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Editor's Summary

Quantifying the Unquantifiable

Manipulation of consciousness is an everyday medical trick——think anesthesia——but physicians have only the
crudest of tools to detect when a person is not aware. The usual question or physical stimulus does not always
provide reliable reactions, and a more precise index is needed to avoid, for example, the conclusion that people who
have locked-in syndrome (in which they are aware but cannot respond) are unconscious. Here, Casali et al. have
extended their previous work on electrical correlates of consciousness to define an electroencephalographic-derived
index of human consciousness [the perturbational complexity index (PCI)] that reflects the information content of the
brain's response to a magnetic stimulus. The PCI could allow tracking of consciousness in individual patients.

The authors used data already collected from previous experiments, in which they had stimulated people's
brains with transcranial magnetic stimulation. By calculating the likely brain regional sources of the signals and then
comparing the unique information in each, the authors derived PCI values. The values ranged from 0.44 to 0.67 in 32
awake healthy people, but fell to 0.18 to 0.28 during nonrapid eye movement (NREM) sleep. Then, to see whether a
completely different way of inducing unconsciousness had the same effect on PCI, the authors assessed data from
patients given various amounts of the anesthetics midazolam, xenon, and propofol. These agents too caused low
"unconscious" values for the PCI: midazolam deep sedation, 0.23 to 0.31; propofol, 0.13 to 0.30; and xenon, 0.12 to
0.31.

However, what about patients who suffer brain damage and who exhibit various levels of consciousness by
conventional assessment methods? In these people, consciousness varies widely, as does the underlying damage
from stroke or trauma. Here, too, the authors found promising results in those who had emerged from coma but were
in a vegetative state or minimally conscious state, or exhibited locked-in syndrome. The PCI values from these
patients clearly reflected the state of their consciousness, with the six patients in a vegetative state clearly
unconscious (0.19 to 0.31), the two with locked-in syndrome clearly aware (0.51 to 0.62), and those in a minimally
conscious state showing intermediate values (0.32 to 0.49).

The validity of PCI for clinical application will need to be assessed in prospective trials, but it has the advantage
of being derived from a simple noninvasive measurement. The new index reported by Casali et al. appears to be a
robust measure that distinguishes conscious from unconscious states well enough to be used on an individual basis,
a prerequisite for deployment in the clinic.
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CONSCIOUSNESS

A Theoretically Based Index of Consciousness
Independent of Sensory Processing and Behavior

Adenauer G. Casali,"*" Olivia Gosseries,>* Mario Rosanova,’ Mélanie Boly,**
Simone Sarasso,’ Karina R. Casali,’3 Silvia Casarotto,” Marie-Aurélie Bruno,?

Steven Laureys,” Giulio Tononi,* Marcello Massimini'>®

One challenging aspect of the clinical assessment of brain-injured, unresponsive patients is the lack of an objective
measure of consciousness that is independent of the subject’s ability to interact with the external environment.
Theoretical considerations suggest that consciousness depends on the brain’s ability to support complex activity
patterns that are, at once, distributed among interacting cortical areas (integrated) and differentiated in space and
time (information-rich). We introduce and test a theory-driven index of the level of consciousness called the per-
turbational complexity index (PCI). PCl is calculated by (i) perturbing the cortex with transcranial magnetic stimu-
lation (TMS) to engage distributed interactions in the brain (integration) and (ii) compressing the spatiotemporal
pattern of these electrocortical responses to measure their algorithmic complexity (information). We test PCl on a
large data set of TMS-evoked potentials recorded in healthy subjects during wakefulness, dreaming, nonrapid eye
movement sleep, and different levels of sedation induced by anesthetic agents (midazolam, xenon, and propofol),
as well as in patients who had emerged from coma (vegetative state, minimally conscious state, and locked-in syn-
drome). PCl reliably discriminated the level of consciousness in single individuals during wakefulness, sleep, and
anesthesia, as well as in patients who had emerged from coma and recovered a minimal level of consciousness. PCl

can potentially be used for objective determination of the level of consciousness at the bedside.

INTRODUCTION

A fundamental shortcoming of clinical practice is the lack of a reliable
method to objectively assess the level of consciousness. Currently,
the clinical evaluation of consciousness relies on the patient’s ability to
interact with the surrounding environment and to demonstrate his or
her subjective experience. Under some conditions, however, such as during
surgical anesthesia or after severe brain injury, patients may be con-
scious but disconnected from the external environment because their
sensory, motor, or executive functions are impaired (1-3). Under these
circumstances, an individual’s level of consciousness cannot be assessed.
Here, we develop an index that aims to overcome this problem.
Phenomenologically, each conscious experience is both differentiated
(that is, it has many specific features that distinguish it from a large
repertoire of other experiences) and integrated (that is, it cannot be
divided into discrete, independent components). Neurophysiologically,
these fundamental properties of subjective experience rely on the ability
of multiple, functionally specialized areas of the thalamocortical system
to interact rapidly and effectively to form an integrated whole (4-7).
Hence, an emerging idea in theoretical neuroscience is that conscious-
ness requires an optimal balance between functional integration and
functional differentiation in thalamocortical networks, otherwise defined
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as brain complexity (8-11). This complexity should be high when con-
sciousness is present and low whenever consciousness is lost in sleep,
anesthesia, or coma (10, 12, 13).

