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ABSTRACT

Background: Consciousness-altering anesthetic agents disturb connectivity between brain regions composing the resting-state
consciousness networks (RSNs). The default mode network (DMn), executive control network, salience network (SALn),
auditory network, sensorimotor network (SMn), and visual network sustain mentation. Ketamine modifies consciousness dif-
ferently from other agents, producing psychedelic dreaming and no apparent interaction with the environment. The authors
used functional magnetic resonance imaging to explore ketamine-induced changes in RSNs connectivity.

Methods: Fourteen healthy volunteers received stepwise intravenous infusions of ketamine up to loss of responsiveness.
Because of agitation, data from six subjects were excluded from analysis. RSNs connectivity was compared between absence of
ketamine (wake state [W1]), light ketamine sedation, and ketamine-induced unresponsiveness (deep sedation [S2]).

Results: Increasing the depth of ketamine sedation from W1 to S2 altered DMn and SALn connectivity and suppressed the
anticorrelated activity between DMn and other brain regions. During S2, DMn connectivity, particularly between the medial
prefrontal cortex and the remaining network (effect size 3 [95% CI]: W1 = 0.20 [0.18 to 0.22]; S2 = 0.07 [0.04 to 0.09]), and
DMn anticorrelated activity (e.g., right sensory cortex: W1 = -0.07 [-0.09 to -0.04]; S2 = 0.04 [0.01 to 0.06]) were broken
down. SALn connectivity was nonuniformly suppressed (e.g., left parietal operculum: W1 = 0.08 [0.06 to 0.09]; S2 = 0.05
[0.02 to 0.07]). Executive control networks, auditory network, SMn, and visual network were minimally affected.
Conclusions: Ketamine induces specific changes in connectivity within and between RSNs. Breakdown of frontoparietal
DMn connectivity and DMn anticorrelation and sensory and SMn connectivity preservation are common to ketamine and
propofol-induced alterations of consciousness. (ANESTHESIOLOGY 2016; 125:873-88)

NESTHESIA-INDUCED alteration of conscious-

ness involves complex disturbances of communication What We Already Know about This Topic
between brain regions or functional connectivity.! Func- e General anesthetics disrupt functional connectivity between
tional magnetic resonance imaging (fMRI) can demonstrate various brain regions as assessed by functional magnetic

resonance imaging.

™M stical L. e Ketamine has distinct pharmacologic and electrophysiologic
denced by fMRI corresponds to statistical dependencies in effects compared to other general anesthetics.

changes of an indirect sign of regional brain activity,® the . .
blood oxygen level-dependent (BOLD) signal fluctuation, Lol U e BLE ol JLer e L

which quantifies regional cerebral blood flow (CBF). e In human volunteers, ketamine alters connectivity within and
between resting-state consciousness networks, notably by
disrupting frontoparietal connectivity while sensory and sen-

such effects of anesthesia.” Functional connectivity as evi-

Among anesthetic agents with hypnotic properties, those
targeting y-aminobutyric acid-mediated (GABA)ergic neu- sorimotor networks are preserved.
rotransmission have been studied the most with respect to While ketamine has certain distinct effects on connectivity

their effect on brain connectivity. Among them, propofol within and between resting-state consciousness networks, its
functional disruption of frontoparietal cortical communication
X X v is shared by several other general anesthetics with distinct
through reconfiguration of their topology.’ In addition to pharmacologic profiles.

disrupting frontal-parietal connectivity®® and inhibiting
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induces complex changes into specific networks,? possibly
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nonspecific thalamocortical connectivity involved in corti-
cal arousal,*® propofol is known to affect functional brain
networks that are essential to the emergence of a mental
content.'” Those networks are qualified as resting-state con-
sciousness networks (RSNs) because of being active in rest-
ing task-free individuals. RSN affected by propofol include
the default mode network (DMn) involved in the aware-
ness of self, autobiographical memory, mind wandering,
and unconstrained cognition''; the left and right executive
control networks (LECn and RECn) involved in percep-
tual, somesthetic processing, ability to respond to an exter-
nal event, and to have conscious reportable perception!'%;
and the salience network (SALn) involved in judgment of
an event salience, conflict monitoring, information integra-
tion, response selection, interoceptive processes, and the
emotional counterpart of pain.*!4 At doses of propofol that
produce unresponsiveness to verbal command, the thala-
mocortical connectivity specific to those networks is pre-
served,' as well as connectivity in sensory networks,'® while
interactions between sensory modes, such as the auditory or
visual modes, are altered. Coordination of activity between
consciousness networks is also impeded by propofol, insofar
as it phases out the activity alternation between DMn and
executive control network (ECn).!%1¢

Ketamine has hypnotic properties, but is rather differ-
ent from GABAergic agents. Increasing concentrations first
produce antidepression, followed by analgesia and psychoto-
mimesis, including feelings of dissociation, hallucinations,
and delirium. Loss of responsiveness occurs only at the high-
est doses.!” The molecular targets of propofol and ketamine
are distinct; in contrast to propofol, the hypnotic effects
of ketamine appear to be largely mediated by blockade of
N-methyl-p-aspartate receptors and hyperpolarization-
activated cyclic nucleotide-gated cation type 1 channels.!”

Short- and long-term modulation of brain connectiv-
ity by ketamine has recently been evidenced.'® Small doses
decrease connectivity between DMn and other networks
involved in depression pathophysiology.!”” Ketamine anal-
gesia is related to diminished connectivity between sensory
networks and regions responsible for pain sensing and affec-
tive processing and to increased connectivity with regions
involved in the descending inhibition of pain.?® At plasma
concentrations that produce psychotomimesis, ketamine
induces global brain hyperconnectivity and reorganiza-
tion of sensory networks,®?! possibly leading to uncon-
strained cognition. Ketamine also alters the dorsolateral
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prefrontal cortex connectivity that relates to working mem-
ory.”? Finally, directional frontal-parietal connectivity is
impaired in patients receiving doses of ketamine that induce
loss of responsiveness.?>24

No systematic exploration of the effects of ketamine on
consciousness RSNs themselves has been undertaken so
far, and very few ketamine connectivity studies have used
doses susceptible to produce unresponsiveness to command.
Hence, in this fIMRI study, we aimed at exploring within and
between RSNS connectivity in healthy volunteers submitted
to stepwise increments in ketamine plasma concentration,
up to loss of responsiveness to verbal command. Insofar as
ketamine and GABAergic agents have different biochemi-
cal targets and produce very different anesthetic states, we
hypothesized that ketamine would produce a different con-
nectivity pattern.

Subjects and Methods

Subjects

After approval by the Ethics Committee of the Medical
School of the University of Liege (University Hospital, Liege,
Belgium), study registration (EudraCT 2010-023016-13),
and obtaining informed consent by the volunteers to partici-
pate in the study, 14 right-handed volunteers were recruited
(5 women; median age [range], 25 [19 to 31] yr; mean body
mass index [range], 24 [20 to 31] kg/m?). Among them, six in
total had to be excluded from the study and further data anal-
ysis because of excessive agitation and movements (five sub-
jects) or voluntary withdrawal (one subject). The volunteers
were recruited through advertisement in an Internet forum
and underwent medical interview and physical examination
before their participation. Exclusion criteria for recruitment
included inappropriate contraception for women, history
of head trauma or surgery, mental illness, drug addiction,
asthma, motion sickness, previous problems during anes-
thesia, or any of the classical contraindications for an MRI
examination, such as vascular clips or metallic implants, and
claustrophobia. All volunteers received financial compensa-
tion for inconvenience and time lost during the experiment.

