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Sleep deprivation rapidly disrupts cognitive function and in the long
term contributes to neurological disease. Why sleep deprivation has

such profound effects on cognition is not well understood. Here we use
simultaneous fast fMRI-EEG to test how sleep deprivation modulates
cognitive, neural and fluid dynamics in the human brain. We demonstrate
that attentional failures during wakefulness after sleep deprivation are
tightly orchestrated in a series of brain-body changes, including neuronal
shifts, pupil constriction and cerebrospinal fluid (CSF) flow pulsations,
pointing to a coupled system of fluid dynamics and neuromodulatory state.
CSF flow and hemodynamics are coupled to attentional function within the
awake state, with CSF pulsations following attentional impairment. The
timing of these dynamics is consistent with a vascular mechanism regulated
by neuromodulatory state. The attentional costs of sleep deprivation

may thus reflect anirrepressible need for rest periods driven by a central
neuromodulatory system that regulates both neuronal and fluid physiology.

Sleep plays afundamental role inmaintaining brain health and preserv-
ing cognitive performance. Despite the intense biological need for sleep,
sleep deprivation is a major facet of modern life. A single night of lost
sleep can cause noticeable cognitive impairment, including attentional
failures, inwhich individuals fail to properly react to an easily detected
externalstimulus'~. The behavioral deficits caused by sleep deprivation
carry amajor cost for organismal survival; for example, a momentary
lapseinattention while driving a car can have life-threatening outcomes*.
Sleep deprivationreliably induces attentional failures despite this cost,
suggesting that these deficits reflect an unavoidable need of the brain for
sleep. However, the neural basis of sleep deprivation-induced attentional
failuresis not yet well understood.

Acute sleep deprivation has widespread effects on both local
and global aspects of neurophysiology. Large fluctuations in blood

oxygenation level-dependent (BOLD) functional magnetic resonance
imaging (fMRI) signals appear across various networks following sleep
deprivation®®, and large-scale fMRI signals are linked to altered elec-
trophysiology, eyelid closures’® and arousal state, suggesting global
changes in brain activity and vigilance. Attentional lapses after sleep
deprivationarelinked to reduced activity within the thalamus and cog-
nitive control areas, suggesting afailure to engage large-scale network
activity'>". At the scale of local cortical areas, attentional failures are
linked to sleep-like low-frequency waves in isolated cortical patches
in rats™, Intriguingly, transient occurrences of sleep-like slow wave
activity also predict attentional lapses in humans™. Together, these
findings have shown that attentional deficits following sleep depriva-
tionare linked to brain-wide hemodynamic changes and low-frequency
neural oscillations. The neural basis of these attentional failures is
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not well understood. One possibility is that attentional lapses cor-
respond to a brief state in which the brain transiently carries out a
sleep-dependent function that isincompatible with waking behavior.

Sleep serves many functional purposes, and sleep neuroimaging
studies have demonstrated that sleep is linked to not only neuronal
butalso vascular and fluid changesin the brain. Global low-frequency
(0.01-0.1Hz) hemodynamic waves appear in non-rapid eye movement
(NREM) sleep, and these vascular fluctuations in turn drive pulsatile
waves of cerebrospinal fluid (CSF) flow'>'°. Sleep deprivation increases
the amplitude of the global BOLD signal®, and sleep deprivation modu-
lates CSF pulsatility", suggesting that the effects of sleep deprivation
could be accompanied by altered CSF dynamics. However, precisely
how attentional deficits are linked to hemodynamics and CSF flow is
notyetclear.

We conducted a within-subject total sleep deprivation study in
healthy human participants to investigate whether sleep deprivation
and its associated attentional deficits are linked to altered brain fluid
dynamics. We used multimodal fast fMRI, electroencephalography
(EEG), behavioral assessments and pupillometry to track multiple
aspects of neurophysiological dynamics simultaneously. We discov-
ered that CSF flowis coupled to behavioral deficits during wakefulness
after sleep deprivation. Notably, we found that attentional failures dur-
ing wakefulness are marked by abrain-and body-wide state change that
underlies both behavioral deficits and pulsatile fluid flow. Specifically,
the moments where attention fails occur just before the initiation of
aglobal hemodynamic event and a large-scale outward pulse of CSF
flow, followed by subsequent reversal of these dynamics.

Results

To investigate how sleep deprivation modulates neural activity and
vascular and CSF dynamics, we performed asimultaneous EEG and fast
fMRI experiment in 26 human participants. To enable within-subject
comparisons, each participant was scanned twice: once after a night
of regular sleep (well-rested) and once after one night of total sleep
deprivation, which was continuously supervised in the laboratory
(Fig.1a). We performed simultaneous EEG-fMRI scans with pupillom-
etry in the morning. During the scans, participants performed up to
four runs of asustained attention task, the psychomotor vigilance test
(PVT;Fig.1b), followed by an eyes-closed resting-state run. CSF flow is
bidirectional and includes pulsations of both inflow (inward/dorsal)
and outflow (outward/ventral). This fast fMRI protocol enabled us to
simultaneously measure cortical hemodynamic BOLD signals and CSF
inflow in the fourth ventricle (Fig. 1c).

Sleep deprivation causes sleep-like hemodynamics and
pulsatile CSF flow to intrude into wakefulness
Wefirstinvestigated whether sleep deprivation altered the dynamics of
CSF flowinresting-state scans thatincluded awake and sleeping periods
(Extended DataFig.1a). Consistent with previous studies, the CSF inflow
signal during well-rested wakefulness exhibited a small-amplitude
rhythmsynchronized torespiration'®”,in contrastto NREM sleep where
CSF exhibits large ~0.05 Hz waves'®. However, visual inspection clearly
showed that the CSF signal during wakefulness after sleep depriva-
tion also exhibited large-amplitude low-frequency waves, resembling
NREM sleep (Fig. 1d). We analyzed this CSF signal across sleep stages
inparticipants who had atleast 60 s of continuous wakefulness during
the resting-state run (N =22, excluding segments with high motion;
framewise displacement > 0.55 mm) and found a4.7 dBincrease in the
CSF signal peaking at 0.04 Hz in sleep-deprived wakefulness (Fig.1e,h).
Remarkably, the CSF power insleep-deprived wakefulness reached lev-
elssimilar to the CSF power during typical N2 sleep (0.01-0.1 Hzpower
in sleep-deprived wake: 24.50 dB, 95% confidence interval = [24.46,
24.55]; rested N2: 24.80 dB, 95% confidence interval =[23.95, 25.59]).
These session-dependent increases in CSF flow were not driven by
motion artifacts (Extended Data Fig. 1b).

Prior work has shown that total overnight sleep deprivation
increases BOLD fluctuations® and low-frequency EEG signals®®*, both
of which could modulate CSF flow, so we next examined these two fac-
tors in this cohort. To assess the effect of sleep deprivation on neural
signals, we compared the levels of EEG slow wave activity (0.5-4 Hz), a
well-recognized indicator of sleep pressure’”**, and found that sleep
deprivation induced an increase in EEG slow wave activity (P=0.029,
paired t-test; Fig. 1f), as expected. Hemodynamics are the primary
driver of CSF flow, as changes in blood vessels can mechanically drive
CSF flow'**%, and we found that sleep deprivation also induced a sig-
nificant increase in low-frequency (0.01-0.1 Hz) cortical gray matter
BOLD power (P=0.0048, paired t-test; Fig.1g), and these effects were
not driven by motion artifacts (Extended Data Fig. 1b). These results
demonstrate that sleep deprivation causes low-frequency CSF flow
pulsations, increased EEG slow wave activity and hemodynamic waves
thatappear during wakefulness, with changes in the same direction as
the dynamics typically seen during N1 or N2 sleep.

Hemodynamic waves and pulsatile CSF flow occur during
epochs with worse attentional task performance

Because large-scale CSF waves typically occur during NREM sleep, a
state in which attention is suppressed, we investigated whether the
CSF waves during well-rested and sleep-deprived wakefulness were
associated with any attentional deficits. As expected®'**°, sleep dep-
rivation caused an increase in the mean reaction time (Fig. 2a) and
the omission (missed response) rate (Fig. 2b) in the PVT task. Despite
participants being awake with eyes open, we observed that attentional
lapses (reaction time > 500 ms) and omissions tended to coincide with
high-amplitude CSF flow (Fig. 2¢). To quantify this behavior-CSF
relationship, we tested whether lapses (reaction time > 500 ms) and
omissions were linked to CSF power, analyzing data in 60-s segments
during confirmed wakefulness (EEG and no eyelid closures >1s). We
found that worse attentional performance was linked to increased
low-frequency (0.01-0.1 Hz) CSF power: segments with attentional
lapses and segments with omissions exhibited significantly higher
CSF flow power than segments without lapses (Fig. 2d). This effect
remained significant when controlling for motion (repeated meas-
ures analysis of variance (ANOVA): F, 5, =2.46, P> 0.05 for motion).
Theseresults demonstrated that larger low-frequency CSF flow pulsa-
tions are associated with attentional failures during wakefulness. We
hypothesized that this CSF dynamic would be associated with BOLD
signalamplitude and indeed found that worse attentional performance
was also linked to increased low-frequency (0.01-0.1 Hz) gray matter
BOLD power (Fig. 2e).

