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Nocturnal sleep enhances working memory
training in Parkinson’s disease but not Lewy
body dementia
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Working memory is essential to higher order cognition (e.g. fluid intelligence) and to performance of daily activities. Though
working memory capacity was traditionally thought to be inflexible, recent studies report that working memory capacity can be
trained and that offline processes occurring during sleep may facilitate improvements in working memory performance. We
utilized a 48-h in-laboratory protocol consisting of repeated digit span forward (short-term attention measure) and digit span
backward (working memory measure) tests and overnight polysomnography to investigate the specific sleep-dependent pro-
cesses that may facilitate working memory performance improvements in the synucleinopathies. We found that digit span
backward performance improved following a nocturnal sleep interval in patients with Parkinson’s disease on dopaminergic
medication, but not in those not taking dopaminergic medication and not in patients with dementia with Lewy bodies.
Furthermore, the improvements in patients with Parkinson's disease on dopaminergic medication were positively correlated
with the amount of slow-wave sleep that patients obtained between training sessions and negatively correlated with severity of
nocturnal oxygen desaturation. The translational implication is that working memory capacity is potentially modifiable in pa-
tients with Parkinson’'s disease but that sleep disturbances may first need to be corrected.
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Abbreviations: DLB = dementia with Lewy bodies; MMSE = Mini-Mental State Examination; UPDRS = Unified Parkinson's
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Shelton et al.,, 2010). For nearly half a century, working
memory capacity, which is the amount of information one can

Introduction

Working memory is a dynamic cognitive ability in which informa-
tion is actively stored and manipulated in the brain (Baddeley,
1992). Working memory is considered vital to higher order cog-
nitive abilities such as planning (Phillips et al., 1999), problem
solving (Logie et al., 1994), delayed goal execution (Brewer
et al., 2010) and overall fluid intelligence (Engle et al., 1999;

temporarily store and manipulate, was considered to be a stable
trait (Miller, 1956; Cowan, 2001). However, researchers are now
finding that working memory capacity can be trained (Verhaeghen
et al., 2004; Morrison and Chein, 2011) and that training working
memory capacity might lead to a broad spectrum of cognitive
enhancements (Chein and Morrison, 2010), perhaps even
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improved fluid intelligence (Jaeggi et al., 2008). The clinical impli-
cation is that working memory training might help patients who
have cognitive impairments (Westerberg et al., 2007; Vogt et al.,
2009). This study investigated whether sleep might enhance work-
ing memory training in patients with synucleinopathies such as
Parkinson's disease, which is frequently associated with mild im-
pairments in cognition and dementia with Lewy bodies (DLB),
which is associated with more profound impairments to cognition
(Marti et al., 2003; Metzler-Baddeley, 2007).

An unresolved question regards the mechanisms by which
working memory performance is augmented with training
(Shipstead et al., 2012). Neuroimaging studies have found cortical
plasticity in response to training (Hempel et al., 2004), but do not
indicate when or how such functional reorganization occurs.
Because most training studies are conducted over a span of
days, weeks or months, one intriguing possibility is that offline
(i.e. operating in-between training events), sleep-dependent
mechanisms are involved. Consistent with this idea, Kuriyama
et al. (2008, 2011) experimentally interleaved sleep versus wake
intervals between training events and found that a period of sleep
is critical to facilitating working memory. However, no published
study has attempted to identify the sleep-based physiological pro-
cess(es) that promotes such enhancement.

One plausible offline mechanism for training working memory
is slow-wave sleep. Slow-wave sleep has received increasing at-
tention in recent years due to its link to offline memory reactiva-
tion (Wilson and McNaughton, 1994; Ji and Wilson, 2007) and
subsequent consolidation (Fowler et al., 1973; Peigneux et al.,
2004; Stickgold, 2005; Rasch et al., 2007). In addition to offline
memory reactivation, slow-wave sleep has generally been linked
to synaptic plasticity and cortical reorganization (Tononi and
Cirelli, 2003; Takashima et al., 2006; Dang-Vu et al., 2010),
thereby making it a candidate for facilitating working memory
training.