Theoretical indices based on this principle have been designed
to assess the joint presence of differentiation and integration in neu-
ral systems (14-16). These metrics are only applicable, however, to
simple systems of simulated elements or under highly restrictive as-
sumptions and have not been tested on human brains. Currently used
empirical indices of consciousness, instead, are based either on inte-
gration alone [as judged by the extent or synchronization of cortical
activation (17, 18)] or on differentiation alone [as judged by entropy
or spectral content (19, 20)], and do not reliably assess conscious-
ness in individual patients or across many different conditions. In a
recent series of experiments, we assessed the electroencephalographic
(EEG) response to transcranial magnetic stimulation (TMS) during
physiological (21, 22), pharmacological (23), and pathological (24)
loss of consciousness. We found that, compared to responses of con-
scious, wakeful individuals, brain responses of people who had lost
consciousness became either local (suggesting a loss of integration)
or global but stereotypical (suggesting a loss of differentiation). Never-
theless, these studies did not allow us to quantify brain complexity across
subjects and conditions, a requirement for a reliable, unified measure-
ment scale.

Here, we introduce an empirical measure of brain complexity, the
perturbational complexity index (PCI), which gauges the amount of in-
formation contained in the integrated response of the thalamocortical
system to a direct perturbation. We test PCI on a large data set of TMS-
evoked potentials recorded from healthy subjects during wakefulness,
dreaming, nonrapid eye movement (NREM) sleep, and different levels
of sedation induced by different anesthetic agents (midazolam, xenon,
and propofol), as well as from brain-injured patients who had emerged
from coma (overall, 208 sessions in 52 subjects).
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RESULTS

We determined the PCI in individual patients by performing several
steps (Fig. 1): (i) recording the brain’s early reaction (within the first
300 ms) to a direct TMS-induced cortical perturbation with high-density
electroencephalography (hd-EEG) (25); (ii) performing source mod-
eling and nonparametric statistics to extract a binary matrix of signif-
icant sources [SS(x.t)] that describes the spatiotemporal pattern of
activation caused by the TMS perturbation (26); (iii) compressing this
matrix to calculate its information content with algorithmic complex-
ity measures, such as the Lempel-Ziv complexity index (27); and (iv)
normalizing algorithmic complexity by the source entropy of SS(x,t)
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(28). Thus, operationally, PCI is defined as the normalized Lempel-Ziv
complexity of the spatiotemporal pattern of cortical activation trig-
gered by a direct TMS perturbation (see the Supplementary Materials
for details of these steps).

In practice, PCI is expected to be low if there is reduced interaction
among cortical areas (loss of integration), because in this case, the
matrix of activation engaged by TMS will be spatially restricted; PCI
will also be low if many interacting areas all react to the perturbation
in a stereotypic way (loss of differentiation) because the resulting matrix
will be large but redundant and can be effectively compressed. PCI will
be high only when the initial perturbation is transmitted to a large set
of integrated areas that react differently, giving rise to a spatiotemporal

pattern of activation that cannot be easily
reduced.

PCl reflects the joint presence
of integration and differentiation
An example of application of TMS and cal-
culation of the resulting PCI in a healthy
subject is shown in Fig. 2. Spatiotemporal
patterns of TMS-evoked cortical activa-
100%  tion were obtained by calculating SS(x.f)
0 matrices, which describe where (x) and
when (f) TMS evokes significant cortical
activity (26). In this case, we computed
the SS(x,f) matrices during one session
performed in wakefulness (stimulus inten-
sity, 90 V/m) and two sessions obtained with
different stimulation intensities (90 and
0 160 V/m) in NREM sleep early in the night,
on when consciousness tends to fade. In wake-
fulness, TMS triggered a chain of significant
off responses in a distributed set of cortical
areas, which became active at different la-
tencies, resulting in an overall spatiotem-
poral pattern of cortical activation that
was both widespread and differentiated
(Fig. 2A). TMS delivered with the same

-100%
0. 003

Lempel-Ziv

SS(x,t
t) compression

stimulation parameters during NREM sleep

Normalization elicited a local, short-lasting response (Fig.

0
1

7
(V]

= 1%
= =

- 3
[}

@

(=}

100 ms ""_

Fig. 1. The PCl is calculated from TMS-evoked potentials. (A) The black traces show the super-
position of the averaged TMS-evoked potentials (150 trials) recorded from all EEG channels (butterfly
plot of 60 channels) in one representative subject during wakefulness. (B) The color-coded maps show
the instantaneous voltage distributions at selected latencies [auto-scaled between the maximum
(+100%) and the minimum (—=100%) instantaneous voltages]. (C) The corresponding distributions of
cortical currents are calculated by means of a weighted minimum norm inverse solution applied to a
three-sphere BERG forward model. (D) Significant TMS-evoked cortical currents are estimated by ap-
plying a nonparametric bootstrap-based statistical procedure at the source level. (E) A binary spatio-
temporal distribution of significant sources (SS) is extracted: SS(x,t) = 1 for significant sources (x) and
0 otherwise. The sources in the matrix SS(x.t) are sorted, from bottom to top,
on the basis of their total activity during the post-stimulus period. (F) The information content of SS is
estimated by calculating the Lempel-Ziv complexity measure (see fig. S3 for a diagram of the
algorithm). PCl is defined as the information content of SS, normalized by the correspondent source

time samples (t); SS(x,t) =

entropy. Green star, site of TMS stimulation.
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2B), whereas increasing the stimulation in-
tensity during NREM sleep resulted in a
typical slow wave (21) and a global cortical
response in which many brain regions
were steadily activated for a few hundred
milliseconds (Fig. 2C). We then compressed
these matrices, resulting in PCI values that
were high in wakefulness, when cortical
responses were both integrated and dif-
ferentiated, and low in NREM sleep, irre-
spectively of the amplitude and the extent
of the response to TMS (fig. S1).