What process could result in joint changes in CSF flow, hemody-
namics and attentional function? Ascending neuromodulation, such as
noradrenergicinput fromthe locus coeruleus, modulates attentional
function®*? and also acts directly on the vasculature®, making this a
candidate mechanism for modulating both attention and CSF flow.
Neuromodulatory tone and locus coeruleus firing is correlated with
pupil diameter®*, and sleep deprivation is well known to modulate
pupil diameter, with smaller diameter indicating a low arousal state
and decreased attentional function®*>*, We investigated whether
pupil diameter was linked to hemodynamics and CSF flow on faster
timescales. We found that pupil diameter was significantly correlated
with CSF flow: pupil constriction was linked to outward CSF signals,
and pupil dilation was linked to subsequent inward CSF signals, with
CSF flow following the pupil by 4.75 s (Fig. 3a,b,f). This correlation was
alsosignificant when we tested drowsy segments from rested wakeful-
ness, demonstrating that this pupil-CSF coupling is present across
states (Extended Data Fig. 2). However, the pupil-CSF correlation was
significantly higher after sleep deprivation (Extended Data Fig. 2),
suggesting that sleep deprivation drives a pupil-locked fluctuationin
CSF flow. Consistent with this, we also observed that CSF flow peaks
were locked to drops in attentional performance: both reaction time
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Fig. 1| After sleep deprivation, CSF flow exhibits large sleep-like low-frequency
waves during wakefulness. a, For the sleep-deprived visit, participants arrived at
thelaboratory at 7:00 p.m. before the sleep-deprived night and were monitored
continuously during the night. For the well-rested visit, participants arrived
between 8:30 and 9:00 a.m. the day of the scan. For both visits, scans were
performed around 10:00 a.m. in the morning. Scans included up to four PVT runs
followed by a 25-minresting-state run. b, For the PVT attention task, each run
used either the auditory PVT (aPVT; detecting abeep) or the visual PVT (vPVT;
detecting aluminance-matched visual stimulus) with 5to 10 sinterstimulus
interval (ISI). ¢, Left, example fMRI acquisition volume position (green box) for
simultaneous measurement of BOLD and CSF flow. The volume intersects the
fourth ventricle to enable inward CSF flow detection. Yellow marks the cortical
segmentation, and purple indicates the flow measurement region of interest
(ROI). The image was masked to delete identifiers. Right, example placement of

a CSF ROI (magenta) in the fourth ventricle in one representative participant.

d, CSF time series from the same participant during wakefulness showing that
sleep deprivation causes large CSF waves during wakefulness, whereas the
well-rested condition shows smaller CSF flow. e, Sleep deprivationincreased

low-frequency (0.01-0.1 Hz) CSF power during wakefulness (wake segments:
n=486inwell-rested, n =205 insleep-deprived; N1segments: n =179 in well-
rested, n=59insleep-deprived; N2 segments: n =57 in well-rested, n=40in
sleep-deprived; the black bar indicates P= 0.0004; two-tailed segment-level
permutation test with a Bonferroni correction) to a magnitude similar toN1and
N2sleep. Sleep segments are from the same participants in the final resting-state
scan. Power spectral density (PSD) was calculated on CSF signal in resting-state
runs. Data are presented as mean values = s.e. (standard error across segments).
f, Paired analysis of EEG low-frequency power (slow wave activity: 0.5-4 Hz)
inresting-state wakefulness showing increased power after sleep deprivation
(n=18 participants with artifact-free wakefulness at both sessions; two-tailed
paired t-test: t;; = -2.37, P=0.029). g, Paired analysis of gray matter BOLD low-
frequency power in resting-state wakefulness showing increased power after
sleep deprivation (n = 18 participants with artifact-free wakefulness at both
sessions; two-tailed paired t-test: t;; = -3.23, P= 0.048). h, Paired analysis of CSF
low-frequency power in resting-state wakefulness showing increased power
after sleep deprivation (n =18 participants with artifact-free wakefulness at both
sessions; two-tailed paired t-test: t;; = -3.25, P= 0.005).
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Fig. 2| Pulsatile CSF flow dynamics increase during epochs with slower reaction
times and attentional failures. a, Reaction times after sleep deprivation

showed a higher mean and alonger tail, indicating more behavioral lapses

(N =26 participants; shading represents standard error across participants;
z=-25.08,P<0.0001; data were analyzed by two-tailed Mann-Whitney U-test).

b, Omission rate increased after sleep deprivation (N = 26 participants, t,; = -7.00,
P=2.43x10"% datawere analyzed by paired two-tailed ¢-test). ¢, CSF flow and
reaction time fluctuations during one example run, showing higher flow when
reaction time slows down. d, Low-frequency (0.01-0.1 Hz) CSF power within
nonoverlapping 60 s segments, categorized into three different states: high

High attention Low attention Omissions

High attention Low attention Omissions

attention (all reaction times below 500 ms), low attention (at least one reaction
time >500 ms) and omissions (at least one omission). Higher CSF power appears
inlower attentional states (two-tailed repeated measures ANOVA and a Tukey post
hoctest; F, 5o = 62.04, P=5.49 x 107 for main effect, N= 26 participants). e, Low-
frequency (0.01-0.1 Hz) gray matter BOLD power within nonoverlapping 60-s
segments, following the same analysis as in d. Higher gray matter BOLD power
appearsinlower attentional states (two-tailed repeated measures ANOVA and a
Tukey posthoctest; F, 5o = 24.82, P< 0.0001 for main effect, N = 26 participants).
Box plots show the mean (center), the boxes represent the 25th and 75th
percentiles, and whiskers indicate minimum to maximum.

and the rate of omissions increased before CSF peaks (Fig. 3¢,d).
These patterns were also evident at the individual participant level
(Extended DataFig.3a-h).

In each case, although CSF flow was locked to behavior and the
pupil, it lagged these measures in time, which could reflect a vascular
mechanism thatintroduces a time delay. Furthermore, although pupil
diameter is consistently correlated with noradrenergic tone, it is also
correlated with several other modulators®?%, To test whether pupil-
CSF couplingreflected a pupil-locked modulation of cerebrovascular
fluctuations, which could be expected from noradrenergic-driven
vasoconstriction and would drive a delayed CSF response®, we exam-
ined the global cortical BOLD signal and found ananticorrelation with
the pupil (Fig. 3e). We calculated the best-fit impulse response link-
ing the pupil to the global BOLD signal and found a negative impulse
response with a peak delay of 8 s (Fig. 3g), consistent with pupil-linked
vasoconstriction. To test whether this mechanism in turn predicted
CSF flow, we convolved the pupil signal with its impulse response and
calculated the expected CSF flow driven by this vascular effect, with
no additional parameter fitting'®. We found that the convolved pupil
signal yielded a significant prediction of CSF activity (Fig.3h; zerolag
R=0.26, maximal R=0.3 at lag -1.25 s), indicating that the timing of
the pupil-CSF coupling could be explained by a vascular intermediary.

