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Behavioral/Cognitive

Human Hippocampal Structure: A Novel Biomarker
Predicting Mnemonic Vulnerability to, and Recovery from,
Sleep Deprivation

Jared M. Saletin,'>*> Andrea N. Goldstein-Piekarski,**> Stephanie M. Greer,* Shauna Stark,® Craig E. Stark,°
and Matthew P. Walker>+*
'Department of Psychiatry and Human Behavior, Alpert Medical School of Brown University, Providence, Rhode Island 02906, 2Sleep for Science Research
Laboratory, E.P. Bradley Hospital, Providence, Rhode Island 02906, *Department of Psychology and “Helen Wills Neuroscience Institute, University of
California-Berkeley, Berkeley, California 94720, Department of Psychiatry and Behavioral Sciences, Stanford University School of Medicine, Palo Alto,
California 94305, and ®Department of Neurobiology and Behavior, University of California-Irvine, Irvine, California 92697

Sleep deprivation impairs the formation of new memories. However, marked interindividual variability exists in the degree to which sleep
loss compromises learning, the mechanistic reasons for which are unclear. Furthermore, which physiological sleep processes restore
learning ability following sleep deprivation are similarly unknown. Here, we demonstrate that the structural morphology of human
hippocampal subfields represents one factor determining vulnerability (and conversely, resilience) to the impact of sleep deprivation on
memory formation. Moreover, this same measure of brain morphology was further associated with the quality of nonrapid eye movement
slow wave oscillations during recovery sleep, and by way of such activity, determined the success of memory restoration. Such findings
provide a novel human biomarker of cognitive susceptibility to, and recovery from, sleep deprivation. Moreover, this metric may be of
special predictive utility for professions in which memory function is paramount yet insufficient sleep is pervasive (e.g., aviation,
military, and medicine).
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~

Sleep deprivation does not impact all people equally. Some individuals show cognitive resilience to the effects of sleep loss,
whereas others express striking vulnerability, the reasons for which remain largely unknown. Here, we demonstrate that struc-
tural features of the human brain, specifically those within the hippocampus, accurately predict which individuals are susceptible
(or conversely, resilient) to memory impairments caused by sleep deprivation. Moreover, this same structural feature determines
the success of memory restoration following subsequent recovery sleep. Therefore, structural properties of the human brain
represent a novel biomarker predicting individual vulnerability to (and recovery from) the effects of sleep loss, one with occupa-
tional relevance in professions where insufficient sleep is pervasive yet memory function is paramount. j

/Signiﬁcance Statement

ment (NREM) sleep deprivation (Yoo et al., 2007; Van Der Werf
etal.,2009). However, marked interindividual variability exists in
the degree to which sleep deprivation compromises human
hippocampal-dependent learning (Yoo et al., 2007), the mecha-
nistic reasons for which remain unclear. Moreover, what NREM
physiological sleep processes aid in the subsequent restoration of
such hippocampus-dependent learning impairments are simi-
larly undetermined.

Introduction

Evidence across phylogeny has established that hippocampus-
dependent learning is especially sensitive to the impact of sleep
loss (Abel et al., 2013). These hippocampal encoding deficits are
observed following total as well as selective nonrapid eye move-
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Figure1.

Study protocol and behavior paradigm. 4, Study protocol. Left, Sleep-rested session, including an 8 h sleep opportunity monitored by 19 channel with an initial testing session at ~1000

h. Right, Sleep deprivation and recovery conditions. Deprivation testing was performed following 24 h of continued wakefulness (~0600 h). Later that same day, following a 90 min nap opportunity
monitored by 128 channel high-density polysomnography, recovery testing was performed at ~1200 h. The order of the rested and deprivation/recovery conditions was counterbalanced across
participants and separated by at least 1 week of sleep at home. B, Representative trials from the Mnemonic Similarity Task demonstrating repeated items (e.g., the baseball), lure items (e.g., the
rubber duck), and new items (e.g., the rope and the first presentation of the baseball and rubber duck). Each task version consisted of unique stimuli, and the three versions were counterbalanced
across both participants and protocol conditions. Correct responses are shown here in red for illustrative purposes.

Addressing these issues, here we test the hypothesis that indi-
vidual differences in the structural morphology of the human
hippocampus represents an explanatory factor determining both
mnemonic vulnerability to sleep deprivation, as well as learning
restoration following recovery sleep. Four lines of evidence mo-
tivate this hypothesis.

First, the structural volume of the human hippocampus
significantly predicts interindividual differences in learning
ability under sleep-rested circumstances (Tamminga et al.,
2010). Furthermore, these associations are especially robust
within individual subfields of the hippocampus, such as the
CA3 and dentate gyrus (collectively CA3/DG) (Doxey and Kir-
wan, 2015), which support encoding of discrete, nonoverlap-
ping memory representations (Yassa et al., 2011). Second,
sleep deprivation impairs the necessary molecular and cellular
mechanisms underlying neuronal plasticity expressed within
these hippocampal subregions (Abel et al., 2013). Third,
NREM slow waves and sleep spindles, the cardinal features of
the NREM electroencephalogram (EEG), positively predict
next-day hippocampus-dependent learning under sleep-
rested conditions, representing candidate oscillations that
may additionally restore hippocampal function following
sleep deprivation (Mander et al., 2011; Antonenko et al,
2013). Fourth, these same oscillations increase in a homeo-
static manner following sleep deprivation (Dijk et al., 1993),
potentially indexing a use-dependent recovery mechanism for
neural plasticity that may restore hippocampal functioning
following sleep loss (Walsh et al., 2006).

