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Abstract

Study Objectives: Sleep spindles, defining electroencephalographic oscillations of nonrapid eye movement (NREM) stage 2 sleep
(N2), mediate sleep-dependent memory consolidation (SDMC). Spindles are also thought to protect sleep continuity by suppressing
thalamocortical sensory relay. Schizophrenia is characterized by spindle deficits and a correlated reduction of SDMC. We investigated
whether this relationship is mediated by sleep fragmentation.

Methods: We detected spindles (12-15 Hz) during N2 at central electrodes in overnight polysomnography records from 56 partici-
pants with chronic schizophrenia and 59 healthy controls. Our primary measures of sleep continuity were the sleep fragmentation
index and, in a subset of the data, visually scored arousals. SDMC was measured as overnight improvement on the finger-tapping
motor sequence task.

Results: Participants with schizophrenia showed reductions of both spindle density (#/min) and SDMC in the context of normal sleep
continuity and architecture. Spindle density predicted SDMC in both groups. In contrast, neither increased sleep fragmentation nor
arousals predicted lower spindle density or worse SDMC in either group.

Conclusions: Our findings fail to support the hypothesis that sleep fragmentation accounts for spindle deficits, impaired SDMC, or
their relationship in individuals with chronic schizophrenia. Instead, our findings are consistent with the hypothesis that spindle
deficits directly impair memory consolidation in schizophrenia. Since sleep continuity and architecture are intact in this popula-
tion, research aimed at developing interventions should instead focus on understanding dysfunction within the thalamocortical-
hippocampal circuitry that both generates spindles and synchronizes them with other NREM oscillations to mediate SDMC.

Key words: schizophrenia; sleep spindles; sleep continuity; memory consolidation; sleep fragmentation index; arousals; thalamic
reticular nucleus; motor sequence task

Statement of Significance

In addition to their well-established role in sleep-dependent memory consolidation (SDMC), sleep spindles may also contribute to
sleep continuity. In schizophrenia, reduced spindle density correlates with impaired SDMC. Here, we investigated whether sleep
fragmentation might underlie this relationship. Our findings failed to support this possibility. Instead, they are consistent with
the hypothesis that reduced spindle density in individuals with chronic schizophrenia directly impairs SDMC. Since both sleep
continuity and architecture are generally intact in this population, future research aimed at developing interventions to improve
memory might instead focus on understanding dysfunction within the thalamocortical-hippocampal circuitry that both generates
spindles and synchronizes them with other NREM sleep oscillations to mediate SDMC.
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Sleep spindles, defining electroencephalographic (EEG) oscilla-
tions of nonrapid eye movement (NREM) stage 2 sleep (N2), are
brief bursts of synchronous activity in the 10-15 Hz range in a
waxing, waning envelope [1]. In addition to their well-established
role in memory consolidation, spindles are thought to maintain
sleep continuity by suppressing sensory relay from the thalamus
to the cortex during sleep [2]. Schizophrenia is characterized by
spindle deficits that correlate with impaired sleep-dependent
memory consolidation (SDMC; for review see [3]). Here, we investi-
gate whether sleep fragmentation may underlie this relationship.