This study investigated whether patients with neurodegenera-
tive disease (specifically Parkinson's disease and DLB) can improve
their working memory performance, and if so, whether slow-wave
sleep or another sleep-dependent variable is associated with such
improvements. Only one study has examined offline memory
improvements in patients with Parkinson's disease and that
study examined motor memory—not working memory—and did
not use polysomnography (Marinelli et al., 2009). In this study,
patients with Parkinson's disease and DLB stayed in an inpatient
sleep laboratory for 48 consecutive hours, underwent two nights
of polysomnography and completed eight verbally administered
digit span forward and backward tests (Fig. 1).

The digit span task was chosen for several reasons. First, when
administered verbally in Parkinsonian patients digit span avoids
confounds that would likely be present in working memory tasks
requiring motor function. Second, digit span was predicted to be a
more amenable task (i.e. less fatiguing or stressful) in patients with
Parkinson's disease and DLB than lengthy n-back or complex span
measures, which was an important consideration in our 48-h in-
patient procedure. Third, digit span is a validated measure of
working memory (Shelton et al., 2009; Hill et al., 2010) and it
is particularly appropriate for the present research because forward
and backward subtests measure separate cognitive constructs
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(Reynolds, 1997; Groeger et al., 1999). While digit span forward
is a simple span task that measures short-term memory (i.e. sus-
taining attention), digit span backward is a complex span task that
measures working memory. This distinction is important because
Kuriyama et al. (2011) found sleep-related enhancements in a
healthy younger adult sample to a working memory task
(n-back) but not for a simpler sustained attention task
(psychomotor vigilance). Therefore, one would predict sleep-
dependent facilitation of digit span backward but not digit span
forward.

A final potentially relevant factor that could be implicated
in working memory function in parkinsonism is dopamine.
Dopamine release has been implicated in offline memory reactiva-
tion and consolidation (de Lima et al., 2011; Schicknick et al.,
2012), general working memory capacity (Bickman et al., 2006)
and the ability to train working memory (Dahlin et al., 2008a;
Brehmer et al., 2009; McNab et al., 2009). Because Parkinson's
disease is characterized by the loss of dopamine-producing neu-
rons (Lang and Lozano, 1998; Lotharius and Brundin, 2002) as
well as working memory impairments (Cooper et al., 1991), we
separately evaluated patients with Parkinson's disease who were
not yet taking dopaminergic medication (Cooper et al., 1992)
versus patients with Parkinson's disease actively taking dopamin-
ergic medication.

Materials and methods

Participants

Fifty-four patients with idiopathic Parkinson's disease and 10 patients
with DLB completed the 48-h laboratory protocol (Fig. 1) including two
nights of polysomnography and eight digit span tests. We excluded one
patient with idiopathic Parkinson's disease with a technical malfunction in
the polysomnography recording on the first laboratory night, resulting in
53 cases with Parkinson's disease with complete data. Demographic in-
formation is presented in Table 1. Both patients with Parkinson's disease
and DLB met consensually defined criteria for each condition. These are
defined in detail elsewhere (Langston et al., 1992; McKeith et al., 2005),
but can be briefly summarized here. As determined by a board-certified
neurologist, Parkinson's disease was defined by the presence of at least
two of the four cardinal signs of the disorder, including resting tremor,
cogwheel rigidity, bradykinesia and postural reflex instability, with
either resting tremor or bradykinesia required to be present. DLB was
defined by the presence of dementia and at least two core features
(Parkinsonism, recurrent visual hallucinations and fluctuating cognition)
or one core feature and one suggestive feature of the disorder, including
rapid eye movement sleep behaviour disorder, neuroleptic sensitivity, or
reduced dopamine transporter uptake on neuroimaging.

Patients with Parkinson's disease were enrolled regardless of
whether they carried a diagnosis of dementia, but most did not
[94.3% scored 26 or higher on the Mini-Mental State Examination
(MMSE)]. Additionally, patients were rated with the Hoehn and Yahr
staging scale and the motor subscale of the Unified Parkinson's
Disease Rating Scale (UPDRS). For patients receiving dopaminergic
medication, these ratings were conducted while patients were taking
their usual medication. We also assessed for the frequency of restless
legs syndrome using the mean of responses on two self-report ques-
tions [ranging from never (0) to very often (3)] that have been used in
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Figure 1 Example of the 48-h protocol focusing on the polysomnographic and digit span assessments. The timing of assessments was
tailored to each patient depending on their typical bed and wake times.