Attentional failures are time locked to neural, hemodynamic,
systemic and CSF flow events

Having found that hemodynamic waves and CSF flow pulsations were
highest in epochs with omissions, we next examined the precise dynam-
icsoccurring at the moment of omissions. Because CSF flow pulsations
increase during NREM sleep, we carefully excluded omissions due to
NREM sleep to confirm whether these flow changes appeared during
wakefulness (EEG verified and excluding segments with eye closures
>15s). Wefound astrong coupling between behavior and CSF flow during
sleep-deprived wakefulness: omissions were locked to an outward wave
and then aninward wave of CSF flow in the fourth ventricle (Fig.4a and
Extended DataFigs.4aand 5a,g). Although few omissions occurredin
the well-rested state, when they did appear, they showed similar CSF
flow coupling, demonstrating that acomplete attentional failure even

whenrested can engage a similar mechanism (Extended DataFig.4a,b).
The cortical gray matter BOLD signal exhibited a matched biphasic
pattern, consistent with vascular drive of outward and then inward
CSF flow (Extended Data Figs. 4b and 5c¢,i). However, our imaging
protocol was only able to directly measure CSF inflow (inward to the
brain) due to the placement of the acquisition volume (Fig. 1c), whereas
dropsin CSF signal could intheory represent either outflow or simply
no flow. We therefore conducted a second study in an additional ten
sleep-restricted participants with a new imaging protocol that meas-
ured bidirectional flow (Extended Data Fig. 6a) to test whether this
patternspecifically signaled CSF outflow before inflow. This acquisition
method allowed simultaneous measurement of inflow and outflow but
did not allow measurement of gray matter BOLD signals. We confirmed
that omissions were locked to a pulse of CSF flowing outward out of
the brain, beginning at the time of the missed stimulus, followed by
a pulse flowing inward into the brain (Extended Data Fig. 6b). These
results replicated the finding of coupled attentional function and CSF
flow pulsations in an independent cohort, with a biphasic profile of
outward flow at omissions, followed by inward flow.

During NREM sleep, CSF flow is coupled to neural slow wave
activity'**°,and local slow waves canaalso increase after sleep depriva-
tion'>. We therefore analyzed the EEG spectrogram to investigate which
neural dynamics might be linked to these omission-locked CSF waves
(example spectrogramin Extended DataFig. 7a). We found that omis-
sions (n =364 trials, 26 participants) were accompanied by EEG altera-
tions across multiple frequency bands and across different electrodes,
with adrop in broadband EEG power, particularly pronounced in the
alpha-beta (10-25 Hz) range, followed shortly by asubsequentincrease
in power (Fig. 4b and Extended Data Figs. 5b,h and 8). In addition to
this broadband change, the oscillation-only component of the spec-
trogram (calculated by subtracting the aperiodic component*~**) also
demonstrated significant clusters at slow and alpha-beta frequencies,
with a broad spatial distribution (Fig. 4c and Extended Data Fig. 8b).
Theglobal distribution of the EEG power change suggested an altered
global arousal state. Overall, this broadband power reduction and
steepening spectral slope pointed to a spatially distributed change in
electrophysiological dynamics.
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Fig. 3 | Pulsatile CSF flow is temporally coupled to pupil diameter changes
and behavioral performance during wakefulness. a, Spontaneous pupil
constriction and dilation is time locked to peaks of CSF flow. Black bars

indicate significant changes in z-scored pupil diameter compared to baseline
(P<0.05; two-tailed t-test, baseline =[-30, -28] s, Bonferroni corrected). Data
are presented as mean values * s.e.; AU, arbitrary units. b, Cross-correlation
between pupil diameter and CSF showing a strong correlation (maximal r = 0.25
atlag-4.75s; n=400 segments, 23 participants). ¢, During periods with pupil
constriction, reaction times also showed significant increases compared to
baseline (stars mark segments with P < 0.05; data were analyzed by two-tailed
t-test, Bonferroni corrected). d, Omission rate during task showing a significant
increase during pupil constriction and significant decrease during pupil
dilation (stars mark segments with P < 0.05; two-tailed t-test relative to baseline,

-30 0
Time relative to CSF peaks (s)

30

Bonferroni corrected). e, Significant biphasic changes in cortical BOLD activity
arelocked to CSF peaks (P < 0.05; two-tailed t-test relative to baseline, Bonferroni
corrected). f, Mean CSF signal. g, To estimate the impulse response function

(IRF) linking pupil size changes to BOLD and CSF activity, we convolved pupil
diameter traces from each segment with a series of IRFs. Estimated IRF of the
cortical BOLD signal to the pupil diameter shows a time to peak at 8 s. Cross-
correlation between pupil diameter and BOLD showed a strong correlation
(maximalr=0.34 atlag -1.25s; n = 400 segments, 23 participants). h, Predicting
CSF flow with no additional parameter fitting, assuming that the derivative of the
pupil-locked BOLD fluctuations drives CSF flow, shows significant prediction of
the true CSF signals (zerolag r = 0.26; n =400 segments). Data are presented as
mean values + s.e. (standard error across segments). Participant-level means are
provided in Extended Data Fig. 3. The exact P values are in Supplementary Table 1.

Whattype of neuronal event might these EEG spectral shiftsreflect?
Therelatively broadband and spatially global (Fig.4b and Extended Data
Figs. 5b and 8) nature of these EEG changes suggested that they might
reflect a transient change in cortical excitability*®, perhaps mediated
by central neuromodulatory state, as suggested by the pupil coupling

(Fig. 3g,h). In addition, autonomic state changes and systemic oscilla-
tions can drive CSF flow**™*®, consistent with the idea that large-scale
neuromodulatory changes could contribute to both the attentional
failures and CSF dynamics. We therefore tested whether a sequence
of events could be locked to the CSF flow: a drop in attentional state
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Fig. 4| Attentional failures are coupled to pulsatile CSF flow and aseries of
neural and systemic physiological changes. a, Awake omission trials are locked
to abiphasic change in CSF flow, with an outward trough followed by aninward
peak. Time zero marks stimulus onset; omission occurs within the following
seconds. Data are presented as mean values * s.e. b, Omission trials are locked to
abroadband drop in EEG power, including decreased alpha-beta (10-25 Hz) EEG
power, and then anincrease in slow wave activity (SWA; 0.5-4 Hz) and alpha-beta
power. The biphasic alpha-beta power change is widespread with centro-
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and frontal predominance. The spectrogram is normalized within frequency;
black bars indicate asignificant change in broadband power (0.5-30 Hz)
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compared to baseline. ¢, The aperiodic component of the EEG was subtracted
to display oscillation-specific changes. The alpha-beta and slow wave activity
effects were still present (statistics are provided in Extended Data Fig. 8). d, Pupil
diameter showed a biphasic change at omissions, with a significant constriction
during the omission trial followed by dilation after trial onset (9-12 s). e, Heart
rate dropped during omissions and subsequently increased. f, Respiratory

rate drop at omissions and subsequent increase. Black bars with stars indicate
significant changes from baseline (n = 364 trials, 26 participants). Dataare
presented as mean values = s.e. (standard error across segments). Stars

indicate P < 0.05; two-tailed t-test with a Bonferroni correction over time,
baseline =[-20,-10] s. Exact Pvalues are provided in Supplementary Table 1.

followed by recovery of attention. Consistent with this, pupil dilation
was biphasically coupled to CSF flow: the pupil was constricted during
the omission, correspondingtoalowarousalstate and outward CSF flow,
and then subsequently dilated (Fig. 4d and Extended Data Fig. 3¢,d),
with CSF subsequently flowing inward (Fig. 4a). Because neuromodu-
latory state also has systemic effects*, we further examined systemic
physiological recordings, including changes in respiratory rate and
volume, heart rate and peripheral vascular volume, reflecting activity
ofthe autonomic nervous system. We found that all systemic measures
were significantly locked to the omission (Fig. 4d-fand Extended Data
Figs.3d-f,4c,dand 5e,fk,I). These results demonstrate that attentional
failures during wakefulness were coupled to a brain- and body-wide
integrated state shift, manifesting as a transient behavioral deficit, elec-
trophysiological markers of distinct neuronal state, pupil constriction
and hemodynamic and CSF flow waves.

Neurovascular and CSF pulsation events are differentially
modulated by loss and recovery of attention

These results clearly identified widespread behavioral, neuronal
and arousal dynamics that were locked to CSF pulsatile flow during
sleep-deprived wakefulness. However, attentional failures are typically
brief during wakefulness, with a spike in arousal rapidly following an
omission. Furthermore, the neurovascular, pupil and CSF dynamics
showed biphasic patterns, with both signal drops andincreases around
attentional failures. Due to this biphasic pattern, each physiological
change could potentially be explained by two different possibilities:
eitheritwas specifically linked to dropsin arousal (at the onset of atten-
tionalfailures) orit waslocked toincreasesinarousal (at the recovery of
behavior). We therefore designed an analysis of behavioral responses
to separate the neurophysiological dynamics linked to the drop, versus
recovery, of attention. We categorized behavioral omissions into three
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types: ‘Type A, where the omission trial was preceded and followed by
avalid response, ‘Type B’, the first of at least three consecutive omis-
sions, and ‘Type C’, the last omission of a consecutive series (Fig. 5a). As
described above, wakefulness during all omissions was verified both
through EEG scoring and eye tracking.