PCI=0.55

PCI discriminates between
consciousness and unconsciousness
in healthy individuals

We next tested the effects of stimulation
site and intensity on PCI in healthy, awake
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Fig. 2. PCI simultaneously measures integration and differentiation.
(A to ) The spatiotemporal matrices of significant sources [SS(t)] (within the
black frames) for a representative subject stimulated with TMS during (A) alert
wakefulness (stimulus at an intensity of 90 V/m), (B) NREM sleep (stimulus at an
intensity of 90 V/m), and (C) NREM sleep (stimulus at an intensity of 160 V/m).
In each matrix, sources are sorted from bottom to top according to their total
amount of significant activation during the post-stimulus period. The insets
within the red frames show an expanded portion of the SS matrix to highlight
its spatiotemporal structure at a finer grain. The time series on the left of each
SS matrix show TMS-evoked currents for some representative sources. The gray
area indicates the statistical threshold (bootstrap statistics) applied to each
source activity, whereas the black dots depicted below each time series are
the time points when TMS triggered significant activations. The same time
points constitute the corresponding rows of the SS matrix. The cortical topo-
graphical maps below each SS matrix show the spatial extent of significant
cortical activations at selected time points. Green star, site of TMS stimulation.
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subjects. In these subjects, PCI varied within a relatively narrow range
[between 0.44 and 0.67; mean + SD, 0.55 + 0.05; number of measure-
ments (N) = 110] among different stimulation sites [superior occipital
gyrus (BA19), middle superior frontal gyrus (BA08), superior parietal
gyrus (BAO07), rostral portion of the premotor cortex (BA06), and
midline sensorimotor cortex (BA04)], different suprathreshold stimula-
tion intensities (induced field on the cortical surface: 80 to 160 V/m),
and different subjects [number of subjects (n) = 32] (Fig. 3A). When
included as fixed factors in a linear mixed model (LMM) (see Mate-
rials and Methods), stimulation sites and stimulation intensities did
not have significant effects on PCI values (P = 0.4, F; ;37 = 1 for sites
and P = 04, F} 1334 = 0.73 for intensities). In addition, PCI values did
not depend on whether TMS was targeted to the left or right hemi-
spheres or on whether alert subjects were lying with their eyes opened
or closed during the experimental procedure (table S1). We then deter-
mined PCI in the same group of subjects during NREM sleep or anes-
thesia with various drugs (n = 24). PCI was reduced to values between
0.12 and 0.31 [mean * SD, 0.23 + 0.04; N = 42] when subjects lost
consciousness, resulting in a clear-cut distinction between the distribu-
tions of the conscious and unconscious groups (P = 1072, Fy 31 = 561).
When all conditions were considered and main effects were compared
(Fig. 3B), PCI values in wakefulness were significantly higher than those
in NREM sleep (range, 0.18 to 0.28; mean + SD, 0.24 + 0.02; P = 107",
after administration of midazolam deep sedation (range, 0.23 to 0.31;
mean + SD, 0.28 + 0.03; P = 10™"), and during general anesthesia with
propofol (range, 0.13 to 0.30; mean + SD, 0.23 + 0.04 P = 10™") or
xenon (range, 0.12 to 0.31; mean + SD, 023 + 0.06; P = 10™). No sig-
nificant differences were found among PCI values for subjects who
experienced loss of consciousness. In addition, the time course of PCI
was reproducible (Fig. 3C). During wakefulness, PCI grew substantially af-
ter 100 ms, whereas in all situations where consciousness was lost, the PCI
plateaued at around the same latency. The maximum divergence between
the rate of growth of PCI in the conscious and the unconscious conditions
[APCI(#)] occurred between 50 and 150 ms after TMS (Fig. 3C).

PCl is sensitive to graded changes in the level

of consciousness

In the six subjects who had undergone propofol anesthesia, we also
performed measurements at intermediate levels of sedation. Constant
effect-site concentrations of propofol were obtained with a computer-
controlled intravenous infusion (Alaris TIVA; CareFusion) and esti-
mated with a three-compartment pharmacokinetic model (29). Loss of
consciousness induced by anesthetic agents was graded with a score of
1 (no response to mild prodding/shaking) or 0 (no response to painful
stimuli) as assessed by the Modified Observer’s Assessment of Alertness
and Sedation (MOAAS) scale. In the intermediate condition, all subjects
attained a MOAAS score between 3 (response only after name is called
loudly and/or repeatedly) and 2 (response only to mild prodding/shaking),
and the PCI showed intermediate values between 0.34 and 0.42 (mean +
SD, 0.39 + 0.03; N = 6) that fell between the conscious and the un-
conscious values (Fig. 4A). Repeated-measures analysis of variance
(ANOVA) showed significant effects of sedation levels on complexity
as measured by PCI (P = 4 x 107%, F, 10 = 54). PCI values at in-
termediate levels of propofol anesthesia were significantly lower than
those during wakefulness (P = 0.001) and significantly higher than
those obtained in deep sedation (P = 0.0004). In one subject in whom
cortical responses to TMS could be recorded during all sleep stages (Fig.
4B), PCI had an intermediate value (0.39) during the transition from
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Fig. 3. PCl discriminates between consciousness and unconsciousness in
healthy individuals. (A) PCl values for 152 sessions collected from 32 healthy
subjects stimulated with TMS in various brain areas: superior occipital gyrus
(BA19), middle superior frontal gyrus (BA08), superior parietal gyrus (BAQ7),
rostral portion of the premotor cortex (BA06), and midline sensorimotor
cortex (BA04) (represented by shape as indicated at bottom left) at differ-
ent intensities (represented by color) and conditions (represented by the
presence or absence of dark outline). The histograms on the right display
the PCl distributions among subjects during alert wakefulness (dark gray
bars) and loss of consciousness (light gray bars). (B) Box plots with the sta-
tistical significance (asterisks) with respect to the wakefulness group (LMM:

wakefulness to sleep (sleep stage 1) and a value (0.46) within the con-
scious distribution during rapid eye movement (REM) sleep, upon
awakening from which the subject reported having experienced a dream.

