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Abstract

During slow-wave sleep, synaptic transmissions are reduced with a concomitant reduction in brain energy consumption.
We used 3 Tesla MRI to noninvasively quantify changes in the cerebral metabolic rate of O, (CMRO,) during wakefulness
and sleep, leveraging the ‘OxFlow’ method, which provides venous O, saturation (SvO,) along with cerebral blood flow
(CBF). Twelve healthy subjects (31.3 5.6 years, eight males) underwent 45—-60 min of continuous scanning during
wakefulness and sleep, yielding one image set every 3.4 s. Concurrent electroencephalography (EEG) data were available
in eight subjects. Mean values of the metabolic parameters measured during wakefulness were stable, with coefficients of
variation below 7% (average values: CMRO, = | I8 & |2 umol O,/min/100 g, SvO, =67.0 +3.7% HbO,, CBF =50.6 +
4.3 ml/min/100 g). During sleep, on average, CMRO, decreased 21% (range: 14%—32%; average nadir =98 4 16 umol
O,/min/100 g), while EEG slow-wave activity, expressed in terms of d-power, increased commensurately. Following sleep
onset, CMRO, was found to correlate negatively with relative 6-power (r=—0.6 to —0.8, P < 0.005), and positively with
heart rate (r=0.5 to 0.8, P <0.0005). The data demonstrate that OxFlow MRI can noninvasively measure dynamic
changes in cerebral metabolism associated with sleep, which should open new opportunities to study sleep physiology in
health and disease.
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Introduction

The restorative function of sleep in the healthy brain is
well established, with sleep playing an important role in

'Laboratory for Structural Physiologic and Functional Imaging,

synaptic downscaling and homeostasis.'** In fact, when
sleep is disrupted or insufficient, both cognitive func-
tion and cardiovascular health are subject to deteriora-
tion.?> In the US, up to 40% of the population suffers
from various degrees of insomnia,* a condition that
is particularly prevalent in the elderly.” Fractured
sleep is known to have adverse implications on cogni-
tion and memory® and is likely to contribute to age-
related cognitive decline as well as to neurodegenera-
tive disorders, including Alzheimer’s and Parkinson’s
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disease.” Persistent insomnia also augments the risk for
hypertension, diabetes, stroke and heart disease.’

Madsen et al.® found that during deep sleep (slow-
wave sleep, SWS) the cerebral metabolic rate of oxygen
(CMRO>) was reduced by up to 25%, in contrast to
light sleep, where the decrement in metabolism was
only 5%.° The authors used invasive techniques involv-
ing repeated simultaneous sampling of arterial and
venous blood from the radial artery and internal jugu-
lar vein, respectively, along with infusion of '**Xe serv-
ing as an inert gas to determine cerebral blood flow
(CBF) via the Kety-Schmidt technique. From these
data, they were able to compute CMRO, as the prod-
uct of arterio-venous difference in O, saturation and
CBF. Boyle et al.,' using similar methods, found that
during polysomnographically verified sleep, cerebral
glucose utilization fell to a nadir of 72% and oxygen
consumption to 83% relative to wakefulness. PET
methods are also capable of imaging CMRO,,'" but
that approach is costly and cumbersome because it
requires three separate tracer injections. Further, nei-
ther of these methods provides the temporal resolution
needed to associate dynamic changes in CMRO, with
sleep stage. The availability of such a method would
therefore provide means to study patients with sleep
disorders and offer new insights into sleep-stage and
age-dependent alterations in brain oxygen utilization.

In this pilot study, we explored the potential of the
OxFlow MRI method, previously developed by some
of the authors,'> ' to quantify the hypothesized reduc-
tion in CMRO, during sleep, as well as following
awakening during continuous scanning. The method
allows measurement of CMRO, at a temporal resolu-
tion of seconds via a joint quantification of cerebral
blood flow (CBF) and venous oxygen saturation
(SvO»). Experiments were conducted on test subjects
first during wakefulness to evaluate technical and phys-
iologic stability of the derived quantities. The effect of
reduced consciousness was subsequently evaluated, ini-
tially without, and subsequently with, concurrent elec-
troencephalography (EEG) to relate the decrements in
CMRO:, following sleep onset to changes in slow-wave
EEG power.

Materials and methods

OxFlow MRI

The principles of OxFlow have been described exten-
sively elsewhere.!>!*!7 Briefly, the technique inter-
leaves susceptometry-based oximetry (‘Ox’) with
phase contrast-MRI (‘Flow’) without gating, using a
gradient-echo sequence with two or more echoes.
Venous oxygen saturation (SvO,) is retrieved from
two flow compensated, equal polarity echoes differing

in echo time, and blood flow (BF) is obtained from two
flow-encoded interleaves of the first echo, differing in
the first moment of the z-gradient along the direction of
flow. The present implementation was based on golden
angle radial k-space sampling with KWIC filtering,'?
subsequently referred to as rOxFlow.

Study protocol

General. The protocol for this feasibility study was sub-
mitted and approved by the University of Pennsylvania
Institutional Review Board (IRB# 832748) as guided
by the ethical principles set forth in the Belmont
Report. All participants provided written informed
consent before the examinations, in compliance with
the Health Insurance Portability and Accountability
Act. Toward quantifying CMRO, non-invasively
during two states of consciousness (wakefulness and
sleep) with rOxFlow, three sets of studies were per-
formed: the first examined the stability of the MRI
metrics in a phantom and subsequently in test subjects;
the second set of experiments evaluated the feasibility
of the protocol, in which the pulse sequence was run
with ‘eyes open’ (constrained to stay awake) and ‘eyes
closed’ (free to fall asleep), in the absence of EEG mon-
itoring. Finally, participants were scanned with concur-
rent EEG and rOxFlow during spontaneous
progression to sleep.