Despite such convergent evidence, no study has examined
whether the structure of the human hippocampus predicts learn-
ing impairment vulnerability associated with sleep deprivation.
Furthermore, that this same hippocampal morphology addition-
ally predicts the success of learning restoration following recov-
ery sleep through an interaction with NREM sleep physiology is
similarly unknown.

Combining a memory task (Yassa and Stark, 2011) sensitive to
hippocampal subfield-specific function with high-resolution
structural MRI mapping of the same human hippocampal sub-
regions, together with high-density EEG assessment of recovery
sleep, the current study sought to address these unresolved issues.
First, we tested the hypothesis that regionally specific hippocam-
pal subfield morphology accounts for interindividual differences
in learning impairment following sleep loss. Second, we exam-
ined the subsequent restoration of learning following sleep depri-
vation, distinguishing between two orthogonal hypotheses: (1)
that hippocampal morphology and NREM sleep physiology in-
dependently account for learning recovery; or (2) that these fac-
tors interact, and through this interaction, determine the success
of learning restoration.

Materials and Methods

Participants and protocol. Twenty healthy adults (19.6 = 1.45 years old, 7
males) were enrolled in a repeated-measures crossover design. Partici-
pants abstained from caffeine and alcohol for the 72 h before and during
the entire course of the study and kept a normal sleep—wake rhythm (7-9
h of sleep per night with sleep onset before 1:00 A.M. in the morning and
rise time no later than 9:00 A.M.) for the 3 nights before the study par-
ticipation, verified by sleep logs and actigraphy (a wristwatch movement
sensor, sensitive to wake and sleep states). Participants were free of neu-
rologic, psychiatric, sleep disorders, history of drug abuse, and current
use of antidepressant or hypnotic medication. The study was approved
by the Internal Review Board at University of California—Berkeley, with
all participants providing written informed consent. All participants re-
ceived monetary compensation for participating in the study.

The experimental design consisted of a crossover repeated-measures
design involving three conditions (Fig. 1A): (1) sleep-rested (following a
full night of sleep), (2) sleep-deprived (~24 h total sleep deprivation),
and (3) sleep recovery using a 90 min nap opportunity, monitored with
high-density sleep EEG (128 channels). The order of the three conditions
was pseudo-counterbalanced between individuals, such that participants
completed either the sleep-rested session first, and then returned after the
week-delay for the sleep-deprived and sleep recovery sessions, or com-
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Table 1. Behavioral performance’
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Table 2. Rested session sleep statistics”

Rested Deprived Recovery
% SEM % SEM % SEM

First

“0ld” 0.0099 0.0019 0.034 0.0065 0.0089 0.0034

“New” 0.90 0.023 0.86 0.022 0.95 0.01

“Similar” 0.088 0.022 0.1 0.018 0.045 0.011
Repeat

“0ld” 0.86 0.27 0.76 0.030 0.85 0.034

“New” 0.049 0.014 0.13 0.020 0.081 0.032

“Similar” 0.09 0.02 0.10 0.024 0.07 0.0098
Lure

“0ld” 0.26 0.026 0.29 0.027 0.19 0.021

“New” 0.09 0.02 0.20 0.033 0.14 0.04

“Similar” 0.66 0.037 0.51 0.026 0.66 0.042
Foil

“0ld” 0.13 0.0052 0.027 0.0060 0.012 0.0032

“New” 0.92 0.020 0.89 0.020 0.94 0.010

“Similar” 0.065 0.020 0.087 0.018 0.044 0.012
LDI 0.59 0.046 0.42 0.026 0.62 0.038
Accuracy 0.85 0.030 0.73 0.031 0.84 035

“Raw behavior presented for each trial type: First, First presentation of either target or lure pair; Repeat, identical
repetition of a target; Lure, presentation of a similar lure; Foil, single presentation neither repeated nor paired with
alure. LDI computed as difference in proportion of lure items correctly identified as “similar” and the proportion of
foil images incorrectly identified as “similar.” Memory accuracy (Accuracy) indexes traditional recognition memory
and is computed as the difference in proportion of repeat items correctly identified as “old” (Hit rate) and proportion
of foil items incorrectly identified as “old” (False alarm rate).

pleted the sleep deprivation and sleep recovery sessions first, returning a
week later for the sleep-rested session. The order of the sleep-deprived
and sleep recovery sessions was fixed due to the requirements of sleep
recovery following sleep deprivation. Fifteen participants completed the
entirety of the protocol: with five participants excluded from analysis due
to (1) sleep deprivation compliance, (2) technical-issues in task admin-
istration, and (3) failure to attend to the cognitive tasks.