PCI discriminates the level of consciousness

in brain-injured patients

We directly compared the PCI values for individual TMS/hd-EEG
sessions (N = 48 measurements) collected from 20 brain-injured pa-
tients with the PCI values obtained from 32 individual healthy subjects
(Fig. 5A). In six patients with a stable clinical diagnosis of vegetative
state [now called “unresponsive wakefulness syndrome” (VS/UWS)],
who were aroused but unaware, the PCI ranged from 0.19 to 0.31 (mean +
SD, 024 + 0.04; N = 15), falling within the distribution (0.12 to 0.31)

www.ScienceTranslationalMedicine.org

*P =10""3 #=p = 107", #*p = 107%), (C) The temporal evolution of PCl, PCI(t),
was constructed by calculating the cumulative time series of the normalized
Lempel-Ziv complexity of SS. The rate of complexity divergence between the
conscious and unconscious groups, APCI(f), was calculated from single-subject
differences between the temporal evolution of PCl during wakefulness and
loss of consciousness, with 25-ms time bins. Upper panel: Single-subject curves
of PCI(t) calculated during both wakefulness (light red lines) and loss of con-
sciousness (light gray lines). The dark gray and red lines represent averaged
PCI(t). Lower panel: Percentages of APCI(t) generated in each temporal bin and
the statistical significance (asterisks) with respect to the average value across
bins (*P = 0.002, Mann-Whitney).

observed in healthy subjects during NREM sleep and anesthesia. Con-
versely, in two brain-injured patients who, at the time of recording, could
communicate reliably only through vertical eye movements and who were
diagnosed with locked-in syndrome (LIS), the PCI was as high as in healthy
awake subjects (range, 0.51 to 0.62; mean + SD, 0.57 + 0.05; N = 4).

We also calculated PCI in a group of 12 patients who had emerged
from coma and attained an intermediate level of consciousness, ac-
cording to the coma recovery scale—revised (CRS-R) (30). Six of these
patients showed nonreflexive behaviors and satisfied the CRS-R criteria
for a minimally conscious state (MCS), whereas another six patients
recovered functional communication, despite severe motor and cog-
nitive impairment, eventually emerging from the minimally conscious
state (EMCS). PCI values in MCS patients ranged from 0.32 to 0.49
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(mean + SD, 0.39 + 0.05; N = 15), and in all cases, PCI values were above
the maximum values observed during physiological and pharmacological
loss of consciousness. Similarly, in EMCS patients, PCI values were in-
variably above the sleep/anesthesia-loss of consciousness distribution,
with PCI ranging from 0.37 to 0.52 (mean + SD, 043 + 0.05; N = 14).

We assessed the significance of the stimulation site and level of
consciousness on PCI values (see Materials and Methods) and found
that PCI was significantly affected by the patient’s level of conscious-
ness (P =3 x 1075, Fs174 = 42) and that there were no significant
effects of stimulation site on PCI values (P = 0.9, F33, = 0.2). When
main effects were compared (Fig. 5B), MCS patients exhibited a mean
PCI value significantly higher than that in VS/UWS patients (P = 2 x
107°) and significantly lower than that in LIS patients (P = 0.0001).
Similarly, PCI in EMCS patients was significantly higher than that

A Propofol anesthesia B Sleep
m Wakefulness
o Intermediate K
ODeep "] !
06 m i 1
—_ || 1 e Wake
9 = n..m " REM
.................. [ (U ST [ Sy, E g
04 = o] = ‘ I s
o a ' 51
1
0.2 =] =} o o NREM 1%
=]
o
2728 29 30 3 32 Groups comparison 9.
Subjects Subject

Fig. 4. PCl is sensitive to graded changes in the level of consciousness.
(A) PCl calculated in six subjects (same subjects, 27 to 32, as Fig. 3A) during
wakefulness, intermediate, and deep levels of anesthesia with propofol. Right:
Box plots with the statistical significance between pairs of conditions (*P =
0.001, **P = 0.0004, repeated-measures ANOVA). (B) PCl calculated in one sub-
ject (subject 9 in Fig. 3A) during wakefulness, sleep stage 1 (S1), NREM, and
REM sleep. The gray and the red dashed lines represent the maximum
complexity observed during unconsciousness (PCl = 0.31) and the minimum
complexity observed during alert wakefulness (PCl = 0.44) across all subjects
(Fig. 3A), respectively.
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Fig. 5. PCl discriminates the level of consciousness in brain-injured patients. (A) PCl values for 48 TMS
sessions collected from 20 severely brain-injured patients (TMS was targeted to both left and right BA08 and
BAQ7, as indicated at top left). Right: Distribution of PCl values from healthy individuals. (B) Box plots for PCl
in brain-injured patients with the statistical significance between pairs of conditions (LMM: *P = 0.002, **P =
0.0001, ¥*P = 2 x 107°, ***p = 8 x 107). Gray and red dashed lines in (A) and (B) represent the maximum
complexity observed during unconsciousness (PCl = 0.31) and the minimum complexity observed during

alert wakefulness (PCl = 0.44) in healthy subjects, respectively.

www.ScienceTranslationalMedicine.org

in VS/UWS patients (P = 8 x 107’) and significantly lower than that
in LIS subjects (P = 0.002).