Temporal stability of the rOxFlow method ex vivo and in vigilant
test subjects. The stability of the rOxFlow method was
first evaluated in a flow phantom consisting of a vinyl
tube placed in a cylindrical plastic container, filled with
a 1.5% agarose gel doped with 0.1 mM Gd-DTPA. The
inner tube was filled with distilled water and connected
to an electrical pump (Masterflex L/S, Cole-Parmer,
Illinois, US). MRI data were acquired continuously
for 28 min. Flow velocity and background field-
corrected, inter-echo phase difference (A®) maps were
generated, from which total flow and A® in flow voxels
relative to surrounding stationary medium (ADgy,.
staic) were calculated over the time-course.
Subsequently, the stability of the rOxFlow-derived
parameters was assessed in five healthy subjects,
during 32min of wakefulness (Table 1). Participants
were prompted to watch a video and attested that
they were awake during the entire imaging period.

Whole-brain oxygen metabolism during wakefulness and
sleep. The purpose of these preliminary experiments
was to evaluate the feasibility of scanning subjects
during sleep, in terms of subjects’ ability to sleep in
supine position on the scanner table, and to determine
whether metabolic parameters could be retrieved
during progression from wakefulness to sleep.
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Table I. Participant characteristics.

Concurrent
Variable (units) Wakefulness Feasibility study EEG + rOxFlow
Number of participants 5 6 8
Sex (M/F) 32 3/3 6/2
Mean age (y) 31.4 (1.5) 328 (2.1) 304 (6.7)
Age range (y) 29-33 30-36 2240
Mean body mass index (kg/m?) 25.0 (3.7) 254 (2.6) 23.6 (2.7)
Body mass index range (kg/m?) 19.1-29.3 22.9-29.3 18.6-26.8
Duration of first wakefulness period® (min) 32 5 5-7
Duration of sleep period (min) 0 3045 30-35
Duration of second wakefulness period (min) 0 10-15 10-15
Protocol duration (min) 32 45-60 45-50

Note: Standard deviation is indicated in parenthesis.

?In the experiments involving sleep, there were two wakefulness periods before and after the sleep period, respectively.

The examinations were conducted in late afternoon.
MRI rOxFlow data were collected continuously for
45-60min in six healthy subjects (Table 1).
Participants were instructed to respond to a visual
cue, administered every 2min by squeezing the scan-
ner’s squeeze ball. They were deemed asleep in case of
missing response. If they responded to the second
visual prompt, they were asked to close their eyes to
initiate sleep. We refer to this initial time as ‘wakeful-
ness period,” W1. All subjects were awakened by the
operator via the scanner’s intercom after 30-40min
and urged to stay awake with eyes open for the final
10—-15min of the protocol (second wakefulness period,
W2). All subjects were required to report, after the
MRI protocol, whether they were able to fall asleep
in the scanner.

Once the feasibility of the protocol was demonstrat-
ed, MRI with concurrent EEG monitoring was per-
formed in another set of eight volunteers (see Table 1
for participant characteristics). Subjects underwent this
combined protocol between 8§ and 10 p.m. to facilitate
in-scanner sleep.

Some strategies were adopted to promote rapid sleep
onset: the scanner table was padded for comfort; a leg
cushion was provided to prevent back pain; during the
central portion of the acquisition scan room lights
were turned off, and gray noise was delivered through
MR-compatible headphones (for some but not all sub-
jects). EEG and MRI data were collected simulta-
neously and continuously for 50 min.

During the first 5-7min (W1), a standard visual
stimulus in the form of a white cross on black back-
ground was provided (for all but one of the subjects).
Participants were instructed to close their eyes after
extinction of lights, which served as a cue to indicate
that they were free to sleep. All subjects were awakened
by the operator via the scanner’s intercom after 30 min,
asked to press the squeeze-ball to confirm that they

were awake, and prompted to stay awake with eyes
open for the remaining 10-13min of the protocol
(W2). As in the feasibility study, all subjects were
required to report whether they were able to sleep.

Study participants. All the experiments were conducted
at the Hospital of the University of Pennsylvania.
Participants were recruited between October 2017 and
July 2019 from a pool of healthy subjects, with normal
sleep cycle (6-9h) and no overt current or past sleep
disorders. Preference was given to candidate subjects
who reported, based on prior experience, to be able
to fall asleep in the MRI scanner. Exclusion criteria
were claustrophobia, abnormal body mass index (out-
side the range of 18-30kg/m?). Collectively, 14 volun-
teers were scanned (Table 1). The experiments
involving EEG and MRI took place in late evening,
after the participant consumed a light dinner, to pro-
mote the onset of sleep. Sleep deprivation was not
required, but abstinence from caffeine or excitant
drink at the day of the examination was encouraged.
Two out of 14 volunteers participated in both the fea-
sibility and the actual EEG+MRI study.