To determine whether CSF pulsations were linked to attention
dropsor attentionrecovery, we compared Type B (attention drop) and
Type C (attention recovery) trials. This analysis identified two separable
patterns: neural, CSF and systemic signals showed opposing changes
locked to Type Band C omissions (Fig. 5b—d and Extended Data Fig. 9a).
Theloss of attentional focusin Type Bomissions was linked toadecrease
in EEG alpha-beta power and expulsion of CSF, whereas regaining of
attentional focus in Type C omissions co-occurred with an increase
in EEG broadband power and inward flow of CSF, and the systemic
arousalindicators followed the same pattern (Fig. 5c,d). The behavioral
changes occurred before the initiation of the CSF flow changes (that
is, thetemporal derivative; Extended Data Fig. 9b), indicating that the
behavioral events were associated with a subsequent reversal of flow
direction. These results demonstrated that CSF flow occurs inaspecific
sequence of events: during an attentional failure, EEG power drops in
concert with body-wide signatures of low arousal and subsequently a
outward pulse of CSF flow. This patterninverts at recovery of arousal,
with CSF returning inward after attentionimproves, again withatime
delay consistent with vascular-mediated CSF flow.

To calculate the relative timing of these effects, we estimated the
onset times for the changes in behavior, EEG, BOLD and CSF flow. We
identified the onset time of CSF decrease for Type A and B omissions
and the onset time of CSF increase for Type C omissions (the time
when CSF signal reached 10% of the minimum or maximum amplitude
compared to pretrial baseline ([-3, 0] s)). This analysis showed that
CSF signals began to decrease 0.5-2.5 s after trial onset that would
subsequently resultin attentional failure (Type A and Type B), peaking
at 6.7-8.2's. When attention recovered (after Type C), the CSF signal
increase began at1s after behavioral recovery onset, peaking at 6.2 s.
This timing pattern was consistent with the pupil-locked function in
Fig. 3, aligning with an attention-locked modulation of the cerebrovas-
culature unfolding over several seconds. The long delay of the CSF peak
may thusreflect the effect of vascular changes that followed attention
failures. The timing of these relationships was therefore consistent with
anintegrated neuromodulatory mechanism that regulates attentional
state, vascular physiology and CSF dynamics.

Discussion

Here, we found that attentional failures after sleep deprivation are
locked to a brain- and body-wide state change, including a charac-
teristic neurovascular event and pulsatile waves of CSF flow. During
sleep-deprived wakefulness, hemodynamic and CSF flow pulsations
increased within the awake state, causing a flow pattern that resembled
N2 NREM sleep. CSF waves were strongly coupled to behavioral fail-
ures, ashiftin neuronal spectra and pupil constriction (during awake,

eyes-openstate). Specifically, attention dropped -2 s before CSF flowed
outward (Fig.5b), and attention recovered -1 s before CSF flow reversed
andwas drawnbackinward (Fig. 5d). The attentional failures that occur
after sleep deprivation thus are locked to the initiation of a processin
which the pupil constricts, brain-wide hemodynamics increase and
the CSF is transiently flushed outward.

Our data showed a consistent pattern of broadband EEG shifts
linked to attentional failures. What type of neural event might these
represent? The process of falling asleep is linked to suppression of EEG
alphapower and dropsin respiratory rate®, which could suggest that
the events we observe hererepresent anaccelerated transition toward
sleep onset. Inaddition, elegant prior work has shown that autonomic
and arousal state fluctuations are characterized by asequential modu-
lation of beta power and slow wave activity*®**%, The EEG pattern we
observe here shares similar broadband features, and we find that it
represents a behaviorally relevant modulation of neural vigilance
state during wakefulness, with attentional consequences. This pattern
may thus reflect that sleep deprivation causes sleep-initiating cortical
events to occur during wakefulness, but with an interruption of the
initiation process before sleep is attained. Given that we found a shift
inspectralslope, this pattern could also be consistent with increasing
cortical inhibition®?. Although we could not directly identify local
sleep slow waves here due to the macroscopic nature of these meas-
urements, this effect appeared to be relatively spatially widespread, as
it was detected across many EEG electrodes. Our results suggest that
sleep deprivation destabilizes global brain state regulation and leads
to large-scale, biphasic dynamics. Smaller CSF events could also be
infrequently detectedin attention failuresin the well-rested state witha
weaker coupling to pupil diameter, suggesting that typical drowsiness
may engage asimilar circuit but with reduced switching and instability
inthe well-rested context.

The neural and attentional drops were also linked to pupil con-
striction, a classic signature of arousal state thatis actively controlled
by noradrenergic neuromodulatory projections®**, Pupil diameter is
correlated with attention, heart rate and galvanic skinreflex, reflecting
atight coupling between the state of the central and peripheral arousal
systems®***®_ Furthermore, the autonomic system can strongly modu-
late CSF flow, with particularly strong effects during light sleep”’, and
autonomic measures were correlated with the attentional dynamics
observed here. Although we cannot determine the causal relationship
betweenthe pupil and CSF, the high correlationbetween pupil diameter
and CSF pulsatile flow suggests theinvolvement of the ascending neu-
romodulatory system in regulating CSF flow during wakefulness**°,
A possible mechanistic explanation for the joint changes in EEG, CSF
and autonomic indicators is the well-established parallel projections
from key neuromodulatory nuclei such as the noradrenergic locus
coeruleus, which projects throughout the cortex and thalamus to
modulate neural state, while also directly acting on the sympathetic
nervous system®®, Intriguingly, locus coeruleus activity oscillates
during NREM sleep and drives infraslow neuronal spectral changes®* ¢,

Fig. 5| Separable positive- and negative-going neurovascular and CSF wave
events are linked to attention drops and attention recovery. a, Omissions
during wakefulness were categorized as isolated (Type A), onset of sustained
low attention (Type B) and end of sustained low attention (Type C). Schematic
made with BioRender.com.b, Type A, isolated omission trials (n =127 trials,

26 participants), were locked to a decrease in broadband EEG power and then
increased power at attention recovery in the next trial. CSF showed a significant
decrease followed by a significant increase. Respiratory rate and heart rate
both showed significant changes from baseline after trial onset. ¢, Type B, first
omission of the series, signifies the onset of a sustained low attentional state
(n=6ltrials, 20 participants). CSF signal, respiratory rate and heart rate all
decrease significantly (P < 0.05, paired t-test across segments and time bins,
Bonferroni corrected). The black arrow marks the onset time of CSF signal drop,
at0.5s.d, Type C, last omission of the series, followed by increased attentional

state (n =57 trials, 20 participants). The EEG shows heightened slow wave

activity during the omission and subsequent increase in alpha-beta power at

the recovery of attention. CSF signal, respiratory rate and heart rate all increase
significantly (P < 0.05; paired t-test relative to baseline, Bonferroni corrected).
Theblack arrow marks the onset time of the CSF signal increase, at 9.5 s (that
is,onaverage1s after behavior recovery). For datainb-d, black barsindicate
significant (P < 0.05, paired two-tailed t-test, Bonferroni corrected) changes from
baseline ([-10, -5] s). Gray regions indicate the average timing of trials where no
behavioral responses were recorded for each omission type. Blue circles indicate
average timing of valid responses before or after each omission type. Red crosses
indicate average timing of the omission trial onset. Data are presented as mean
values * s.e. (standard error across segments). Participant-level averages are
provided in Extended Data Fig. 9. The exact Pvalues are in Supplementary Table 1.
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and pupil diameter also covaries with these neural signatures®. Our
results suggest that asimilar dynamic of temporally structured noradr-
energicfluctuations could appear during sleep-deprived wakefulness.
In addition, these events could also occur infrequently during rested
wakefulness, when attention fails. Other neuromodulators are also
correlated with pupil diameter and could contribute®*®, although our
hemodynamic datasuggest a substantial role for the vasoconstrictive
effects of the noradrenergic system®. The dynamics we report were
observed during eyes-open wakefulness, demonstrating that brief
shifts in attentional state are sufficient to elicit these coordinated
changes. Our results could thus be consistent with sleep deprivation
causing a destabilization of the ascending arousal system, with brief
failures of its wakefulness-promoting actions leading to attentional
dysfunction, neuronal arousal suppression and CSF flow.

Our finding that attentional shifts and pupil diameter are linked
to large-scale CSF flow, detectable even in the ventricle, suggests a
neuromodulatory mechanism that could potentially explain these
dual effects. A primary driver of CSF flow is changes in the vascula-
ture, as dilation and constriction of blood vessels in turn propels CSF
flow'®?>?¢707% Because noradrenaline is a vasoconstrictor®, drops in
locus coeruleus activity could decrease neuronal arousal state while
dilating cortical blood vessels and constricting the pupil. This would
result in an outward flow in the fourth ventricle detected several sec-
onds later, which then would invert as attention recovers and noradr-
energic activity increases, reflected in the subsequent pupil dilation.
Anexcitingimplication of these dynamicsis that pupil diameter could
potentially provide anoninvasive, accessible readout of signals related
to CSF flow.