DISCUSSION

Here, we have developed and tested a theoretically based measure of
consciousness, the PCI. Empirically, PCI provides a data-driven metric
that can discriminate level of consciousness in single subjects under dif-
ferent conditions: wakefulness; dreaming; the LIS; the MCS; the EMCS;
intermediate levels of sedation; NREM sleep; midazolam-, xenon-, and
propofol-induced loss of consciousness; and the vegetative/unresponsive
wakefulness state.

Various brain-based empirical measures have been proposed as po-
tential neurophysiological markers of the level of consciousness. These
metrics belong to one of two general categories (13). The first embraces
methods that aim to quantify the information or spectral content of
brain signals, such as the approximate entropy (20), the spectral en-
tropy (19), and the bispectral index [Aspect Medical System (31)]. The
second category includes methods that evaluate the spatial extent or
synchronization of brain activations, such as late event-related poten-
tials (32), measures of effective connectivity derived from dynamic
causal modeling analysis (33) or from TMS/EEG data (24, 34), and
Granger causality and coherence analysis of electrophysiological (17)
or metabolic time series (35). Although each of these metrics tends to
show group-level differences between specific conditions in which con-
sciousness is absent or present, they are less reliable when it comes to
detecting reproducible and graded changes in single individuals under
different conditions (sleep, anesthesia, and brain injury). For example,
the bispectral index is widely variable among subjects and anesthetic
agents (36) and cannot reliably discriminate between conscious and un-
conscious brain-injured individuals (37); similarly, late event-related
potentials, such as the mismatch negativity, P300 and P400, can be ab-
sent in conscious subjects and present in unconscious subjects (38, 39).
On the other hand, previous TMS/EEG measures of effective connec-
tivity may discriminate between individual patients but are qualitative
and insensitive to graded changes in the level of consciousness (24),
whereas coherence and Granger causality
can actually be increased during loss of
consciousness induced by propofol anes-
thesia (40, 41).

The index described here, PCI, gauges
at once both the information content and
the integration of the overall output of the
corticothalamic system by measuring the
4  algorithmic complexity of the brain’s response
to a perturbation. Unlike other measures of
complexity that are applied to spontaneous
brain signals, PCI only assesses informa-
tion that is generated through determinis-
tic interactions within the thalamocortical
system. In this way, the resulting measured
complexity is minimally affected by ran-
dom processes, such as noise and muscle
activity, or by patterns that are not genu-
inely integrated, such as those generated by
isolated neuronal sources or common driv-
ers. On the other hand, PCI is distinct
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from measures of integration that rely on the spread or synchroni-
zation of neuronal activation because it is low when neural activa-
tion is spatially extended but undifferentiated and stereotypical (Fig. 2).
This aspect is relevant because hypersynchronous or widespread cor-
tical activations can be observed when consciousness is lost during
anesthesia (I, 41), NREM sleep (21, 42), and generalized seizures
(43, 44).

As long as the initial perturbation triggered a significant response
(fig. S2), PCI was reproducible within and across subjects and varied
with the level of consciousness in a graded fashion (Figs. 3 and 4). PCI
behaved in the same way whether loss of consciousness was caused by
a physiological process (sleep) or by a pharmacological intervention
with anesthetic agents (midazolam, xenon, and propofol) with differ-
ent mechanisms of action, suggesting that our index captures a neural
correlate of the level of consciousness that is general and reliable. No-
tably, the rate at which PCI increased was reproducible within and
across subjects and changed only when the level of consciousness was
altered (Fig. 3C). Although immediately after TMS stimulation, PCI
increased with similar rates in all consciousness states, values during
wakefulness started to diverge from values during loss of consciousness
about 100 ms after stimulation. These latencies are consistent with the
time scale required to develop a conscious sensory experience (45) and
with the time required to build up distributed causal interactions in thal-
amocortical networks through feed-forward and reentrant connections
(46, 47).

Many patients emerge from coma and exhibit signs of an interme-
diate level of consciousness, ranging from simple visual fixation to a
confused state in subjects with severe cognitive disability. Assessing
consciousness in these patients can be particularly difficult because
clinical signs are often fluctuating and unreliable and may be con-
founded by reflexive motor activity (2, 48). Calculating PCI allowed
comparison, in the same coordinate space, of individual brain-injured
patients who emerged from coma with healthy subjects during con-
scious wakefulness and loss of consciousness (Fig. 5). In patients with
a stable clinical diagnosis of a VS/UWS, PCI was as low as in healthy
sleeping and anesthetized subjects, despite preserved levels of behav-
ioral arousal. Conversely, PCI was as high as in healthy awake subjects
in two brain-injured patients with LIS. Notably, the PCI in patients
with MCS and EMCS tended to be lower than that observed in healthy
awake subjects but was always above the highest value (0.31) found in
conditions in which consciousness was unambiguously lost (NREM
sleep, anesthesia, and VS). Thus, PCI differs from TMS/EEG measures
of effective connectivity (24), which are unable to detect graded changes
in the level of consciousness. On the other hand, the fact that PCI in
MCS, EMCS, and LIS patients was invariably above the maximum val-
ue detected during loss of consciousness distinguishes PCI from mea-
sures of brain activation to sensory or verbal stimulation, which are
characterized by a significant rate of false negatives in brain-injured pa-
tients (18, 49, 50).

From a practical standpoint, PCI may permit the comparison of
different subjects and different conditions within the same coordinate
space. Most important, it can establish a reliable measurement scale by
defining a range of values for various conditions in which conscious-
ness is present (wakefulness and dreaming) and absent (NREM sleep
and different types of anesthesia). This is a key requirement for vali-
dation of a neurophysiological marker that may then be applicable to
single individuals whose level of consciousness is unknown, such as those
with complete LIS, ambiguous noncommunicating brain-injured or end-
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staged demented patients, catatonic psychiatric patients, and paralyzed
subjects who are at risk of regaining awareness during surgical anes-
thesia (1).