Experimental Design, Equipment, and Infusion of
Ketamine
The volunteers were requested to fast for at least 6h from
solids and 2 h from liquids before the experimental session.
Once in the investigation unit, a systematic review of even-
tual contraindications to participation was again performed,
including criteria for both anesthesia and MRI, using a
detailed checklist. Thereafter, an MRI structural image
acquisition occurred (see the first paragraph of Functional
Data Acquisition, Extraction of Resting-state Networks, and
Group Analysis).

After structural image acquisition, subjects were removed
from the MRI scanner, and 64 electroencephalogram (EEG)
scalp electrodes were placed to allow for simultaneous EEG

Bonhomme et al.
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recording during fMRI data acquisition (Brain Amp® mag-
netic resonance compatible acquisition setup; Brain Products
GmbH, Germany). In this report, data analysis, however,
has been restricted to fMRI data only.

An 18-gauge intravenous catheter (BD Insyte-W; Becton
Dickinson Infusion Therapy Systems Inc., USA) was then
placed into a vein of the left forearm and infused using normal
saline at a rate of 20 ml/h. The intravenous line served for ket-
amine infusion and eventual administration of rescue medi-
cations. A 20-gauge arterial catheter (Arrow® International
Inc., USA) was also placed into the left radial artery, under
strict sterile conditions and after performing local anesthesia
with 3 ml of 1% lidocaine. This catheter was equipped with
a monitoring set (TruWave, Edwards Lifesciences, Domini-
can Republic) and served for arterial blood sampling and gas
analysis. Standard MRI-compatible anesthesia monitoring
(Magnitude 3150M; Invivo Research, Inc., USA) was also
placed to allow continuous monitoring and recording of the
electrocardiogram, heart rate, blood pressure, pulse oxymetry
(Spo,), and breathing frequency throughout the scanning
and recovery periods. Through a loosely fitting plastic face-
mask, additional oxygen at a rate of 5 |/min was provided to
volunteers, whose breathing always remained spontaneous.
One certified anesthesiologist and one neurologist were pres-
ent throughout the experiment. In case of trouble, complete
resuscitation equipment and medications were immediately
available at the door side of the MRI scanner.

After setting all needed equipment and monitoring, the
volunteers were comfortably installed in the MRI tray. The
most comfortable supine position attainable was sought to
avoid painful stimulation related to position. All volunteers
wore earplugs to attenuate noise and earphones to allow com-
munication with investigators; one investigator remained in
the MRI scan room at all times.

Ketamine was administered using a computer-controlled
intravenous infusion device composed of a separate lap-
top computer. The computer was running the StanPump
software (S. L. Shafer, Perioperative and Pain Medicine,
Stanford University, Stanford, California; East Bay Anesthe-
siology Medical Group, Alta Bates Summit Medical Center,
Oakland, California) and was connected to an infusion
pump (Graseby 3400, Smith Medical International Ltd,
United Kingdom) through a serial port. A 50-ml syringe
was filled with normal saline containing racemic ketamine
(Ketalar, Pfizer Ltd., Turkey) at a concentration of 10 mg/ml.
The pharmacokinetic model used to drive the pump was
the Domino model,”> which has been demonstrated to have
acceptable predictive performance.?® This system commands
infusion pump rates to allow targeting precise effect-site and
plasma concentrations of ketamine, based on several biomet-
ric parameters. For each change in ketamine concentration,
a 5-min equilibration period was allowed after reaching the
target, to permit equilibration of ketamine concentration
between body compartments.

Anesthesiology 2016; 125:873-88 875

The depth of sedation was assessed using the Ramsay scale
(RS: 1 = anxious, agitated, or both; 2 = cooperative, oriented,
and calm; 3 = response to command only, clear but slow;
4 = evident response to glabellum stimulation or to loud audi-
tory stimulation; 5 = slow response to glabellum stimulation
or to loud auditory stimulation; and 6 = no response)*” and
the University of Michigan Sedation Scale (UMSS: 0 = awake
and alert; 1 = lightly sedated, tired, appropriate response
to conversation and/or to sounds; 2 = moderate sedation,
drowsy, easily aroused by tactile stimulation; 3 = deep seda-
tion, deep sleep, aroused only by strong physical stimulation;
and 4 = impossible to arouse).?® Each evaluation took place
immediately before and after each fMRI data acquisition
sequence. Volunteers were asked to strongly squeeze the hand
of the investigator, and the command was repeated twice. For
that purpose, and for close watch of the volunteer, an investi-
gator continuously stayed inside the MRI room.

The procedure of data acquisition is illustrated in figure 1.
After equipment and monitoring placement, as well as com-
fortable volunteer installation onto the MRI scan tray, a first
fMRI data acquisition was performed in the absence of any
infusion of ketamine (baseline recording = wake state [W1]).
Data acquisition was always preceded and followed by the
depth of sedation assessment and arterial blood sampling.
Ketamine infusion was then started, and its target concentra-
tion was increased by steps of 0.5 pg/ml until a level of seda-
tion corresponding to RS 3 to 4 or UMSS 1 to 2 was reached
(light sedation, S1). After the 5-min equilibration period, a
novel sequence of data acquisition occurred, consisting of the
same sequence of events as during W1. Ketamine target con-
centration was then further increased by steps of 0.5 pg/ml
until RS 5 to 6 or UMSS 4 (deep sedation [S2]), and the
same sequence of data acquisition was again performed. After
those acquisitions, the infusion of ketamine was stopped,
and the subject was removed from the fMRI scanner to allow
for comfortable recovery. Because of frequent nausea, all vol-
unteers preventively received 50 mg of alizapride and 4 mg of
ondansetron intravenously immediately after the end of ket-
amine infusion. Throughout the acquisition sequence and
the recovery period, hemodynamic, EEG, and oxygenation
parameters were continuously monitored (vital parameters).
Volunteers were discharged from the investigation unit only
when having fully recovered and duly accompanied. They
were given a phone number to call in case of problem and
were contacted by phone the day after to check whether they
had been able to recover normal activity that day.

The presence of dreaming during ketamine infusion was
checked through a phone call at distance from the experi-
mental session. A detailed description of dream themes was
recorded.

Functional Data Acquisition, Extraction of Resting-state
Networks, and Group Analysis
Resting-state fMRI volume acquisition occurred during

normal wakefulness (W1, RS 2, UMSS 0), S1 (RS 3 to 4,

Bonhomme et al.
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Fig. 1. Time line of data acquisition. Depth of sedation = depth of sedation assessment using Ramsay Scale and University of
Michigan Sedation Scale; electroencephalogram (EEG) = installation of EEG electrodes; fMRI = functional magnetic resonance
imaging; monitoring = hemodynamic and oxygenation (vital parameters) monitoring placement; S1 = light sedation condition,
corresponding to a Ramsay score (RS) of 3 or 4 and to a University of Michigan Sedation score (UMSS) of 1 or 2; S2 = deep
sedation condition, corresponding to a RS of 5 or 6 and to a UMSS of 4; TCI = target-controlled infusion; W1 = baseline condi-
tion, in the absence of any ketamine infusion; 0.5-pg/ml steps = size of each increase in ketamine target concentration until
desired level of sedation attained; 5-min equilibration = 5-min equilibration period after achieving desired target concentration

of ketamine and level of sedation.