MRI data acquisition

All MRI was performed at 3T (Siemens Prisma,
Erlangen, Germany) with subjects positioned supine,
head-first using a 64-channel head-neck coil. The coil
provided adequate space to connect cables from EEG
cap electrodes to the amplifier. For all human subject
scans, the MRI protocol comprised the following
sequences: T1-weighted high-resolution anatomic scan
for brain volume estimation, used for normalizing
CMRO, and CBF to 100g of tissue; sagittal scout
angiogram visualizing brain and neck vessels, as a
means to identify superior sagittal sinus (SSS) and
carotid bifurcation; time-of-flight axial scans to
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prescribe two slices, one each at the level of the SSS and
internal carotid and vertebral arteries. For the time
series quantification of CMRO,, both blood flow
and venous oxygen saturation are measured at the
SSS. However, since the latter drains the cerebral
cortex only, total CBF (tCBF) quantification requires
measurement of flow velocities in all inflow conduits
(internal carotid and vertebral arteries), which is
more involved, and which is therefore conducted once

before initiation of the time series. A calibration factor

f __ tCBF.a
¢ 7 SSSBF

puted as described in Rodgers et al.'*

is thus obtained from which tCBF is com-

tCBF = f.-SSSBF (1)
Imaging parameters are listed in Table 2.

The rOxFlow sequence uses golden angle radial
k-space sampling (more details in Cao et al.'?). TR of
the sequence was seclected based on the tradeoff
between temporal resolution and EEG-data contami-
nation: TR =50 ms allowed achieving a temporal res-
olution t,s=3.4s (2xTRx34, with 2 the number of
flow encodings and 34 the number of views in the cen-
tral portion of k-space); 1/TR corresponded to a fre-
quency of 20Hz, out of the EEG bands of interest
needed to establish the onset of sleep. The MRI acquis-
itions were preceded by the EEG cap placement and
preliminary EEG tests (see below). The acquisition pro-
tocol is illustrated in Figure 1.

Table 2. Imaging pulse sequence scan parameters.

Other physiological parameters. Participants’ hemoglobin
concentration (Hb) was measured from a finger stick
blood sample (Hemocue Hb 201+, HemoCue America,
CA, US), performed in triplicate, from which the aver-
age reading was calculated. Arterial oxygen saturation
(Sa0,, in %HbO,) and heart rate (bpm) were recorded
during the entire rOxFlow protocol by a pulse oximeter
finger-probe (Veris Medrad 8600, Bayer, PA, US).

EEG data acquisition

EEG data were recorded in the MRI scanner using a
15-channel customized MR-compatible sleep cap and a
32-channel amplifier (BrainAmp MR Plus, Brain
Products GmbH, Gilching, Germany). Scalp electrodes
were placed according to the international 10-20
system (see Figure C.1 in Suppl. Mat.). Once the
EEG cap was in place, the signal quality was tested
comparing the a-wave component during eyes open
and closed, outside the scanner and inside the scanner,
before running the MRI sequence. EEG data were then
recorded continuously during the entire sleep protocol,
while MRI data were collected.

Data processing

Processing of MRI data. Image reconstruction'”> and
extraction of MRI hemodynamic parameters (CBF,
SvO,, CMRO,) were performed with in-house
MATLAB scripts (MATLAB R2016b MathWorks,
Inc., Natick, MA). First, the radial k-space data were

Parameter (units) TI1-MPRAGE TOF CBF Calibration scan rOxFlow
Objective Brain volume vessels calibration factor CMRO,, CBF, SvO,
estimation localization to upscale the SSSge quantification
Repetition time, TR (ms) 2200 17 12 (x4)* 50 (x2)*
Echo time, TE (ms) 243 5.56 5.52 (head) 5.50
5.34 (neck)
Echo spacing (ms) N/A N/A N/A g°
Inversion time, Tl (ms) 900 N/A N/A N/A
Flip Angle, FA (°) 8 20 15 20
Bandwidth, BW (Hz/Px) 250 78 320 278
Recon matrix 224 x 224 256 x 192 208 x 208 240 x 240
Number and orientation of slices 160, sagittal 50, axial 2¢, axial |, axial
Slice thickness (mm) I 5 5 5
Field of view, FOV (mm?) 224 x 224 220 x 220 208 x 208 (head) 240 x 240
176 x 176 (neck)
Velocity encoding, VENC (cm/s) N/A N/A 50 (head) 76
80 (neck)
Temporal resolution (s) N/A N/A N/A 34

?Considering the two-velocity encoding gradient settings and the slice(s).
®Between echoes at equal polarity.
“Interleaved.

CBF: cerebral blood flow; CMRO,: cerebral metabolic rate of oxygen; SSSgg: superior sagittal sinus blood flow; SvO,: venous oxygen saturation;
TI1-MPRAGE: T|-weighted magnetization prepared rapid gradient echo; TOF: time of flight.
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sagital awakenin
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Figure |. Concurrent EEG and radial-OxFlow (rOxFlow) acquisition sequence. EEG set-up is followed by acquisition of anatomic
T1- weighted images for the determination of brain volume, and time-of-flight (TOF) axial and sagittal angiograms, used to prescribe
two slice locations for phase contrast (PC)-MRI at the head and neck levels (SSS: superior sagittal sinus, indicated in blue; IC-v.art:

internal carotid and vertebral arteries, indicated in red). At the SSS |

ocation, the concurrent EEG+rOxFlow acquisition is performed

with eyes open (in the presence of a neutral stimulus), or eyes closed (lights off). After 30—35 min, the subject is prompted to squeeze

the ball to indicate that he/she is awake.

corrected for phase errors due to gradient-induced eddy
current effects.'® A KWIC (k-space weighted image
contrast) filter was applied to the data:'® 34 views
were used to encode the central k-space region, while
a progressively higher number of views were included
towards higher k-values. At the outer-most region of
k-space, 610 views were employed, satisfying the
Nyquist sampling criterion for a 240 x 240 matrix."”
A sliding-window of 34 views was used for the dynamic
series, and the reconstruction window consisted of 610
views. This reconstruction scheme yielded a temporal
resolution of t..s =3.4s (2x TR x34, with the factor of 2
accounting for the number of velocity encodings,
TR =50 ms) and temporal footprint (time required to
acquire all 610 views) of ty,=61s (2xTRx610). For
regridding (resampling of radial MRI data onto a
Cartesian grid), the weights provided by the KWIC
filter were used in conjunction with non-uniform fast
Fourier Transform. For the wakefulness/sleep protocol
of 50 min, N = 30,000 projections were acquired, corre-
sponding to 864 image frames.