Although our study suggests that a high PCI value in a subject who
is otherwise totally unable to interact with the external environment
indicates that she or he is conscious, this conclusion is subject to lim-
itations. One is the relatively small number of brain-injured patients
(n = 20) that we have used for testing PCI. Further studies are needed
to demonstrate that, in an independent, larger sample of patients who
are clinically MCS, the PCI values are invariably distinguishable from
those obtained from unconscious subjects. It will be equally important to
verify in an independent sample that PCI values are high in subjects who
are behaviorally unresponsive but conscious. Thus, PCI should be fur-
ther tested in dissociated states, such as during dreaming and ketamine
anesthesia, when subjects are conscious but temporarily disconnected
from the external environment. PCI should also be validated in selected
patients who are clinically VS but show consistent neural responses to
verbal instructions (51).

An important caveat is that, although PCI does not depend on
the cortical site of stimulation in healthy brains, it may be inaccurate in
brain-injured patients when the TMS perturbation is applied to a struc-
turally damaged portion of the cortical surface. PCI can be reliably
calculated only if the TMS stimulation effectively elicits a significant
cortical response (fig. S2). This problem can be avoided by using an
imaging-guided TMS positioning system to avoid targeting damaged
cortical sites.

Here, we have reported PCI, a potentially useful index of con-
sciousness that evaluates the compressibility of the brain response
to TMS, a perturbation that directly engages large portions of the thal-
amocortical system (26, 52) without requiring the subjects to perform
any sensory, motor, or cognitive task. In this way, the capacity for con-
sciousness can be assessed on the basis of the complexity of cortical
interactions, independent of the subjects’ capacity or willingness to re-
act to external stimuli/commands. PCI is calculated from principles
derived from theoretical neuroscience, and its apparent usefulness
supports the notion that consciousness is linked to complexity,
measured as the information content of distributed causal interac-
tions in the brain (10, 15).

MATERIALS AND METHODS

Study design

In this hypothesis-generating study, we tested a measure of complexity
(PCI) based on 208 TMS/EEG measurements (N = 208) in 52 subjects
(n = 52). To this aim, we adopted, in the first part of the study, a within-
subject, open-label design to test for differences in PCI derived from
TMS-EEG responses in healthy subjects. Here, we measured changes
in PCI between the conscious (wakefulness) and the unconscious (sleep-
and anesthesia-mediated loss of consciousness) conditions, thus creat-
ing two reference data distributions obtained under systematically
controlled conditions, in which the level of consciousness was known
(n = 32; N = 152). In the second part of the study, we measured PCI
differences in a cross-sectional, open-label design including different
groups of chronic neurological patients (VS, MCS, EMCS, and LIS).
Here, we assessed the reliability of the proposed index in discriminat-
ing individuals with a stable clinical diagnosis (n = 20; N = 48) and
compared the obtained results to the same frame of reference derived
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from the first part of the study. For a detailed description of healthy
subjects as well as patients’ selection criteria and group assignment, see
the “Protocols” section.

Protocols

PCI was calculated on a data set recorded in previously published
studies (24 subjects, 57 TMS/EEG measurements) as well as on a new-
ly recorded data set (28 subjects, 151 TMS/EEG measurements). Spe-
cifically, the data on sleep (subjects 9 to 14) were derived from studies
by Massimini et al. (22, 53), the data on midazolam-induced loss of
consciousness (subjects 15 to 20) were from a study by Ferrarelli ef al.
(23), and the data from brain-injured patients (patients 34 to 40, 42 to
44, and 51 to 52) were from a study by Rosanova et al. (24). Newly
acquired data include control measurements during wakefulness (sub-
jects 1 to 8); measurements during wakefulness and xenon anesthesia
(subjects 21 to 26); measurements during wakefulness, propofol seda-
tion, and anesthesia (subjects 27 to 32); and a subset of brain-injured
patients (patients 33, 41, and 45 to 50). Below, we outline the specific
protocols.

Control measurements in wakefulness (subjects 1 to 8). In
these experiments, performed on eight healthy subjects (three females,
five males; age range, 23 to 46), several experimental parameters were
varied systematically within and across individuals: site of stimulation,
intensity of stimulation, and eyes opened/closed. In each subject, mul-
tiple sessions of ~200 stimuli were collected with TMS targeted to the
superior occipital gyrus (BA19), the middle superior frontal gyrus
(BAO08), the superior parietal gyrus (BA07), the rostral portion of
the premotor cortex (BA06), and the midline sensorimotor cortex
(BA04). The maximum electrical field at the cortical target was varied
within the range 80 to 160 V/m. During the recordings, subjects were
lying on an ergonomic chair and either looking at a fixation point on a
screen (eyes open condition) or keeping their eyes closed. Data con-
taminated by muscular artifacts or with a low signal-to-noise ratio
were excluded, resulting in a total of 72 TMS sessions (see table S1,
subjects 1 to 8). Protocol and informed consents were approved by the
local ethical committee (Ospedale “L. Sacco” in Milan, Italy).