Another major driver of CSF flow in awake humans is the cardiac
andrespiratory cycles, whichwere tightly associated with the dynam-
icsreported here and could reflect several parallel pathways. Cardiac
andrespiratory cycles are directly locked to CSF pulsations, as arterial
pulsationsacross the cardiac cycle and reductionsin thoracic pressure
duringinspiration can mechanically propel CSF flow'®’*”, In addition,
thelocus coeruleusisinterconnected with the pre-Botzinger complex,
the brainstem’s primary respiratory rhythm generator’. Thus, the
coupled respiration-CSF-pupil activity we observed may reflect the
joint modulation of breathing and arousal””’®, The locus coeruleus
has not only ascending but also descending projections, synapsing
onto preganglionic sympathetic neurons inthe spinal cord, which can
contribute to coupled dynamics in neural and systemic physiology”.
Finally, respiratory fluctuations also influence blood oxygenation and
hemodynamics, potentially modulating vasoconstriction that further
contributes to CSF dynamics.

Animportant question for future work is to investigate whether
and how these dynamics are linked to solute transport in the brain.
Prolonged wakefulness leads to a buildup of toxic metabolic waste
products® %, suggesting that more fluid flow would be needed after
sleep deprivation. However, the specific consequences of large pul-
satile CSF waves for solute transport are not yet established. The CSF
waves measured here arerelatively high velocity (>1 cm s™), lasting~10 s
for both the inward and outward phases, indicating that CSF travels
many centimeters during each wave, which may be expected to drive
solute transport and mixing. In addition, the global hemodynamic
waves suggest that this process is coupled to vascular oscillations
throughout the brain tissue, which could alter solute transportin the
perivascular space. However, the noninvasive methods used in this
study could not measure waste clearance, so these possibilities need to
betestedin future studies. The observed CSF waves are bidirectional,
with sleep deprivation increasing waves in both inward and outward
directions, rather than net flow. Intriguingly, arecent study measuring
clearance in animal models found that noradrenergic oscillations are
linked to waste clearance within NREM sleep®. Our results suggest that
an analogous circuit may modulate large-scale CSF flow in humans
and furthermore that it can operate within the awake state during

attentional failures. Finally, although several studies have shown that
sleep clears the neurotoxic waste products that accumulate during
wakefulness**89818485 3 recent study reported the opposite pattern,
with reduced clearance during sleep®. In addition to other meth-
odological differences, the conflicting studies used different sleep
protocols for the awake measurements (rested wakefulness versus
sleep deprived), suggesting that sleep deprivation protocols might
be one factor to explore across experiments.

Anopen questionis why both attentional state and CSF flow would
be controlled by the same system. One possibility is that the large-scale
changes inblood volume that emerge during sleep may be nonoptimal
for the waking state, because prolonged drops could reduce oxygen
availability. Alternatively, a speculative possibility is that prolonged
CSF flow might be incompatible with stable attentional states, for
example, because high flow rates alter the concentration of signaling
molecules orionic concentrations thatarerequired for typical waking
function. However, we found that although CSF flow was tightly cou-
pledtobehavior, it did not exclusively occur during omissions (CSF flow
pulses continuously with lower amplitude during wakefulness'®**%,
and flow increased to a lesser degree during successful performance
with slow reaction times; Figs. 2 and 3), meaning that individual large
events of CSF flow do not prevent behavior. Alternatively, it could be
possible that sustained high-amplitude flow over longer timescales
interferes with behavioral performance, in which case it would be
beneficial to have a circuit that can provide a structured alternation
between high-attention and high-CSF pulsation states. Future studies
would be needed to test this theory.

Overall, our results demonstrate that the attentional failures
caused by sleep deprivation are coupled to a global neurovascular
event and large-scale brain fluid transport. When the brain lacks the
opportunity to sleep, it enters a suboptimal attentional state that
manifests with both sleep-like fluid dynamics and behavioral errors.
This coupling points to acentral neuromodulatory circuit that controls
both attentional state and brain fluid dynamics and shows that the
moments of attentional dysfunction we experience after sleep loss are
followed by the initiation of widespread fluid flow in the brain.
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Methods

Participants

The main experiment enrolled 32 healthy participants, of whom 26
successfully completed both study visits (7 men and 19 women; mean
age =25.6 years + 4.41years, range = 19 to40 years). No statistical meth-
odswere used to predetermine the sample size, but our samples are simi-
lar to those reported in previous publications'"****, The study included
more women than men due to the space limitations and restriction on
head circumference when wearing an EEG cap inside the MRI head coil.
All26 participants completed two experimental sessions spaced 8to 10
daysapart: awell-rested session and asleep-deprived session. The order
ofthe two sessions was counterbalanced across participants. Half of the
participants completed the rested wakefulness session first, whereas the
other halfcompleted the sleep-deprived session first. For the well-rested
condition, participants completed a full night of sleep at home, and
they arrived at thelab no later than 9:00 a.m. for a10:00 a.m. scan start
time. Inthe sleep deprivation condition, participants arrived at the lab
at approximately 7:00 p.m. and stayed overnight until completing the
scanthe following day. Participants were screened to ensure they had no
history of sleep, medical or psychiatricdisorders and good typical sleep
quality (sleep schedule of 6.5-9 h per night), as assessed by self-rating
questionnaires. Exclusion criteria included shift workers, participants
that had traveled across time zones in the 3 months before the study
and any magnetic resonance contraindication. All participants were
required tomaintainaregular sleep schedule for 1week before the visit,
withsleep before scans monitored by wrist actigraphy, to consume less
than 100 mg of caffeine daily before the study and to refrainfromalcohol,
caffeine and sleep-aid medications for 24 hbefore the day of the scan. All
participants provided writteninformed consent, and study procedures
were completed as approved by the Boston University Charles River
Campus Institutional Review Board (IRB 5059E). All participants received
monetary compensation as specified in the IRB protocol.

Overnight experimental design

During the sleep-deprived visit, participants were sleep deprived
overnight under constant monitoring by two staff members. At least
two researchers remained in the adjacent control room to verify con-
tinuous wakefulness during the sleep deprivation period. After arrival,
participants were fitted with an EEG cap for overnight monitoring.
Participants wore eye-tracking glasses (Tobii Pro 3 Glasses) throughout
the night except when performing testing sessions, for continuous
eye monitoring while the staff members logged any spontaneouslong
eyelid closures throughout the night. Research staff continuously
monitored the live video of participants’ eyes from the control room
during the sleep-deprived night. If the participant closed their eyes
for more than 2 s, a staff member requested that they open their eyes
and then engaged them in conversation to ensure wakefulness. If the
eye closure repeated frequently, staff members took participants on
a gentle walk. Between 6:00 a.m. and the morning scan, participants
took a shower, during which verbal confirmation of wakefulness was
obtained, and they were then provided with breakfast.

AnEEGwas recorded during four task testing blocks (TBs) during
the night of sleep deprivation (TB1: around 9:00 p.m., TB2: around
11:00 p.m., TB3: around 2:00 a.m., TB4: around 5:00 a.m.). Each block
consisted of three eyes-open resting-state runs (2 min) and two vigi-
lance task runs (12 min each). The vigilance task consisted of 12-min
runs of acomputerized aPVT and vPVT (details are provided in the next
section). Auditory and visual runs were counterbalancedin order. When
not involved in testing sessions, participants were allowed to carry
out their own preferred activities, such as reading, writing, listening
to music, watching TV or playing games. Lying down, sleeping and
vigorous physical activity were not permitted. Nonscheduled light
snacks were permitted, whereas caffeinated beverages, alcohol and
medications that can influence sleepiness were not allowed during
the deprivation protocol.

VvPVT and aPVT

Analyses of PVT included the data from both the aPVT and vPVT. Dur-
ing the aPVT (adapted from refs. 87,89), participants were instructed
to respond as fast as possible (by pressing a button) toa 0.5, 375 Hz
tone. Tones were presented binaurally atacomfortable volume through
magnetic resonance-compatible earbuds (Etymotic Research, ER3
transducers). Cushions were placed beside the ears to restrict move-
ment and to further reduce scanner noise. During the vPVT, partici-
pants were instructed to respond as fast as possible (by pressing a
button) when the fixation crosshair changed into a square. The two
visual stimuli were designed to have identical luminance to avoid
light-induced pupillary responses. For both task modalities, each
stimulus lasted 0.5 s, and intertrial intervals ranged from 5t010s. A
fixation crosshair was presented throughout. The total duration of each
task run was 12 min. Visual stimuli inside the scanner were presented
onaVPixx Technologies PROPixx Lite Projector (VPixx Technologies)
witharefreshrate of120 Hz.