From the PC-MRI data, after phase-unwrapping,
blood flow was quantified in the SSS, and upscaled to
yield total CBF; SvO, was also quantified in the SSS
via MRI susceptometry.”’> CMRO, was then computed
by invoking Fick’s Principle!* '

CMRO, = C,-CBF - (Sa0, — SvO5) 2)
with C, being the O, carrying capacity of hemoglobin
(1.39ml O,/g[Hb]), where [HDb] is the hemoglobin
concentration, CBF the total cerebral blood flow,
Sa0, — SvO, the arteriovenous difference in fraction

of oxygenated Hb. CMRO, and CBF were finally nor-
malized to brain mass, assuming an average tissue den-
sity of 1.05 g/ml."> Mean and standard deviation (SD)
of the hemodynamic parameters were calculated in
each subject over the entire time-course.

Processing of EEG data. EEG data were preprocessed using
Brain Vision Analyzer software (Version 2.1, Brain
Products, Gilching, Germany). First, imaging and elec-
trocardiographic (ECG) pulse artifacts were removed
using the average artifact subtraction method,*!** includ-
ing a low-pass filter of 30 Hz. In brief, imaging artifacts
were automatically marked based on recurring patterns.
The thus-defined intervals were then averaged, and their
means subtracted from each interval. ECG pulse artifacts
were removed by constructing an average ECG artifact
template that was subtracted from the EEG data. Data
were then high-pass filtered (0.5 Hz cut-off). Thereafter,
independent component analysis was used to suppress
artifacts caused by eye movement, muscle activation,
temporal electrode noise and residual pulse artifacts, fol-
lowed by visual inspection.

After Fourier processing, EEG power values within
the total frequency range 0-30 Hz, i.e. comprising sub-d
(0-0.5Hz), 6 (0.5-4.0 Hz), 0 (4.0-8.0 Hz), o (8.0-12 Hz),
¢ (12-16 Hz), and p (16-30 Hz) bands were extracted.
Electrodes O1, O2, C3, and C4 were chosen as electro-
des of interest, as suggested by previous sleep stud-
ies.>*?* Specifically, the rising relative 5 power mainly
at the occipital level was indicated as the best measure
in distinguishing between sleep onset and waking.**
The onset of sleep was determined based on the
increase in J-power (0’) detected by the occipital
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channel O2, normalized to the entire power spectrum,>*
with ¢’ defined as

4
s — fO.S PSD(f)df

= 0 3)

i PSD(f)df
with PSD being the power spectral density and integra-
tion running from 0.5 to 4 Hz (numerator) or covering
the entire spectrum (denominator; see also Figure C.2,
Suppl. Mat.). This metric differentiates wakefulness
and sleep onset effectively.”* By averaging & over
30-s time-windows, the time-course was searched for
events of elevation in ¢ by>30% for more than
2min; these events were considered clues of sleep
onset. Short-duration fluctuations in ¢’ were attributed
to noise or involuntary head movement.

Statistical analysis

Statistical analysis was performed with SPSS Statistics
v20 (Armonk, NY: IBM Corp.). Differences in the met-
abolic parameters between the two wakefulness periods
(W1 and W2) and sleep (S) were evaluated with one-way
ANOVA. Homoscedasticity was assessed via Levene’s
test. Post hoc Bonferroni or Games-Howell tests were
used, respectively, for homogeneous and heterogeneous
variances. Associations between CMRO, and slow-wave
EEG spectral power density, and between CMRO, and
heart rate were evaluated via linear regression.

Results

Temporal stability of the rOxFlow method ex vivo and
in vigilant test subjects

The rOxFlow acquisitions in the flow phantom yielded
stable values for measured flow velocities, with a coef-
ficient of variation (CV)=20.6% along the time-series,
and negligible phase difference between the inner
tube (flow) and the surroundings (static material),
ADgov-siatic = 0.018 radians (see Figure A.1 in  Supp.
Mat.). The group-averaged time-courses of rOxFlow
derived hemodynamic and oximetric parameters
(CMRO,, SvO,, CBF) and SaO, (monitored via pulse
oximetry) from N =35 healthy subjects are plotted in
Figure 2(a). These physiologic quantities were found
to be stable during the 30min-wakefulness period,
with  CV(CMRO,)=~=6%, CV(SvO,)=~3%, CV
(CBF)=5%, CV(Sa0,)=0.7%. Mean and SD of the
parameters, averaged across the five subjects, were:
CMRO,;=118.1£ 12.0 umol O,/min/100 g, SvO,=
67.0 £ 3.7%HDbO,, CBF =50.6 4.3 ml/min/100 g,
Sa0,=96.8+ 1.0%HbO,. The maximum CV for

CMRO, was approximately 10%, for a dataset show-
ing evidence of significant head motion.

