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Abstract

Objectives: Sleep quality affects memory and executive function in older adults, but little is known about its effects in
midlife. If it affects cognition in midlife, it may be a modifiable factor for later-life functioning. Methods: We examined
the association between sleep quality and cognition in 1220 middle-aged male twins (age 51-60 years) from the Vietnam
Era Twin Study of Aging. We interviewed participants with the Pittsburgh Sleep Quality Index and tested them for
episodic memory as well as executive functions of inhibitory and interference control, updating in working memory, and
set shifting. Interference control was assessed during episodic memory, inhibitory control during working memory, and
non-memory conditions and set shifting during working memory and non-memory conditions. Results: After adjusting
for covariates and correcting for multiple comparisons, sleep quality was positively associated with updating in working
memory, set shifting in the context of working memory, and better visual-spatial (but not verbal) episodic memory, and at
trend level, with interference control in the context of episodic memory. Conclusions: Sleep quality was associated with
visual-spatial recall and possible resistance to proactive/retroactive interference. It was also associated with updating in
working memory and with set shifting, but only when working memory demands were relatively high. Thus, effects of
sleep quality on midlife cognition appear to be at the intersection of executive function and memory processes. Subtle
deficits in these age-susceptible cognitive functions may indicate increased risk for decline in cognitive abilities later in
life that might be reduced by improved midlife sleep quality. (JINS, 2018, 24, 67-76)
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INTRODUCTION poor sleep quality is associated with subsequent cognitive
decline (Blackwell et al., 2011a; Potvin et al., 2012). Waters
and Bucks (2011) reviewed the literature on the impact of sleep
loss on cognition, concluding that even moderate reductions
in sleep significantly reduce performance in multiple aspects
of cognition. Specifically, evidence suggests that executive
function, the control and regulation of thinking and behavior
that is important for performing everyday tasks, is impaired
by poor sleep in adults (Waters & Bucks, 2011). On the
other hand, findings appear to be more mixed with respect to
. Correslgznizﬁzn;‘“& r;fﬁcnﬁifq“elsjtfﬁtv‘zrg]iﬁng? éﬁ(’;‘l“n?aangsgzﬂga :n the effect of sleep loss on hippocampal-dependent episodic
Drive, MC0738. Lo Joll CA 92003, Ermail: bram@ucsdeds md  Mmemory (Prince & Abel, 2013; Stickgold & Walker, 2005;
wkremen @ucsd.edu Waters & Bucks, 2011).

Good sleep quality contributes to successful aging (Driscoll
et al., 2008; Jaussent et al., 2012; Reid et al., 2006), and better
sleep has been shown to positively influence physical health-
related quality of life and cognitive performance in successful
agers (Driscoll et al., 2008). However, sleep disturbances are
common in older adults and sleep quality often diminishes with
age (Hoch et al., 1994). Longitudinal studies have found that
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Table 1. Five studies of community dwelling older adults assessing the relationship between PSQI score and cognitive function

Age (years, range)

Study N Mean + SD

Relevant Cognition Function (Test)*

PSQI

Nebes et al. (2009) 157 65-80 72.2 (4.1)°

Verbal episodic memory (Weschler Memory

108 good sleepers

Scale-Revised, Logical Memory) (PSQILY);
Inhibition in non-memory setting (Stroop, 49 poor sleepers
Hayling Test) PSQ=>06)

Updating in working memory Updating (N-Back)
Set shifting (Trail Making Test, part B)

Blackwell et al. (2011) 3132 65+76.4 (5.6)

Set Shifting (Trail Making Test, part B)®
Verbal episodic memory (Grober and Buschke
Selective Reminding Test)

Mean = 5.6 (3.3)
Mean = 6.6 (3.5)¢

Visuospatial episodic memory (Benton Visual
Retention Test: recognition)

Inhibition in non-memory setting (Stroop)

Set Shifting (Trail Making Test, part B)®

Verbal episodic memory (3-word recall task of the

Mean = 5.0 (3.5)°

MMSE)

Saint Martin et al. 272 74.8 (1.1)
(2012) Mean not available

Potvin et al. (2012) 1664 65-96 73.5 (5.5)°

Miller et al. (2014) 8789 50-89 Mean not

available

Verbal episodic memory (10-word list)

Mean not available

“Tests listed are only those from the prior studies that are relevant to the cognitive domains covered in the present analyses.