MRI experimental design

Participants underwentfive fMRIruns: two runs of aPVT (12 mineach),
tworuns of vPVT (12 min each) and one run of eyes-closed resting state
(25 min). Auditory and visual run order were counterbalanced. Sixteen
participants successfully completed all four task runs for both visits;
ten participants completed a subset of these runs (for example, due
to an inability to stay awake in the later runs). If participants did not
successfully complete all task runs, the successfully completed runs
were still included in the analysis. Runs were excluded if participants
failed torespond to more than 20 trials, indicating that they could not
stay awake. This resulted in 198 runs from 26 participants (6 runs were
excluded). During the eyes-closed resting-state session, participants
were instructed to press a button on every breath in and breath out
as long as they were awake and were told that it was permitted to fall
asleep during the scan.

Sleep behavior analysis

Sleep-wake behavior datain the week before the sleep-deprived visit
were collected by actigraphy and stored as the sum (activity) of 30-s
intervals. These data were analyzed with Actilife (v.6.7, Actigraph),
using a sleep-wake detection-validated algorithm. Participants were
also instructed to keep notes of bed and rise times to help frame the
time in bed during which actigraphy data were analyzed.

EEG and fMRI data acquisition

Participants were scanned ona3 Tesla Siemens Prisma MRIscanner with
a64-channelhead/neck coil. MRIsessions began with al-mmisotropic
multiecho MPRAGE anatomical scan. Functional scans consisted of
single-shot gradient echo multiband EPIsequences with 40 interleaved
slices (2.5-mmisotropicresolution, TR =378 ms, MultiBand factor = 8,
TE =31ms, flip angle = 37°, field of view (FOV) =230 x 230, blipped
CAIPIshift=FOV /4 and no in-plane acceleration).

Additional sensors were used to record systemic physiology dur-
ing the MRI scan. Respiration was measured simultaneously using an
MRI-safe pneumaticrespiration transducer belt around the abdomen,
and pulse was measured with a photoplethysmogram (PPG) transducer
(BIOPAC Systems). Physiological signals were acquired at 2,000 Hz
using Acgknowledge software and were aligned with MRI data using
triggers sent by the MRI scanner.

EEG data were collected using a 64-channel magnetic
resonance-compatible EEG cap and BrainAmp magnetic resonance
amplifiers (Brain Products). Two reusable reference layers were custom
made to record ballistocardiogram (BCG) artifacts, asin Levitt et al.”°.
Asdescribedin Levitt etal.”’, with the use of areference layer, asubset
of EEG electrodes can directly record the BCG noise, enabling effec-
tive modeling and removal of this noise. This artifact signal can then
be used to regress out the BCG artifact from the EEG signals. The first
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reference layer, used for participants 1-6, was made from an ethylene
vinyl acetate shower cap (the inner, insulating layer) and a layer of
modal-lycra fabric (the outer layer), which were fastened together by
round, plastic grommets to create openings large enough toaccommo-
date the EEG electrodes, asin Luo et al.”’. These grommets were placed
over electrodes Fpz, Fz, AFz,FCz,Cz,Pz,POz,0z,F3,F4,F7,F8,T7,T8,
C3,C4,P3,P4,PO3 and PO4 and held in place with cyanoacrylate glue.
Holes were cutin the reference layer to site each grommet, and larger
holes were also made to allow the participants’ ears to pass through.
The outer layer of the reference layer was moistened with a solution
of baby shampoo, water and potassium chloride to make it conduc-
tive before each recording. Finally, the inner face of the EEG cap was
lined with Nexcare surgical tape (3M) to avoid wetting the EEG cap.
The second reference layer, used for participants 7-26, was designed
as reported in Levitt et al.”°. It was made from a layer of stretch vinyl
(Spandex World) coated in PEDOT ESD500 and P1900 ink (PEDOTinks.
com), with grommets placed over Fpl, Fp2, F3, F4, C3, C4, P3, P4, 01,
02,F7,F8,T7,T8,P7,P8,Fpz,AFz,Fz,FCz, Cz,Pz,POzand Ozandlarge
holes for the participants’ ears. For this reference layer, no conduc-
tive solution or tape was needed. Before each recording, electrode
impedances were measured. To ensure safety, participants were not
allowed to proceed to EEG-fMRI recordings unless the impedance of
all channels was below 100 KQ; however, a lower impedance of less
than 50 KQ was targeted for signal quality. EEG data were collected at
a sampling rate of 5,000 Hz, synchronized to the scanner clock and
referenced to channel FCz.

EEG preprocessing

Gradient artifacts were removed through average artifact subtraction®
usingamovingaverage of the previous 30 TRs. All electrodes were then
rereferenced to the common average, separately for electrodes con-
tactingthe head and the electrodes placed onthe reference layer. Elec-
tromyogram and electrocardiogram channels placed onthe chinand at
the back were excluded from the common average. BCG artifacts were
removed using regression of reference electrode signals”. Because
the position of electrodes and physiological noise dynamics can vary
over therecording sessions, we implemented a dynamic time-varying
regression of the reference signals in sliding windows”>**. Denoised
EEG spectrograms enabled clear visual detection of arousal-locked
EEG dynamics (Extended Data Fig. 7a).

EEG spectral analysis

We used EEGLAB” and MATLAB (R2022a, MathWorks) to analyze EEG
data. Continuous EEG data were downsampled to 500 Hz and then
bandpass filtered with an EEGLAB antialiasing filter to 0.2-40 Hz. Inde-
pendent component analysis was used to remove components reflect-
ing eye movements and muscle activity. EEG PSD was calculated using
multitaper spectral estimation (Chronux®), using 5-s windows and five
tapers. Further analysis was performed on EEG channel POz because
this channel consistently had good quality data across participants.
The EEG POz channel was used to calculate PSD with 5s windows and
five tapers. For normalized EEG power spectrogram analysis, power
values for each trial and each frequency were zscored.

Analyses of the spectral slope of the EEG signal collected over the
night of sleep deprivation (outside of the fMRI scanner) used channel
POz. The PSD from 0.5 to 35 Hz was estimated using the multitaper
method in 10-s epochs with 0.1s overlap, which were subsequently
used to extract the slope of afitted model using the FOOOF algorithm
in the 1- to 35-Hz range™®. To separate the aperiodic and oscillatory
component of the PSD, we used FOOOF to calculate aninitial linear fit
of the spectrum in log-log space and subtracted the results from the
spectrum. A Gaussian functionwas then fitted to the largest peak of the
flattened PSD exceeding two times the standard deviation. This proce-
durewasiterated for the next largest peak after subtracting the previ-
ous peak until no peaks were exceeding the minimum peak threshold.

FOOOF settings were kept default with the exception of minimum peak
height limits set to be over 0.3 dB. The oscillatory components were
finally obtained by fitting a multivariate Gaussianto all extracted peaks
simultaneously. After theiterations, theinitial fit was added back to the
flattened peak-free PSD, resulting in the aperiodic component of the
PSD. Afterward, this aperiodic component was fitted again, leading
to the final fit with aperiodic intercept and exponent as parameters.
The fitted Gaussian functions were referred to as an oscillation-only
spectrogram. The aperiodic features were estimated using a sliding
window approach with 5-s window length and stepping every 0.3 s.

Sleep scoring

One participant in the well-rested session and one participant in the
sleep-deprived session did not have valid EEG recordings during the
resting-state scan and were thus excluded from the sleep analysis. The
remaining 24 participants’ sleep EEG data were used in sleep scoring
and segmenting the BOLD fMRI data into sleep stages (Fig. 1e and
Extended DataFig.1a).Sleep scoring was performed on preprocessed
EEG data using the Visbrain toolbox by two scorers following the stand-
ard AASM scoring guidelines®*. Consistent with standard sleep scor-
ing, we observed increased low-frequency power during sleep both
after normal sleep and after sleep deprivation and increased alpha
frequency power during the awake state (Extended Data Fig. 7b). Disa-
greements in sleep scores were further discussed and resolved with a
third experienced scorer.