Assessment of hippocampal learning. Hippocampal-dependent learning
was assessed using the Mnemonic Similarity Task (Fig. 1B) (Kirwan and
Stark, 2007; Yassa et al., 2011; Stark et al., 2013), a validated paradigm
sensitive to hippocampal subfield function in humans, particularly pat-
tern separation in the CA3/DG subfield. All task sessions were presented
using the Psychtoolbox toolkit within MATLAB (The MathWorks), with
task versions (each with unique stimuli) used in a counterbalanced order
across the three experimental conditions (rested, deprivation, recovery).
In each session, participants viewed nameable objects (e.g., duck). Each
trial was one of four variations: (1) a new item (labeled “First”), (2) a
repetition of a previously shown item (labeled “Repeat”), (3) a related,
but modified, version of a previously shown item (labeled “Lure”), or a
(4) new item with neither a “Repeat” nor “Lure” trial presented later in
the task (labeled “Foil”). In each session, 480 trials in total were pre-
sented. Of these, 192 were “First” trials; 96 each were “Repeat” and
“Lure” trials, and an additional 92 “Foil” images were only shown once.
Images were presented in a pseudorandom order, separating “First” and
either “Repeat” or “Lure” trials by a lag of least 10 but no more than 40
intervening images. For each trial, a memory judgment was provided on
a computer keyboard. Participants were instructed to judge whether they
have viewed the image previously during the current session. Thus, they
were instructed to indicate whether an image was (1) “old” (an image
they have seen before), (2) “new” (an image not previously seen), or (3)
“similar” (not identical but highly similar to a previously seen image)
(Table 1).

The Mnemonic Similarity Task allows for the concurrent assessment
of two learning measures: the Lure Discrimination Index (LDI or “sepa-
ration bias”) (Kirwan and Stark, 2007; Stark et al., 2013) and Recognition
Memory Accuracy, with LDI demonstrating greater dependence upon
the hippocampus (Brock Kirwan et al, 2012), and specifically the
CA3/DG subfield region in particular (Kirwan and Stark, 2007; Bakker et
al., 2008; Tamminga et al., 2010; Lacy et al., 2011). LDI is defined as the
difference between the proportion of lure items correctly identified as
“similar” and the proportion of newly presented foil images incorrectly
identified as “similar.” A higher LDI represents superior accuracy of

Mean SEM
Sleep continuity
Total dark time (min) 514.58 7.89
Total sleep time (min) 468.00 10.59
Sleep efficiency (%) 94.92 1.18
Latency to sleep onset (min) 18.56 4.99
Latency to REM sleep (min) 89.57 9.07
Wake after sleep onset (min) 22.93 6.38
Sleep architecture
Stage 1(%TST) 472 0.60
Stage 2 (% TST) 53.56 1.34
Stage 3 (% TST) 12.57 0.06
Stage 4 (% TST) 7.35 1.34
Slow wave sleep (% TST) 19.92 1.81
REM sleep (% TST) 21.80 0.69

“Sleep stages presented as percentage of total sleep time; slow wave sleep (Stages 3 and 4).

encoding to create distinct nonoverlapping memory representations
within hippocampal networks (Yassa et al., 2011); that is, it represents a
success of hippocampal pattern separation. Recognition Memory Accu-
racy is calculated as the difference in the proportion of repeat items correctly
identified as “old” (Hit rate) and the proportion of foil items incorrectly
identified as “old” (False alarm rate) (Snodgrass and Corwin, 1988).

Structural neuroimaging acquisition and analysis. Human hippocampal
subfield structure was determined using a high-resolution T1-weighted im-
age acquired on a 3T Siemens Trio scanner (256 X 256 matrix; TR = 1900;
TE = 2.52; flip angle = 9% FOV = 256 mm; 1 X 1 X 1 mm voxels). Hip-
pocampus structure was quantified using the validated diffeomorphic-based
morphometry technique sensitive to local morphological shape changes
within the hippocampus (Das et al., 2012). Diffeomorphic-based mor-
phometry was accomplished using the Advanced Normalization Tools nor-
malization toolbox (Klein et al., 2009). Diffeomorphic-based morphometry
circumvents the reliance on intensity-based segmentations typical of volu-
metry studies by using a diffeomorphic-based approach to map each sub-
ject’s structural image with a high degree of precision upon a hand-drawn
“gold standard” template of the hippocampus subfields of interest (Kirwan
et al., 2007; Bakker et al., 2008; Yassa et al., 2010; Stark et al., 2013). Impor-
tantly, this nonlinear registration approach is particularly sensitive to small
variations within the hippocampus between subjects by focusing degrees of
freedom upon the hippocampal subfields themselves rather than upon the
entire brain.

Asin prior studies of hippocampal subfield memory functioning, each
participant’s original MRI image was normalized to a validated high-
resolution template of hippocampus subfields, suitable to this age pop-
ulation. Following normalization to the template, segmented medial
temporal lobe ROI labels were reverse-warped to the participant’s origi-
nal image-space. The hippocampal segmentations included three sub-
field ROIs within the hippocampus: CA1, subiculum, and CA3/dentate
gyrus (CA3/DG; the dentate gyrus cannot be distinguished from CA3 at
standard MRI resolutions). For each subject, the volume of each subre-
gion was then quantified using average Jacobian values (separately for left
and right segmentations before being averaged bilaterally). The Jacobian
represents the amount of warping required to normalize the template
space to the subject-space image. Values were inverted (multiplied by
—1) to result in lower values indicating smaller subfield volume and
higher values indicating a larger subfield volume.