UMSS 1 to 2), and S2 (RS 5 to 6). Because ketamine has
a long elimination half-life and to limit time spent in the
fMRI scanner for the volunteer, the temporal order of those
clinical states was not randomized. For the same reason, a
recovery experimental condition could not be achieved. The
number of scans per session was similar among subjects for
all three clinical states (mean [SD], 301 [5] scans per session).
Data were acquired on a 3T Siemens Allegra scanner (Sie-
mens AG, Germany; Echo Planar Imaging sequence using
32 slices; repetition time = 2,460 ms; echo time = 40 ms;
field of view = 220 mm; voxel size = 3.45 x 3.45 x 3 mm; and
matrix size = 64 x 64 x32). A high-resolution structural T'1
image was acquired in each volunteer at the beginning of the
whole experiment for coregistration to the functional data.
Low-frequency BOLD correlations between brain
regions were investigated using a multiple region of interest
(ROI)—driven analysis, searching for brain areas correlated
to a set of selected seed regions after removal of spurious
physiologic noise.?” This ROI-driven analysis was similar to
the one described in our previous article,'® although with
some differences, and consisted of obtaining single-subject
connectivity maps before combining them into group-level
network maps. The whole analysis included the following
steps: realignment, normalization, smoothing, nuisance cor-
rection and individual extraction of seed-to-voxel connec-
tivity maps, and multiple seed network and group analysis

Anesthesiology 2016; 125:873-88

of modifications across experimental conditions (fig. 1, Sup-
plemental Digital Content 1, http://links.lww.com/ALN/
B304).

Functional and structural images were first realigned,
normalized, and smoothed (8-mm full width at half maxi-
mum) using Statistical Parametric Mapping (SPM) software
version 8 (Wellcome Trust Center for Neuroimaging; hetp://
www.fil.ion.ucl.ac.uk/spm/).

Subsequent steps were performed using a functional con-
nectivity toolbox (CONN, version 15.f, MATLAB-based
cross-platform software, freely available from NITRC at
htep://www.nitrc.org/projects/conn/). Extraction of DMn,
LECn, RECn, SALn, auditory network (AUDn), sensorim-
otor network (SMn), and visual network (VISn) consisted
in extracting BOLD time courses of interest that were com-
puted as the first principal component of the BOLD signal
in 10- or 4-mm radius spherical ROIs centered on « priori
coordinates reported in previous work. For each network, a
set of ROIs known to pertain to the concerned network were
chosen, and extraction occurred first for each ROI individu-
ally. ROIs are described in table 1, including their x, y, and
z Montreal Neurologic Institute coordinates in millimeters,
and are identical to those reported in our previously pub-
lished article.*> ROIs for the DMn included regions cen-
tered in the posterior cingulate cortex/precuneus, the medial
prefrontal cortex (MPFC), the left and right lateral parietal

Bonhomme et al.
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Table 1. Description of Regions of Interest (seeds) Used to Define Each of the Studied Networks

Network BA Region X, Y, Z Abbreviation References
Default mode 31 Posterior cingulate cortex/precuneus 0-52 27 PCC-Prec Raichle®°
network 9 Medial prefrontal cortex -15427 MPFC
39 L/R lateral parietal cortex -46 -66 30/49 -63 33 LPC/RPC
21 L/R inferior temporal cortex -61 -24 -9/58 -24 -9 LITC/RITC
L/R cerebellum —25 -81 -33/25 -81 -33 LCere/RCere
Thalamus* 0-129 Thal
Brainstem* 12 -24 -24 BrSt Boveroux et al.™®
L/R executive 9 L/R dorsolateral prefrontal cortex —-43 22 34/43 22 34 LDLPFC/RDLPFC  Fair et al.%"
control 40 L/R inferior parietal lobule -51 -51 36/51 -47 42 LIPL/RIPL
networks 6  L/R premotor cortex -41 3 36/41 3 36 LPMC/RPMC
23 Midcingulate cortex 0-29 30 MCingC
39 L/R angular gyrus -31-59 42/30 -61 39 LAG/RAG
7 L/R precuneus -9-7237/10 -69 39  LPrec/RPrec
Brainstem* 12 -24 -24 BrSt Boveroux et al.’®
Cerebellum -4 -56 -40 Cere
L/R thalamus* -4-120/4-120 LThal/RThal
Salience 12 Orbital frontoinsula -40 18 -12/42 10 -12  LOFI/ROFI Seeley et al.?®?
network 38 L/R temporal pole -52 16 -14/52 20 -18 LTP/RTP
32 Paracingulate 04428 ParaCing
24 L/R dorsal anterior cingulate -6 18 30/6 22 30 LDACing/RDACing
6 L/R supplementary motor area -4 14 48/4 14 48 LSMA/RSMA
22 L/R superior temporal gyrus -62 -16 8/64 -38 6 LSTG/RSTG
40 L/R parietal operculum —60 —40 40/58 —-40 30 LPO/RPO
47 Ventrolateral prefrontal cortex 42460 VLPFC
46 L/R dorsolateral prefrontal cortex -38 52 10/30 48 22 LDLPFC-2/
RDLPFC-2
L/R thalamus* -12-186/12-186  LThal-2/RThal-2
L/R hypothalamus* -10-14 -8/6 -16 -6  LHypo/RHypo
Periaqueductal gray* -4 -24 -2 PAG
L/R ventral tegmental area* 8 -8 -14/-10-14 -10 LVTA/RVTA
Auditory 41/42  L/R superior transverse temporal gyrus -44 -6 11/44 -6 11 LSTTG/RSTTG Maudoux et al.3?
network 6 L/R precentral gyrus -53 -6 8/58 -6 11 LPCG/RPCG
24 Anterior cingulate cortex 6 -7 43 ACingC
19 L/R visual cortex -6 —-88 37/6 —-88 37 LVC/RVC
Sensorimotor 3 L/R primary motor cortex -39 -26 51/38 -26 48 LPrMC/RPrMC Raichle®°
network Supplementary motor area 0-2148 SMA
Visual network 17 L/R primary visual cortex -13-856/8 -82 6 LPVC/RPVC De Luca et al.3
18 L/R secondary visual cortex -6 -78 -3/6 -78 -3  LSVC/RSVC
19 L/R associative visual cortex -30 -89 20/30 -89 20 LAVC/RAVC

The x, y, and z Montreal Neurological Institute peak coordinates are given in millimeter. Literature references to justify the choice of those seed coordinates

for defining a network are also provided.
*All seeds were defined as 10- or 4-mm-radius spheres around peak coordinates.