Measurements in wakefulness and sleep (subjects 9 to 14).
PCI was calculated on TMS/EEG data collected in six healthy subjects
progressing from wakefulness to NREM sleep (22). In these experi-
ments, the first TMS-EEG session (~250 stimuli) was acquired while
the subjects were alert and relaxed, with their eyes opened. Stimuli were
targeted to the rostral portion of the right premotor cortex (BA06), re-
sulting in an electric field at the cortical target of about 90 V/m (see table
S1, subjects 9 to 14). A second TMS-EEG session was collected, with the
same stimulation intensity, after subjects entered a consolidated period
(>5 min) of NREM sleep stage 3. In four of the six subjects, a third ses-
sion was also recorded in which TMS was delivered at higher intensity
(160 V/m) to the midline sensorimotor cortex (BA04). In one additional
subject, TMS-evoked potentials were recorded during the transition from
wakefulness through stage 1 to NREM (stages 2 and 3) and during REM
sleep (53). Protocol and informed consents were approved by the local
ethical committee (University of Wisconsin, Madison, WI).

Measurements in anesthesia (subjects 15 to 32). Midazolam
(subjects 15 to 20). PCI was calculated on TMS-evoked potentials ac-
quired in six healthy subjects before and after midazolam-induced loss
of consciousness (23). The first TMS-EEG session was collected in each
subject before midazolam injection, with stimuli targeted to the rostral
portion of the right premotor cortex (BA06) at an intensity of about
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120 V/m while subjects were lying on a bed with eyes closed (see table S1,
subjects 15 to 20). Midazolam was then given until the subject was un-
responsive (level 1 of the MOAAS), with a maximum dose of 0.2 mg/kg.
A second TMS session was then collected during loss of consciousness.
Protocol and informed consents were approved by the local ethical com-
mittee (University of Wisconsin, Madison, WI).

Xenon (subjects 21 to 26). Six healthy volunteers (two males, four
females; mean age, 23; range, 18 to 28) participated in this study. The
first TMS-EEG session was collected during wakefulness with stimuli
targeted over the right motor cortex (BA04) at an intensity of about
100 V/m while subjects were lying on a bed with eyes open (see table S1,
subjects 21 to 26). During a 40-min period, xenon was introduced pro-
gressively by a certified anesthesiologist after performing a denitrogena-
tion with 100% oxygen through a facial mask. Anesthesia was maintained
with xenon (62.5 + 2.5% in oxygen) with a closed-circuit anesthesia
machine (PhysioFlex; Driger Medical Deutschland GmbH). Subjects
were ventilated with pressure control maintaining normocapnia and
received between 24 and 32 liters of xenon in total. Stimulations with
the same parameters as for wakefulness were then performed during
loss of consciousness (level 1 of the MOAAS). Protocol and informed
consents were approved by the local ethical committee of the Medi-
cine Faculty of the University of Liege (Medical School of the Univer-
sity of Liege, Belgium).

Propofol (subjects 27 to 32). Six healthy volunteers (three males, three
females; mean age, 24; range, 20 to 27) participated in this study. In all
subjects, TMS-EEG measurements were performed first during wake-
fulness while subjects were lying on a bed with eyes open (see table S1,
subjects 27 to 32) and then during an intermediate level of sedation
(levels 2 to 3 of the MOAAS) followed by anesthesia with loss of con-
sciousness (level 1 of the MOAAS). Across these conditions, TMS was
targeted over the motor (BA04), premotor (BA06), parietal (BA07), and
occipital (BA19) areas at an intensity of about 110 V/m. Propofol anes-
thesia was induced by a certified anesthesiologist through an intra-
venous catheter placed into a vein of the right hand or forearm. A second
catheter was also placed into the opposite arm for blood sampling.
Throughout the study, the subjects breathed spontaneously, and addi-
tional oxygen (5 liters/min) was given through a loosely fitting plastic
face mask. Anesthesia was obtained with a computer-controlled intra-
venous infusion of propofol to obtain constant effect-site concentra-
tions (Alaris TIVA; CareFusion). The propofol plasma and effect-site
concentrations were estimated with a three-compartment pharmaco-
kinetic model (29). Protocol and informed consents were approved by
the local ethical committee of the Medicine Faculty of the University
of Liege (Medical School of the University of Liége, Belgium).

Measurements in brain-injured patients (subjects 33 to 52).
TMS/EEG measurements were performed in 20 brain-injured patients
who, after a period in a coma, evolved toward various clinical condi-
tions (table S2). These patients were repeatedly evaluated (four times,
every other day) for a period of 1 week (evaluation week) by means of
the CRS-R (30) to avoid diagnostic errors resulting from fluctuations
in responsiveness and to obtain a stable clinical diagnosis. Six pa-
tients showed only reflexive behavior and were diagnosed as being in
a vegetative/unresponsive state (VS/UWS) during the four behavioral
evaluations. Six patients were unable to communicate but showed signs
of nonreflexive behaviors, such as visual tracking or responding to
simple commands, and satisfied the CRS-R criteria for an MCS in at least
three evaluations, including the one performed on the day of the TMS/EEG
session. Six patients recovered functional communication, despite severe

14 August 2013 Vol 5 Issue 198 198ra105 7

Downloaded from stm.sciencemag.org on August 16, 2013


http://stm.sciencemag.org/

RESEARCH ARTICLE

motor and cognitive impairment, and were studied as they emerged from
the minimally conscious state (EMCS). The two remaining patients could
communicate reliably through eye movements and were diagnosed as
affected by a LIS. In each patient, TMS was targeted to four cortical sites
by means of the navigation system: the left and right medial third of
the superior parietal gyrus (BA07) and the left and right medial third
of the superior frontal gyrus (BA08). In practice, all four cortical sites
were not always accessible in all subjects because of skull breaches and
internal drain placement. In all cases, we avoided stimulating over cor-
tical lesions that were clearly visible in computed tomography/magnetic
resonance imaging scans because the EEG response of these areas may
be absent or unreliable. The study was approved by the local ethical com-
mittee of the Medicine Faculty of the University of Liege (Medical School
of the University of Liege, Belgium) and by the local ethical committee of
the European Foundation for Biomedical Research (FERB, Italy). Written
informed consent was obtained by the patient’s legal surrogates as well
as from the patients who retained functional communication.