Whole-brain oxygen metabolism during wakefulness
and sleep: Results from the feasibility study

The temporal evolution of the rOxFlow metrics during
the wakefulness-sleep protocol is shown in Figure 2(b),
for a representative subject acquired without EEG
monitoring. The subject subsequently reported to
have descended into sleep during the ‘eyes closed’
period (white region in the plot). Notice the steep
decrease in CMRO,, which was reduced by 25%, rela-
tive to the pre-sleep wakefulness period (W1). This
reduction was mainly driven by an increase of 7% in
SvO, with respect to W1 during the declared sleep
period indicated in the graph. CBF did not change sig-
nificantly; however, during sleep, fluctuations in this
parameter were larger than in the awake state. Heart
rate (HR) time evolution paralleled CMRO, changes,
decreasing by approximately 14% during sleep, com-
pared to W1. Notice in Figure 2(c) the decrease in A®D,
corresponding to elevated SvO,, at time points t=8—
16 min, falling within the period of maximum CMRO,
reduction.

Among the six participants, four reported that they
were able to sleep, while two did not. The major
impediments to sleep initiation and maintenance were
acoustic gradient noise (these subjects were provided
with earplugs but not headphones with gray noise to
mask pulse sequence noise), and some physical discom-
fort (the scanner table was not fitted with leg cushions
at the time of the feasibility study). Despite failure of
subjectively perceived sleep, in one of the participants,
CMRO, decreased by as much as 17%, during drows-
iness (see Figure B.1 in Supp. Mat). In the group of six
subjects participating in the feasibility study, among
those who were able to sleep, average reduction in
CMRO, was 23.7+7.5% (range 14-32.3%).

EEG correlated CMRO, monitoring

Sleep onset and major impediments. Concurrent EEG+
rOxFlow acquisition was performed in eight subjects
(average age+SD =30.4+6.7years, age range 22—
40 years). According to participant self-assessments
and EEG data, four subjects (SO1, S02, S07, S08)
were able to sleep during the pre-determined period,
while staying awake for the initial and final parts of
the protocol (W1 and W2, respectively). As reported
by the subjects who did not manage to sleep, the pre-
vailing reasons preventing sleep onset were discomfort
due to the constraint to stay still in the supine position
(1 case), acoustic scanner noise (2 cases), skin irritation
caused by the dielectric EEG gel (2 cases);
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Figure 2. Radial OxFlow (rOxFlow) during wakefulness and sleep. (a) Temporal stability of rOxFlow during wakefulness. The group
means of the metabolic quantities extracted from a pool of five subjects are plotted as a function of time during 30 min of alert
wakefulness (CMRO,: cerebral metabolic rate of O,; SaO;: arterial O, saturation; SvO,: venous O, saturation; CBF: total cerebral
blood flow). Error bars represent standard errors. (b) Metabolic parameters measured in a subject (F, 36 years), self-reporting to be
able to fall asleep (arrowheads). Note the large drop in CMRO,, rise in SvO, along with drop in heart rate (HR). During the initial and
final portions of the protocol, the subject was awake, with eyes open. Vertical black line indicates the awakening through vocal
instructions. (c) Magnitude image showing the region encompassing the superior sagittal sinus (SSS, left). Colormaps of AQsss_ e,
phase difference between SSS (triangle) and a reference region in the tissue (rectangle) and velocity maps plotted for different time
points, in the subject of panel B. AQsss_ ¢ is used to compute SvO,, expressed as %HbO,. CBF was obtained as the product of voxel
velocity and SSS cross-sectional area and expressed in ml/min/100 g tissue. The respective SvO, and CBF values are inserted in the

image panels.

psychological factors, such as perceived pressure to
achieve the goal to fall asleep (2 cases), and mind wan-
dering (2 cases).

CMRO; reduction during and post-sleep. In the ‘successful’
cases (participants able to stay awake when needed,
and to sleep anytime between W1 and W2), a gradual
decrease in CMRO, was noticed after the initial wake-
fulness period, W1 (Figure C.3 in Supp. Mat.).
Considering temporal means over 5-min intervals, the
average reduction in CMRO, was 17.8% in these sub-
jects, with a maximum decrease of 24% in the study
group (Table 3). After the pre-determined sleep period,
in accordance with the forced awakening via scanner
interphone, there was a rapid, steep increase in
CMRO,, which stabilized during the final wakefulness
period (W2) around a value 8% below that of W1
(average over the sub-group of subjects able to sleep).

Among the ‘unsuccessful’ attempts (participants were
able to stay awake per protocol but failed to proceed to
sleep during the predetermined sleep period), in three
out of four subjects, CMRO, was reduced by ca. 8%
during the ‘eyes closed’ portion of the protocol but did
not differ between W1 and W2. In one subject who did
not manage to sleep (S06 F, 31y), CMRO, did not
decrease during the ‘eyes closed’ period; instead, it
was slightly elevated by 3%, and by 8% during W2
relative to W1. This participant reported that mind
wandering first and frustration for not being able to
fall asleep later prevented her to relax.

Association between CMRO, and relative &-power during
sleep. For the subjects able to sleep, the decrease in
the metabolic rate of oxygen was significantly associat-
ed with increase in ¢ power (r=-0.6 to —0.8; see
Table C.1 in Suppl. Mat.). On the other hand,
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Table 3. Cerebral metabolic rate of oxygen (CMRO,) during wakefulness and EEG-verified sleep.

% change % change
Participant Pre-sleep ‘eyes closed’ Post-sleep EC vs. W2 vs.
(sex, age) (Wl)a period (EC)b (W2)a Wi Wi
SO01° (M, 40y) 127 (3) 107 (3) 116 (4) —16 -8
S02° (M, 35y) 129 (3) 11 4) 118 (1) —14 -9
S03 (M, 22y) 119 (6) 108 (2) 113 (6) -9 -5
S04 (M, 23y) 121 (1) 114 (1) 118 (1) —6 -2
S05 (M, 32y) 95 (4) 87 (4) 102 (1) -9 +8
S06 (F 3ly) 129 (3) 133 (2) 140 (4) +3 +8
S07° (M, 36y) 104 (2) 79 (2) 98 (2) —24 —6
S08° (F, 24y) [ (3) 92 (1) 102 (1) —17 -9

Note: CMRO, expressed in pmol O,/min/100 g brain tissue. Standard deviations are indicated in parentheses.
*CMRO, was averaged over the pre-sleep wakefulness period and over the last 5 min of the post-sleep wakefulness period,

respectively in W1 and W2.
®The lowest CMRO, averaged over 5-min intervals.

