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Pupillometry, a noninvasive measure of arousal, complements human
functional MRI (fMRI) to detect periods of variable cognitive process-
ing and identify networks that relate to particular attentional states.
Even under anesthesia, pupil dynamics correlate with brain-state
fluctuations, and extended dilations mark the transition to more
arousable states. However, cross-scale neuronal activation patterns
are seldom linked to brain state-dependent pupil dynamics. Here, we
complemented resting-state fMRI in rats with cortical calcium re-
cording (GCaMP-mediated) and pupillometry to tackle the linkage
between brain-state changes and neural dynamics across different
scales. This multimodal platform allowed us to identify a global
brain network that covaried with pupil size, which served to
generate an index indicative of the brain-state fluctuation during
anesthesia. Besides, a specific correlation pattern was detected
in the brainstem, at a location consistent with noradrenergic
cell group 5 (A5), which appeared to be dependent on the
coupling between different frequencies of cortical activity, possibly
further indicating particular brain-state dynamics. The multimodal
fMRI combining concurrent calcium recordings and pupillometry
enables tracking brain state-dependent pupil dynamics and
identifying unique cross-scale neuronal dynamic patterns under
anesthesia.

brain state | rat | anesthesia | multimodal imaging

eural activity fluctuates at low frequencies (<0.1 Hz) to
mediate arousal or attentional states during rest (1, 2).
Studying such resting-state (rs) fluctuations at different scales
makes it possible to identify the neuromodulatory schemes un-
derlying the spontaneous transitions between different brain
states (3-7). Functional MRI performed during rest (rs-fMRI)
can be used to extract the temporal dynamics from different
neuronal populations across the brain (8-10). The temporal
correlation between remote areas can be used to map baseline
functional connectivity patterns that portray so-called resting-
state networks, which have been associated with particular neu-
ropsychological states and have a potential prognostic value in
clinical disorders (11-13). Alternatively, transitions between
distinct brain states (e.g., sleep or attention) can be tracked as
direct changes in the global fMRI signal, which has also been
well-reported in animal brains under general anesthesia with rs-
fMRI (4, 14-22). Several human and nonhuman primate studies
have demonstrated that the global fMRI signal accurately re-
flects the momentary level of attention or arousal (1, 23, 24),
suggesting a critical role of the ubiquitous spontaneous oscilla-
tions in orchestrating the transition between brain states. Addi-
tionally, human experiments where pupillometry was added to
the fMRI measurement have identified some potential neural
correlates of arousal (25-27), yet the mechanisms underlying
spontaneous transitions toward varying brain states remain only
partially understood.
Recently, experiments performed in rats have revealed key
global signatures that precede brain-state changes during anes-
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thesia by measuring the fMRI signal in parallel to the calcium-
dependent neuronal and astrocytic activity (4), which indicates
the potential of multimodal fMRI platforms to be applied in
behaving rodents to track different brain states. However, de-
spite ongoing efforts to set up an awake rodent multimodal
fMRI platform (28-30), the potential stress and motion-related
artifacts (31, 32), summed to the lack of a robust behavioral
arousal measurement inside the MRI scanner, have prevented
multimodal fMRI investigations of the brain state in awake ro-
dents. Eye blinks, unconscious eye movements, and pupil-size
variations can report the level of arousal (1) and condition of
task performance (7, 33, 34) and reflect the level of cognitive
processing (35), attention (36), fear (37), or reward anticipation
(38). Animal experiments performed at the bench (e.g., elec-
trophysiological studies) have allowed accurately testing the re-
lationship between pupil dilations and neural activity specific to
particular brain areas. Pupil fluctuations have been repeatedly
linked to the activity of neurons in the noradrenergic locus
coeruleus (LC) (39, 40) and mark cortical state changes (33, 34,
41-44), which places the pupil as an affordable arousal indicator
to merge with other brain imaging schemes. These studies have
linked pupil dilations to desynchronized cortical activity and
depolarized states during walking-related arousal (33, 34, 41).