Polysomnographic monitoring. Participants slept in the laboratory for
the night before the sleep-rested testing session. Sleep was monitored by
polysomnography (PSG) on a Grass Technologies Comet XL system
(Astro-Med). EEG was recorded at 19 standard locations conforming to
the International 10-20 System. Sleep staging was performed in accor-
dance with standardized techniques (Rechtschaffen and Kales, 1968).
Sleep statistics for both sleep continuity and sleep architecture are re-
ported in Table 2, revealing normative sleep patterns for this age group
(Ohayon et al., 2004) during the night of rested sleep.

Following the sleep deprivation phase, each participant received a re-
covery nap opportunity, measured using high-density PSG (Electrical
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Table 3. Recovery sleep statistics”

Mean SEM
Sleep continuity
Total dark time (min) 87.33 2.06
Total sleep time (min) 82.02 1.95
Sleep efficiency (%) 97.57 0.72
Latency to sleep onset (min) 3.00 0.38
Wake after sleep onset (min) 1.69 0.58
Sleep architecture
Stage 1(%TST) 1.24 0.05
Stage 2 (% TST) 25.75 2.46
Stage 3 (% TST) 14.19 211
Stage 4 (% TST) 52.50 3.21
Slow wave sleep (% TST) 66.69 2.74
REM sleep (% TST) 6.19 1.93

“Sleep stages are presented as percentage of total sleep time; slow wave sleep (Stages 3 and 4). REM, Rapid eye
movement; TST, total sleep time.

Geodesics), including a 128 channel high-density EEG array. Electro-
oculogram and EMG were recorded as in the above sleep-rested PSG
recording, with the exception that electro-oculogram was recorded using
adapted vertical and horizontal electro-oculogram derivations. Sleep
scoring of the recovery nap followed the same procedures as the rested
night. Recovery sleep statistics are reported in Table 3.

EEG analysis. All quantitative analyses of sleep EEG were performed in
MATLAB 7.5 and the EEGLAB toolbox (http://sccn.ucsd.edu/eeglab/).
Analyses of the rested and recovery sleep EEG were processed according
to established methods used in our previous studies (Mander et al., 2013;
Saletin et al., 2013) and those of others (Achermann, 2009; Ringli et al.,
2013). In short, each EEG channel was rereferenced to the average of the
left and right mastoids for quantitative signal processing. The current
analyses focused solely on the subsection of 19 topographical electrodes
representing the 10-20 electrodes recorded both during the rested con-
dition and the recovery condition. This matching process allowed for the
comparable examination of both the impact of slow wave activity (SWA)
during the recovery nap (our primary hypothesis) but also whether trait-
like variability in SWA expressed during the rested condition similarly
predicted memory dynamics. Following referencing, EEG was first fil-
tered offline using Finite Impulse Response filters (low pass at 50 Hz,
high pass at 0.6 Hz). A high-pass cutoff frequency of 0.6 Hz was chosen to
remove slow-component artifact present in the EEG (Jenni and Carska-
don, 2004; Kurth et al., 2010; Ringli et al., 2013; Saletin et al., 2013). EEG
was then visually marked for artifacts in 4 s epochs (Huber et al., 2004;
Buchmann et al.,, 2011a, b), after which artifact rejection followed and
sleep-stage scoring was performed.

NREM SWA was calculated using power spectral analysis performed
on each 4 s epoch at each electrode derivation. Consistent with prior
reports, power spectral density was calculated by use of a Fast Fourier
Transform on each hamming-windowed 4 s artifact-rejected epoch. Fast
Fourier Transform results were sorted and collapsed according to sleep
stage. SWA was calculated by integration across the EEG & frequency
band, excluding frequency bins overlapping with slow artifact in the
EEG, resulting in a frequency window of 1-4.5 Hz (Riedner et al., 2007;
Kurth et al., 2010; Jones et al., 2014).

Statistical approach. Statistical analyses were performed using STATA 14
(Stata) in conjunction with the statistics toolbox of MATLAB. The experi-
mental hypotheses were tested using a three-step statistical analysis ap-
proach, outlined below. All p values reported use two-tailed hypothesis testing.

Primary behavioral analysis. A repeated-measures ANOVA was first per-
formed on the LDI (pattern separation indexed hippocampal CA3/DG-
dependent learning), examining a main effect of condition across the three
experimental conditions (sleep-rested, sleep-deprived, sleep-recovered).
Subsequent planned comparisons were performed to examine the specific
nature of any identified main effect by contrasting each pair of conditions.

Associations between behavior and neural measures. To assess the rela-
tionship between deprivation- and recovery-induced change in LDI and
the neural measures of brain structure and sleep physiology outlined
above, individual-wise difference scores (e.g., deprivation-rested, and
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recovery-deprivation) were extracted for each participant, quantifying
the participant-wise change in performance following either sleep depri-
vation or recovery sleep. These scores were then regressed separately
against Jacobian-derived hippocampal subfield volumes (bilateral CA3/
DG, CAl, and subiculum). Parallel regressions were performed with the
a priori metric of recovery sleep physiology: NREM SWA. Regression
models tested two sets of hypotheses: the direct, independent, relation-
ships of memory dynamics and (1) hippocampal subfield structural
variation and (2) the NREM sleep physiology. All models involving
Jacobian-derived hippocampal volume estimates adopted a robust re-
gression approach (STATA function rreg, Huber-Biweight weighting)
(Li, 1985), thereby minimizing the influence of any potential statistical
outliers in the sample (for detailed sensitivity analyses, see Results).