ACingC = anterior cingulate cortex; BA = Brodmann area number; BrSt = brain stem; Cere = cerebellum; L/R = left and right; LAG/RAG = left and right
angular gyrus; LAVC/RAVC = left and right associative visual cortices; LCere/RCere = left and right cerebellum; LDACing/RDACing = left and right dorsal
anterior cingulate; LDLPFC/RDLPFC = left and right dorsolateral prefrontal cortices; LDLPFC-2/RDLPFC-2 = left and right dorsolateral prefrontal cortices;
LHypo/RHypo = left and right hypothalamus; LIPL/RIPL = left and right inferior parietal lobules; LITC/RITC = left and right inferior temporal cortices; LOFI/
ROFI = left and right orbital frontoinsula; LPC/RPC = left and right parietal cortices; LPCG/RPCG = left and right precentral gyrus; LPMC/RPMC = left and
right premotor cortices; LPO/RPO = left and right parietal operculum; LPrec/RPrec = left and right precuneus; LPrMC/RPrMC = left and right premotor
cortices; LPVC/RPVC = left and right primary visual cortices; LSMA/RSMA = left and right supplementary motor areas; LSTG/RSTG = left and right superior
temporal gyrus; LSTTG/RSTTG = left and right superior transverse temporal gyrus; LSVC/RSVC = left and right secondary visual cortices; LThal/RThal =
left and right thalamus; LThal-2/RThal-2 = left and right thalamus; LTP/RTP = left and right temporal poles; LVC/RVC = left and right visual cortices; LVTA/
RVTA = left and right ventral tegmental areas; MCingC = midcingulate cortex; MPFC = medial prefrontal cortex; PAG = periaqueductal gray; ParaCing =
paracingulate; PCC-Prec = posterior cingulate — precuneus; SMA = supplementary motor area; Thal = thalamus; VLPFC = ventrolateral prefrontal cortex.

cortices, the left and right inferior temporal cortices, the left left and right angular gyrus, the left and right precuneus,
the brainstems, the cerebellum (Cere), and the left and right

and right cerebellum, the thalamus,?® and the brainstem.!

31

For the LECn and RECn, ROIs were centered in the left thalamus.!® SALn was defined by 23 ROIs including the left
and right dorsolateral prefrontal cortices (LDLPFC and  and right orbital frontoinsula, the left and right temporal
RDLPFC), the left and right inferior parietal lobules, the left poles, the paracingulate, the left and right dorsal anterior
and right premotor cortices, the mid-cingulate cortex, the  cingulate, the left and right supplementary motor areas, the
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left and right superior temporal gyrus, the left and right pari-
etal operculum, the ventrolateral prefrontal cortex, the left
and right dorsolateral prefrontal cortices 2, the left and right
thalamus 2, the left and right hypothalamus, the periaque-
ductal gray, and the left and right ventral tegmental areas.??
AUDn included ROIs located in the left and right superior
transverse temporal gyrus, left and right precentral gyrus, the
anterior cingulate cortex (ACingC), and the left and right
visual cortices.?> SMn involved the left and right primary
motor cortices and the supplementary motor areas,*® while
VISn encompassed the left and right primary visual cortices,
the left and right secondary visual cortices, and the left and
right associative visual cortices.*

Before extraction of the first eigenvariate of the time
courses of voxels in ROIs, functional data were temporally
band-pass filtered using a 0.007- to 0.1-Hz Gaussian tem-
poral filter implemented in Oxford Centre for Functional
MRI of the Brain Laboratory Software Library (version 3.2;
University of Oxford, Oxford, United Kingdom). Similar
time course extractions were performed for two other voxels
of interest located in the white matter and the lateral ven-
tricles to estimate the global brain signal changes across time
and their derivatives. Those data served as nuisance covari-
ates in the statistical model (white matter and cerebrospinal
fluid noise). The movement parameters were also added as
nuisance covariates in the design matrix. A separate design
matrix was created for each ROI in each of the three sessions
in every subject. Serial correlations were then estimated with
a restricted maximum likelihood algorithm using an intrin-
sic autoregressive model during parameter estimation. The
effects of interest were tested by linear contrasts, generat-
ing statistical parametric T maps in each subject. A contrast
image was then computed in each session, identifying vox-
els significantly correlated to the selected seed region after
removal of sources of spurious variance.

Second-level analysis consisted of network and group
statistics and was also performed using CONN. Individual
summary statistics images were entered into a random-effects
model in which subjects were considered random variables.
Repeated-measures ANOVAs were performed with the three
experimental conditions as factors, namely W1, S1, and S2,
as well as defined sets of ROIs for each network. In each set of
ROlIs, the between-sources contrast was defined as 1/(number
of considered ROIs), meaning that, for the DMn, for exam-
ple, the effect of each of the 10 ROIs was weighted as 0.1.
In other words, for each network, the time series from the
voxels contained in each seed region were extracted and then
averaged together. The resulting averaged time course was
estimated by taking account of the time courses of more than
one region. The averaged time series were used to estimate
whole-brain correlation r maps, which were then converted to
normally distributed Fisher z-transformed correlation maps
to allow for group-level comparisons. This was performed
analogously to our previously reported method.* This mul-
tiple seed approach was used to overcome the problem of the
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selection of only one seed region for each network, which
in principle can lead to as many overlapping networks as
the number of possible selectable seeds. Using more seed
ensures proper network characterization in volunteers. The
error covariance was not assumed to be independent between
regressors, and a correction for nonsphericity was applied. We
used two-sided T contrasts to test for significant connectivity
effects in all our analyses. After model estimation, a first T
contrast searched for areas correlated with each selected set
of seed region during W1. Second and third analyses then
searched for persistent correlations with the set of seed region
during S1 and S2. Other T contrasts looked at significant dif-
ferences between the three experimental conditions, namely
W1 against S1, W1 against S2, and S1 against S2. These last
subtraction analyses are not reported here, for the sake of not
weighting the article down too much. Finally, a linear two-
tailed T contrast was computed for each network, searching
for a linear relationship between functional connectivity and
the depth of sedation across the three conditions (.c., W1,
S1, and S2: contrast [1, 0.5, -1.5]). All analyses were thresh-
olded at false discovery rate (FDR)—corrected P < 0.05 at the
whole-brain level, except for the regression analyses, where an
uncorrected 2 value of 0.001 was chosen, and each condition
was viewed separately for adjustment.

To identify clusters of voxels significantly correlated with
sets of ROIs, we used the REX toolbox in SPM (available
free at http://gablab.mit.edu/index.php/news/95-gablab-
site/gablab/people/swg). This analysis was performed at
a cluster level, with no conjunction mask, no scaling, and
using a family-wise error—corrected cluster P < 0.05.

A last type of two-sided T contrast was performed to test
for significant ROI-to-ROT (or seed-to-seed) connectivity
within each network for each experimental condition and
thresholded at FDR-corrected P < 0.05. Insofar as this seed-
to-seed analysis limits the exploration to the preselected seed
regions, it was used for illustration purpose only. It served to
draw graphical representations of networks in each experi-
mental condition, with seed regions plotted on a canoni-
cal axial brain slice. In those graphs, seed regions are linked
by lines whose thickness and color vary according to the
strength of between-seed connectivity.

Additional Statistical Analyses

Within-subject comparison of mean blood pressure, heart
rate, peripheral saturation in oxygen, and arterial carbon
dioxide partial pressure across experimental conditions were
performed using one-way ANOVA for repeated measures
and Tukey honestly significant difference tests for post hoc
comparisons. For those analyses, a two-tailed P < 0.05 was
considered statistically significant.

