between two signals at the same
frequency. The coherogram is a time-varying version of the co-
herence, estimated using consecutive windows of EEG data. We
estimated coherence between two frontal EEG electrodes F7 and
F8, for each subject, using multitaper methods implemented
in the Chronux toolbox as above.** In addition to these coherence
parameters, we calculated an age-varying coherogram using
overlapping (0.5-yr) moving windows spanning a 2 yr age
range. In order to better illustrate the coherence dynamics
of patients less than 1 yr old, we computed an age-varying
coherogram for infants by taking the median coherogram
across patients in 0.5 yr age bins. We also computed group-
level coherograms for the sevoflurane epochs by taking the
median across all patients within the age groups defined
above. We calculated coherence for the selected EEG epochs
in each group, averaged the coherence for all epochs, and
calculated 95% confidence intervals using multitaper-based
jackknife techniques.**

Statistical analysis

To compare spectral and coherence estimates between groups,
we used jackknife-based methods, the two-group test for spectra,
and the two-group test for coherence, as implemented in
the Chronux toolbox routine.** This method accounts for the
underlying spectral resolution of the spectral and coherence es-
timates, and considers differences to be significant only if they
are present for contiguous frequencies over a frequency band
wider than the spectral resolution 2 W. Specifically, for frequen-
cies f > 2 W, the test statistic was significant if it exceeded the
P value threshold over a contiguous frequency range >2 W. For
frequencies 0 < f <2 W, to account for the properties of multitaper
spectral estimates at frequencies close to zero, the test statistic
was significant if it exceeded the P value threshold over a contigu-
ous frequency range from 0 to max (f, W) < 2W. We selected a
significance threshold of P < 0.001 for comparisons groups and
applied a Bonferroni correction for multiple comparisons. We
used the polyfit function in MATLAB (MathWorks, Natick, MA
USA) to obtain the best-fit regression model to describe the
relationship between age and EEG power.

Results

Power spectra analysis

Total EEG power (1-50 Hz) exhibited an increase from infancy,
peaked at 5-8 yr, and subsequently declined (Fig. 1). This decline
in total power began to plateau at 18-21 yr (Fig. 1). When we
examined the canonical EEG bands to determine the band(s)
primarily responsible for this trend, we noticed that this trend
was largely preserved for all the frequency bands studied
(Supplementary material, Fig. 1).

Based on these power trends, visual inspection of the individ-
ual patients, and age varying spectral and coherence dynamics
(Fig. 2), we categorized the data as: <1 yr old (Group 1, n=4), 1-6
yr old (Group 2, n=12), >6-14 yr old (Group 3, n=14), >14-21 yr old
(Group 4, n=11), and >21-28 yr old (Group 5, n=13). Qualitatively,
Groups 2 through 5 exhibited grossly similar EEG spectral dynam-
ics (Fig. 38, C, G, H) that are also readily observed on the spectro-
gram (Fig. 3k, F, 1, J). Even though Group 1 (Fig. 34, D) exhibited
increased power in the slow, and delta frequency bands, promin-
ent alpha oscillations were noticeably absent.

Groups 2 and 3 had significantly larger spectra over a wide
frequency range spanning slow through gamma frequencies
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Fig 1 Trends in spectra, spectrograms, and total power with age from 0 to 28 yr old. (A-D) Representative frontal EEG spectra illustrating that slow (0.1-1 Hz), and delta
(1-4 Hz) oscillations are present in all patients during general anaesthesia, maintained solely with sevoflurane. Alpha (8-12 Hz) oscillations appear to emerge after
1 yr old. (E-H) Representative frontal EEG spectrograms illustrating that slow (0.1-1 Hz), and delta (1-4 Hz) oscillations are present in all patients during general
anaesthesia. Alpha (8-12 Hz) oscillations appear to emerge after 1 yr of age. (1) Total EEG power (1-50 Hz) for each subject, plotted as a function of age. The total
EEG power exhibited an increase from infancy, peaked at approximately 5-8 yr old, and subsequently declined with increasing age. The green line represents a
fourth degree polynomial regression model describing the relationship between age and EEG power. The shaded bounds represent the 95% confidence bounds

of this regression model.