"Weighted estimate of mean (SD) based on data provided for subgroups.
“Scores were not adjusted for Trails A performance.

4Women had significantly higher (worse) PSQI scores, but there were no sex differences on any cognitive measure.

Supporting the theory that improving sleep quality might
improve cognitive performance or slow declines, the reversal
of many reductions in cognitive performance have been
observed with improved sleep quality (Waters & Bucks,
2011). For example, a meta-analysis of 35 obstructive sleep
apnea (OSA) studies revealed that all domains of executive
function were impaired due to OSA-related chronic sleep
disturbances and these impairments improved with treatment
(Olaithe & Bucks, 2013). However, in population studies
of sleep disturbances driven by disorders such as OSA, it
may be difficult to determine whether it is sleep disturbance
or other factors related to the disorder that contribute to
cognitive performance. Thus, studies designed to understand
the relationship between sleep quality and cognition at
midlife are needed and may lead to potential sleep-based
interventions for maintaining or improving later-life cogni-
tive functioning.

The majority of previous sleep studies of cognition have
focused on individuals with sleep disorders (e.g., OSA), young
adults in pre—post laboratory comparisons or sleep deprivation
studies in which individuals with poor sleep quality are often
excluded. Results of these studies may not be informative
about the impact of typical, non-laboratory sleep quality or the
relationship between sleep and cognition in middle-aged and
older adults. Five studies on community-dwelling older
adults that used the Pittsburgh Sleep Quality Index (Buysse,
Reynolds, Monk, Berman, & Kupfer, 1989) and included
measures in cognitive domains relevant to the present study
(summarized in Table 1). Only two of these studies focused on
middle age. One study found an association with episodic
memory (Miller, Wright, Ji, & Cappuccio, 2014), but three did
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not (Potvin et al., 2012; Saint Martin, Sforza, Barthelemy,
Thomas-Anterion, & Roche, 2012; Nebes, Buysse, Halligan,
Houck, & Monk, 2009); one reported an association with set
shifting (Nebes et al., 2009), but two did not (Blackwell et al.,
2011b; Saint Martin et al., 2012); one found an association
with working memory updating (Nebes et al., 2009); and two
found no associations with inhibitory control (Nebes et al.,
2009; Saint Martin et al., 2012).

The review by Waters and Buck (2011) strongly suggested
the importance of poor sleep for executive function. A leading
cognitive model organizes executive function into three
components: updating (monitoring ongoing information in
working memory, shifting (of mental sets), and inhibitory
control (suppression of proponent responses) (Miyake et al.,
2000). However, Friedman and Miyake (2004) subsequently
conducted a detailed analysis that differentiated interference
control/resistance to interference from inhibitory control. They
found that resistance to distractor interference, which was not
included in the present study, was strongly correlated with
inhibition. Resistance to proactive interference (the tendency
of prior material to interfere with learning subsequent material)
was unrelated to inhibition.

Reduced interference and inhibitory control have been
implicated as a key factor underlying age-related cognitive
decline by one of the major theories of cognitive aging
(Hasher, Lustig, & Zacks, 2008), and this cognitive decline
may be linked to the reduction in sleep quality observed in
older adults. The relationship between inhibitory control,
sleep, and aging are suggested by findings of age-related
increases in Stroop interference effects (Bugg, DeLosh,
Davalos, & Davis, 2007) and the observation that inhibitory
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control is impaired in older sleep-deficient OSA patients
(Olaithe & Bucks, 2013) but not in sleep-deprived young
adults (Bratzke, Steinborn, Rolke, & Ulrich, 2012; Cain,
Silva, Chang, Ronda, & Duffy, 2011; Sagaspe et al., 20006).