The physiology of sleep spindles is relatively well understood
based on decades of animal and human studies [4-6]. Spindles
are generated in the thalamic reticular nucleus (TRN) and are
propagated to the cortex via thalamocortical circuitry [7, 8]. They
are a key facilitator of the synaptic plasticity involved in memory
[9]. Spindles correlate with SDMC, learning efficiency, and IQ [10].
In schizophrenia, reduced spindle activity [11-13] is associated
with impaired sleep-dependent consolidation of both procedural
and declarative memory, lower IQ, and worse executive function
[14-16]. Animal and human studies provide evidence that spin-
dles also play a role in maintaining sleep continuity. Sensory-
projecting TRN neurons that are involved in spindle generation
suppress cortical sensory processing during both sleep and wake
[17]. In mice, optogenetically induced spindles increase the dura-
tion of NREM sleep [18]. In humans, the cortical response to noise
is suppressed during spindles [19-22] and higher spindle density
correlates with higher noise tolerance during sleep [23]. Difficulties
in maintaining sleep, including increased awakenings and wake-
time after sleep onset (WASO), are often reported in individuals
with schizophrenia (c.f. meta-analysis [24]). In addition, rodent
models relevant to schizophrenia show reduced spindles in the
context of sleep fragmentation [25, 26]. The hypothesized dual
function of spindles in maintaining sleep continuity and consoli-
dating memory raises the question of whether impaired SDMC in
schizophrenia is more likely to be a direct effect of reduced spin-
dles or due to sleep fragmentation (i.e. does the spindle deficit in
schizophrenia lead to greater sleep fragmentation, which, in turn
impairs memory?). If the spindle-SDMC relationship was medi-
ated by sleep fragmentation, we would expect greater fragmenta-
tion to correlate with lower spindle density, which, in turn, would
correlate with more impaired SDMC. Alternatively, if impaired
SDMC in schizophrenia was a direct effect of the spindle deficit,
and not any sleep fragmentation that results from it, we would
expect reduced spindle density, but not increased sleep fragmen-
tation, to predict worse SDMC.

To evaluate these possibilities, we characterized archival over-
night polysomnography (PSG) data from participants with chronic
schizophrenia and demographically matched healthy controls
using the sleep fragmentation index (SFI) [27, 28]. While the SFI
can be easily derived from sleep staging, it only captures arousals
that are longer than 15 s and result in a transition to N1 or wake
[1]. To ensure that our findings with SFI replicated using a more
sensitive measure of sleep fragmentation (i.e. one that includes
shorter arousals and those that do not result in a transition), we
visually identified arousals in a subset of our data. To measure
SDMC, we used the finger-tapping motor sequence task (MST),
which is the most extensively validated probe of SDMC. We have
reported on its sleep dependence in healthy adults [29] and on the
failure of sleep-dependent improvement in schizophrenia [15, 30].
All participants were trained on the MST before sleep and were
tested the following morning. We hypothesized that in schizo-
phrenia, (i) reduced spindle density would predict worse SDMC, as
in prior findings from these samples and others [15, 31-33], and

(ii) that sleep fragmentation would not correlate with either spin-
dle density or SDMC based on previous findings of spindle and
SDMC deficits in the context of normal sleep quality and architec-
ture in schizophrenia [11, 12, 15, 31, 34]. This would indicate that
sleep fragmentation was unlikely to mediate the relationship of
spindle density with SDMC.

Materials and Methods
Participants

The final sample was comprised of 56 participants with chronic
schizophrenia and 59 healthy controls from three published
studies: Dataset (1) 28 controls, 26 schizophrenia [31]; Dataset (2)
17 controls, 19 schizophrenia [15, 35]; Dataset (3) 14 controls, 11
schizophrenia [13]. For two control and eight schizophrenia par-
ticipants who were in more than one study, only data from the
most recent study were included. MST data from one control and
one schizophrenia participant were missing, and data from two
schizophrenia participants were excluded due to experimenter
error during data collection. Diagnoses of schizophrenia were
confirmed with the Structured Clinical Interview for DSM-1V [36].
Three schizophrenia participants were unmedicated and the rest
were maintained on stable doses of antipsychotic drugs (APDs)
and adjunctive medications for at least 6 weeks before participa-
tion (Supplementary Table S1). Healthy controls were screened to
exclude a personal history of mental illness [37] and a family his-
tory of schizophrenia spectrum disorder or psychosis. All partici-
pants were screened to exclude diagnosed sleep disorders, except
insomnia. Schizophrenia and control groups were matched for
age and sex, but controls had significantly higher mean parental
education (Table 1).

Procedures
SDMC of the MST.