“The subject self-assessed to have been asleep during the ‘eyes closed’ period, and onset of sleep was confirmed by EEG for this

dataset.
W : initial ‘eyes open’ period, constraint to stay awake; EC: ‘eyes closed’ period, allocated to sleep; W2: final ‘eyes open’ awake
period.
(@) (b) (c)
%0
80 Sub-5 (0-0.5 Hz)
Bistopen 5(0.54.0Hz)
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Figure 3. CMRO,; and temporal evolution of J-power. (a) Power spectral density ratio ¢’ recorded by the O2 channel, superimposed
on CMRO, time-course for a subject with onset of sleep occurring in the central portion of the protocol (SOI M, 40 years). Shaded
regions represent the periods of alert wakefulness (W1 and W2). Average values over 5-min time windows are depicted, together
with the standard deviation (SD). For each 5-min interval, CMRO, is compared with the pre-sleep average, reaching a maximum
relative decrease of 16% in this subject ("*P < 0.005; **P =0.001; **P < 0.0001). (b) EEG power bands recorded by the cortex
electrode O2 during the EEG+rOxFlow protocol for the same subject. The data show increased low-frequency components (sub-d,
0, 0) between 20 and 30 min, and decreased a-activity during W1 and W2 (0-5 min and 40—45 min, respectively). (c) Correlation
between CMRO, and d-power ratio (6’(02)), in the same subject. Markers represent average values over 2.5 min successive time

windows, with error bars indicating SD.

CMRO; and ¢'-power were generally not correlated in
participants unable to sleep. Figure 3(a) shows CMRO,
and ¢'(02) time-series plotted jointly for one of the
subjects (S01), who successfully descended into sleep
while in the ‘eyes closed’ condition: sleep onset is indi-
cated by a gradual increase in the J-power density

ratio, paralleling the decrease in CMRO,. Comparing
average values over 5-min time windows, approximate-
ly at the center of the ‘eyes closed’ period, CMRO,
reached a minimum (—16% relative to WI1) and
remained significantly below W1 values (P <0.0001),
until the subject was awakened. Post-sleep CMRO,
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did not return to the pre-sleep value during the final
10 min of observation (P < 0.005). Paralleling the max-
imum CMRO, reduction, ¢ (O2) increased by 57%
relative to the pre-sleep value (25-30 min; P < 0.0001).
The EEG power spectrum during the W1 and W2 peri-
ods is plotted in Figure 3(b), together with the spec-
trum during sleep. The power associated with two slow
wave frequency bands, sub-6 and J, increased substan-
tially during sleep. Excerpts of EEG patterns recorded
by the frontal, central and occipital channels during
W1 and the sleep period are provided in Suppl. Mat.
Figure C.4. The plot of CMRO, versus ¢’ (O2) is pre-
sented in Figure 3(c), showing a strong negative corre-
lation (r=-0.82, P<0.0001) between the two
physiologic quantities. In Figure 4, CMRO, is plotted

together with ¢ time-courses for three additional
subjects.

Association between CMRO, and heart rate. For subjects
descending into sleep, CMRO, changes during the
time series were paralleled by changes in heart rate
(HR) in that CMRO» and HR were positively correlated
with each other (P < 0.0005 for subjects SO1, S02, S07,
S08) with R ranging from 0.25 to 0.48 (see Table C.1 in
Suppl. Mat.). The time point of minimum CMRO,
occurred simultaneously with lowest HR (reduced by
about 10% in the sub-group of subjects able to sleep;
see Table C.2 in Suppl. Mat.). In distinction, for subjects
unable to sleep, CMRO, was not associated with HR.

Eyes open
(@) @ CMRO; (ymol O,/min/100g) (®)
-/~ &(02)
140 130
130
120
120 ¢
110} 110
100 100
90 |
90
80
70 80
0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)
(c)
140 0.5
130 10.4
120
10.3
110
10.2
100
90 10.1
w1 w2
80 0
0 10 20 30 40

Time (min)

Figure 4. Cerebral metabolic rate of oxygen and d-power evolution. Power spectral density ratio ¢’ detected by the channel O2
superimposed on CMRO, time-course for three subjects (a. SO7 M, 36 years; b. S08 F, 24 years; c. SO03 M, 22 years). Subjects a and b
fell into and maintained sleep, in distinction to subject ¢, who failed to maintain sleep in the ‘lights-off’ portion of the protocol. Shaded
regions represent the periods during which the participant was in ‘eyes open’ mode. Markers indicate average values over 5-min

intervals, plotted together with the standard deviation for CMRO, (black filled circles) and for d-power ratio, ¢’ (O2) (triangles). For
each epoch, CMRO, is compared with the pre-sleep value, reaching a maximum relative decrease of 24%, 17% and 9% in the three

subjects (*P < 0.05; P<0.01; “FP<0.005; “P<0.00l; *** P<0.0005;

ook

P <0.0001).
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Discussion

In this pilot study, we used a new, non-invasive, high
temporal resolution measurement of brain oxygen con-
sumption to study dynamic changes in brain metabo-
lism during wakefulness and sleep. Our major findings
indicate a significant inverse relationship between
CMRO, and fractional delta power ¢, upon sleep
onset. While OxFlow is an MRI technique that has
previously been employed to quantify global cerebral
metabolic rate of oxygen (CMRO,) in obstructive sleep
apnea patients'®!'” and in the brain of neonates with
congenital heart disease,? this is the first application of
this approach to sleep, and its first use with concurrent
EEG monitoring.