(Table 2). Compared with Group 1, alpha band power was sig-
nificantly larger in Groups 2 through 5 (Table 2). Slow and
delta oscillations were robust and larger in Group 1 compared
with Groups 4 and 5, suggesting that this oscillatory dynamic
is a feature of sevoflurane-induced general anaesthesia at
this age (Table 2). Although spectral characteristics of Groups
4 and 5 were qualitatively similar, the spectra were sig-
nificantly larger for Group 4 over a wide frequency range
(Table 2).

Coherence analysis

We observed age-related similarities and differences in the co-
herence and coherograms during sevoflurane anaesthesia
(Figs 28, c, 4). Strikingly, alpha oscillation (8-13 Hz) coherence
did not develop until approximately 1 yr of age. In addition, chil-
dren <1 yr displayed a coherent oscillation in the slow and delta
bands that was not observed in older children or adults. Other-
wise, qualitatively, the coherence and coherograms appeared
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Fig 2 Age varying spectrograms and coherograms during sevoflurane general anaesthesia. (a) An age varying (1-28 yr) spectrogram representation of the EEG,
showing that even though the EEG structure appears qualitatively preserved for all age ranges (presence of slow, delta, theta, and alpha oscillations), the power
of these oscillations change as a function of age. (B) An age varying (1-28 yr) coherogram illustrating stably maintained, prominent alpha oscillation coherence.
(c) An age varying spectrogram based representation of the EEG showing the relative absence of a well-defined alpha oscillation band at less than 1 yr of age. At
approximately 1 yr of age the alpha oscillations become prominent. Slow, delta and theta oscillations are present from 0-1.5 yr. (D) An age varying coherogram
illustrating the absence of alpha oscillation coherence, and slow delta band coherence, at less than 1 yr of age. This EEG dynamic appears at >1 yr of age, and is

inversely correlated to slow oscillation coherence.

similar for all children >1 yr old, showing prominent coherence in
the alpha band (Figs 2, 4). Compared with Group 1 (Fig. 44, D),
Groups 2 through 5 (Fig. 48 and c, ) exhibited significantly lar-
ger coherence in the alpha frequency range (Table 2). Also,
Groups 2 through 5 exhibited similarities in coherence across a
narrow coherence band overlapping the alpha band (Table 2).
Compared with Groups 4 and 5, Groups 1, 2 and 3 exhibited in-
creased coherence in a broad beta/gamma frequency range
(Table 2). This could be explained by differences in brain coher-
ence dynamics with age, or relative differences as a result of

the administration of neuromuscular blocking agents (Table 1),
which were used more frequently in Groups 4 and 5, and which
would have a tendency to reduce frontal electromyogram signals
that have high power in the beta/gamma bands.

Discussion

We found age-dependent changes in the EEG during sevoflurane
anaesthesia in children. These age-dependent changes likely
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power in the slow, delta, theta and alpha frequency bands. (G, 1) Group 4 (>14-21 yr old). Both the power spectra and the group spectrogram show large power in the
slow, delta, theta and alpha frequency bands. Compared with groups 2 and 3, the power in these bands is not as prominent. Power within the beta/gamma frequency
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Table 2 Results of statistical analysis

Coherence (P<0.0001, two group test coherence)

Power spectra (P<0.0001, two group test spectra)

Group 1>0.1-2.9 Hz; Group 2>4.4-12.2 Hz;

Group 2>0.1-43 Hz;

Group 1 (<1 yr) us Group 2 (>1-6 yrs)
Group 1 (<1yr) us Group 3 (>6-14 yrs)

Group 1>0.1-2.9 Hz; 18.6-25.9 Hz; 27.8-38 Hz; Group 3>6.4-12.7 Hz;