Significance

Resting-state fMRI (rs-fMRI) performed in animals allows in-
vestigating the spatial correlation patterns of brain function,
which presents diverse oscillatory features in varied brain
states, even under anesthesia. However, the link between
global fMRI signal oscillations and fluctuations in the level of
arousal, which can be indexed by spontaneous pupil dilations,
is seldom investigated in rodent brains. Here, we established
pupillometry with rs-fMRI and concurrent cortical calcium re-
cordings in anesthetized rats, enabling brain-state fluctuation
analysis across multiple scales. A unique positive correlation
with pupil dilations was detected near noradrenergic cell group
5 (A5) in the ventral brainstem, which was associated with a
specific coupling between spectrally different calcium waves,
highlighting unique brain-state dynamics.
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Pupillometry can be especially informative during anesthesia,
where motor-driven behavioral measurements are not accessible
to the experimenter. Kum et al. (43) showed that anesthetic
washout (i.e., emergence from anesthesia) is accompanied by
burst activity and mydriasis in rats, suggesting that lighter un-
conscious states during anesthesia could be tracked by measuring
the pupil size.

Despite existing rodent studies combining electrophysiological
measurements with pupillometry, to date there are no studies
merging pupil dynamics with the activity of neuronal populations
and concurrent whole-brain fMRI in rats. The goal of this work
was to merge the bench measures with fMRI to create a platform
that allows investigating the link between spatiotemporal changes
in brain activity and transitory brain states that can be tracked with
pupillometry. Here, GCaMP-mediated calcium signal changes
were recorded from cortical neurons in parallel to whole-brain fMRI
in anesthetized rats (4, 21) subjected to concurrent pupillometry.
Based on the rs-fMRI signal and its correlation with pupil dilations,
we identified the presence of oscillatory brain states under anes-
thesia, which were specifically represented by neuronal cal-
cium dynamics. Besides tackling the technical challenge of
performing pupillometry in small-animal MR scanners, we
demonstrate the potential of this platform to investigate the
mechanisms underlying brain-state transitions across multiple
scales.

Results

Concurrent fMRI and Neuronal Calcium and Pupil Dynamics Track
Brain-State Changes in the Anesthetized Rat. We used a small
MRI-compatible camera to track pupil dynamics from the rat
eye in parallel to fMRI and obtain a measure of the brain-state
fluctuation during anesthesia (SI Appendix, Fig. S1). The mea-
sure of pupil-size changes was introduced in a multiscale analysis
workflow as illustrated in Fig. 1. Three main recordings were
obtained in parallel: 1) video recording of the pupil, 2) optical
fiber calcium recording (in the cingulate cortex, as well as in the
barrel cortex in some rats), and 3) whole-brain fMRI imaging.
First, the vector representing the pupil-size fluctuation was
generated from the acquired video (45) (Fig. 2, Top trace, SI
Appendix, Fig. S2, and Movie S1) (see SI Appendix, Methods for
details). This vector of pupil dynamics was correlated with each
fMRI voxel time course to obtain a pupil-fMRI correlation map
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(Fig. 34). In addition, another correlation map was created by
comparing the fMRI time courses with the first derivative of
the pupil size (1d-pupil; i.e., pupil dilations) (Fig. 3B). Second,
the pupil dilation-fMRI correlation map, considered a pupil-
relevant spatial template, was spatially correlated with the orig-
inal 4-dimensional fMRI (45) (i.e., a time-varying volume) to
create a specific spatiotemporal correlation time course that
provided an fMRI index of the brain state (Fig. 44 and Movie
S2), similar to what has been shown in previous rs-fMRI arousal
studies on nonhuman primates (1). Third, the pupil dynamics
were studied in relation to the calcium signal fluctuation from
the cortex (45), in particular the 2- to 3-Hz activity band, which
showed the strongest power throughout the calcium spectrum
(Figs. 2, Bottom, and 5C and SI Appendix, Fig. S3, Lower Right)
(the spectral analysis of the calcium signals is explained in SI
Appendix, Methods). Finally, the time course of the fMRI-inferred
brain-state index was compared with the calcium dynamics from
the cingulate cortex (Fig. 4 D and E). SI Appendix, Fig. S3 shows a
summary pipeline with the main steps followed in this work. The
relationship between the fMRI signals and the fMRI-inferred
brain-state time course, as well as the pupil and calcium dynam-
ics, is exemplified in Movie S2. Fig. 2 shows the brain-state fluc-
tuation detected with the multimodal platform in a representative
animal under anesthesia (another example is shown in SI Ap-
pendix, Fig. S4). Alternation between brain states was evidenced
by the transition from constricted to dilated pupil or vice versa,
which showed a strong correlation with the whole-brain fMRI
signal fluctuation and with the neuronal calcium signal oscillation.
It is noteworthy that the brain-state dynamics varied across dif-
ferent trials. This dynamicity can be presented by the index of
pupillary unrest (PUI), which measures the variability in pupil size
per run (SI Appendix, Methods) (46). The PUI was positively
correlated with the SD of the pupil size, showing 43% of the total
trials (n = 71 of 10 rats) with a PUI above 1,000, denoting salient
low-frequency oscillatory patterns (SI Appendix, Fig. SS5). Together,
the acquired measures indicate that the multimodal platform
merging fMRI, pupillometry, and calcium imaging enables a cross-
scale investigation of the varying brain states in anesthetized animals.