The temporal stability of the radial OxFlow
(rOxFlow) sequence was found to be excellent demon-
strating the virtual absence of scanner hardware-
induced fluctuations in signal phase and amplitude.
Moreover, the derived hemodynamic and oximetric
parameters (CMRO,, SvO,, CBF) were highly stable
during a 30 min of wakefulness in five healthy subjects,
with an average CV for CMRO, around 6%.

CMRO, at baseline (during period W1), averaged
across the subjects participating in the EEG+MRI
examinations (N =8, mean age+ SD =30+ 7years)
was 116.9 £ 12 umol O,/min/100 g, which was in good
agreement with previous findings by Cao et al.'* and
Rodgers et al.'* These two studies reported CMRO> of
120.1 £ 19.6 pmol O,/min/100 g (10 subjects; age range
23-22years) with rOxFlow at 1.5T, and 125+
11.4pmol O,/min/100g (10 subjects; mean age=+
SD =29 £+ 4years) using Cartesian OxFlow at 3.0T,
respectively.

Comparing the time-courses in the studies where the
eyes open/closed modalities were used, in which collec-
tively 12 different subjects went through two wake peri-
ods at the beginning and at the end of the protocol, and
were at liberty to sleep in the central part, substantial
physiological variability was noticed with respect to
sleep initiation. In the case shown in Figure 2(b),
after an initial 5-min latency period, CMRO, was
found to drop abruptly by 25%, whereas in other
cases (e.g. those depicted in Figures 3(a) and 4(a), the
subjects descended more gradually into sleep.
A common finding in the subjects able to sleep was
the rapid increase in CMRO, following forced awak-
ening (see also Figure 4(b) and (c)). This steep increase
was paralleled by an increase in heart rate (Figures 2(b)
and C.3 in Supp. Mat.). The difference in sleep initia-
tion patterns from a metabolic point of view could be a
function of the subjective psychological pressure at the
time of scanning. The rather sudden CMRO, rise upon
awakening could be due to acoustic stimuli coupled

with execution of a task, that is squeezing the scanner’s
squeeze-ball to provide proof of awakening.

Among the subjects unable to sleep, drowsiness or
the result of mere relaxation in supine position presum-
ably led to gradual small reduction in CMRO, (aver-
aging 8% in the subject group undergoing
EEG+MRI). In distinction, in the ‘successful’ cases,
CMRO; fell, on average, by 17.8%, which is consistent
with the extent of decreased brain oxygen metabolism
of ~17% found by Boyle et al.'® These authors found
no association between sleep stage (established with
EEG) and metabolic rate; rather, the observed reduc-
tion was linked to sleep duration. However, even
though in Boyle et al.'” subjects were under observa-
tion throughout the night, the metabolic measurements
occurred in intervals of 2 h only. In distinction, besides
being completely noninvasive, a major strength of our
approach is the capability to monitor hemodynamic
and metabolic parameters every 3.4s throughout the
sleep/wake protocol. The extent of sleep-related
CMRO, reduction we found is intermediate between
the values reported by Madsen et al.,*’ who found
average CMRO, to be lowered by 25% during deep
sleep (stage N3), but only by 5% during light sleep
(stages N1 and N2).

The occurrence of sleep has previously been found
to be paralleled by a reduction in systemic (whole-
body) as well as brain glucose utilization'® and
oxygen metabolism, expressed by VO,.>® Diminished
cerebral oxygen metabolism, manifested by a drop in
CMRO,, has been linked to a reduction in mental
activity and a downregulation of synaptic transmis-
sions.>'®?” The reduction in metabolic demand
during sleep is regulated by either reduced CBF or
oxygen extraction, or both (see Figure C.5 in Suppl.
Mat.). Evidence for reduced CBF during non-REM
sleep and in post-sleep with respect to pre-sleep wake-
fulness was provided in a study using PET in 37 healthy
male volunteers,”® who were examined after mild to
severe sleep deprivation (24-54h), and in a more
recent study, using simultanecous EEG/fMRI-arterial
spin labeling in 19 participants partially sleep
deprived.”” We also noticed that CBF during W2 was
on average 8% lower relative to W1, regardless of
occurrence of sleep; moreover, CBF gradually
decreased during the entire protocol; however, the
CBF nadir, or the minimum average considering
5-min time windows, was shifted forward with respect
to the CMRO, nadir in case of sleep onset (data
not shown). Furthermore, we observed that during
EEG-corroborated sleep periods, CBF displayed
noise-like quasi-periodic excursions not present
during the pre and post-sleep wake period (see, for
instance Figure C.3(a) and (b) in Suppl. Mat.). These
CBF changes could be modulated by altered
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ventilation and breathing patterns during sleep and the
consequent variation in CO, levels. Another possible
explanation would link these spontaneous rhythmic
oscillations in venous CBF to oscillations in cerebro-
spinal fluid, recently shown to occur during slow-wave
sleep, attributed to a mechanism of metabolic waste
clearance.