The MST requires participants to repeatedly type a 5-digit
sequence (e.g. 4-1-3-2-4) on a numerically labeled keyboard with
their left hand, “as quickly and accurately as possible” for twelve
30 s typing trials separated by 30 s rest periods. The sequence is
displayed at the top of the screen, and dots appear beneath it
with each keystroke. Participants train on 12 trials before sleep
and are tested on an additional 12 trials after sleep. Performance
is measured as the number of correctly typed sequences per
trial, which reflects both the speed and accuracy of performance
[29, 38-40].

Before analysis, outlier trials were detected and removed.
To identify outliers, MST performance in each session was
modeled using a piecewise power function [30]. The train-
ing and test data for each condition were fit to the equation,
Y =1+C(1-RtY)+Dd+e, where Y = correct sequences typed
on trial t; I = initial performance (on trial 1); C = change in per-
formance from trial 1 to the asymptote (amount learned); 1-R =
the learning rate; t = trial number; D = overnight improvement;
d = 0 (for training) or d = 1 (for testing); and e is a stochastic error
term. Trials more than 2 SD below the mean of the squared
residuals of individual MST performance on each trial were
excluded (118 out of 2712 trials; 5% controls, 4% patients). Since
there is no basis for excluding trials on which participants per-
formed better than expected, we kept trials that were 2 SD above
the mean.

Learning during training was calculated as both the percent
and absolute change in correctly typed sequences from the first
trial to the average of the three trials with the best performance.
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Table 1. Participants characteristics
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Control (n =59) Schizophrenia (n = 56) F P
M=SD, range M=SD, range
Age (years) 35 + 8 [22-55] 36 + 9 [18-60] 51 48
Sex 44M/15F 43M/13F ¥’ =.08 78
Parental education (years) 15+ 310, 22] 14 + 3 [6, 21] 4.81 .03*

Rating scales scores/level of severity (schizophrenia only)
PANSS total

PANSS positive

PANSS negative

PANSS general

SANS

Medication dosages

Chlorpromazine equivalents (mg)*

62 + 18 (Mild)

14 + 6 (Mild)

17 + 6 (Mild)

31+ 9 (Mild)

34 + 19 (Minimal)

474 + 384

M+SD: Mean + Standard Deviation; PANSS: Positive and Negative Symptom Scale; SANS: Scale for the Assessment of Negative Symptoms.

aChlorpromazine equivalent dosage was calculated only for medicated patients.

Overnight improvement was calculated as the percent change
in correctly typed sequences from the average of the best three
training trials at night to the first three test trials the following
morning. We measured MST performance before sleep using the
best three training trials instead of the last three, which has been
typically used [29] since the average of the best three trials better
reflects optimal presleep performance. For the measurement of
overnight improvement, if any of the first three test trials were
excluded, the remaining trials were averaged.

Polysomnography

Details of PSG data collection can be found in the primary pub-
lications [13, 15, 31]. All overnight sleep recordings took place in
the General Clinical Research Center at Massachusetts General
Hospital. PSG data were downsampled to 100 Hz. Data from data-
sets 1 and 2 were rereferenced to linked mastoids. Data from
dataset 3 were referenced to the contralateral mastoid. EEG data
were band-pass filtered at 0.3-35 Hz and the artifact rejected
using Luna v0.26 (http://zzz.bwh harvard.edu/luna/), BrainVision
Analyzer 2.0 (BrainProducts, Germany), and custom scripts in
Matlab (MathWorks, Natick MA).