Group 3>0.1-33.7 Hz;

44,9-48.8 Hz;
Group 1>0.1-3.9 Hz; 13.7-50 Hz; Group 4>8.3-12.7 Hz;

Group 1>0.1-3.9 Hz; 15.1-50 Hz; Group 5>6.8-13.2 Hz

Group 2>8.8-11.7 Hz; 18.6-37.6 Hz; 45.4-48.3 Hz

Group 2>0.1-10.7 Hz; 13.7-50 Hz;

Group 1>0.1-2.9 Hz; 22.5-50 Hz; Group 4>3.9-19 Hz;

Group 1 (<1 yr) us Group 4 (>14-21 yrs)
Group 1 (<1 yr) us Group 5 (>21-28 yrs)

Group 1>0.1-6.8 Hz; 17.6-50 Hz; Group 5>7.8-13.7 Hz;

Group 2>27.9-34.2 Hz; Group 3>1.5-9.3 Hz; 12.7-18.1 Hz

Group 2>0.1-50 Hz

Group 2 (>1-6 yrs) us Group 3 (>6-14 yrs)

Group 2 (>1-6 yrs) us Group 4 (>14-21 yrs)
Group 2 (>1-6 yrs) us Group 5 (>21-28 yrs)
Group 3 (>6-14 yrs) us Group 4 (>14-21 yrs)
Group 3 (>6-14 yrs) us Group 5 (>21-28 yrs)

Group 2>0.1-10.7 Hz; 15.1-45.9 Hz;

Group 2>0.1-50 Hz

Group 3>0.1-4.4 Hz; 6.8-9.7 Hz; 13.1-38.6 Hz;

Group 3> 0.9-3.9 Hz; 15.6-34.2 Hz;

Group 3>0.1-50 Hz

Group 3>0.1-50 Hz

Group 5>12.2-21.5 Hz; 41-48.8 Hz;

Group 4>0.1-45.4 Hz

Group 4 (>14-21 yrs) vs Group 5 (>21-28yrs)

relate to changes in brain structure and function that occur
during development, and could provide insights into why
depth-of-anaesthesia monitoring devices do not accurately re-
flect the brain states of paediatric patients. We briefly summarize
our findings as follows: (1) Compared with the adolescent (>14-21 yr)
and young adult populations (>21-28 yr), EEG power in the paedi-
atric population (>1 yr) was much larger between 0.1-50 Hz. (2)
Alpha band coherence structure was similar between paediatric
(>1 yr), young adult, and adult populations. (3) Infants (<1 yr)
did not exhibit prominent power or coherence in the alpha
band, suggesting that the neural circuitry necessary for this
dynamic, develops at about 1 yr of age.

Age-related EEG power changes likely reflect the time course
of typical human brain development. The brain is comprised of
a complex network of neurones and supportive cells that follow
a defined structural and functional spatiotemporal develop-
ment pattern from embryogenesis, through infancy, childhood,
adolescence, adulthood, and senescence.’**® These changes
are governed by biological events such as neurogenesis, pro-
grammed cell death, myelination, axonal and dendritic growth,
synaptogenesis, and refinement of synaptic connections.?” In
humans, synaptogenesis begins approximately post-birth and
synaptic density increases to maximum levels by approximate-
ly 2 yr.?**! The brain subsequently undergoes a process of
synaptic refinement and pruning to reduce the number of
synapses to adult levels by mid-adolescence.*’™** Data from
human and non-human primate studies indicating a gradual
increase (from birth) to a peak (approximately 5 yr), and then
a gradual decline to a plateau (approximately 18 yr) of excitatory
synaptic strength in the prefrontal cortex’® parallels the sevo-
flurane-induced changes in EEG power that we observed. We
conjecture that the age-related, sevoflurane-induced EEG
power changes that we describe are a manifestation of typical
developmental synaptic pruning and synaptic refinement. In
addition, development in neuronal circuits is governed by ‘crit-
ical periods’ of enhanced plasticity during childhood, whose
timing and trajectory are governed by GABAergic inhibitory
circuits.** Recent findings suggest that sevoflurane-induced
EEG oscillations are mediated by GABAergic circuits, similar to
propofol.’® We therefore conjecture that the observed age-
dependent changes in EEG power could be related to the state
of GABAergic circuits during childhood development, which in
turn could reflect the state and trajectory of critical periods in
the developing human brain.