Together with reduced CMRO,, we found that in the
cases where sleep occurred during the ‘eyes closed’
period, the heart rate decreased by typically 6 bpm rel-
ative to W1 (corresponding to an average reduction of
10%, range 7-14%:; see also Table C.2 in Suppl. Mat.).
The decrease in heart rate during non-REM sleep is well
known,*’** and has generally been attributed to
increased parasympathetic modulation.*® We investigat-
ed the correlation between CMRO, and heart rate var-
iations during the entire protocol: a highly significant
positive relation was found (r=0.5-0.7, P <0.0005)
for the subjects able to sleep.

The integration of EEG into the rOxFlow pulse
sequence for high-speed brain oximetry enabled quan-
tification of metabolic changes during wakefulness and
sleep. While fMRI with concurrent EEG monitoring
had previously been achieved with filters designed to
mitigate gradient noise interference for standard EPI
sequences for fMRI studies, no such filters existed for
concurrent EEG and OxFlow. We achieved effective
filtering of gradient and cardio-ballistic artifacts to
allow derivation of EEG power spectra during the
rOxFlow acquisition, with no evidence of essential
EEG information loss. In fact, we were able to demon-
strate an inverse relationship between slow-wave (J)
EEG power and changes in CMRO, during states of
reduced consciousness (Figures 3 and 4). The EEG
power density of the d-band (0.5-4 Hz) is a measure
of the intensity of non-REM sleep,***> which declines
across lifetime in humans and animals (see Mander
et al.” and references therein). Typical amplitudes of
o-waves are on the order 150uV, as opposed to
a-waves, whose amplitudes are 10 times lower. It is
known that at around 20min from the beginning of
rest, gradual progression from light to deeper sleep
generally occurs, with a substantial drop in the arousal
threshold.>® Interestingly, in the subjects in whom
onset and maintenance of sleep was confirmed by the
relative increase in oJ-power, CMRO, changes were
strongly associated with J-power changes (r=-0.6
to —0.8, P<0.005); see Table C.1 in Suppl. Mat.).
To the best of the authors’ knowledge, this report
is the first demonstration of such an association
between low-frequency EEG spectral power and non-
invasively quantified CMRO, with the latter expressed
in absolute physiologic units during wakefulness
and sleep recorded at a temporal resolution of a few
seconds. In the absence of sustained sleep, CMRO,

and ¢-power were generally not correlated, as
expected, given the absence of synchronous neural elec-
trical activity.

The present pilot study has limitations. In the por-
tion involving concurrent EEG monitoring, 50% of the
subjects did not manage to initiate sleep during the
allocated period. Although abstaining from caffeine
was required, and the experimental setup was con-
ceived in a way to maximize subject’s comfort, we did
not encourage active sleep deprivation, nor did we use
any sleep-inducing drugs, which would have enhanced
the success rate (but could have altered cerebral oxygen
metabolism). However, there were other practical
issues rendering in-scanner sleep difficult to achieve.
Chief among the physical factors was acoustic gradient
noise, next to the discomfort caused by the space con-
straints within the scanner bore, the difficulty to lie still
in supine position, and occasional acute irritation of
the scalp caused by the dielectric gel used for EEG
cap placement. Among the psychological factors,
there was the distress caused by the perception of
being observed and the compulsion to achieve the
goal of falling asleep.

Although some of the above issues are difficult to
mitigate, strategies to reduce acoustic scanner noise
do exist.’” Mental distress could be mitigated by con-
ditioning the subject in an environment mimicking
the scanner, including simulated noise while wearing
the EEG cap attempting to sleep in supine position,
or by referring the subject that the goal of the study
is to scan during quiet wakefulness (relaxation in
eyes closed), avoiding to put pressure on the ‘task’ of
falling asleep.

Finally, in our protocol, the maximum duration of
continued scanning with concurrent EEG was 55 min.
Given a typical latency on the order of 10-20 min’®,
this reduces the potential sleep period to 20-25min,
clearly considerably below a full sleep cycle, lasting
80—-120 min.* The current state of the art for concur-
rent acquisition of EEG activity and MRI (via
rOxFlow MRI), and the denoising technique used to
remove radiofrequency and gradient-induced noise
contaminating the EEG signal, does not allow distinc-
tion of different sleep stages (nor was this an objective
of the present study). Of essence, however, is that the
power spectral analysis used enables quantification of
the contribution of slow-wave activity to the EEG
spectrum.

It is estimated that about 50 to 70 million Americans
suffer from sleep disorders®’), with approximately
35% of them sleeping less than 7h.*' Poor and frac-
tured sleep (due for example to insomnia, obstructive
sleep apnea, restless legs syndrome, REM-apnea) or
insufficient sleep, play a major role in the etiology
of cancer, metabolic and cardiovascular disease,’



Caporale et al.

791

generally increase the risk of chronic health condi-
tions,*> and overall adversely impact the quality of
life. Further, insufficient sleep elevates the risk of auto-
mobile and occupational accidents,** and results in
poor work performance. Importantly, oxidative injury
may result from lack of sleep due to the sustained high
metabolic rate of the awake brain.** In fact, recent evi-
dence suggests that increased amyloid and tau deposi-
tion in Alzheimer’s disease are associated with
reductions in slow-wave sleep.**® Gaining a better
sense of how the brain metabolic changes relate to
sleep onset and maintenance is crucial for estimating
the clinical implications of sleep disorders. The ability
of doing so noninvasively using MRI-correlated EEG
provides a safe and cost-effective approach for future
research in this topic area.

Conclusions

This pilot study demonstrates the feasibility of nonin-
vasively quantifying changes in brain oxygen metabo-
lism that occur with the transition from wakefulness to
slow-wave sleep by means of quantitative MRI con-
ducted with concurrent EEG monitoring.
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