Table 1 Participant information across groups

Demographic and clinical variables PD patients PD patients DLB patients P-value
(no dopaminergics) (with dopaminergics)

Age 64.64 (9.27) 63.14 (9.16) 70.00 (7.02) 0.099
% Male 0.55 0.62 1.0 0.046
% Caucasian 0.91 1.0 1.0 -
MMSE 27.18 (3.09) 27.67 (2.12) 21.50 (5.10) <0.001
Disease duration (years) 1.95 (0.99) 6.68 (4.05) 4.10 (4.08) 0.001
Hoehn and Yahr 2.14 (0.60) 2.14 (0.60) 2.50 (0.47) 0.21
UPDRS 18.00 (8.45) 16.74 (8.63) 26.75 (10.85) 0.023
Restless legs 1.0 (1.41) 1.76 (1.38) 1.20 (0.79) 0.18
Levodopa dose (mg) 0.0 (0.0) 400.00 (295.70) 255.00 (309.52) <0.001
Pergolide dose (mg) 0.0 (0.0) 2.01 (1.58) 0.05 (0.16) <0.001
Combined dose (mg) 0.0 (0.0) 574.87 (323.82) 258.35 (306.63) <0.001

Standard deviations in parentheses. Where possible, F tests or x? tests were used to calculate P-values. Age, gender, race, Hoehn and Yahr and dosage were available for all
63 patients; MMSE (n = 60), disease duration (n = 61), UPDRS motor subscale (n = 53) data and restless legs questionnaire (n = 58) were available for the majority of

patients. PD = Parkinson's disease.

two major studies of restless legs syndrome prevalence (Lavigne and
Montplaisir, 1994; Phillips et al., 2000).

Within the Parkinson's disease group, 11 patients were taking no
dopaminergic medication whereas 42 patients were taking one or
more dopaminergic agents, including levodopa (n =34), pramipexole
(n=16), ropinirole (n=13) and bromocriptine (n=1). To estimate
dosage (Table 1) we used levodopa equivalents (Hobson et al.,
2002), pergolide equivalents (Grosset and Drosset, 2006) and com-
bined dopaminergic equivalents (Hobson et al., 2002). Because of the
small sample size, we did not assess for medication effects in the
patients with DLB (Mievodopa = 5, Mpramipexole = 1)-

As demonstrated in Table 1, the groups differed significantly in
MMSE and in UPDRS, indicating worse dementia and motor symp-
toms, respectively, in the patients with DLB relative to the patients
with Parkinson's disease. The DLB group was also composed of a
higher proportion of males relative to the Parkinson's disease groups.
Furthermore, patients with Parkinson's disease not taking dopamin-
ergic medication were more recently diagnosed than those actively
taking dopaminergic medications.

Overnight polysomnography

Participants underwent two consecutive nights of conventional poly-
somnography using the Embla Flaga A10 system. Polysomnography

consisted of central and occipital EEG, left and right monopolar elec-
trooculography, single lead electrocardiography, respiratory airflow
and effort and pulse oximetry. In addition, chin, leg and arm EMG
was measured from placements above the mentalis, anterior tibialis
and brachioradialis, respectively. This montage allowed us to examine
sleep architecture, evaluate sleep efficiency and fragmentation, as well
as identify severe nocturnal oxygen desaturation, breathing events
(e.g. apnoeas) and periodic leg movements. Sleep stage analysis was
conducted across 30s epochs and was scored blind to the digit span
data. We also monitored the patients’ sleep continuously via a
low-illumination, infra-red video system, which allowed us to deter-
mine the presence or absence of episodes of dream enactment behav-
iours during REM for each night.