Correlation Analysis of Whole-Brain fMRI with Pupil Dynamics in

Anesthetized Rats. Simultaneous fMRI and pupillometry allowed
us to compute 2 pupil-correlated fMRI maps in the anesthetized
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(GCaMP-based), pupillometry, and whole-brain fMRI, which allows building a pupil-fMRI correlation map (“pupil-derived brain network”), and study the
relationship between whole-brain patterns, neurophysiological features, and arousal states.
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Fig. 2. Tracking brain-state changes with pupillometry, fMRI, and calcium imaging. The traces, map, and spectrum show an example of the measures
obtained concurrently during a 15-min scan in an anesthetized rat. Note the negative correlation between 2-3-Ca and the tv-fMRI-bs, and between 2-3-Ca and
the pupil diameter. The Inset over the power spectrum decomposition of the calcium signal (Bottom) shows an averaged cross-correlation between pupil-size

changes and 2-3-Ca +SD across trials. a.u., arbitrary units.

state. The map in Fig. 34 shows the voxel-wise correlation between
the pupil-size time course and the fMRI signals, indicating a neg-
ative correlation in most of the cerebral cortex, thalamus, septal
nuclei, and superior colliculus, some of which have been previously
identified as neural correlates of pupil dilations during wakefulness
[i.e., cingulate cortex or superior colliculus (47, 48)]. While the pupil
size correlates with the arousal level during wakefulness (26, 40),
specific brain regions relevant to the switch between arousal states
can be potentially assessed by correlating the fMRI signal with the
first-order derivative of the pupil-size dynamic time course (26, 38,
49); therefore, we also performed correlation analysis between
blood oxygen level-dependent (BOLD) fMRI and 1d-pupil (e.g.,
the purple trace in Fig. 2). The resulting 1d-pupil-fMRI map
showed that the areas exhibiting negative correlation with the pupil
size were also negatively correlated with 1d-pupil and, in addition to
it, an area in the brainstem was found positively correlated with the
1d-pupil time course, which was not detected in the pupil-size
correlation map (Fig. 3). The positively correlated brainstem over-
lapped with the rostral A5 area (Fig. 3 C and D), which contains
primarily noradrenergic cells and projects to the major subcortical
arousal nuclei through the reticular formation pathway (50). It is
worth noting that no significant positive correlation was observed in
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other subcortical nuclei involved in arousal regulation, for example
the LC (39) or the central and mediodorsal thalamic nuclei (4, 51).