Path analysis. A statistical path analysis was implemented to examine
interrelationships between hippocampal morphology, NREM oscillatory
activity, and memory restoration following the recovery nap. A series of
directional multiple regression models were created examining the po-
tential interactions of brain structure and NREM sleep physiology in this
context. Specifically this model was specified using three regression
equations:

Dependent Independent Independent
Variable ~  Variable +  Variable
1 Deprivation Impairment ~ ~  CA3/DG Stucture
2 Slow Wave Activity ~  Deprivation Impairment  +  CA3/DG Stucture
3 Sleep Restoration ~  Slow Wave Activity +  (A3/DG Stucture

These models dissociated between the varied potential predictors of
memory restoration following recovery sleep, determining whether (1)
SWA predicted restoration of learning independent of CA3/DG volume
or rather (2) that SWA during recovery, and its ability to predict resto-
ration was, in part, interactively dependent upon CA3/DG volume.

Anatomical specificity analysis. Marginal, nonsignificant associations
were identified between the deprivation- and recovery-induced changes
in learning and hippocampal subfield structures outside CA3/DG (i.e.,
CALl and the subiculum). To empirically determine the anatomical spec-
ificity of our results, we estimated a series of specificity-motivated mul-
tiple regression models wherein all three brain regions are included as
predictors. That is, all are given equal weighting in the model. If CA1 and
subiculum covary with CA3/DG to the extent that the CA3/DG association is
nonspecific, these models should return nonsignificant effects for CA3/DG.

Results

Participants entered a repeated-measures crossover design involving
three conditions, each with a test of hippocampus-dependent learn-
ing (quantified using the LDI measure of the Mnemonic Similarity
Task) (Stark et al., 2013): (1) following a rested night of sleep re-
corded with in-laboratory PSG, (2) following a night of total sleep
deprivation, and (3) following a 90 min recovery nap recorded with
in-laboratory PSG. Additionally, each participant received a high-
resolution structural MRI scan mapping hippocampal subfields
(CA1, CA3/DG, subiculum).

The raw behavioral data for the Mnemonic Similarity Task, for
each of the three experimental conditions, are presented in Table 1.
To first assess the impact of sleep deprivation and recovery sleep on
hippocampus-dependent learning, a repeated-measures ANOVA
was performed across the three conditions for the behavioral
learning measure. A significant main effect of condition was identi-
fied (sleep-rested/sleep deprivation/sleep recovery) upon learning
(Fo08) = 21.47, p < 0.001; Fig. 2). Planned comparisons confirmed
the expected condition impact of sleep deprivation, resulting in
learning impairment relative to the sleep-rested condition (f,,, =
4.90, p < 0.001), consistent with prior studies (Yoo et al., 2007; Van
Der Werf et al., 2009). Furthermore, a significant restoration of learn-
ing was observed following recovery sleep (,4) = 5.38, p < 0.001),



Saletin et al. ® Hippocampal Structure, Sleep Loss, and Learning

[0 sleep rested [ sleep recovery W [sleep deprived] - [sleep rested]
B sleep deprived B [sleep recovery] - [sleep deprived]

*
\
N
~

70 /_‘

A S

a N
—-L o

learning
(LDI)

change in learning
(LDI)
(amn
Bulutes| ur abueyo

30 -24 - -0
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represent two-tailed t tests between conditions. B, Change in learning ability for sleep deprivation (deprivation — rested) and
recovery (sleep recovery — sleep deprivation), respectively. Error bars indicate SEM; *p << 0.05.

A 50 5
: .‘* r=.43 °
) 4y ; .
. £
; : c
‘ g 8-
. o x=-27 £5-
posterior %
1S
[ ca1 5
@ cA3/DG . )]
[] subiculum '500 2 T o
€ —— average CA3/DG .
anterior jacobian (-a.u.)
50
r=.66" e

change in learning
(LDI)

1.5 26
T r=-.60*
L -50 T
slow wave activity 2 slow wave activity 2.8
(log10 uVv?) (Iog10 uV?)