Digit span measure

The digit span task is a classic measure from the Wechsler Adult
Intelligence Scale-1ll (Wechsler, 1997), which has been validated
against other working memory measures (e.g. Shelton et al., 2009),
such as the n-back (i.e. the task used by previous working mem-
ory and sleep studies; Kuriyama et al., 2008, 2011). In the digit
span task, the experimenter reads a string of digits aloud (e.g. 5 9 2
4 7) and the patient is instructed to immediately recall those digits ei-
ther in the forward position (5 9 2 4 7), which is a measure of



2792 | Brain 2012: 135; 2789-2797

short-term memory/attention, or in the backward position (7 4 2 9 5),
which is a measure of working memory (Reynolds, 1997). Digit
span backward is a working memory task because the digits must
be maintained in consciousness and also manipulated (re-ordered)
prior to verbal output. Manipulation is not required for digit span
forward.

The digit span test begins with trials that are two strings in length,
and it increases in length by one digit following two correct trials. The
test continues until the patient fails on two consecutive trials. Thus, via
successive iterations, the test determines the maximum capacity of
digits that a patient can recall in the forward or backward position.
Each digit span trial included a different permutation of digits, thereby
ensuring that any benefits we observed were not due to specific epi-
sodic memory for digit orders. Digit span forward was always admin-
istered prior to digit span backward.

Procedure

The 48-h protocol, an example of which is provided in Fig. 1, was
conducted in a sound-attenuated, quasi-isolated sleep laboratory at
Wesley Woods Geriatric Hospital. Patients were continuously moni-
tored by a research technician and they did not leave the laboratory
during the study. All meals and medications were provided at their
customary times, and the technician ensured that patients maintained
their usual bedtime and wake-up schedule during the study.
Caffeinated beverages were not allowed. Between digit span tests,
patients were allowed to watch television, read the newspaper and
use the phone and Internet. Participants also underwent modified
Maintenance of Wakefulness Testing to examine daytime alertness
each day (see Bliwise et al., 2012, for full description of the protocol).
These tests lasted 40 min regardless of whether sleep onset occurred,
to allow for the examination of sleep duration, and we analysed each
participant's sum of diurnal sleep in minutes. Digit span testing began
~2 h after morning awakening and was conducted throughout the day
approximately every 2-3 h.
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Statistical analyses

Alpha was set to 0.05 for inferring statistical significance. Digit span
performance was assessed as the number of correct digits prior to
failing consecutive trials and was averaged across the four tests in
each day. To examine the possible sleep-dependent process(es) that
promote working memory improvements, we conducted partial correl-
ations between sleep parameters and mean Day 2 digit span backward
performance after controlling for mean Day 1 digit span backward
performance. We adjusted for multiple testing in the correlational ana-
lyses using the Hochberg method (Norman and Steiner, 2000).

Results

Digit span improvement

As fillustrated in Fig. 2, the patients with Parkinson's disease
demonstrated a significant performance improvement from Day
1 to Day 2 for digit span backward, t(52) =5.21, P < 0.001, but
not for digit span forward (t < 1). The significant digit span back-
ward improvement replicated in both male, t(31)=3.72,
P=0.001, and female patients with Parkinson's disease,
t(20) =3.731, P=0.001. In contrast, the patients with DLB
demonstrated no significant improvement in digit span backward
(t < 1), but a significant decline in digit span forward, t(9) = 2.27,
P < 0.05.

Within the Parkinson's disease group, digit span backward im-
provement from Day 1 to Day 2 was statistically significant in
those taking dopaminergic medication, t(41) =5.108, P < 0.001,
but not in those not taking dopaminergic medication,
t(10) = 1.418, P=0.19 (Fig. 2) (cf. Cooper et al., 1992; Cools
et al., 2001). This pattern is striking, considering that patients
taking dopaminergic medication had longer disease duration
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Figure 2 Change in digit span forward and backward performance (Mean Day 2-Mean Day 1) across groups. Error bars reflect