Extracting the deterministic patterns of cortical activation
and calculating PCI

TMS-evoked potentials were recorded with a 60-channel TMS-compatible
EEG amplifier, and stimuli were delivered by means of a Focal Bipulse
8-Coil, driven by a Mobile Stimulator Unit and combined with a mag-
netic resonance-guided navigation system as described (22, 26). The
primary electromagnetic sources of scalp EEG activity were localized
by performing source modeling, and the responses of the brain were
estimated by applying a nonparametric bootstrap-based statistical pro-
cedure to TMS-evoked cortical currents (see the Supplementary Mate-
rials for details on source modeling and statistics). In this way, a binary
spatiotemporal distribution of significant sources [SS(x;f)] was calculated:
SS(x,f) = 1 for significant sources (x) and time samples (f); SS(x,t) = 0
otherwise (Fig. 1). The matrix SS can be used to derive general indices
of cortical responsiveness, such as the significant current density (SCD)
and significant current scattering (SCS), estimating cortical reactivity
and cortico-cortical connectivity, respectively (26). For the studies reported
here, we applied the Lempel-Ziv measure of algorithmic complexity (27)
to the binary matrix SS(x;f) to evaluate the information content of cortico-
cortical causal interactions above and beyond the strength (SCD) or the
extent (SCS) of the response to TMS. The Lempel-Ziv complexity (cr)
approximates the amount of nonredundant information contained in
a binary sequence of length L by estimating the minimal number of dif-
ferent patterns necessary to describe the sequence. The asymptotic be-
havior of this measure for random sequences is LH(L)/log,L, where H(L)
is the source entropy

H(L) = —pilogy(p1) = (1 = p1)logy (1 = p1) (1)

and p, is the fraction of “1” contained in the binary sequence of length
L (27). We define the PCI as the normalized Lempel-Ziv complexity

log,L

¢ =c LH(L) (2)

of the TMS-evoked spatiotemporal patterns of cortical activation,
SS(x,t). The normalization of the Lempel-Ziv measure by the source
entropy of SS(x,t) results in a complexity measure that is minimally
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dependent on the total amount of significant activity and maximally
dependent on the formation of patterns in the data. Asymptotically
in L, PCI = 1 for maximally complex TMS-evoked potentials (see the
Supplementary Materials for further details on calculating PCI).

Statistical analysis

Statistical models. To assess significant effects on PCI values, the
following models were implemented in SPSS v17.

Healthy subjects. Significant effects of the subject’s conditions and
stimulation parameters on PCI values depicted in Fig. 3A were ac-
cessed by LMMs. Estimation of fixed effects and covariance param-
eters was performed with the restricted maximum likelihood (ReML)
method. Null hypotheses were tested with type III F statistics and re-
jected if P < 0.05. Main effects of multiple-level factors were compared,
and normal-based 95% confidence intervals were adjusted with
Bonferroni’s method. PCI values were initially modeled including fixed
factors associated with stimulation site, stimulation intensity, and a binary
classifier of subject’s conditions (wakefulness/loss of consciousness). The
model also included a random factor associated with the intercept for
each subject to handle the unbalanced repeated measures and a random
subject-specific effect of loss of consciousness. This additional random
factor allows the variance of PCI during wakefulness to differ from that
during loss of consciousness. Finally, residual covariances were assumed
to be diagonal and homogeneous. Because no significant effects of the
stimulation parameters were observed, the model was restricted to the
random factors and a single categorical fixed factor with one level for
each condition: wakefulness, sleep, propofol, midazolam, and xenon
(Fig. 3B).

Levels of propofol anesthesia. The balanced repeated-measures data
depicted in Fig. 4A were analyzed by repeated-measures ANOVA to
assess significant effects of different levels of propofol anesthesia. In ad-
dition to normality, data were also tested for sphericity with Mauchly’s
test (P = 0.3). Pairwise comparisons were adjusted with Bonferroni’s
method.

Patients. PCI values in brain-injured patients (Fig. 5A) were mod-
eled by an LMM, estimated by the ReML method and tested by type III
F statistics. The model included a random intercept for each patient and
two categorical fixed factors: stimulation site (BAOSL, BAOSR, BAO7L,
and BAO7R) and patient’s clinical diagnoses (VS, MCS, EMCS, and LIS).
Because no significant effect of site was observed, the model was restricted
to the random intercept and the fixed factor associated to the clinical
diagnoses (Fig. 5B). Main effects were compared, and normal-based
95% confidence intervals were adjusted with Bonferroni’s method.

All distributions of PCI values were tested for normality (P > 0.05)
with the Shapiro-Wilk test.

Results. In the text, data are shown as means + SD. In figures, box
plots are depicted with sample minimum and maximum (vertical lines),
lower and upper quartiles (boxes), and medians (horizontal lines).

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/5/198/198ra105/DC1
Materials and Methods

Fig. S1. Strength, extent, and complexity of cortical responses to TMS.

Fig. S2. Source entropy and signal-to-noise ratio for all TMS sessions.

Fig. S3. Diagram of the Lempel-Ziv algorithm.

Fig. S4. TMS-evoked potentials in a single subject.

Fig. S5. Correlation of PCl and PCI".

14 August 2013 Vol 5 Issue 198 198ra105 8

Downloaded from stm.sciencemag.org on August 16, 2013


http://stm.sciencemag.org/

RESEARCH ARTICLE

Table S1. Stimulation parameters for TMS sessions during wakefulness.
Table S2. Brain-injured patients.
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