Sleep architecture and fragmentation

Each 30-s epoch was scored according to standard criteria as
WAKE, Rapid Eye Movement Sleep (REM), N1, N2, or N3 by expert
raters blind to diagnosis [1]. Time in each sleep stage was cal-
culated both as total minutes and percent of total sleep time
(TST). WASO was measured in minutes. We could not retrieve
lights-on and -off markers, but sleep efficiency did not differ
between groups in the original reports [13, 15, 31]. We measured
sleep fragmentation with the SFI, which captures transitions to
wake and to N1 sleep [28]. In a subset of the data (dataset 1), we
also scored arousals according to standard AASM criteria [41].
Scoring was conducted by experts (OL, LZ, RP) with established
inter-rater reliability who were blind to diagnosis. An arousal is
defined as an abrupt shift of EEG frequency to alpha, theta, and/
or frequencies greater than 16 Hz (but not sigma) lasting at least
3's, preceded by at least 10 seconds of stable sleep. Outcome
measures of sleep fragmentation were SFI (# transitions/h of
TST), arousal density (# arousals/h of TST), and mean arousal
length (sec). SFI and arousals were calculated for all sleep and
for N2 sleep alone.

Sleep spindles

Spindle analyses were restricted to central electrodes (C3, Cz, and
C4), which were common to all datasets. Spindles were automat-
ically detected during N2 in the 12-15 Hz band-pass-filtered data
at each electrode using a validated wavelet-based algorithm [15,
42]. The threshold for spindle detection, nine times the median
signal amplitude of artifact-free epochs, maximized between-
class variance (spindle vs. nonspindle) [43]. The outcome meas-
ure was N2 spindle density (spindles per minute) averaged across
electrodes.

We focused on N2 spindle activity since it reliably differenti-
ates schizophrenia from control participants and correlates with
SDMC of the MST in ours [15, 31] and other studies [29, 44], in the
context of largely intact spindle morphology and coupling [45, 46].

Statistical analysis

Linear regression models were used to investigate group differ-
ences in sleep fragmentation, sleep architecture, spindle density,
and SDMC. Group and Age were included as factors. Cohort (data-
sets 1, 2, 3) was included in all analyses as a nuisance factor, since
the samples were collected from 2007 to 2019. An interaction
term of Group by Age was included to investigate whether rela-
tionships with Age differed by Group. To examine the relation of
arousal density with SFI, we used a linear regression model with
Group and Age as factors. To evaluate potential effects of treat-
ment with APDs in patients, we investigated the relations of APD
dose, measured as chlorpromazine equivalents [47], with sleep
fragmentation measures, spindle density, and MST improvement,
including Age as a covariate [44].

To evaluate whether the relation of reduced spindle density
with impaired SDMC in schizophrenia can be explained by sleep
fragmentation, we measured the correlations of 1) spindle den-
sity with overnight improvement on the MST, 2) spindle den-
sity with SFI and arousal density, and 3) SFI and arousal density
with overnight improvement. We used linear regression models
with Group, Age, and Cohort as factors. Interaction terms of SFI,
arousal density, and spindle density with Group were included in
the models to determine whether the relations differed by Group.
To examine whether SFI might affect the relation of spindle den-
sity with SDMC we also tested the interaction of spindle density
with SFI. To adjust for comparisons across multiple regression
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models, we used False Discovery Rate, with a false positive rate
of .05, applied to the omnibus p-values [48, 49]. Only models with
adjusted p < .05 are reported as significant.

Results

Group differences in sleep architecture and
continuity

TST, WASO, and sleep architecture did not differ by Group
(Table 2). The schizophrenia group had numerically lower SFI
(p=.18) and arousal density (p=.06) than controls. Arousal
density was highly correlated with SFI (F(1,49)=47.22,
p <.001; Figure 1) and this relationship did not differ by Group
(F(1,49)=1.88, p=.18). Group differences in SFI divided by
sleep stage and transitions to N1 versus Wake are shown in
Supplementary Figure S1. Schizophrenia participants had less
fragmented REM, fewer total transitions to N1, and fewer transi-
tions from N2 to N1 than controls.