standard errors.
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Table 2 Polysomnographic parameters averaged across both nights
Sleep variables PD patients PD patients DLB patients P-value
(no dopaminergics) (with dopaminergics)
Total sleep time (min) 377.38 (70.98) 325.47 (90.78) 365.98 (88.07) 0.14
Sleep efficiency 74.63 (13.78) 68.78 (18.11) 72.45 (13.06) 0.54
Sleep latency 33.15 (27.36) 52.33 (66.32) 27.23 (29.41) 0.35
% Stage 1 0.09 (0.08) 0.18 (0.14) 0.15 (0.16) 0.20
% Stage 2 0.71 (0.09) 0.62 (0.16) 0.70 (0.17) 0.15
% Slow-wave sleep 0.08 (0.07) 0.08 (0.10) 0.04 (0.05) 0.41
% REM 0.12 (0.07) 0.12 (0.08) 0.12 (0.09) 0.98
AHI 5.65 (9.59) 5.53 (6.08) 5.07 (7.04) 0.98
PLMS 15.91 (18.28) 17.97 (35.76) 32.14 (25.07) 0.42
Lowest SaO, 86.00 (3.40) 82.18 (7.20) 84.45 (3.54) 0.17
Sa0, <90% (min) 2.42 (2.75) 3.12 (3.56) 1.46 (1.80) 0.33

F tests were used to calculate P-values.

AHI = apnoea-hypopnoea index; PD = Parkinson's disease; PLMS = periodic leg movements; SaO, = oxygen saturation.

than those not taking dopaminergic medication, t(49)=3.80,
P < 0.001 (Table 1). Such digit span backward improvements
were neither time-of-day nor practice-dependent, which is evi-
denced by a lack of digit span backward improvement from the
first test [mean (M)test 1 = 5.12] to the last test (Myest 4 =5.10) on
Day 1 (t < 1). Similarly, on Day 2, there was not a significant digit
span backward improvement from the first test (Mrest 5 = 6.10) to
the last test (Mrest 8 =5.81; t < 1). Critically, digit span backward
performance improved significantly from Test 4 to Test 5,
t(41) =3.08, P =0.004, which included an interval of nocturnal
sleep. By contrast, digit span forward performance did not im-
prove from Test 4 (M =9.81) to Test 5 (M =9.50) [t(41) =1.08,
P =0.29]; there was also no significant digit span forward im-
provements across Day 1 [Mrest 1 =9.45; t(41)=1.38, P=0.18]
or across Day 2 (Mrest g =9.64; t < 1). Therefore, the Day 1 to
Day 2 digit span backward improvements observed (Fig. 2) appear
to be dependent on processes that occur during nocturnal sleep
rather than be dependent on time of day or practice.

Nocturnal sleep

Observed dream enactment in the sleep laboratory was signifi-
cantly more likely in patients with DLB (90%) relative to patients
with Parkinson's disease (30.2%) (P < 0.001, Fisher's exact test),
which was consistent with the classification of rapid eye move-
ment sleep behaviour disorder as one of the suggestive features of
DLB (McKeith et al., 2005). Mean polysomnographic measures are
presented in Table 2; there were no significant differences across
groups.

Correlations between sleep and digit
span backward performance

Partial correlations between sleep parameters and digit span back-
ward improvement (from Day 1 to Day 2) are presented in
Table 3. As illustrated in Fig. 3A, patients with Parkinson's disease
taking dopaminergic medication demonstrated a significant

positive correlation between digit span backward improvement
and Night 2 slow-wave sleep. Patients who demonstrated little
or no slow-wave sleep (i.e. Night 2 slow-wave sleep per cent
<1%) did not show significant digit span backward improvement
[Mbay 2-ay 1 = 0.55; £(10) =1.78, P =0.11].

A close examination of Fig. 3A suggests that six patients with
Parkinson's disease had higher slow-wave sleep than the other
patients with Parkinson's disease, eliciting the question whether
these patients differed on any relevant variables. The groups did
not differ significantly on any Table 1 demographic variables, levo-
dopa dose equivalence or any other medication classes
(all P-values > 0.05). Patients with higher slow-wave sleep on
Night 2 did not differ from the other patients with Parkinson's
disease on length of diurnal sleep or amount of diurnal
slow-wave sleep (all P-values > 0.10); they did show more
Night 1 slow-wave sleep per cent [Myigher slow-wave sieep = 0.25,
M iower slow-wave sleep = 0.06; £(40) =5.83, P < 0.001], and less
Night 1 Stage 2 sleep per cent [Myigher slow-wave sleep = 0.50,
M ower slow-wave sieep = 0.66; £(40) =2.08, P =0.044].