To study the temporal relationship between the fMRI and the
pupil dynamics, the whole-brain fMRI time courses were also
correlated with a lagged version of the pupil size or 1d-pupil.
This analysis resulted in 2 sets of maps (SI Appendix, Fig. S6A4),
which indicated that the areas correlating negatively with the
pupil size did so at short lags (i.e., faster hemodynamic response
functions [HRFs]), with longer lags reducing their correlation
value, while the same areas were well-correlated with 1d-pupil at
all lags. Importantly, the positive correlation in the brainstem,
only present in the 1d-pupil correlation map, was mainly observed
at short lags (using fast HRFs). In order to investigate the tem-
poral dynamics of the positively correlated area in the brainstem
with respect to the negative global signal in the context of brain-
state regulation, we averaged the fMRI time courses from both
functional clusters and performed cross-correlation analysis with
respect to the pupil size or to 1d-pupil. The positive cluster
(brainstem) was most correlated with 1d-pupil at a 0-s lag (pink
wave in SI Appendix, Fig. S6B; first derivative). In contrast, the
negative cluster exhibited its maximum correlation 5 s later, in
agreement with the voxel-wise correlation results. The results of
this analysis indicated that the brainstem activates during pupil
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Fig. 3. Covariability of the fMRI signals with pupil dynamics. (A and B) Statistic maps of the fMRI correlation with pupil size (A) or the first derivative of the pupil size
(B); n = 71 trials from 10 animals. The black arrowheads in the color bars identify a P value of +0.01. (C) Region-specific correlation analysis for each of the 2 conditions
(A and B). [- — -J/[+ + +], P < 0.001; [- -], P < 0.005. (D) Statistic first derivative-fMRI correlation map focused on the brainstem region to show the positive correlation
detected in an area matching noradrenergic group A5 [white arrows, based on a rat brain atlas (82)]. Arrowheads in the color bar identify a P value of +0.01.

dilation but not necessarily after the pupil has increased its size, which
coincides with the globally reduced BOLD fMRI signal that cofluc-
tuates with pupil-size changes. To represent a brain state more timely
correlated with pupil dynamics, we are using the 1d-pupilfMRI
correlation map as a template in the successive steps of our analysis.

Pupil-fMRI-Derived Index to Measure the Brain State. As shown in
Fig. 4 and Movie S2, the momentary pupil-linked brain state can
be inferred from each acquired rs-fMRI volume by calculating its
spatial correlation with the 1d-pupil-fMRI correlation map.
Concatenation of the spatial correlation values produces a vector
of the time-varying fMRI-inferred brain state (tv-fMRI-bs) (1).
To specify the neuronal correlates of the inferred brain-state
fluctuation, the power profile of the 2- to 3-Hz calcium fluctu-
ation (2-3-Ca) was cross-correlated with the tv-fMRI-bs and with
the varying pupil size, showing strong correlation features with
both signals (Fig. 4 E and G). The tv-fMRI-bs was positively
correlated with the pupil dynamics (Fig. 4 B and C) but showed a
negative correlation with the 2-3-Ca oscillation (Fig. 4 D and E;
cross-validation is shown in SI Appendix, Fig. S7). In addition,
the neuronal calcium recordings from cingulate and barrel cortex
in our anesthetized rats covaried (negatively) with pupil-size
changes, showing a decrease of the 2-3-Ca upon dilations (Fig.
4 G and H and SI Appendix, Fig. S8), consistent with the negative
correlation observed from the same cortical region in the pupil—
fMRI correlation map. The salient correlation features observed
across multiple trials between the tv-fMRI-bs, the calcium os-
cillation from the cortex, and the pupil dynamics present a
generalized 3-way interaction scheme to elucidate brain-state
changes in anesthetized rats (Fig. 4F).

Identification of Brain State-Dependent Pupil Dynamics under 2
Distinct Cortical States under Anesthesia. The calcium signal
recorded from the cortex exhibited 2 main components: a slowly
fluctuating baseline (<0.5"Hz) and oscillations within the frequency
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range typical of the electroencephalogram (EEG) (strongest at 2 to
3 Hz, as shown in Figs. 2 and 5C and SI Appendix, Fig. S3). In
particular, the 2- to 3-Hz calcium transients have been verified with
simultaneous local field potential and multiunit activity recordings
showing a strong correlation (Fig. 5 B, E, and G). Analysis of the
neuronal activity at both frequency ranges provided an additional
dynamic feature to depict the neurophysiological state of animals. A
subset of trials showed strong cross-frequency coupling between the
baseline and 2-3-Ca (Fig. 5H, red dots) (21); however, ~40% of the
trials demonstrated poor correlation or uncoupled cross-frequency
calcium dynamics (Fig. 5H, black dots), similar to the dissociation of
phase and amplitude coupling observed in previous EEG studies
(52, 53). The 1d-pupil-fMRI correlation maps acquired from both
groups independently showed a negative correlation through most
of the brain (Fig. 5I), similar to the correlation map acquired from
all trials together (Fig. 3B). However, the positive correlation in the
brainstem was significantly higher in the calcium-uncoupled group
(Fig. 51). Interestingly, the SD of the pupil was also higher in calcium-
uncoupled trials (SI Appendix, Fig. S9C, dots outside the red box),
indicating a brain state-dependent pupil dynamic behavior. In all, the
assessment of cross-frequency coupling from the calcium data sug-
gested the existence of distinct modes of brain-state dynamics under
anesthesia, also supported by the opposite correlation between the
calcium baseline and the tv-fMRI-bs in the 2 identified groups (57
Appendix, Fig. SOD), which is consistent with the EEG observed
during brain-state switches under anesthesia (54, 55). Altogether, our
data indicate that the cross-frequency coupling of the calcium signal
constitutes a potential marker to further differentiate between periods
of stronger or weaker pupil control during the dynamic brain state.