Figure 3.  Relationship between hippocampus subfield structure and NREM SWA with learning. A, Hippocampal subfield seg-
mentations. Left, Two-dimensional and three-dimensional representations of hippocampus CA1, CA3/DG, and subiculum sub-
fields. Right, Scatterplot relating change in LDI-indexed learning ability to CA3/DG volume. Red data points indicate the
impairment due to sleep deprivation (deprivation — rested). Blue data points indicate the magnitude of postrecovery restoration
in learning (recovery — deprivation). Lines of best fit are plotted for each relationship. Unlike the impairment due to sleep loss,
nonsignificant associations were observed between CA3/DGvolume and LDI performance in the rested (r = —0.18,b = —36.65,
p = 0.60), deprivation (r = 0.36, b = 43.26, p = 0.35), and recovery (r = 0.08, b = 13.78, p = 0.79) conditions, respectively.
B, Associations with recovery SWA. Left, Two-dimensional and three-dimensional topographic plots of NREM SWA during the
recovery nap. White circles represent the three electrodes (F7, T3, (z) that were mutually predictive of both deprivation impair-
ment, and recovery restoration, of learning. Right, Scatterplot relating change in pattern separation ability to NREM SWA (aver-
aged across F7, T3, (z). Red and blue data as in A above. **p << 0.005. *p << 0.05.
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While these data confirmed the ex-
pected impact of sleep deprivation, and
demonstrated a restorative benefit of re-
covery sleep on mnemonic function,
marked variability was evident in the ex-
tent of learning impairment caused sleep
loss (=80% of the mean), and the degree
to which learning ability was restored fol-
lowing recovery sleep (£72% of the
mean). Targeting this variance, we tested
the first hypothesis that individual differ-
ences in CA3/DG hippocampal subfield
structure accounted for interindividual
differences in LDI-indexed learning deficit
observed following sleep deprivation.
Consistent with this hypothesis, a larger
CA3/DG subfield was associated with a
greater learning deficit following sleep loss
(r= —0.73,b = —114.22, p = 0.003; Fig.
3A). This effect was specific to the CA3/DG
region, with neither the volume of CA1 (r =
—0.36, b = —57.6, p = 0.21) nor the subic-
ulum (r = —0.48, b = —91.04, p = 0.084)
significantly or similarly accounting for in-
dividual differences in learning impairment.
A sensitivity analysis examining possible
outliers in these relationships is reported
later in this section.

Next, we examined interindividual dif-
ferences in the success of learning restora-
tion following recovery sleep. Here, we
sought to discriminate between two pos-
sibilities: (1) that CA3/DG morphology
and recovery NREM sleep physiology in-
dependently accounted for the restoration
of learning following sleep deprivation; or
(2) that CA3/DG morphology and the as-
sociated severity of learning impairment
caused by sleep deprivation interacted
with subsequent NREM recovery sleep
physiology, and through this relationship,
ultimately determined the degree of learn-
ing restoration. Two independent sets of
analyses were performed: (1) a bivariate
set of regressions, and (2) a path analysis
exploring factor interactions.

The bivariate regressions examined the
possibility that CA3/DG morphology and
NREM sleep physiology were indepen-
dent predictors of learning restoration.
Although larger CA3/DG subfield, which
initially was associated with a greater se-
verity of learning impairment following
sleep deprivation, was positively associ-
ated with learning restoration following
recovery sleep, this relationship was not
significant (r = 0.43,b=71.91,p = 0.14).
Therefore, although subfield structure ro-

returning to performance levels that were not significantly different ~ bustly predicted learning impairment following sleep depriva-
from those of the sleep-rested condition (£, 4y = —1.09,p = 0.29). Thus,  tion, it offered only a weak direct prediction of learning
sleep deprivation significantly impaired hippocampus-dependent  restoration following recovery sleep.

learning, while a recovery sleep period demonstrated the ability to re- In contrast, NREM SWA positively and significantly ac-
store learning ability. counted for the success of learning restoration following recovery
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Figure4. Pathanalysis exploring combined effect of hippocampus structure and NREM SWA
predicting learning recovery. Path model diagram, with associated 3-weights from each com-
ponent robust regression model. Solid lines indicate significant paths. Dashed lines indicate
nonsignificant paths. *** p < 0.001, ** p << 0.05, * p <<.05.

sleep, prominent over frontal and temporal lobe EEG derivations
(F7:r=0.60,p = 0.023; T3:r = 0.57,p = 0.034; Cz: r = 0.69, p =
0.007; average as in Fig. 3B; r = 0.66, p = 0.009). Therefore,
individuals with more SWA during recovery sleep demonstrated
the greatest restoration of learning ability, indicative of a state-
dependent return of memory functioning. To the best of our
knowledge, this result offers the first demonstration that sleep-
loss impairments in human hippocampal learning are function-
ally reversible, the recovery of which is predicted by the amount
of intervening NREM SWA. Post hoc analyses further examined
whether the association between NREM SWA and learning res-
toration was state-like (i.e., specific to recovery sleep) or trait-like
(similarly associated with NREM SWA measured at another time
point). No significant associations were observed between
NREM SWA during the sleep-rested night and the degree of post-
nap learning restoration (all p > 0.05). Therefore, the relation-
ship between learning restoration and NREM SWA was specific
to the recovery sleep period, indicative of a state-like functional
restoration and not simply a trait-like association.