The partial correlation between digit span backward
improvement and the amount of time participants’ Night 2
oxygen saturation levels were <90% (Fig. 3B) was not significant
following Hochberg correction but had an uncorrected
P-value < 0.05. Participants whose oxygen saturation were
<90% for 5 or more min did not show a digit span backward
improvement (Mpay 2-pay 1= 0.25; t < 1). Moreover, the patients
with Parkinson's disease on dopaminergic medication with the
highest quality sleep during Night 2, defined as those with rela-
tively high levels of slow-wave sleep (at least 10%) and relatively
brief oxygen desaturation (fewer than 5min <90%), were
those who showed the greatest digit span backward improvement
(Mpay 2-pay 1=1.97), t(8) =858, P <0.001, Cohen's d=6.07.
The above effects replicate when correlating final (Test 8) digit
span backward performance (controlling for Test 1 performance)
with Night 2 slow-wave sleep, r(39) = 0.420, P = 0.006 and Night
2 severe oxygen desaturation, r(39) = —0.375, P =0.016 (signifi-
cant following Hochberg adjustment).
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Table 3 Partial correlations between sleep parameters
(Nights 1 and 2) and Day 2 digit span backward perform-
ance (controlling for Day 1 digit span backward perform-
ance) within the patients with Parkinson’'s disease taking
dopaminergic medication

Sleep variables Night 1 Night 2
(pre-training) (during training)
Total sleep time 0.059 —0.049
Sleep efficiency 0.087 —0.023
Sleep latency 0.079 0.023
% Stage 1 —0.068 —0.156
% Stage 2 —0.160 —0.195
% Slow-wave sleep 0.304 0.373x%
% REM 0.089 0.155
AHI —-0.141 —0.005
PLMS index 0.146 0.108
Dream enactment 0.094 0.061
Lowest SaO, 0.112 0.188
Sa0, <90% (min) —0.018 —0.318

*P < 0.05, after adjusting for multiple testing using the Hochberg method
(Norman and Steiner, 2000).

AHI = apnoea-hypopnoea index; PLMS = periodic leg movements;

SaO, = oxygen saturation.

No other sleep parameter including self-reported frequency of
restless legs [r(34) = 0.102], nocturnal dream enactment, periodic
leg movements, REM sleep per cent, or total sleep time
(see Table 3 for full list), significantly correlated with digit span
backward improvement in patients with Parkinson's disease taking
dopaminergic medication. Furthermore, diurnal sleep that occurred
during the Maintenance of Wakefulness Tests was not associated
with nocturnal sleep or digit span performance. One possibility
was that diurnal sleep would have a detrimental effect on noctur-
nal sleep but there were no significant negative correlations (all
P-values > 0.10) between length of Day 1 diurnal sleep and Night
2 sleep parameters. Another possibility was that participants with
diurnal sleep would have better digit span performance; however,
there were no significant correlations between length of diurnal
sleep and mean digit span backward or digit span forward per-
formance (all P-values > 0.10). Additionally, digit span backward
improvements (from Day 1 to Day 2) did not correlate with diur-
nal sleep, which was not surprising because of the low totals
of slow-wave sleep during diurnal sleep (Mp,, ¢=5.61 min,
Mpay 2 =4.39 min).

We also considered whether the correlation between digit span
backward and sleep parameters (e.g. slow-wave sleep %) simply
reflects that individuals with relatively high levels of slow-wave
sleep have better working memory. The data provided no support
for this hypothesis. Mean digit span backward performance (col-
lapsed across all tests) did not correlate significantly with mean
slow-wave sleep (collapsed across both nights) [r(41) = 0.067] or
mean time that nocturnal oxygen saturation levels were <90%
[r(41)= —0.257]. The lack of a correlation between mean
slow-wave sleep and mean digit span backward performance cor-
responds to the literature demonstrating few, if any, correlations
between baseline night-time sleep parameters and baseline
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Figure 3 Scatterplots illustrating the relationship between mean
digit span backward improvement (difference score used for
illustrative purposes) and sleep parameters. (A) Night 2
slow-wave sleep (SWS) per cent; (B) severity of Night 2 night
time oxygen desaturation in patients with Parkinson’s disease on
dopaminergic medication. P-values are uncorrected. The
correlation is significant after Hochberg correction for Night 2
slow-wave sleep but not for Night 2 oxygen desaturation.