Eye tracking and pupillometry

Eyetracking over the sleep-deprived night (8:00 p.m.t0 6:00 a.m. the
next day) was performed with eyeglasses (Tobii Pro Glasses 3) with
rear-facing infrared cameras. Pupil size was recorded in the morning
during EEG-fMRI scans using a magnetic resonance-compatible eye
tracker (EyeLink 1000, SR Research) at a sampling rate of 1,000 Hz.
Theeyetracker was placed at the end of the scanner bore, such that the
participant’s left eye could be tracked via the head coil mirror. Before
each task run, we began with a calibration of the eye tracker using the
standard five-point EyeLink calibration procedure. Moments when the
eye tracker received no pupil signal (that is, during eye blinks) were
marked automatically during acquisition by the manufacturer’s blink
detection algorithm. Pupil data were preprocessed offline. Missing
andinvalid dataduetoblinks were replaced using linear interpolation
for the period from 100 ms before blink onset to 400 ms after blink
offset. Missing data due to longeyelid closures (>1 s) were marked but
not interpolated because these segments were later used to detect
microsleeps. Following the automated interpolation procedure, the
data were manually checked and corrected if any artifacts had not
beensuccessfully removed. Twenty-one runs were excluded fromthe
pupil diameter analysis due to technical issues with the eye tracker, and
6 were excluded due to failed video recording, yielding 171 valid runs
from 26 participants. Figure 3 analyses used data from these 171 runs.
We normalized the pupil diameter time series to zscores. For analyses
of pupil responses aligned to either CSF peaks or omission trial onsets,
we epoched the pupil time series around each event of interest relative
toeventonset. Werejected pupil epochsifthey contained >1-s consecu-
tive long eyelid closures within the raw data.

MRI preprocessing
The cortical surface wasreconstructed from the MPRAGE volume using
recon-all from Freesurfer version 6 (refs. 96,97). All functional runs were
slice-time corrected using FSL version 6 (slicetimer; https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki) and motion corrected to the middle frame using
AFNI (3dvolreg; https://afni.nimh.nih.gov/). Each motion-corrected
runwas thenregistered to the anatomical data usingboundary-based
registration (bbregister).

We defined the left and right hemisphere cortical gray matter ROIls
using the automatically generated Freesurfer-derived segmentations
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of cortical gray matter. Cortical time series were converted to percent
signal change by dividing by the mean value of the time series after
discardingthe first 20 volumes to allow the signal to reach steady state.

CSF inflow analysis

CSF inflow analysis used the raw acquired fMRI data with slice-timing
correction but without motion correction, as motion correction cor-
rupts the voxel slice position information needed for inflow analysis,
and motion correction cannot be accurately performed on edge slices
where tissue moves in and out of the imaging volume. All analyses
therefore were performed on segments with framewise displacement
of <0.5mm, and segments with high motion were marked and rejected
from any further analysis. To identify the CSF ROI, we registered the
single-band anatomical reference scan (SBRef), acquired right before
each functional scan, to the participant’s anatomical T1image. The
SBRef scan matched the functional scan in sequence parameters but
was acquired without multiband, allowing us to obtain an anatomically
defined ROl on animage that was distortion matched to the functional
scans. The CSF ROIwas manually traced on the anatomical SBRefimage
and was defined as the CSF voxels in the bottom four slices of the fourth
ventricle for each scan for each participant. The ROI did not include
edge voxels to minimize partial volume effects, resultinginan ROl that
was smaller than the full ventricle width. The researcher was blinded
to condition (rested versus sleep deprived) while selecting the CSF
ROIs. We extracted the mean signal in this region as the CSF inflow
signal. All CSF inflow time series were highpass filtered above 0.01 Hz
and converted to percent signal change by dividing the value of the
time series by the 15th percentile value (because the CSF signal has a
floor due to only measuring inward flow with the acquisition scheme
used in the main experiment). CSF time series were upsampled to a
new sampling frequency of 4 Hz using spline interpolation before
stimulus-locked averages were calculated. Average CSF inflow signals
(for example, Fig. 3f) typically show positive baseline values because
CSF pulses continuously.

CSF peak-locked analysis

Peaks in the bandpass-filtered CSF signal (0.01-0.1 Hz) during tasks
were identified by identifying local maxima that surpassed an ampli-
tude threshold of 30%. These peaks (n = 400) were then used to extract
a peak-locked signal (-30 to 30 s relative to the CSF peaks) in pupil
diameter (bandpass filtered at 0.01-0.1 Hz). To test for statistical
significance of the peak in the pupil signal, we used a time-binned,
two-sided t-test, averaging the signal in 2-s bins, testing whether the
signal was significantly different from baseline ([-30, -28] sin Fig. 3).
The P value was Bonferroni corrected for the number of time bins
(number of bins =30), and time bins with corrected Pvalues less than
a=0.05were considered significant.

IRF model estimation

We generated 1,000 candidate IRFs using the gamma distribution with
varying shape and rate parameter. We selected the IRF that yielded the
highest correlation between the IRF-convolved pupil and the cortical
gray matter BOLD signal.

Spectral power analysis

Spectral power of BOLD and CSF signals was calculated using Chronux
multitaper spectral estimation (five tapers). Power was estimatedin the
60-s segments classified as awake, N1, N2 and N3, and the mean power
in each participant was calculated from all low-motion (framewise
displacement of <0.5) segments. N3 was not analyzed because only
five participants entered N3. Statistical testing across spectra was
performed with a permutation test that shuffled segments and then
comparedinfrequency bins corresponding to the bandwidth (0.05 Hz),
with Bonferroni correction for the number of frequency bins. Pairwise
comparisons of mean low-frequency power (0.01-0.1 Hz) in Fig. 1f-h

were computed within the participants who had awake datain both
well-rested and sleep-deprived visits (n = 18) using a paired t-test. The
distributions of spectral power of BOLD and CSF were assumed to be
normal when performing ¢-tests, but this assumption was not formally
tested.

Behavioral analysis

Behavioral analyses (Fig.3) included datafromboth theaPVT and vPVT.
Because mean performance varies across visual and auditory tasks,
the omission rate comparison was performed separately for vPVT and
aPVT (Fig.3b; P< 0.001for each task).

Omission-locked analysis

For Fig. 4, awake omissions (n = 364) wereidentified in26 participants,
after excluding any omissions with simultaneous eyelid closures longer
thanls, excluding any segmentsscored as sleep based on the EEG and
excluding high-motion segments. All omissions during confirmed
wakefulness periods were marked and their stimulus onset times were
used to extract omission-locked signals in the EEG, pupil diameter,
heartrate, respiratory flow rate, respiratory volume per time, periph-
eral vascular tone and CSF signal. Analyses of the spectrogram of the
EEG signal collected inside the fMRIscanner used channel POz, calcu-
lated in the 0.5- to 30-Hz range using the multitaper method in 10-s
epochs with a 0.1-s overlap. They were subsequently used to extract
the oscillation-only spectrogram using the FOOOF algorithm in the
1- to 25-Hz range. To test for statistical significance of clusters in the
EEG spectrogram and EEG oscillation-only spectrogram, the spec-
trograms were averaged and compared to a baseline window spectral
power (-20to -10 srelative to omission onset) using a paired two-tailed
t-test. The P values corresponding to each pixel of the spectrogram
were corrected with a false discovery rate of less than 0.05. To test for
statistical significance of the peak in CSF, EEG broadband power, pupil
and systemic physiology signals, we considered the window[-20,-10] s
before the omission trial onset as baseline. Statistical significance
was then calculated for the remaining window in 1-s bins: the signal in
each bin was averaged and then compared to baseline using a paired
(within-trial) two-sided ¢-test (P < 0.05). The P value was Bonferroni
corrected for the number of time bins tested.

Additionally, three types of omissions (A, Band C) were separately
analyzed by finding omissions that were preceded and followed by valid
responses (Type A), the first of three or more consecutive omissions
(Type B) and the last of three or more consecutive omissions (Type
C). Eye-tracking videos were used to identify and exclude trials with
long eyelid closures (>15s). In total, 62 series of continuous omissions
without long eyelid closures were identified. One Type B event and
five Type C events were rejected due to high motion. The remaining
omissions (Type A n=127, Type B n =61, Type C n=57) were marked,
and their stimulus onset times were used to extract omission-locked
signals. Because this analysis focused on post-trial effects at recovery
versus drops of attention, the analysis window was set to [-10, 30] s
and the baseline was set to [-10, -5] s.