Path analyses

These bivariate analyses examined the direct association between
learning restoration and two independently treated factors:
CA3/DG structure and recovery NREM SWA. However, such
analyses alone are unable to determine whether CA3/DG struc-
ture and NREM SWA interact (directly or indirectly), and
through such interaction, more accurately account for such
learning restoration. To address this possibility, a second series of
tests were performed using a formal path analysis that deter-
mined directional and predictive relationships between these fac-
tors. Illustrated in Figure 4, a three-step series of directional
associations demonstrated that (1) CA3/DG structure signifi-
cantly predicted the degree of initial learning impairment caused
by sleep deprivation (b = —114.22, p = 0.003), (2) this
hippocampal-determined learning impairment, in turn, signifi-
cantly predicted the amount of NREM SWA during recovery
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sleep (b = —0.012, p < 0.001), which ultimately (3) determined
the degree of learning restoration (b = 60.62, p = 0.049). Thus, a
stable neuroanatomical factor (here, the structure of the CA3/DG
hippocampus subregion) significantly predicted the severity of
learning impairment caused by sleep deprivation, which deter-
mined the state-like degree of NREM SWA during recovery sleep,
and through this neurophysiological factor, significantly gov-
erned the restoration of learning.

Sensitivity analysis of potential outliers

To examine the influence of potential outlier effects on the asso-
ciation between brain structure and learning performance, and to
determine the robustness of these relationships, a three-step sen-
sitivity analysis was performed. First, a leverage-residual analysis
examined the potential influence (greater influence represented
by more extreme values) and deviance (high residual) qualities of
each participant. Next, Cook’s Distance (Cook’s D, a diagnostic
measure of influence combining leverage and residual informa-
tion) (Fox, 1991) confirmed that two individuals demonstrated a
moderately high degree of influence on the association between
hippocampal structure (CA3/DG) and sleep deprivation-
induced learning impairment (LDI) (Cook’s D = 0.34 and 0.53,
respectively). Accordingly, we removed these individuals from
the analysis and confirmed that this significant association re-
mained significant, despite the reduction in power, which it did
(full model: b = —115.96, p = 0.002; reduced model: b =
—126.46; p = 0.044; difference between models: x*(1) = 0.05,
p = 0.82). While this sensitivity analysis confirmed the robust-
ness of the reported associations, an additional conservative ap-
proach was implemented to adopt robust regression analyses for
all models in the manuscript involving hippocampus structural
metrics (STATA function rreg, Huber-Biweight weighting) (Li,
1985). Compared with the traditional least-squares approach,
this method systematically down-weights potential outlier points
(indexed by Cook’s D), minimizing any overt influence they may
have upon the results. Similarly significant results were obtained
using robust regression, indicating that these relationships were
reliably observed no matter what statistical method was applied
(traditional, conservative).

Anatomical specificity analysis

To assess whether the associations identified between CA3/DG-
dependent learning (as indexed by the LDI) and CA3/DG volume
were anatomically specific to this hippocampal subfield, addi-
tional multiple regression analyses were performed that included
all three subfields as predictors (CA3/DG, CAl, and subiculum).
Only the volume of the CA3/DG subfield remained a significant
predictor of the sleep deprivation-induced impairment in learn-
ing (b= —97.9,p = 0.026), unlike the CA1 (b = —4.92,p = 0.91)
and subiculum (b = —40.8, p = 0.41) subregions. Moreover,
when CA1 and subiculum volumes were included as covariates in
the final path analysis, all reported associations remained signif-
icant, with CA3/DG (b = —0.997, p = 0.012) and the degree of
sleep deprivation impairment (b = —0.012, p < 0.001), predict-
ing the amount of recovery SWA. This was not, however, the case
for either the CA1 (b = 0.063, p = 0.81) or subiculum (b = 0.022,
p = 0.32) subfields. In addition, the measure of recovery SWA
remained a direct and significant predictor of learning restora-
tion (b = 77.07, p = 0.017) throughout. In summary, CA3/DG
volume specifically and sensitively predicted the severity of sleep
deprivation-induced learning impairment, and through an asso-
ciation with SWA, determined the restoration of learning follow-
ing recovery sleep.
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Behavioral specificity analysis

To examine the memory specificity of the associations between
LDI and hippocampal subfield structure, a repeat series of anal-
yses were conducted using the more general measure of recogni-
tion memory accuracy. A two-way repeated-measures ANOVA
included between-subjects factors condition (rested, deprived,
recovery) and memory type (LDI, Memory Accuracy), and their
interaction term. While a significant main-effect of condition was
preserved (F,,5) = 15.45, p < 0.001), a significant interaction
term (F, gy = 5.91, p = 0.007) indicated that LDI and memory
accuracy are not equally susceptible to the impact of sleep loss
and recovery sleep. Specifically, the LD, relative to recognition
memory accuracy, demonstrated significantly greater impair-
ment following sleep deprivation (F, 5 = 4.28, p = 0.047)
and significantly greater restoration following recovery sleep
(F(1,28) = 11.65, p = 0.002). Next, we sought to examine whether
hippocampal brain structure demonstrated differential sensitiv-
ity to these two distinct learning indices. No significant associa-
tions between CA3/DG volume and memory accuracy
performance were identified following sleep loss (b = —20.33,
p = 0.71) or following recovery sleep (b = 39.25, p = 0.46).
Indeed, when all three brain regions were entered into the same
regression models, no associations between recognition memory
accuracy and hippocampal subfield regional volume were iden-
tified (all p > 0.25). Therefore, the behavioral associations with
CA3/DG volume were specific to the learning measure of LDI,
and not a more generalized index of learning (here, recognition
memory accuracy).