performance on neuropsychological batteries in older adults
(Bliwise, 1989). This lack of correlation stands in contrast
with Fenn and Hambrick's (2011) recent finding that baseline
operation span performance (i.e. a working memory measure) pre-
dicts retention of episodic memories across sleep intervals in
healthy younger adults. In other words, individual differences in
baseline sleep measures may not explain individual differences
in baseline cognitive measures (as in the present study), but indi-
vidual differences in baseline cognitive measures may correlate
with individual differences in cognitive improvements (Fenn and
Hambrick, 2011).

The results have thus far suggested that digit span backward
improvements across the 48-h protocol might be explained by the
presence of dopaminergic medication, slow-wave sleep and noc-
turnal oxygen saturation, but not by other nocturnal sleep param-
eters (e.g. REM sleep) or by diurnal sleep. To determine the best
predictor of digit span backward improvement in patients with
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Parkinson's disease we conducted a hierarchical regression analysis
predicting Day 2 digit span backward performance. In Step 1, we
controlled for Day 1 digit span backward performance. In Step 2
we entered duration of diurnal sleep and Night 2 REM sleep per
cent. In Step 3, we entered (i) presence/absence of dopaminergic
medication, (i) amount of Night 2 slow-wave sleep and (iii) time
in which oxygen saturation levels were <90% during Night 2 (the
three factors in Step 3 did not correlate significantly with each
other; all P-values > 0.10). Step 2 variables did not explain signifi-
cant variance in digit span backward improvement (AR? = 0.003,
P =0.775; both Bs < 0.05, both P-values > 0.10). The Step 3
variables explained 19.35% of the remaining Day 2 digit span
backward variance, F(3,46) = 3.67, P =0.019. Of the Step 3 vari-
ables, slow-wave sleep (B =0.16, P = 0.02), but not dopaminergic
medication (f=0.10, P=0.18) or severity of nocturnal oxygen
desaturation (= —0.10, P =0.17), significantly explained unique
variance in digit span backward improvement. Similar results were
observed when substituting dosage equivalents for presence/ab-
sence of dopaminergic medication as well as when excluding pa-
tients with Parkinson's disease with MMSE scores < 26 (n =3).
Thus, nocturnal slow-wave sleep during the training phase was
the strongest predictor of digit span backward improvement.

Discussion

The most novel contribution of the present work regarded assess-
ing the relationship between sleep and working memory perfor-
mance improvements, which has previously received little
attention in any population (Kuriyama et al., 2008, 2011; Scullin
and McDaniel, 2010). Consistent with Kuriyama et al.'s (2008)
study, the present results demonstrated a significant improvement
in working memory performance only during the interval that
included nocturnal sleep (i.e. between Tests 4 and 5); significant
changes in working memory performance were not observed be-
tween daytime intervals (i.e. no improvement from Test 1 to Test 4
or from Test 5 to Test 8). This overnight working memory perfor-
mance improvement that was observed in patients with
Parkinson's disease perhaps bears some resemblance to the con-
struct of ‘sleep benefit’ in such patients, a clinical construct that
has been described for many years but one that has been difficult
to demonstrate empirically (Factor et al., 1990; Currie et al., 1997,
Merello et al., 1997; Hogl et al., 1998; Bateman et al., 1999).
We expanded on previous sleep and working memory studies in
three important ways. First, by separately examining patients with
Parkinson's disease taking dopaminergic medication and patients
with Parkinson's disease not taking dopaminergic medication we
were able to provide converging evidence that dopamine might be
important to working memory training (Dahlin et al., 2008a;
Brehmer et al., 2009) and to offline sleep-specific cognitive im-
provements (de Lima et al., 2011; Schicknick et al., 2012).
Second, by testing patients with DLB who have moderate demen-
tia we were able to identify a patient population for whom
sleep-dependent working memory improvements could no longer
be detected. Third, and most importantly, by employing overnight
polysomnography, we were able to identify potential roles for
higher slow-wave sleep and improved nocturnal oxygen saturation
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in the facilitation of working memory training that might be amen-
able to future studies of targeted interventions.