Discussion

In this work, simultaneous whole-brain fMRI and optical fiber-
mediated neuronal calcium recordings were acquired to specify brain
state-dependent pupil dynamics in anesthetized rats. Cross-correlation
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Fig. 4. Acquisition and properties of the pupil-governed brain-state time course. (A) Schematic showing how the time-varying fMRI-inferred brain-state
(tv-fMRI-bs) time course was computed for each fMRI scan. (B) Four pairs of time courses from different animals are shown to exemplify the similarity between
the fluctuations in the pupil size (black traces) and the fluctuations in the tv-fMRI-bs (red traces). (C) Cross-correlation between the pupil size and the tv-fMRI-
bs. (D) Four pairs of time courses from different animals exemplify the inverse relationship between the tv-fMRI-bs (red traces) and the population activity at
2 to 3 Hz from the cingulate cortex (blue traces). (E) Cross-correlation between the tv-fMRI-bs and the 2- to 3-Hz power fluctuations. (F) Schematic sum-
marizing the relationships between the 2- to 3-Hz calcium signal, pupil-size changes, and tv-fMRI-bs. (G and H) Cross-correlation between the pupil size and
the calcium signal (2- to 3-Hz power) from the cingulate cortex (G) or the barrel cortex (H). (C, E, G, and H, Left) Red dots identify the maximum correlation
value from each trial within a +30-s lag. (C, E, G, and H, Right) Graphs represent the average + SD. In the cross-correlation graphs, the lag, indicated in
seconds, refers to the variable indicated in the second position of the title (underlined with a horizontal arrow).

analysis of the whole-brain fMRI with pupil dilation, in partic-
ular the first derivative of pupil size, demonstrated global neg-
ative correlation throughout the brain but specific positive
correlation with an area overlapping with noradrenergic cell
group AS located in the brainstem. This ventral pontine activa-
tion during pupil dilation was more salient in specific brain states
showing uncoupled 2- to 3-Hz and baseline calcium dynamics
than in brain states with cross-frequency coupling. In summary,
we identified the time-varying fMRI-inferred brain states with
concurrent neuronal calcium dynamics, providing distinct cor-
relation patterns to the pupil dynamics in the anesthetized rat
brain. Our results suggest that the pupil dynamics observed
during anesthesia in rats are directly linked to the global fMRI
signal fluctuation (21, 23, 24, 56), as well as to the cortical
population activity observed as neuronal calcium transient os-
cillations, in particular, the 2-3-Ca (Fig. 2, Bottom graph, Fig. 4 G
and H, and SI Appendix, Fig. S8) (34). A relationship between pupil
size and cortical activity, presumably linked to arousal, has been
reliably observed in mice during wakefulness and during non-REM
(rapid eye movement) sleep (34, 41, 44). These animals also trans-
ited between periods of high-amplitude and low-frequency neuronal
firing coupled to constricted pupils and periods of low-population
activity (i.e., more desynchronized states) linked to pupil dilations, in
agreement with our observations. Also, the switch from desynchron-
ized (low-amplitude fast activity) to synchronized (high-amplitude
slow waves) EEG in rats anesthetized with isoflurane (57) or
urethane (58) has been previously associated with the transition
from pupil dilation to constriction, and vice versa (43).