Even the impact of sleep on episodic memory may be via the
resistance to interference component of executive function. As
early as the late 19™ century, it was proposed that protection
against daytime sources of interference is how sleep primarily
affects episodic memory consolidation (Stickgold, 2005).
Indeed, there is evidence in support of the idea that newly
formed verbal memories are vulnerable to interference, and that
sleep stabilizes memories, making them resistant to subsequent
interference (Deliens, Leproult, Neu, & Peigneuz, 2013;
Ellenbogen, Hulbert, Stickgold, Dinges, & Thompson-Schill,
2006; Sheth, Varghese, & Truong, 2012).

Neurocognitive assessment was limited in several of the
studies in Table 1. For example, all but one in which episodic
memory was examined in older adults included only verbal
memory. All of the studies assessing set shifting used part B
of the Trail Making Test. Although Trails B involves set
shifting, it is also highly correlated with part A, which assesses
processing speed without any shifting component. Without
adjusting for part A scores, it is uncertain whether part B scores
are measuring set shifting or processing speed. Inhibitory
control measures in these studies had no memory component,
leaving the possibility that inhibitory control in the context of
memory demands is impaired by poor sleep quality. Only two
of the studies included a focus on middle age.

To address these gaps, we investigated the extent to which
sleep quality over a 1-month time interval, measured by the
PSQL in middle-aged adults is associated with verbal and
visual-spatial episodic memory and all the components
of executive function. In addition, we further examined
inhibitory control in the context of working memory, and
non-memory conditions, predicting that midlife sleep quality
would be associated primarily with inhibitory control
processes related to memory. If sleep quality affects execu-
tive function and memory in midlife, it might suggest
sleep quality as a modifiable factor for improving later-life
cognitive functioning.

METHODS

Participants

We assessed 1220 middle-aged (mean = 55.4 years; SD = 2.5)
men in wave 1 of the Vietham Era Twin Study of Aging
(VETSA) (Kremen, Franz, & Lyons, 2013; Kremen et al.,
2006). VETSA is a prospective longitudinal study of midlife
and protective influences on cognitive aging in a community-
dwelling sample comprising 1237 individual twins at baseline
drawn from the larger Vietnam Era Twin Registry. The Registry
is defined on the basis of military service sometime between
1965 and 1975. Average educational attainment was 13.8 years
(SD = 2.1). VETSA participants are reasonably representative
of American men of the same age in terms of lifestyle and
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health characteristics based on Center for Disease Control data
(Schoenborn & Heyman, 2009). Nearly 80% reported no
combat exposure. Participants were not selected or excluded on
the basis of any diagnostic characteristics. The only criteria were
that participants had to be 51-59 years old at recruitment, and
both twins in a pair were willing to participate.

Participants were administered identical protocols at the
University of California, San Diego, or Boston University.
Individual twins chose their site, although brothers most often
chose the same site. The complete protocol has been described
previously (Kremen et al., 2013). The present analyses were
based on 1220 participants with valid scores on the PSQI,
relevant study instruments, and with no history of brain disease,
stroke, or damage based on a medical history interview. The
research was conducted in accordance with the Helsinki
Declaration and approved by the University of California and
Boston University Institutional Review Boards.

Measures
Pittsburgh Sleep Quality Index (PSQI)

The PSQI, a well-validated scale that assesses sleep quality and
disturbance over the preceding month (Buysse et al., 1989),
consists of 19 items with a total ranging from O to 21 (Table 2).
PSQI> 5 has been found to best distinguish individuals with
clinically significant sleep problems from those without
significant sleep problems (Buysse et al., 1989). Total scores
could not be computed for 17 individuals with incomplete data.
Total scores (N = 1220) were positively skewed and achieved
normal distribution when square root transformed. PSQI was
obtained one the same day as the neurocognitive assessments
and thus provides information on sleep quality up to a month’s
time leading to the neurocognitve data.