We observed a possible negative correlation between severity of
nocturnal oxygen desaturation and digit span backward improve-
ment. Severity of nocturnal oxygen desaturation has been linked
to cognitive impairments (Yamout et al., 2012), perhaps because
such desaturation is indicative of sleep-disordered breathing
(e.g. sleep apnoea). Kloepfer et al. (2009) found that sleep-
dependent memory consolidation was impaired in patients who
have moderate sleep apnoea (see also Djonlagic et al., 2012),
which was consistent with our finding that severe nocturnal
oxygen desaturation was linked to impaired offline working
memory performance improvements. Though we did not observe
a significant correlation between digit span backward improve-
ment and apnoea—hypopnoea index (i.e. visually scored breathing
events), this is likely to be due to our oxygen desaturation meas-
ure and apnoea-hypopnoea index not correlating significantly
during Night 2 [r(41) = —0.008; these variables were correlated,
as one would typically expect, during Night 1, r(41)=0.503,
P =0.001]. Nocturnal hypoxia might be implicated, at least in
part, in deficient working memory function, by virtue of the fact
that nocturnal oxygen desaturation might reduce dopamine levels.
Indeed, animal studies have found that intermittent hypoxia can
cause reductions in extracellular dopamine levels (Decker et al.,
2005) and working memory (Decker et al. 2003).

Though severity of nocturnal oxygen desaturation and presence
of dopaminergic medication contributed to the observation of
working memory performance improvements, slow-wave sleep
was retained as the most significant contributor to working
memory performance improvements. This novel finding converges
with emerging research demonstrating that slow-wave sleep pro-
motes synaptic plasticity, memory reactivation and cortical re-
organization (Wilson and McNaughton, 1994; Tononi and Cirelli,
2003; Stickgold, 2005; Takashima et al., 2006; Rasch et al., 2007,
Dang-Vu et al., 2010). Interestingly, slow-wave sleep is greatly
reduced with increasing age and in dementia relative to healthy
younger adults (Bliwise, 1993). The present study, which linked
relatively preserved slow-wave sleep during training intervals to
working memory performance improvements in a neurodegenera-
tive condition, therefore raises the possibility that age-dependent
slow-wave sleep reductions explain why working memory training
is usually less effective in older adults than in younger adults
(Dahlin et al., 2008b; Schmiedek et al., 2010). Future sleep and
working memory studies may include a healthy adult control
group to determine the extent to which Parkinson's disease is
associated with impairments in sleep-dependent cognitive pro-
cesses (cf. Marinelli et al., 2009, who reported Parkinson's disease
impairments in motor memory consolidation).

An implication of the associations between sleep-dependent
processes and working memory performance improvements is
that behavioural studies of working memory need to assess the
contributions of sleep. For example, training studies might
pre-screen potential participants using overnight polysomnography
and/or ambulatory pulse oximetry. A related approach is to con-
tinue to monitor sleep architecture and breathing in sleep during
the training phase. Doing so allows for the examination of how
fluctuations in sleep processes predict working memory capacity
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improvements. A third possible future approach would include
experimentally correcting for sleep disturbances prior to working
memory training. Physical exercise has been linked to increases in
slow-wave sleep (Horne, 1981; Shapiro et al., 1981) and continu-
ous positive airway pressure can eliminate sleep-disordered breath-
ing. No study has examined whether continuous positive airway
pressure promotes overnight, offline facilitation of working
memory performance (cf. Kloepfer et al., 2009; Djonlagic et al.,
2012).

Working memory capacity has traditionally been considered to
be a stable trait, but the present results suggest that working
memory capacity is potentially modifiable in some patients with
Parkinson's disease, but not in patients with DLB who show more
severe impairments on the MMSE. The observed performance
improvements are striking because working memory capacity is
degraded in patients with Parkinson's disease (Cooper et al.,
1991; Altgassen et al., 2007), and cognitive impairments in this
population may lead to impaired workplace functioning, worsened
quality of life, increased risk for maintaining independent living and
increased burden to caregivers. Training working memory after first
correcting existing sleep disturbances may help alleviate some of
the non-motor burdens associated with Parkinson's disease.
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