Results

Data were collected between February 7, 2011, and Febru-
ary 28, 2012. These data are full original data and have not
been used in other studies, analyses, or publications.
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Behavioral Observations, Ketamine Concentrations, Vital
Parameters, and Side Effects
As mentioned in the first paragraph of Subjects in Subjects
and Methods, complete data sets were obtained in 8 of the
14 volunteers who continued the study protocol sufficiently
to be installed inside the MRI scanner. The main reason for
withdrawal from the study was excessive agitation into the
scanner during the experiment for five volunteers; one volun-
teer withdrew. During a phone call performed on average 327
days after the experiment (range, 66 to 821 days), all volun-
teers whose data were included in the analysis reported having
experienced strange dreams during ketamine administration.
The dream themes experienced during ketamine infusion are
summarized in table 1 of Supplemental Digital Content 2
(heep://links.Iww.com/ALN/B305). Themes included sensa-
tions of well-being, joy, and peace, sensations of unearthly
environment, flying, perceptions of a bright light, sense of day
dreaming, sensation of dissolution in the environment, body
distortion, falling sensation, feelings of imprisonment, and
the sensation of dying. Unfortunately, it was not possible to
know whether those dreams occurred during S1 or §2. Nau-
sea was frequent at the end of the experiment when moving
the volunteer. Nausea was easily controlled by the intravenous
administration of ondansetron and alizapride. No other side
effects or incidents are to be reported, and all volunteers fully
recovered normal activities on the day after the experiment.
Ketamine attained estimated plasma concentrations, and
recorded vital parameters are reported in table 2. The median
ketamine concentration was 0.5 pg/ml during S1 and 2 pg/ml
during S2. Repeated-measure ANOVA revealed a dose-depen-
dent increase in heart rate and arterial blood pressure during
ketamine administration. Contrarily, arterial carbon dioxide
remained unchanged. The depth of sedation as assessed by seda-
tion scores was in the predefined range during all conditions.

Gonnectivity within the Default Mode Network
During W1, cluster analysis (Supplemental Digital Content
3, http://links.Iww.com/ALN/B306) confirmed significant

connectivity between regions predefined as pertaining to
DMn (fig. 2). In addition, a dorsal extension of the MPFC
seed region, up to the premotor cortex, was evidenced, as
well as a local spreading of the posterior cingulate cortex/
precuneus seed region and extension of left and right inferior
temporal cortex along the temporal lobe. Three clusters with
significant connectivity but not corresponding to predefined
ROIs were also identified. Two of them were small regions
located on the borders of the left and right perirhinal, ento-
thinal, and parahippocampal cortices and one of them was
located on the lateral and inferior part of the left prefrontal
cortex.

Increasing the depth of ketamine sedation produced a
progressive breakdown of connectivity within the DMn that
was discreet during S1, with most identified clusters still
present, and far more pronounced during S2. At that deepest
level of sedation, no significant clusters were evidenced. Cor-
relation analysis revealed a significant relationship between
increasing the depth of ketamine sedation and decreasing the
connectivity of the MPFC with DMn.

Default Mode Network Anticorrelation

During the W1, DMn also showed anticorrelation with sev-
eral brain regions (fig. 2). Seven anticorrelated clusters were
identified. The first one (cluster 7) was covering parts of the
right supramarginal gyrus, somatosensory association cortex,
primary and secondary somatosensory cortices, and insular
cortex, and the second one (cluster 8) involved the right insu-
lar cortex, pars triangularis, premotor cortex, dorsolateral
prefrontal cortex, superior temporal gyrus, subcentral area,
and primary motor cortex. The third cluster (cluster 9) com-
prised the right and left premotor cortices, ventral ACingC,
and dorsal ACingC. The fourth (cluster 10) encompassed the
left supramarginal gyrus, somatosensory association cortex,
insular cortex, primary auditory cortex, and the subcentral
area. The left insular cortex, premotor cortex, superior tem-
poral gyrus, dorsolateral prefrontal cortex, pars triangularis,
and subcentral area composed the fifth cluster (cluster 11).

Table 2. Vital Parameters, Sedation Scores, and Ketamine Concentrations

Parameter W1 S1 S2 Statistics
Mean blood pressure, mmHg, mean (SD) 94 (11)* 107 (13)t 120 (16) F(z’m) =19.14, P < 0.0001
Heart rate, beats/min, mean (SD) 70 (14)* 92 (18)t 108 (10) F(z, 1= 27.97, P < 0.0001
Peripheral saturation in oxygen, (%, mean (SD) 99 (0) 99 (0) 98 (1) Fo 14=2.70,NS
Estimated ketamine plasma concentration, N/A 0.75 (0.5-1.5) 2 (1.5-2.5) N/A
png/ml, median (range)
Measured arterial carbon dioxide partial 41 (4) 39 (7) 37 (8) F(Z’ 1= 1.22, NS
pressure, mmHg, mean (SD)
Ramsay sedation score, median (range) 2@2-2 2 (2-3) 6 (4-6) N/A
University of Michigan Sedation Score, 0 (0-0) 1.5 (0-2) 4 (3-4) N/A

median (range)

Parameters are reported for the baseline condition (W1), light sedation (S1), and deep sedation (S2). Results of the one-way ANOVA for repeated measures

are further provided (statistics).

*Significantly lower than at S1 and S2 as assessed by Tukey honestly significant difference tests on 3 means with 14 degrees of freedom. tSignificantly

lower than S2 as assessed by the same post hoc comparison tests.
N/A = nonapplicable; NS = nonsignificant.
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Fig. 2. (A) Connectivity maps according to the seed-to-voxel analysis in the default mode network (DMn) across experimental
conditions, namely baseline (wake state [W1]), light sedation (S1), and deep sedation (S2). For display purposes, results are
thresholded at an uncorrected P < 0.001 and are shown on slices of a canonical structural T1 magnetic resonance scan in the
three planes, as well as on a three-dimensional representation of the cortical surface. Color scales correspond to T values of
statistical parametric mapping group maps. x, y, and z indicate the Montreal Neurological Institute coordinates of the point
located at the crossing of blue lines. Brain regions showing a significant negative correlation between increasing depth of ket-
amine sedation and connectivity with DMn are also shown (correlation between depth of ketamine sedation and connectivity of
concerned region with remaining network [Corr.]), using a blue scale. (B) Connectivity maps obtained after seed-to-seed analysis
and using predefined regions of interest (ROls) of the DMn for the W1, S1, and S2. Those ROls are represented by color circles
projected on a canonical axial brain slice. The lines indicate connectivity, and their color and thickness vary as a function of the
associated T value. A color scale of T values is defined for each image and appears on top of them. (C) Size § and 95% Cl (error
bars) of some of the relevant effects observed in ROls of the DMn across experimental conditions (W1, S1, and S2) and for
the correlation analysis. (D) Connectivity maps according to the seed-to-voxel analysis showing voxels that are anticorrelated
with DMn across experimental conditions (W1, S1, and S2) and for the Corr. The coordinates of the point located at the cross-
ing of blue lines are also indicated. Color scale has the same meaning as in (A). BrSt = brainstem; LCere/RCere = left and right
cerebellum; LITC/RITC = left and right inferior temporal cortex; LPC/RPC = left and right lateral parietal cortices; MPFC = medial
prefrontal cortex; PCC-Prec = posterior cingulate/precuneus; S1 = light sedation; S2 = deep sedation; Thal = thalamus.
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The sixth (cluster 16) was located in the left dorsolateral pre-
frontal cortex and anterior prefrontal cortex and the seventh
(cluster 18) in the left premotor cortex and primary motor
cortex. These regions lost their anticorrelation with DMn
during ketamine sedation, insofar as no significantly anticor-
related clusters were present during S1 and S2.