Arecent functional magnetic resonance imaging (fMRI) study,
investigating the development of thalamocortical connectivity,
found a log linear growth of functional connectivity between
thalamus and cortex within the first two yrs of life.*” Specifically,
functional networks comprised of the thalamus and medial
visual cortex, thalamus and the default mode network, de-
veloped at approximately 1 yr.** In the frontal EEG of infants
(<1 yr), we found that the coherent frontal alpha oscillations
that have been described for propofol'® *¢ %' 32 and sevoflur-
ane’® are markedly absent. We speculate that the establishment
of thalamocortical connectivity necessary for spatially coherent
anaesthesia-induced alpha oscillations develops at approximately
1 yr. Thus, the developmental time course of anaesthesia-
induced oscillations may parallel the developing thalamocortical
functional networks observed in these fMRI studies. Given that
disruption of the early establishment of thalamocortical con-
nectivity has been linked to developmental disorders such
as schizophrenia,”” *® bipolar disorder”” and autism,*® this
anaesthesia-induced EEG signature in the context of these devel-
opmental disorders merits further study.
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Our findings suggest a flaw in the current approach, of simpli-
fying EEG data to a single index to represent depth of anaesthesia.
Since EEG dynamics in the paediatric population varies as a func-
tion of age,*** index-based depth of anaesthesia clinical brain
monitors may not accurately summarize brain-states of paediat-
ric patients. Elevated EEG power in high frequencies (e.g. beta
and gamma bands) can signal lighter levels of anaesthesia in
adults.'® 7 ' In contrast, our analysis shows that power in
these higher-frequency bands is elevated in children greater
than 1 yr of age at surgical concentrations of anaesthesia when
compared with adults. This important difference could cause
index-based depth of anaesthesia monitors to compute a falsely
elevated index value in children. In such instances, these falsely
elevated index values, could lead to increased anaesthetic drug
dosing beyond what is required.

The spectral and coherence EEG signatures of sevoflurane re-
ported here for children greater than 1 yr of age qualitatively re-
semble those previously identified in adults for propofol® ¢ -
* and sevoflurane'® at surgical anaesthetic concentrations.
Other signatures may also be conserved between propofol™®
and sevoflurane® °* at non-surgical anaesthetic concentrations.
This suggests that a similar, conceptually consistent approach
could be used to monitor both children and adults during general
anaesthesia, where drug- and age-specific EEG signatures are used
to maintain the desired brain state dictated by the clinical indica-
tion. Under such a framework, anaesthetic brain monitoring may
in fact be easier in children, as anaesthesia-induced EEG signals
are much larger in children and thus easier to accurately estimate
and track. Anaesthesia-induced EEG dynamics in children less
than 1 yr of age are both quantitatively and qualitatively different
from those of older children, suggesting that the anaesthesia-
related neurophysiology of these infants must be studied in great-
er detail, and that an anaesthetic monitoring approach could be
constructed specifically for children in this age range.