Systemic physiology

Thetransducer recording the PPG signal was placed on the left index
finger, making sure heartbeats were visible inits signal. MRI scanner
triggers were co-recorded with the physiological signals to allow data
synchronization. We first removed artifactual spikes from the data by
replacing time points exceeding 4 s.d. above the mean with the mean
signallevel. Low-pass filtering was then performed on the PPG and res-
piration belt signals at 30- and 10-Hz cutoffs, respectively. From the
PPGsignal, anindicator for peripheral vascular volume was derived by
calculating the standard deviation of the PPG signal in 3-s segments,
whichis ameasure of the excursion amplitude caused by the cardiac
beatand is proportional to the volume of blood detected by the PPG
sensor’®. The variation in heart rate was computed by averaging the
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differences between pairs of adjacent heartbeats contained in the
6-s window around each trigger and dividing the result by 60 (beats
per minute). The filtered chest belt signal was used to derive ameas-
ure of respiratory flow rate, which previously was found to strongly
affect the fMRI signal throughout the brain®*'°°, This was done by
taking the derivative of the low-pass-filtered belt signal, rectifying
itand applying a secondary low-pass filter at a cutoff of 0.13 Hz. The
respiratory volume per time was calculated using the standard devia-
tion of the respiratory waveform onasliding window of 6 s centered
ateach trigger.

Bidirectional flow experiment

The bidirectional flow measurement in Extended Data Fig. 6 used an
independent cohort and new acquisition protocol designed to simul-
taneously measure inward and outward CSF flow. Ten healthy adults
(four women and six men; age range 22 to 29 years, mean 24.1) were
included. The same health and MRI exclusion criteria as for Experi-
ment 1 were used. Allindividuals participated in a single scan session
scheduled for 10:00 a.m. To induce attentional failures, participants
underwent self-monitored sleep restriction in their homes, sleeping
only 4 h the night before the scan. Scans were performed on a 3T Sie-
mens Prisma scanner with a 64-channel head and neck coil. Anatomi-
cal scans used a 1-mm isotropic multiecho MPRAGE. Functional runs
were acquired using TR =593 ms, 2.5-mm isotropic resolution, eight
slices, FOV =230 x 230, TE = 31 ms, no multiband, flip angle = 51° and
noin-plane acceleration. The acquisition volume was positioned with
thetopsliceintersectingthe narrow opening of the fourth ventricle and
thebottomslice at the base of the ventricle, allowing us toimage both
inward and outward CSF simultaneously (but not allowing acquisition
of global BOLD signals). Analyses were performed locked to allisolated
omissions, with an omissionimmediately preceded and followed by a
hit. For analysis of outflow dynamics, the CSF ROl was manually traced
with the top threesslices of the imaging volume; for the inflow dynam-
ics, the CSF ROl was traced with the bottom two slices of the imaging
volume. All CSF outflow and inflow time series were converted to per-
cent signal change by dividing the value of the time series by the 15th
percentile value. The percent signal change in CSF outflow signal was
inverted for display (Extended DataFig. 6b) so that down represented
outward flow in both time series.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper.
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Extended Data Fig. 2 | Pupil cross-correlation with the CSF signals during
drowsiness. Cross-correlation was computed between pupil and CSF during two
different conditions: 1) 60 s segments in rested wakefulness, 2) 60 s segmentsin
sleep deprivation. All segments had at least one response time that was longer
than 500 ms. Maximal cross-correlation r was observed during sleep-deprived

condition with at least one CSF peak. A negative lag indicates pupil activity leads
CSF activity. Segment length was 60 s. Black bars indicate significant (rested
segments: n = 571; sleep deprived segments: n =412; p < 0.05, paired t-test,
Bonferroni corrected.) Data are presented as mean values + standard error.
Shading is standard error across segments.
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Extended DataFig. 5| Replication of Fig. 4 analysis using either subject- corrected). Data are presented as mean values + standard error across subjects.
level statistics (panels A-F) or linear mixed-effects models (panels G-L). For panel G to L: Black bars with stars indicate significant changes from

For all panels: Analysis excluded subjects with less than 4 omission trialsin baseline =[-20-18]s (N =19 subjects, linear mixed-effects model (signal value at
all visits. For panel A to F: Black bars with stars indicate significant changes every time point: value ~ 1+ (1|subject). FDR corrected p values < 0.05.) Data are
from baseline = [-20 -18]s (N =19 subjects, p < 0.05, paired t-test, Bonferroni presented as mean values + standard error across trials.
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between omissions and CSF flow. CSF flow moves outward at the omission, and
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values + standard error across segments.
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Clinical data

MNXXXNXXX s
Oooooogd

Plants

Plants

n/a | Involved in the study

|Z| D ChlIP-seq
|Z| D Flow cytometry

Palaeontology and archaeology D |Z| MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. o ) )
Authentication Describe-any authentication procedures for-each seed stock used-or novel-genotype generated. Describe-any-experiments used to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Resting state and event-related

We aimed to collect two 12-minute visual psychomotor vigilance task and two 12-minute auditory psychomotor
vigilance task runs with each subject if the subject remained comfortable inside the scanner. We also aimed to collect at
least one 25-minute resting state run if the subject remained comfortable. The specific number of runs varied across
subjects on whether they were comfortable with the headphones used inside the scanner.

Behavioral performance measures  This is fully reported in the Methods section. We recorded the number of valid responses and the corresponding

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI D Used

Preprocessing

Preprocessing software

Normalization

Normalization template

reaction times. The number of omission trials, mean of reaction times, and eyetracking data were used to establish that
the subjects were performing the task as expected.

structural and functional
3T

Subjects were scanned on a 3 Tesla Siemens Prisma MRI scanner with a 64-channel head/neck coil. MRI sessions began
with a 1mm isotropic multi-echo MPRAGE anatomical scan. Functional scans consisted of single-shot gradient echo
multi-band EPI sequences with 40 interleaved slices (2.5mm isotropic resolution, TR=378ms, MultiBand factor=8, TE=31
ms, flip angle=37, FOV=230x230, blipped CAIPI shift=FOV/4, and no in-plane acceleration).

The area of acquisition covered as much cortex as possible, and was positioned so that the bottom slice was intersecting
with the forth ventricle, without including the eyes since that increase the noise level.

Not used

Preprocessing of MRI data was performed using Freesurfer 6.0 and FSL version 6.0.1. Anatomical images were automatically
segmented using Freesurfer's function recon-all. Functional images were slice-time corrected using FSL and motion corrected
using AFNI.

Eyetracking event-locked data were normalized so that they have mean of 0 and standard deviation of 1 using zscore
function in MATLAB.

n/a
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Noise and artifact removal We used dynamic regression based on the concept of RETROICOR to remove signals driven by the heartbeat and respiration
from the data while allowing the peak frequency of these systemic physiological signals to vary over time. The cardiac signal
was bandpass filtered between 0.2 and 10Hz. Peaks of the cardiac signal were identified using the automated peak detection
technique in the Chronux toolbox, and the interpeak intervals were transformed into phases. The respiratory signal was
bandpass filtered between 0.16-0.4 Hz using a finite impulse response filter, and the instantaneous phase was computed as
the angle of the Hilbert transform. This phase information was transformed into sine functions, and the beta values were
estimated in a window of 1000s sliding every 400s voxel-wise using a general linear model. These values were then
interpolated across each time-point and used to remove each voxel's first and second harmonic frequencies of the cardiac
and respiratory signals.

We excluded trials with more than 0.5 mm of motion as estimated during motion artifact correction by AFNI.

Volume censoring n/a

Statistical modeling & inference

Model type and settings We generated 1000 candidate impulse response functions using the gamma distribution with varying shape and rate
parameter. We selected the impulse response function that yielded the highest correlation between the IRF-convolved pupil
and the cortical gray matter BOLD signal.

Effect(s) tested ANOVA was used to test whether the number of lapses during behavioral tasks and motion were related with low frequency
CSF power and low frequency global gray matter signal power. We tested for significant event-locked activity changes using
two-sided t-test.

Specify type of analysis: [ | whole brain || ROI-based X Both

To identify the CSF ROI, we manually traced the intersection of the fourth ventricle with the bottom 3
slices of the imaging frame for each run for each subject.

Anatomical location(s)
Statistic type for inference n/a
(See Eklund et al. 2016)
Correction FDR correction was used to identify significant clusters in EEG spectrogram. We corrected for multiple comparisons using the
Bonferroni correction in which we multiplied the p-vaue by the number of total tests run before testing if the p-value was
below 0.05.
Models & analysis

n/a | Involved in the study
|X| |:| Functional and/or effective connectivity

|X| |:| Graph analysis

|X| |:| Multivariate modeling or predictive analysis
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