Group differences in learning, SDMC, and sleep
spindles

Schizophrenia participants had a higher learning rate during train-
ing (Control: 64 +43%, Schizophrenia: 96 + 54%; F(1,103) = 12.89,
p <.001) but did not differ in the number of sequences gained
(Control: 7.4 + 3.3, Schizophrenia: 6.5 + 3.7; F(1,103) = 0.97, p = .33).
Consistent with previous studies (for meta-analysis see [50]) con-
trols showed significant overnight improvement on the MST (8.1%;
t(57)=4.71, p<.001), while patients showed no improvement
(-0.9%, t(52) =-0.35, p=.73), and differed from controls in this
regard (F(1,105) = 10.97; p=.001). Also consistent with previous
studies (for meta-analysis see [34]), spindle density was lower in
patients than controls (39% reduction, p < .001; Figure 2, Table 2).

Relations of sleep spindles, sleep fragmentation,
and SDMC

Relations of spindle density and sleep fragmentation with
SDMC.

In the full dataset, higher spindle density predicted greater over-
night improvement on the MST (F(1,104) =9.92, p=.002). This
relationship differed by Group (F(1,104) =7.15, p =.008), reflect-
ing a stronger correlation in schizophrenia (r=.54, p<.001;
Figure 2) than controls: (r=.25, p=.054) and remained signif-
icant even when SFI was included in the model as a covariate
(F(1,104) = 9.01, p = .003). The interaction of spindle density with
SFI did not predict overnight improvement (F(1,103) = 0.05, p = .83)
indicating that SFI did not change the effect of spindle density on
SDMC. The results were similar when the measures of SFI were
restricted to N2: Spindle density predicted overnight improve-
ment (F(1,104) = 8.25, p = .005), but the interaction of spindle den-
sity with N2 SFI did not (F(1,103) =0.82, p = .37). This was also true
in the schizophrenia group alone: spindle density predicted over-
night improvement (F(1,46)=9.78, p = .003), but the interaction of
spindle density with SFI did not (F(1,46)=0.11, p = .74).

Relations of spindle density with sleep fragmentation.

Spindle density did not correlate with WASO (F(1,108) = 0.02,
p=.90) or with SFI across all sleep (F(1,108)=0.61, p =.44) or
during N2 alone (F(1,108) =2.03, p=.16; Figure 2). In the sub-
set of the sample with scored arousals, spindle density did not
correlate with arousal density (F(1,49)=0.56, p =.46) or length
(F(1,49) = 0.003, p = .96) and the results were similar when arousal
measures were restricted to N2 (arousal density: F(1,49) = 3.26,
p = .08, arousal length F(1,49) = 0.22, p = .64).

Table 2. Effects of group and age on sleep continuity, sleep architecture, spindle density, and SDMC

Control Schizophrenia Group Age Group x Age

M = SD M + SD F P F 14 F P
Sleep continuity
TST (min) 451+ 74 464 + 106 1.13 .29 8.46 .004* .001 .97
WASO (min) 45+ 29 48 + 56 .03 .87 8.07 .005* 3.07 .08
SFI (# transitions/h of TST) 53+19 4.8+37 1.86 .18 341 .07 3.63 .06
bArousal density (#/h of TST) 8.0+2.6 6.7+29 3.80 .06 1.21 .28 2.26 14
PArousal length (sec) 9.9+17 102+ 1.7 .30 .58 .02 .90 .09 77
Sleep architecture (min)
N1 40+ 21 36+21 1.12 .29 32 .58 .01 .92
N2 249 +53 261 +81 1.43 23 3.38 .07 0 .99
N3 71+35 80 + 54 1.22 27 1.24 27 43 51
REM 91+ 30 88 + 39 .23 .63 6.07 .02 .39 .53
Sleep architecture (%)
N1 9+4 8+5 37 .55 4.01 .05 .07 78
N2 55+9 56 +12 .53 47 0 .99 .08 78
N3 16+7 17 +10 72 .40 .02 .88 .39 .53
REM 20+7 18+7 2.51 12 1.48 22 .67 41
Sleep spindles
Spindle density (#/min) 44+21 27+16 78.08 <.001" 11.13 .001* 11 74
Memory consolidation
MST improvement (%) 8.1+13.1 -9+183 10.90 .001* 6.68 .01* .59 44

2Arousals were visually scored only in dataset 3.