A limitation of this study is that anaesthetic agents and ad-
juncts were not equally administered (Table 1). It is therefore pos-
sible that the observed differences in EEG power and coherence
reflect anaesthetic management rather than age. However, this
is very unlikely given our prior knowledge of the clinical circum-
stances, our understanding of anaesthesia-induced EEG oscilla-
tions in adults, and the magnitude of age-dependent changes
in EEG power and coherence observed. In this study, sevoflurane
and adjuncts were administered to maintain a level of general
anaesthesia necessary for the surgical stimulus in each individ-
ual patient, guided by clinical experience and assessment of
physiological parameter, such that irrespective of age, patients
would be unconscious and unresponsive to surgical stimuli.
Under such conditions, the EEG showed age-dependent changes,
where, for patients >1 yr of age, there were ~three-fold dif-
ferences in signal amplitude (~9-10 dB; Fig. 1) across the
age-range studied, and for patients <1 yr of age, there was a com-
pletely different dynamic in terms of spectrum and coherence
(Figs 2, 3, and 4). Given that patients were on average unconscious
and unresponsive, based on our understanding of the anaesthe-
sia-induced EEG changes in adults,"* "°~*# >* > it is highly unlikely
that a ~three-fold difference in EEG amplitude could occur as a
result of small differences in sevoflurane dose. Instead, changes
in the effective dose of anaesthetic would tend to change the
structure of the EEG signal, shifting alpha oscillation to a higher
frequency at lower doses, and moving into burst suppression at
higher doses.™ *® ** °° Figs 1 through 4 clearly show that the
alpha peak and overall structure of the signal are consistent for
patients >1 yr of age, indicating that, on the whole, patients
were in a similar brain state across the age range. Similarly,

small changes in anaesthetic dose could not produce the dynam-
ic patterns observed in the <1 yr-old patients.

Adult patients in our study were administered neuromuscular
blocking agents more frequently than the paediatric population.
Prior neurophysiological observations suggest that reduced
neuromuscular blocking agent administration should cause in-
creased high frequency power,”*° and possibly coherence, in
the paediatric EEG. However, we noticed increased power in the
lower frequency bands featuring highly structured oscillations
that qualitatively resemble anaesthesia-induced EEG patterns
in adults,”™* *? in the absence of muscle artifacts. It is therefore
unlikely that the use of neuromuscular blocking agents could ex-
plain the large differences in EEG power (at frequencies <24 Hz)
that we observed between children and adults.

Skull conductivity is known to change during normal human
development and aging. In particular, fontanel closure and
increases in skull thickness both decrease overall skull conduct-
ivity. This decrease in skull conductivity would have the effect of
reducing EEG signal amplitude. Given the increase in EEG power
we observed between 3 months and approximately 8 yr of age,
age-dependent increases in skull conductivity likely mask a lar-
ger effect on the underlying cortical circuits that generate the EEG
signal. At frequencies <100 Hz, changes in skull conductivity af-
fect all frequencies equally, and would not alter the frequency
structure of the EEG.®® However, we found significant differences
in alpha oscillation structure between <1 yr old and >1 yr old
patients. We therefore conclude that the age-dependent changes
in EEG power and coherence we observed during anaesthesia
reflect neurobiological characteristics of the developing brain.

In contrast to the adult population, brain-state monitoring
strategies for paediatric patients receiving general anaesthesia
have not been developed. In adults, volunteer studies have
been an important source of data relating the EEG to anaesthetic
brain states. In children, however, such volunteer studies cannot
be carried out because of safety and ethical concerns.” ** *>-°* 61
Therefore, retrospective and observational studies of paediatric
patients receiving general anaesthesia or sedation as part of
routine care are a crucial source of information, and may be
one of the only viable sources of data for studying anaesthesia-
related neurophysiology in children. By studying the age-related
effects of sevoflurane anaesthesia on the EEG, we have found dif-
ferences between paediatric and adult EEG dynamics that may
reflect typical brain development processes. In the future, studies
such as this will facilitate a more principled drug- and age-
specific neurophysiological definition of anaesthetic brain states.
A more precise neurophysiological definition of anaesthetic
brain-states will lay the foundation for improved age-appropriate
brain monitoring strategies, and may offer a practical approach to
reducing potential anaesthetic risks in children.®*
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Supplementary material is available at British Journal of
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