We report 2 findings based on the pupil dynamics—{MRI
correlation analysis. One is the global negative fMRI signal re-
lated to the pupil dilations (Fig. 3). The observation of cortical
regions anticorrelated with the pupil dynamics is in agreement
with the arousal-based rs-fMRI signal correlation patterns

Pais-Roldan et al.

obtained from unanesthetized nonhuman primates with eye-
opening/closing tracking (1). The reduced global BOLD signal
observed during pupil dilations in our anesthetized animals co-
incided with suppressed calcium transient activity from the cor-
tex (2- to 3-Hz calcium fluctuations; Fig. 4D), which is in
agreement with previous reports of lightly anesthetized rats (21).
However, in contrast to the previously reported anticorrelation
between cortical and subcortical functional dynamics during
vigilant brain states (1, 59-62), the pupil-based fMRI correlation
maps in our study showed a rather global negative correlation
feature spread over both cortical and subcortical regions (Fig. 3),
including the thalamus, which has been reported to be anti-
correlated with the cortex in rs-fMRI studies at varied arousal
states (63, 64). Wang et al. (4) observed a positive BOLD re-
sponse in the midline thalamic nuclei coupled to specific astro-
cytic calcium transients preceding a massive global decrease of
the BOLD signal in anesthetized rats. The lack of detection of
this fast-positive thalamic BOLD signal from the pupil-based
fMRI correlation map may be caused by the largely varied in-
dices of pupil unrest across the different trials (SI Appendix, Fig.
S5). In addition, the massive global negative BOLD signal may
overshadow the phasic positive contribution from the thalamus.
A future study integrating concurrent astrocytic calcium signal
recording into the multimodal fMRI platform will attempt to
further investigate the anticorrelation features of the cortex and
thalamus relevant to the brain state.

The second finding is the robust positive correlation observed
in a location compatible with noradrenergic cell group AS from
the 1d-pupil-fMRI correlation map (Fig. 3D). The neurons of this
ventral pontine nucleus send projections to several midbrain areas
involved in arousal and vital functions, including the periaqueductal
gray and the parabrachial nucleus (50, 65), and are suppressed
during REM-like states induced by the acetylcholine agonist
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Fig. 5. Calcium coupling-dependent cortical states and associated pupil-fMRI patterns. (A) The calcium signal can be decomposed into slow (baseline) or relatively
fast fluctuations (e.g., 2 to 3 Hz). (B) Magnified in a red rectangle are 25 s extracted from a 30-min recording of a GCaMP-based calcium fluorescent signal (in blue)
and local field potentials (LFP; in black) recorded simultaneously in a representative animal in the absence of stimulation. (C) Power spectrum of the calcium signals
of animals undergoing fMRI (average of 64 trials +SD). (D) Average calcium peak. (E) Average multiunit activity (MUA) during calcium spikes (the gray curve
represents the average calcium spike, for comparison). (F) Average LFP peak. (G) Correlation between LFP and calcium spikes. (H) Cross-correlation between
the 2- to 3-Hz band and the baseline (red/black dots: coupled/uncoupled trials). (/, Left) Maps showing the voxel-wise t statistic for a 1-sample t test run on the 1d-pupil-
fMRI correlation map, for trials with uncoupled (left map) or coupled (right map) calcium signals. (/, Right) Two coronal slices covering the brainstem and 1 sagittal
slice are magnified from both maps to show the differences in A5 correlation values between both groups. The third vertical panel shows the results of a t test
between both groups (note the significant differences encountered in the A5 area). Maps are thresholded at P < 0.05 (FDR correction of 0.99).