California Verbal Learning Test-11

We used the California Verbal Learning Test-II (CVLT-II;
Delis, Kramer, Kaplan, & Ober, 2000) to assess episodic
memory and interference control in the context of episodic
memory. Following standard instructions, a list of 16 nouns
(list A) is read to the participant five times; participants then
recite all the words they can remember in any order immedi-
ately after each trial. After the five trials a second list (B) is read,
followed by short and long delayed recall conditions for list A.
The CVLT Short and Long Delay Composite Scores (sum of
both scores) was assessed for association with PSQI. Intrusions
are words reported on any trial that were not on the list in
question.

We used the average number of correct words recalled on the
long- and short-delay free recall trials for list A as an episodic
memory score. Total intrusions on all trials (CVLT-II Intrusions
across All Trials) are the number of incorrect recalls across all
trials (five List A, the List B, and free and cued short and long
delay of List A) and served as an index of resistance to inter-
ference in the context of episodic memory. Because the B List
follows the A list and the B list is then followed again by the
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A list, total intrusions may actually reflects some combination
resistance to proactive and retroactive interference. Higher
intrusion scores represent poorer performance.

Wechsler Memory Scale-111

The Wechsler Memory Scale-II1 (WMS-III; Wechsler, 1997)
Logical Memory subtest includes two stories that are read to
participants. Standard instructions are to read the second
story twice, but we read each story only once. The Visual
Reproductions subtest includes a set of drawings that are
shown one at a time for 10 s; participants are then asked to
draw them as best as possible from memory. Both the logical
memory and visual reproductions scores are a composite
score for the amount of correct information remembered on
the immediate and delayed recall conditions with higher
scores representing better performance on the test.

Stroop Color and Word Test

The Stroop is a widely used test of inhibitory control that
assesses inhibition of a prepotent response; it has no memory
demands (Golden & Freshwater, 2002; Stroop, 1935). Parti-
cipants were presented a Word page with a list of color names
printed in black ink and given 45 s to read as many words as
they could. Participants were then given a Color page on
which they call out the colors of a list of “XXXX” printed
in red, green, or blue ink. For the inhibitory control trial,
participants were presented a Color-Word page in which
each color name is printed in an incongruous colored ink.
Participants had to name the color of the ink, forcing them to
inhibit the prepotent tendency to read the word.

Although the manual refers to the Interference Score,
consistent with our definitions, we refer to it here as the
Stroop Inhibition Score. It is computed by subtracting the
Predicted Color-Word Score (using a regression formula
which predicts Color-Word from Word or Color) from the
Raw Color-Word Score. It is then converted into an T-score
(Golden & Freshwater, 2002). A higher Interference T-score
represents better inhibitory control.

AX-Continuous Performance Test

We administered the version of the AX-Continuous Perfor-
mance Test (CPT; Servan-Schreiber, Cohen, & Seingard,
1996), previously described (Kremen et al., 2011), to assess
updating and inhibitory control in the context of working
memory. This computer-administered test consisted of
letters presented in pseudorandom order. Participants were
instructed to press the target button only when they saw an X
that was immediately preceded by an A (AX trials). On all
other trials, they were to press the non-target button. Having
70 percent of trials as AX trials primes participants for a target
response and requires inhibitory control on other trials.

The AX-error rate measures updating during working
memory. Trials that require inhibiting a target response to X
when followed by a non-A probe are referred to as BX trials;
trials that require inhibiting a target response when an
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A probe is followed by a non-X letter are referred to as AY
trials (Kremen et al., 2011). AY and BX error rates index
inhibitory control in the context of working memory; higher
error scores represent poorer performance.

Trail Making Test

This subtest of the Delis-Kaplan Executive Function System
(D-KEFS) (Delis, Kaplan, & Kramer, 2001) was used to
assess set-shifting in a non-memory setting. Participants were
given a sheet with randomly distributed numbers and letters.
In Trial 2, they were timed while connecting digits in
numerical order; in Trial 3 they were timed connecting letters
in correct alphabetical order. Trial 4 involved alternating
between number and letter in sequence.

Time to complete Trial 4 was adjusted for the time to complete
the separate number sequencing and letter sequencing trials. This
score represents set-shifting ability adjusted for processing
speed. Lower time scores indicate better set shifting ability.