Discussion

Two core findings emerge from the current study. First, the sub-
field structure of the human hippocampus represents a trait-like
biomarker that significantly explains interindividual vulnerabil-
ity to learning impairments associated with sleep deprivation.
Second, our findings indicate that this structurally determined
impairment associated with sleep deprivation further predicts the
subsequent degree of NREM SWA during recovery sleep, thereby
accounting for postsleep restoration of learning function.

While previous studies have reported a positive association
between hippocampus volume and learning ability under rested
conditions (Doxey and Kirwan, 2015), the current findings indi-
cate a distinctly different association whereby a larger CA3/DG is
associated with a greater learning impairment under conditions
of sleep deprivation (and a concomitantly greater restoration in
learning following recovery sleep). One potential mechanistic
framework accounting for both these findings is the influence of
the wake/sleep-regulating neurotransmitter adenosine on
CA3/DG memory functioning (Florian et al., 2011). Five lines of
independent evidence support this model. First, adenosine ac-
crues in a manner proportional to extended time awake, indexing
sleep-loss severity (Porkka-Heiskanen et al., 1997, 2000), and
subsequently decreases across ensuing sleep (Porkka-Heiskanen
et al., 1997, 2000). Second, adenosine accumulation within CA3
is locally derived by regional deposition from neurons and astro-
cytes (Kawamura et al., 2004), the combination of which signifi-
cantly contributes to MRI-derived structural volume. Third,
increased levels of adenosine functionally inhibit the induction of
hippocampal long-term potentiation necessary for plasticity
(Vecsey et al., 2009), and is further associated with learning def-
icits caused by sleep loss (Halassa et al., 2009; Florian et al., 2011;
Havekes et al., 2012). Fourth, caffeine—an adenosine antago-
nist—Dblocks sleep deprivation-induced impairments in hip-
pocampal long-term potentiation (Alhaider et al., 2010a, b, 2011)
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and further enhances hippocampal subfield-dependent learning
in humans (Borota et al., 2014). Fifth, the degree of adenosine
accumulation with continued wakefulness triggers a propor-
tional increase in NREM SWA during subsequent recovery sleep
(Benington et al., 1995), consequently restoring synaptic plastic-
ity through its clearance of extracellular adenosine.

Building on such convergent evidence, this model predicts
that the hippocampal CA3/DG subregion volume, representing
aggregated neuronal and astrocytic mass, will proportionally
govern the extent of local adenosine accumulation across partic-
ipants caused by sleep deprivation. Suchlocal adenosine accumu-
lation, in turn, should putatively determine the severity of
associated learning impairment supported by this hippocampal
region. The same framework is further capable of explaining the
observed interactions with NREM recovery sleep. Specifically,
the extent of local adenosine accumulation, defined by CA3/DG
volume, should dictate the proportional degree of homeostatic
NREM SWA expressed during recovery sleep. By accounting for
the degree of SWA expressed, CA3/DG volume not only deter-
mines the initial learning vulnerability to sleep deprivation, but
the subsequent SWA-mediated restoration of CA3/DG-
dependent learning.

Beyond hippocampus-dependent memory function, these
findings raise the broader question of whether structural differ-
ences in distinct neuroanatomy similarly determine sleep depri-
vation vulnerability in other cognitive and affective domains
(Rocklage et al., 2009). Developing this structural taxonomy of
sleep deprivation sensitivity may be informative for at least two
reasons. First, there remains a paucity of biomarkers capable of
predicting individual-wise changes in cognitive and/or emo-
tional dysfunction caused by insufficient sleep (as well as their
functional restoration following recovery sleep). Identifying such
reliable biomarkers may provide occupational relevance in deter-
mining the expected severity of sleep-loss dysfunction a given
individual will suffer in professions where insufficient sleep per-
vades (e.g., aviation, military, and medicine). Second, this same
taxonomy may offer novel translational insights across a collec-
tion of neurological and psychiatric disorders in which sleep dis-
ruption, cognitive/affective impairments, and concomitant
structural brain changes co-occur (e.g., schizophrenia, Ferrarelli
etal.,2007; depression, Armitage et al., 2000; Alzheimer’s disease,
Grace et al., 2000; Spira et al., 2013, 2014).

One limitation of the current experimental design that needs
to be appreciated is the potential for time-of-day, or circadian,
influences upon performance, wherein the postnap recovery test-
ing necessarily occurs at a different time of day than either the
sleep-deprived or sleep-rested test sessions. Although the current
data cannot rule out the possibility of clock-dependent changes
in learning, independent of sleep, two lines of evidence suggest
that the current findings are unlikely to be explained solely by
circadian alerting effects. First, SWA in the recovery nap pre-
dicted the degree of sleep deprivation-induced learning impair-
ment and recovery-sleep-induced restoration, indicating that
interindividual variance in memory performance across condi-
tions expressed sleep-dependent sensitivity. Second, prior find-
ings have established that the homeostatic pressure that develops
across extended waking is sufficient to mitigate the impact of
circadian clock-dependent alerting upon cognitive performance
(Wright et al., 2012). Specifically, constant-routine protocols
have established that the impact of sleep loss on cognitive perfor-
mance extends beyond the nocturnal night and into the subse-
quent day, despite participants entering a wake-promoting
circadian phase (Dijk et al., 1992).
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