carbachol and the alpha-2 receptor clonidine (66), which sup-
ports its potential role related to arousal-state fluctuation and
pupil-size regulation. Similar to the LC, the A5 noradrenergic
area may play an alternative regulatory role in arousal, as sug-
gested from the multiple studies associating noradrenaline with
brain-state modulation (67-69). Although brain-state fluctuation
and pupil dynamics have been reported to be regulated through
noradrenergic projections from the LC (39, 40), we observed no
significant positive correlation patterns in the LC or its pro-
jection areas. This fact may indicate that the temporal features of
pupil dynamics did not serve as a strong linear regressor to fit the
neuronal activity-coupled fMRI signal particular to the LC in the
anesthetized brain (70, 71). Importantly, to date, the existence of
a causal link between the LC and pupil modulation remains to be
clarified (49). Further strategies (e.g., noradrenergic-specific cell
targeting) will be needed to confirm and characterize the un-
explored relationship between the A5 group and pupil dynamics.
Additionally, similar to the specific astrocytic-dependent fMRI
activation pattern deciphered in anesthetized rats (4), knowledge
about the specific dynamic signaling underlying pupil dilations
may be needed to identify functional nuclei that may modulate
pupil dynamics with particular firing and neurovascular coupling
patterns. Also noteworthy is that the AS area is mostly positively
correlated with the first derivative of the pupil rather than the

6880 ' | www.pnas.org/cgi/doi/10.1073/pnas.1909937117

direct pupil size (Fig. 3C), which indicates that brainstem activa-
tion is more relevant to the change than to the maintenance of the
brain state. Cross-correlation of the fMRI signals with 1d-pupil
indicated that brainstem activation occurs earlier than global in-
hibition (the fMRI signal of the AS area increases in parallel with
pupil dilations; SI Appendix, Fig. S6B), and suggests that the latter
might be triggered by the first one; however, a causal link between
AS5 activation and global cortical/subcortical suppression should be
investigated (e.g., with optogenetic experiments).

The concurrent calcium signal acquired with fMRI represents
a key advantage to measuring cross-modal brain dynamics. The
GCaMP6f-mediated calcium transients, detected with optical
fibers, constitute a reliable indicator of neuronal activity (Fig. 5
B, D, E, and G), and their spectrogram presents power fluctua-
tion estimates similar to EEG (4, 21). In the present study, 60%
of the trials showed a tight coupling between baseline and 2-3-Ca
fluctuations, while in 40% of them the calcium dynamics were
dissociated. Interestingly, in those uncoupled trials, the pupil-
based fMRI correlations were stronger throughout the brain
and there was a higher correlation of the calcium baseline with
the tv-fMRI-bs (SI Appendix, Fig. S9D). We observed different
coupling from different trials of the same animal and through
several animals, which rules out the influence of the optical fiber
tip location on the calcium dynamics (i.e., excludes the possibility
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that the calcium baseline is determined by the proximity of
the implanted optical fiber to a vessel). Also, the brain state-
dependent cross-frequency coupling features cannot be simply
caused by the blood effect (i.e., the BOLD signal) on the optical
fiber-mediated calcium recording. In particular, the largely varied
global fMRI signal fluctuation did not match the specific distri-
bution of the calcium cross-frequency coupling, in contrast to the
pupil dynamic changes (SI Appendix, Fig. S9C). This suggested
that calcium (un)coupling is associated with brain-state dynamics
and does not merely emerge as a result of physiological noise.
Specifically, the increased correlation between baseline calcium
fluctuations and the fMRI-inferred brain-state vector may be re-
lated to spontaneous astrocytic activity, which is known to mark
the transition between brain states (4, 55). A previous study also
reported an increase of ultraslow electrophysiological activity in
conjunction with suppression of higher-frequency bands during
arousal switches in mice (55). Our work, involving trials with di-
verse brain-state dynamics (SI Appendix, Fig. S5), has identified
different calcium-related conditions that are in agreement with the
findings encountered separately in previous reports (21, 55, 56). It
is likely that changes in the calcium coupling indicate a shift in the
mode of cortical processing (72); however, the meaning and un-
derlying cause of the coupling-dependent states need to be further
investigated. The desynchronization between both calcium bands
could be associated with arousal pathways emerging at the ventral
pons (likely noradrenergic group A5) that may trigger pupil dilations
while enhancing global reduction of population activity (2-3-Ca),
mostly in cortical neurons. This global regulatory scheme may be
necessary to prevent cortical activation from external sources during
internal arousal. The dislocation between 2- to 3-Hz and baseline
oscillations may reflect a distinct recruitment of both generators (the
ultraslow and the 2-3-Ca oscillator) during the arousal fluctuation;
however, the source of those cortical dynamics is not sufficiently
understood and, hence, any hypothesis remains speculative. Given
that all subjects of our study were anesthetized, the degree to which
these brain-state changes can be investigated from the data obtained
here is limited. Future studies conducted in awake animals should
confirm whether these observations can be extrapolated to more
aroused brain states that occur during conscious awareness.
Inferring brain-state changes (e.g., fluctuations in the level of
arousal) during anesthesia might seem counterintuitive. Arousal
has been defined, electrophysiologically, as a state of depolarized
neuronal membranes and desynchronized firing (73, 74), also
characterized by wide pupils (33, 75), and it is usually assessed
during quiet wakefulness or in the context of behavioral perfor-
mance. Extremely low and extremely high arousal levels yield poorer
task performance compared with middle-arousal states, a phenom-
enon described as an inverted-U relationship (33, 76, 77). Under
anesthesia, the brain state is restricted by a maximum arousal level
not compatible with consciousness (presumably on the left side of
the inverted U) (78). However, in agreement with several reports
(54, 57, 58, 79, 80), the present study demonstrates that this state is
not confined to a static condition; in contrast, fluctuations in pupil
size, which track arousal during wakefulness, were commonly ob-
served in the anesthetized rats and, to the extent at which we could
investigate it, the relationship between pupil size and cortical activity
is in agreement with what has been observed during wakefulness
(dilation linked to decreased population activity). Still, the term
arousal or brain-state oscillations in the context of anesthesia re-
mains controversial. One interpretation of having different arousal
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states under anesthesia relates to the possibility of being more or less
susceptible to reaching wakefulness. For example, it is possible that
higher brain states observed during anesthesia would require a lower
amount of reversal drug to regain consciousness. This possibility
could be tested in animals subjected to variable stimulation of the
ventral tegmental area, a procedure which has been shown to lead to
emergence from general anesthesia (81). Although the meaning of
brain-state oscillations remains debatable, together our results sug-
gest that anesthesia is not an isolated unconscious condition but a
dynamic oscillatory brain state that can be traced at different scales.