As illustrated in figure 2, increasing the depth of ketamine
sedation was associated with an increase in connectivity with
DMn in regions already identified as being anticorrelated
with DMn during W1. This was the case for the above-cited
clusters 7, 9, and 10. (Effect sizes are shown in Supplemental
Digital Content 4, http://links.lww.com/ALN/B307; fig. 3.)
In addition, increasing the depth of sedation was associ-
ated with an increase in connectivity with DMn in regions
that were not anticorrelated with DMn during W1. Those
regions were the cerebellum, parts of the left somatosensory
association cortex, dorsal posterior cingulate cortex, parts of
the right superior temporal gyrus, middle temporal gyrus,
and fusiform gyrus (Supplemental Digital Content 4, http://
links.lww.com/ALN/B307).

Left and Right Executive Control Networks

Cluster analysis during W1 (Supplemental Digital Con-
tent 3, heep://links.lww.com/ALN/B3006)
significant connectivity between regions defined as per-
taining to LECn and RECn. In addition, significant con-
nectivity was identified between LECn and RECn. During
the W1, anticorrelation between LECn or RECn and a
region located in the posterior part of the cingulate cortex

confirmed

also showed up.

As illustrated in figure 3, increasing the depth of ketamine
sedation had tenuous effect on connectivity within LECn
and RECn. At S2, significant between region connectivity
was still found within both networks. The only difference
was an absence of significant connectivity between LECn
and RECn at that deepest level of sedation. Correlation anal-
ysis did not reveal any significant relationship between the
depth of sedation and connectivity within LECn or RECn.
In contrast, two clusters centered in the right primary sen-
sory cortex and right insula showed increased connectivity
with RECn as a consequence of increasing the depth of
sedation.

Salience Network

SALn was active during W1 (fig. 4), encompassing its 23
predefined seed regions. In addition, two clusters centered
in the left and right cingulate cortices displayed significant
anticorrelation with SALn during the same experimental
condition.

S1 had few effects on SALn connectivity, in contrast
to S2, where no cluster with significant SALn connectiv-
ity was identified. However, correlation analysis did not
evidence any significant relationship between the depth of
ketamine sedation and the decrease or increase in SALn
connectivity.

Anesthesiology 2016; 125:873-88 881

Sensory and Motor Networks

In addition to its predefined seed regions, AUDn dis-
played large significant connectivity with multiple other
cortical regions during W1 (fig. 5), including left and
right insula, left and right prefrontal cortices, as well as
regions involved in motor and somatosensory modalities.
Significant anticorrelation was also identified between
AUDn and a small region centered in the retrosplenial
cingulate cortex.

VISn was evident during W1 (fig. 5). It displayed sig-
nificant connectivity with somatosensory and motor cortex.
Anticorrelation of this network with right supramarginal
gyrus, superior temporal gyrus, insula, dorsal posterior cin-
gulate cortex, and somatosensory association cortex was also
evidenced.

Connectivity within SMn was also large during W1
(fig. 5) and extended to auditory and visual cortical regions.
Two SMn anticorrelated clusters were also present during
that experimental condition and located in the left and right
retrosplenial cingulate cortices.

Increasing the depth of ketamine sedation had few effects
on connectivity within those sensory and motor networks,
insofar as most of their predefined seed regions were still show-
ing significant connectivity during both S1 and S2, and no
significant correlations between the depth of ketamine seda-
tion and AUDn, VISn, or SMn connectivity were evidenced.

Discussion

In this study, we demonstrate that ketamine has specific, dif-
ferential, and dose-dependent effects on connectivity within
the most currently described RSN (table 3). Alchough shar-
ing some similarities with other hypnotic anesthetic agents,
such as the effect on frontal-parietal connectivity, ketamine
behaves differently in some aspects. Our findings refine our
understanding of anesthesia mechanisms.

First, the frontal dissociation from the remaining DMn
could be considered as a hallmark of unresponsiveness to com-
mand during anesthesia. Breakdown of connectivity within
the DMn has already been demonstrated during alterations
of consciousness induced by other hypnotic anesthetic agents,
including propofol.'® Particularly, disconnection of frontal-
parietal connectivity has been shown to occur with propofol,
sevoflurane, and ketamine in electrophysiologic studies.®** In
addition, ketamine does not modify connectivity within the
DMn uniformly. Corticocortical interactions are preferen-
tial targets of ketamine, because thalamocortical connectivity
remains relatively preserved, even at the deepest levels of seda-
tion (fig. 2). This is in accordance with older and recent other
findings®® showing even increased thalamocortical connec-
tivity by ketamine.”” A preferential corticocortical effect and
the preservation of RSNs' thalamocortical connectivity are
also seen with propofol.“!> These could be arguments against
the thalamic switch hypothesis, sustaining that the anesthetic
state, as opposed to sedation, is driven by a thalamocortical
disruption.® However, thalamocortical interactions are not
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Fig. 3. (A) Connectivity maps according to the seed-to-voxel analysis in the left and right executive control networks (LECn
and RECn) across experimental conditions, namely baseline (wake state [W1]), light sedation (S1), and deep sedation (S2). For
display purposes, results are thresholded at an uncorrected P < 0.001 and are shown on slices of a canonical structural T1 mag-
netic resonance scan in the three planes, as well as on a three-dimensional representation of the cortical surface. Color scales
correspond to T values of statistical parametric mapping group maps. x, y, and z indicate the Montreal Neurological Institute
coordinates of the point located at the crossing of blue lines. Brain regions showing a significant negative correlation between
the increasing depth of ketamine sedation and the connectivity with LECn or RECn are also shown (correlation between depth
of ketamine sedation and connectivity of concerned region with remaining network [Corr.]), using a blue scale. (B) Connectivity
maps obtained after seed-to-seed analysis and using predefined regions of interest (ROls) of the LECn and RECn for W1, S1,
and S2. Those ROls are represented by color circles projected on a canonical axial brain slice. The lines indicate connectivity,
and their color and thickness vary as a function of the associated T value. A color scale of T values is defined for each image
and appears on top of them. (C) Size (3 and 95% ClI (error bars) of some of the relevant effects observed in ROIs of the LECn and
RECn across experimental conditions (W1, S1, and S2) and for the correlation analysis. Effect sizes are shown for connectivity
between those ROIs and ipsilateral (LECn and RECn) or contralateral (LECn to RECn, RECn to LECn) executive control network.
BrSt = brainstem; Cere = cerebellum; LAG/RAG = left and right angular gyrus; LDLPFC/RDLPFC = left and right dorsolateral
prefrontal cortices; LIPL/RIPL = left and right inferior parietal lobules; LPMC/RPMC = left and right premotor cortices; LPrec/
RPrec = left and right precuneus; LThal/RThal = left and right thalamus; MCingC = midcingulate cortex.