*Only models with p < .05 after multiple comparison correction are denoted as significant.
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high leverage (r=.57,p <.001).
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Relations of SDMC with sleep fragmentation.

Surprisingly, higher SFI predicted greater MST overnight improve-
ment (F(1,104) =5.47, p=.02). This relationship was primarily
driven by controls (Control: r = .30, p = .02; Schizophrenia: r = .11,
p = .43; Figure 2), but the interaction with Group did not reach
significance (F(1,104) = 0.50, p = .48). WASO did not correlate with
overnight improvement (F(1,104) = 1.04, p = .31) nor did arousal
density (F(1,48)=0.42, p=.52) or length (F(1,48)=0.23, p=.63).
Neither N2 arousal length (F(1,49) = 3.07, p = .09) nor arousal den-
sity (F(1,49) = 1.89, p =.18) significantly predicted MST overnight
improvement.

Control analyses

Effects of age on sleep and memory.

Consistent with the literature [51-53], aging was associated
with a decline in sleep quality. Older individuals had less TST
(Control: r=-.52, p<.001; Schizophrenia: r=-.34, p=.01) and
more WASO (Control: r=.32, p=.02; Schizophrenia: r= .40,
p =.002), and these relations did not differ by Group. Neither SFI
nor arousal density and length correlated with age, and these
relations did not differ by Group (Table 2). Both spindle density
(Control: r=-.33, p=.01, Schizophrenia: r=-.41, p=.002) and
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MST overnight improvement (Control: r = —.41, p = .001, Patients:
r=-.37,p =.006) decreased with age and these relationships did
not differ by Group. The amount of time spent in REM decreased
with Age (Control: r = -.27, p = .04; Schizophrenia: r = —.34,p = .01)
similarly for both groups (Group by Age: F(1,109) = 0.39, p = .53),
but this relation did not pass correction for multiple compari-
sons (Table 2).

Sex differences in sleep and memory.

There were no sex differences in spindle density (F(1,108) = 0.08,
p=.78), MST improvement (F(1,104)=0.26, p=.61), SFI
(F(1,108) = 2.39, p = .12), arousal density (F(1,50) = 0.56, p = .46), or
arousal length (F(1,50) = 0.53, p = .47).

Effects of antipsychotic dose on sleep and memory.

APD dose did not correlate with TST (F(1,51)=0.04, p=.84),
WASO (F(1,51) = 1.07, p =.30), SFI (F(1,51) =0.32, p =.58), arousal
density (F(1,23)=0.01, p=.92), or arousal length (F(1,23)=3.45,
p =.08). Higher APD dose was significantly correlated with lower
spindle density (F(1,51) =6.54, p=.01), but not with MST over-
night improvement (F(1,51) =1.76, p =.19). Including APD dose
as a covariate did not change the relationship of spindle density
with either SDMC (F(1,50) = 8.46, p = .006) or SFI (F(1,50) = 0.57,
p =.46) in schizophrenia. When we exclude the three unmedi-
cated patients, the correlations of spindle density with SDMC
(F(1,45)=7.16, p=.01) and SFI (F(1,48)=0.22, p = .64) in schizo-
phrenia do not change.

Discussion

Our findings fail to support the hypothesis that the relationship
of reduced sleep spindles with impaired SDMC is mediated by
sleep fragmentation in individuals with chronic schizophrenia. As
previously reported in the present samples, patients with schiz-
ophrenia showed reduced spindles and a correlated impairment
of SDMC in the context of intact learning during training and
normal sleep continuity, quality, and architecture [13, 15, 31, 35].
Here, we show that in schizophrenia, neither reduced spindle
density nor impaired SDMC correlates with sleep fragmentation
measured as either the SFI or arousals suggesting that sleep frag-
mentation does not mediate the relation of spindle deficits with
impaired SDMC. Instead, our findings are consistent with the
hypothesis that the lower rate of spindles leads to worse SDMC in
individuals with chronic schizophrenia.