Conclusion

Here, we identified a quasiglobal negative fMRI spatial pattern
that was correlated with pupil dilation and served as a template
to produce a brain-state fMRI index during anesthesia. The
neurobiological relevance of the linkage between the time-varying
fMRI-inferred brain state and the pupil dynamics was verified with
concurrent recording of neuronal calcium oscillations in the cin-
gulate cortex. In addition, cross-correlation analysis of the calcium
baseline and the 2- to 3-Hz power fluctuation revealed 2 distinct
neurophysiological states based on the cross-frequency (un)cou-
pling conditions of the calcium signals. While the global negative
pupil-fMRI correlation was present under both states, a positive
correlation of the ventral pons was highly linked with uncoupled
neuronal calcium dynamics. Altogether, we demonstrate that the
pupil size can be tracked in animals undergoing fMRI, allowing to
vinculate whole-brain activation patterns with particular brain state-
dependent pupil dynamics.

Materials and Methods

Ten adult rats were used to acquire parallel pupillometry, cortical calcium
recordings, and whole-brain fMRI. The study was performed in accordance
with the German Animal Welfare Act (TierSchG) and Animal Welfare Lab-
oratory Animal Ordinance (TierSchVersV). This is in full compliance with the
guidelines of the European Union (EU) Directive on the protection of animals
used for scientific purposes (2010/63/EU). The study was reviewed by the
ethics commission (§15 TierSchG) and approved by the state authority
(Regierungsprasidium, Tubingen, Baden-Wurttemberg, Germany). Analysis
of the multimodal data included temporal correlation between the pupil
dynamics and the fMRI signals, spatial correlation between each fMRI vol-
ume and the pupil-fMRI correlation map, and cross-correlation measures
between the whole-brain fMRI, the calcium signal at 2 to 3 Hz or baseline,
and the pupil size/pupil dilations. A scheme summarizing the main analysis
pipeline can be found in S/ Appendix, Fig. S3. For details concerning surgical
procedures, calcium signal acquisition, fMRI sequence, and pupil measures,
see S/ Appendix.
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