Anesthesiology 2016; 125:873-88 882 Bonhomme et al.

#202 UdJe|N 0 uo 1senb Aq ypd'61L000-0 001 19102Z/L692L2/EL8/S/STL/4Pd-81o1E/ABO|0ISBUISBUE/WOD JIBYDIBA|IS ZESE//:d)Y WO papeojumoq



PERIOPERATIVE MEDICINE

Salience network (SALn)

A': Seed-to-voxel x=0y=142=40
S1

ook

2

B: seed-to-seed )
C : Size of relevant effects

0.2 PO

01
LDLPFC-2 RDLPFC-2

(o) ParaCing 0 I l -
O OQwere wi st s2

LoF) LDACing RDACing RTP 0.1

QO Lsmad

Corr

O
RSMA (™ RoFI 0.2 ParaCing

RVTA
1s16Q) |, LVTA %u RSTG

LThal-2 RThal-2 I
s1 52

LHypo
o) PAG Oreo

Fig. 4. (A) Connectivity maps according to the seed-to-voxel analysis in the salience network (SALn) across experimental condi-
tions, namely baseline (wake state [W1]), light sedation (S1), and deep sedation (S2). For display purposes, results are thresh-
olded at an uncorrected P < 0.001 and are shown on slices of a canonical structural T1 magnetic resonance scan in the three
planes, as well as on a three-dimensional representation of the cortical surface. Color scales correspond to T values of statisti-
cal parametric mapping group maps. X, ¥, and z indicate the Montreal Neurological Institute coordinates of the point located
at the crossing of blue lines. Correlation analysis did not disclose any brain regions showing a significant correlation between
increasing the depth of ketamine sedation and the connectivity with SALn (correlation between depth of ketamine sedation and
connectivity of concerned region with remaining network [Corr.]). (B) Connectivity maps obtained after seed-to-seed analysis
and using predefined regions of interest (ROIls) of the SALn for the W1, S1, and S2. Those ROls are represented by color circles
projected on a canonical axial brain slice. The lines indicate connectivity, and their color and thickness vary as a function of the
associated T value. A color scale of T values is defined for each image and appears on top of them. (C) Size § and 95% CI (error
bars) of some of the relevant effects observed in ROIs of the SALn across experimental conditions (W1, S1, and S2) and for the
correlation analysis (Corr.). LDACing/RDACing = left and right dorsal anterior cingulate; LDLPFC-2/RDLPFC-2 = left and right
dorsolateral prefrontal cortices; Lhypo/Rhypo = left and right hypothalamus; LOFI/ROFI = left and right orbital frontoinsula; LPO/
RPO = left and right parietal operculum; LSMA/RSMA = left and right supplementary motor areas; LSTG/RSTG = left and right
superior temporal gyrus; Lthal-2/Rthal-2 = left and right thalamus; LTP/RTP = left and right temporal poles; LVTA/RVTA = left and
right ventral tegmental areas; PAG = periaqueductal gray; ParaCing = paracingulate; VLPFC = ventrolateral prefrontal cortex.

limited to those involved in RSNs. Other less specific thala-
mocortical interactions play a role in cortical arousal.” Our
observations in RSNs could be the consequences of an inhi-
bition of such interactions, and the DMn disruption could
simply be the witness of interoceptive processes alteration.
Determining the precise role of thalamocortical interactions
during ketamine anesthesia would require dedicated analyses,
using specific techniques targeting the thalamus."

Second, ketamine reorganizes DMn connectivity toward
newer cortical regions (fig. 2). The ability of ketamine to

Anesthesiology 2016; 125:873-88 883

reorganize brain networks has already been shown by others?®?!
and is already evident at lower doses than those of this study.
This effect may be related to ketamine-induced psychotomime-
sis. A systematic comparison with changes observed in those
two other studies is not straightforward, insofar as networks
were differently defined, and ketamine mode of administra-
tion and doses were not the same. However, ketamine evidently
reorganizes brain connectivity with the regions that are involved
in interoceptive and exteroceptive sensory processing. The link
between the observed reorganization and psychedelic dreaming
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Fig. 5. Connectivity maps according to the seed-to-voxel analysis in the auditroy (AUDn) (A), visual (VISn) (D), and sensorimotor
(SMn) (G) networks across experimental conditions, namely baseline (wake state [W1]), light sedation (S1), and deep sedation
(S2). For display purposes, results are thresholded at an uncorrected P < 0.001 and are shown on slices of a canonical structural
T1 magnetic resonance scan in the three planes, as well as on a three-dimensional representation of the cortical surface. Color
scales correspond to T values of statistical parametric mapping group maps. x, y, and z indicate the Montreal Neurological Insti-
tute coordinates of the point located at the crossing of blue lines. Correlation analysis did not evidence any brain regions show-
ing a significant correlation between the increasing depth of ketamine sedation and the connectivity with concerned networks
(correlation between depth of ketamine sedation and connectivity of concerned region with remaining network [Corr.]). Con-
nectivity maps were obtained after seed-to-seed analysis and using predefined regions of interest (ROls) of the AUDn (B), VISn
(E), and SMn (H) for W1, S1, and S2. Those ROls are represented by color circles projected on a canonical axial brain slice. The
lines indicate connectivity, and their color and thickness vary as a function of the associated T value. A color scale of T values
is defined for each image and appears on top of them. Size 3 and 95% CI (error bars) of some of the relevant effects observed
in ROIs of the AUDn (C) and VISn (F) across experimental conditions (W1, S1, and S2) and for the correlation analysis (Corr.) are
also shown. ACingC = anterior cingulate cortex; LAVC/RAVC = left and right associative visual cortices; LPCG/RPCG = left and
right precentral gyrus; LPrMC/RPrMC = left and right primary motor cortices; LPVC/RPVC = left and right primary visual cortices;
LSTTG/RSTTG = left and right superior transverse temporal gyrus; LSVC/RSVC = left and right secondary visual cortices; LVC/
RVC = left and right visual cortices; S1 = light sedation; S2 = deep sedation; SMA = supplementary motor area.
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Table 3. Summary of Salient Findings regarding Connectivity in Studied Networks at Different Depths of Ketamine Sedation

Network

Effects on Connectivity

DMn Breakdown of DMn by ketamine, discreet during light sedation, more pronounced during loss of responsiveness

The main disconnection is frontal

Decreased thalamic connectivity during ketamine-induced loss of responsiveness, but still present
Ketamine increases connectivity between DMn and several other brain regions
Anticorrelation with DMn is markedly reduced by ketamine, even during light sedation

LECn an Tenuous effect of ketamine on LECn and RECn

RECn Ketamine increases connectivity between RECn and right primary sensory cortex
Ketamine increases connectivity between RECn and right insula
Absence of significant interactions between LECn and RECn during ketamine-induced loss of responsiveness to command

SALn Few changes during light ketamine sedation

Breakdown during ketamine-induced loss of responsiveness to command

Heterogeneous alteration within the network

AUDn  No remarkable effect
VISn No cross modal interaction inhibition
SMn

AUDnN = auditory network; DMn = default mode network; LECn = left executive control network; RECn = right executive control network; SALn = salience

network; SMn = sensorimotor network; VISn = visual network.