Sleep disturbances are commonly seen in schizophrenia
(for review see [54]). These include reduced TST and increased
sleep onset latency and WASO, which are consistently found in
APD-naive and unmedicated schizophrenia patients, but not
in patients taking APDs (see meta-analysis [24]). Both first- and
second-generation APDs (with the possible exception of risperi-
done) increase TST and sleep efficiency [S5, 56]. Thus, treatment
with APDs may account for findings of intact sleep quality (except
for longer sleep onset latency), architecture, and continuity in
medicated patients with chronic schizophrenia in this and prior
studies [3, 11, 12, 45]. Despite APD treatment, spindle deficits and
impaired SDMC remain [3, 45, 57], even in early course medicated
schizophrenia patients [46].

Spindle deficits are a highly consistent finding in schizophre-
nia [45] (meta-analysis [34]), including in APD-naive patients and
unaffected first-degree relatives [16, 58, 59], suggesting that the
spindle deficit is an endophenotype [60]. A large body of work in
rodents and humans demonstrates that spindles act in concert

with cortical slow oscillations and hippocampal sharp wave rip-
ples to mediate SDMC during NREM sleep [61-64]. Spindles and
their coupling with slow oscillations can be enhanced pharma-
cologically and with noninvasive brain stimulation in humans,
including those with schizophrenia [31, 35, 65]. In some studies,
this enhancement corresponds with improved SDMC [66-74]. This
work advances spindle physiology as a promising target for ther-
apy to improve cognitive deficits in schizophrenia (for review see
[75)).

Several lines of evidence suggest that spindles may also con-
tribute to maintaining sleep continuity by gating the relay of sen-
sory information from the thalamus to the cortex in the context
of noise [2, 18-23]. In the present study, however, lower spindle
density did not correlate with increased SFI or arousals in either
group. This may reflect that arousals did not result from exter-
nal stimuli (i.e. spindles may play a protective role only in noisy
environments). Alternatively, it may refute the spindle gating
hypothesis. In the present study, spindles correlated with SDMC
in both groups, consistent with their well-established mnemonic
function.

Unsurprisingly, we replicated previous findings of age-related
decreases in TST, along with the increases of WASO in healthy
individuals [53, 76], and found similar relationships in schizo-
phrenia. We also replicated prior work showing declines in spindle
density with age [51] and extended these findings to schizophre-
nia. Overnight consolidation of the MST also declined with age in
both controls and individuals with schizophrenia. Previous stud-
ies of the effects of aging on procedural memory consolidation in
healthy adults report either declines or no change [77-80].

A limitation of this study is that we scored arousals in only a
subset of the data. Scoring arousals visually is a time-consuming
task thatis associated with low interrater reliability [81]. Although
they capture different aspects of sleep disruption, we and others
find that SFI and arousals are highly correlated [27], suggesting
that they both accurately reflect sleep continuity. Another poten-
tial limitation is that all but three schizophrenia participants
were medicated and we cannot rule out the possibility of medi-
cation effects on our measures. We note that even in samples not
treated with APDs (i.e. healthy controls, APD-naive patients with
schizophrenia, and their first-degree relatives), sleep quality does
not correlate with spindle density [16], suggesting that it does not
account for the relations of spindle density with SDMC in these
groups.

In summary, our findings support the hypothesis that in indi-
viduals with chronic schizophrenia, spindle deficits impair SDMC
independently of any effects of sleep fragmentation. Since sleep
continuity and architecture are intactin this group, future research
aimed at developing interventions to improve memory should
focus on understanding dysfunction in the thalamocortical-
hippocampal circuitry that generates spindles and coordinates
them with other NREM sleep oscillations to mediate SDMC.
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