is not evident, because the sedation stage where they occurred
in our study is not known. Doses of ketamine producing unre-
sponsiveness are associated with disconnected consciousness,
corresponding to isolation from the environment with psyche-
delic dreaming. This state is characterized by a complex spatio-
temporal pattern of cortical activity, as opposed to propofol.*
In addition, connectivity within LECn and RECn is remark-
ably preserved during ketamine-induced loss of responsiveness,
contrarily to DMn. This finding contrasts with the effects of
propofol, which switches them off.!° The functional signifi-
cance of ECn preservation is not known. One hypothesis could
be a preserved influence of environmental input on brain func-
tion during ketamine sedation, although this external informa-
tion could not reach a normal conscious field. The conjunction
with SALn nonuniform breakdown (fig. 4) could generate
inadequate processing of external information and inability
to discern salience of external input. Of note, the nonuniform
breakdown of SALn is probably the reason why we were not
able to evidence any significant relationship between the depth
of ketamine sedation and SALn connectivity. Apart from
those effects, functional anticorrelation with DMn is affected
by ketamine, already at low concentrations. This is similar to
propofol'® and could be, along with the frontal-parietal con-
nectivity breakdown, a common feature of anesthesia-induced
alteration of consciousness. Such modification of DMn activity
alternation with other networks probably reflects the inability to
switch between external and internal awareness'® and could par-
ticipate in the installation of a disconnected consciousness state.

Finally, ketamine very tenuously influences connectiv-
ity within sensory and motor networks. Although preserving
sensory network functional connectivity, ketamine may still
alter sensory information transfer, as shown in a recent primate
study demonstrating a block of that transfer at the corticocorti-
cal rather than the thalamocortical level during ketamine seda-
tion.* Cross-modal interactions between auditory and VISns
are also preserved. This is, in addition to ECn preservation and
cortical connectivity reorganization, a difference with propofol
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sedation, where cross-modal interaction is impeded.'® Those
differences between ketamine and propofol can be at the ori-
gin of the different clinical patterns of sedation, namely dis-
connected consciousness during ketamine sedation and loss of
mental content with disconnection from the environment dur-
ing propofol sedation. Preservation of SMn connectivity during
ketamine sedation is in accordance with the frequent observa-
tion of apparently nonpurposeful movements at that time.

We would like to mention, however, that our sample size
is relatively small, and we may have missed some significant
effects on resting-state network connectivity. We have excluded
6 of 14 subjects from analysis, mainly because of excessive
agitation inside the scanner and the impossibility of acquir-
ing complete data sets. As a consequence, important effects of
ketamine may have been missed and particularly those linked
to agitation. In addition, these difficulties were a strong limita-
tion to recruiting more of them, for ethical reasons. Hence, we
can be confident in the observed significant effects, but less in
negative results. A sample size of 20 subjects is generally con-
sidered optimal in studies such as this one,*! but ours is in the
range of most published fMRI studies investigating the effect
of sedation, namely between 7 and 19.1° In addition, we used a
random-effects approach at the group level, which allows con-
fidence that our results are representative of the sampled popu-
lation. Regarding the absence of effect, results were concordant
when comparing S2-W1 subtraction analyses (not reported
here), where a FDR-corrected P threshold of 0.05 was chosen,
and corresponding correlation analyses, where a more liberal
uncorrected P threshold of 0.001 was used. This indicates that,
even when being more liberal, no effect emerged.

Our results might have been biased by the choice of a multi-
ple-seed ROI approach. Studies using this kind of method now
accumulate, demonstrating an acceptable degree of reproduc-
ibility. The demonstration of resting-state connectivity modu-
lation by anesthesia reinforces the conviction that resting-state
networks effectively represent functional correlates of conscious-
ness.”2 A multiple-seed approach for each network additionally
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limits the risk of selection bias,®® insofar as it includes well-
identified nodes of each network.* It ensures proper network
characterization. Further analysis of our data by a convergent
functional connectivity analysis method, or independent com-
ponent analysis, will confirm having not missed network nodes
through the use of a conventional ROI-driven analysis.®

During the experiment, we were not able to control for
closing or opening of the volunteers’ eyes. All volunteers had
their eyes closed during the baseline condition (W1), but did
not obey to the instruction of keeping them closed once hav-
ing received ketamine. This may have influenced brain activ-
ity in an uncontrolled way, but probably to a small extent,
because data acquisition occurred in a dark room.

‘The order of experimental conditions was not randomized,
for the reason that ketamine has long recovery times.*® Ran-
domizing conditions would have unduly prolonged time spent
in the scanner for the volunteer, without certainty regarding the
ability to obtain all desired sedation stages because of agitation.

Last, some physiologic variations may have influenced our
results, including arterial carbon dioxide, heart rate, and blood
pressure variations. Ketamine is known to increase CBF in
excess of metabolic needs?” and may therefore perturb CBF
regulation, independently from cerebral activity. But some flow
metabolism coupling persists,”” and resting-state fMRI studies
look at between-region statistical dependencies in BOLD fluc-
tuation, not at regional variation in CBF per se. Regarding heart
rate and blood pressure, which substantially increased with the
depth of sedation, they unlikely had influence on our results.
Indeed, ketamine is known to have few effects on pressure-flow
cerebrovascular autoregulation, at least in animals.*® Carbon
dioxide arterial concentration has also had few effects on our
results, because it did not vary significantly.

Conclusions

On the basis of the differential effects on functional con-
nectivity patterns, we confirm the perspective that ketamine
is a unique anesthetic drug. However, ketamine-induced
unresponsiveness shares common features with GABAergic
drugs, including breakdown of frontal-parietal connectivity
and DMn anticorrelation. This is a supplementary argument
to consider the presence of such connectivity and anticor-
relation as witnesses of the presence of normal conscious
thoughts. Aside from these common effects, the differential
effects of hypnotic anesthetic agents on those networks prob-
ably account for their ability to modulate mental content
and connectedness to the environment differently. Ketamine
seems to preserve subcortical input to the cortex, as well as
sensory and motor processing. The alteration of higher-order
integration networks, such as the DMn, its anticorrelation
with other networks, and SALn, are responsible for mental
content perturbation during ketamine sedation.
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From Baking Up Nitrous Oxide to Making the Home Thermostat:
The Heat Regulators of Alfred W. Sprague
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The most popular early method for generating nitrous oxide in the dental or medical office (or for recreational
demonstrations) was to bake solid ammonium nitrate. Heated gently past its ~170°C melting point but less than 240°C,
the ammonium nitrate decomposed into nitrous oxide and water. Heating to higher temperatures could lead to explosive
detonation, yielding water and free nitrogen and oxygen gas. In June of 1866, a teacher of natural philosophy, Alfred
W. Sprague, was granted a U.S. patent for his “Improved Apparatus for Generating and Washing Gases for Inhalation.”
His invention (left) was designed, first, to regulate “the heat where a given and uniform temperature is required; and,
secondly, to produce a means for thoroughly washing and purifying the gas as it passes through the water.” In April of
1873, Sprague shared a patent (right) for an “Improvement in Automatic Draft-Regulators for Stoves and Furnaces.” So
the same man who regulated heat for safely producing laughing gas later developed a safe means for burning natural
gas. (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)
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