Category Switching

The category switching trial from the D-KEFS Verbal
Fluency test (Delis et al., 2001) assesses set shifting in the
context of working memory. Participants were asked to
alternate between naming fruit words and furniture words.
The score was the number of correct switches in 1 min
adjusted for category fluency in which participants had to
name all the animals they could think of in 1 min. Controlling
for category fluency ensured that the score primarily reflected
the set-shifting component of the test.

Covariates
Mental health

The Short-Form 36 Health Survey (SF-36) version 1 is a vali-
dated multi-purpose health survey (McHorney, Ware, & Rac-
zek, 1993). Because mental health may affect cognitive
function, we included the SF-36 Mental Component Summary
(MCS) score as a covariate. It includes the Vitality Scale with
questions regarding energy level and fatigue that are con-
founded with sleep quality. We modified the scale SF-36MCS/
M by adjusting it for the Vitality Scale via linear regression.

Physical health

In a medical history interview, participants were asked if they
had ever been told by a physician that they had particular
conditions. Participants reported the first year they were
diagnosed and whether the condition was still present. Sleep
apnea was one of these conditions. In addition to using sleep
apnea as a separate covariate, we also created a summation
index of the following current medical conditions: asthma,
chronic bronchitis, emphysema, hypertension, angina, heart
attack, heart failure, peripheral vascular disease, thrombo-
phebitis, hepatitis C, diabetes, migraine headaches, seizure
disorder, multiple sclerosis, HIV infection/AIDS.
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Medications

Typical of their age range, VETSA participants were taking a
variety of medications. Almost all VETSA participants
taking medications were on stable doses that had not been
recently changed. Therefore, there should not have been any
acute medication effects on the results and we did not add
medication as a covariate. Moreover, the PSQI does include
an item about the use of medications for sleep.

General Cognitive Ability

To account for the relationship between the cognitive measures
and General Cognitive Ability (GCA), we included GCA as a
covariate in the analyses. GCA was assessed with the Armed
Forces Qualification Test (AFQT), a 50-min paper-and-pencil
test with 100 multiple-choice items (Orme, Brehm, & Ree,
2001; Uhlaner, 1952). We used scores for the AFQT at average
age 20 so that GCA measures were not confounded by
age-related effects. The AFQT is highly correlated (r = 0.84)
with Wechsler IQ and VETSA participants” AFQT scores were
correlated .74 across 35 years (Lyons et al., 2009).

Statistical Analysis

We conducted generalized linear mixed model regression
analysis with the R (Skaug, Fournier, Nielsen, Magnusson, &
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Bolker, 2011) package using separate regression models to
predict each cognitive outcome (see Supplemental Data for
R script). Ns vary slightly due to missing data for different
measures. Age, GCA, current OSA, the SF-36 mental health
rating (SF-36MCS/M score), and the summed physical
condition index were included as covariates in all analyses (see
Table 3). Twin pair family was included as a random effect to
account for the clustering of data within twin pairs. For
non-Gaussian distributed variables, models were based on a
Poisson distribution and zero-inflation. We evaluated the Type III
sums of squares in which the significance of each effect is based
on its effect after controlling for all other effects in the model. To
account for multiple comparisons, a false discovery rate at
the 5% level was determined (Benjamimi & Hochberg, 1995).

RESULTS

Table 2 summarizes the statistics of the cognitive and
health measures. Forty-one percent of the participants experi-
enced poor sleep quality based on a global PSQI>5. Of the
1220 participants on which we had a global PSQI score, 7%
(N = 83) reported that they had previously been diagnosed with
sleep apnea by a doctor. A total of 48% (N = 40) of these 83
participants had poor sleep quality (PSQI>5). Eight percent
(N = 40) of participants with poor sleep quality (PSQI>5)
reported that they had been previously diagnosed with sleep

Table 2. Summary of statistics of cognitive measures and health variables in the VETSA cohort

Cognitive measures N Mean (SD)* Median® Range
Episodic memory

1 CVLT Short and Long Delay Composite Score 1158 8.9 — 1.5-16

2 Logical Memory Immediate and Delayed Recall Composite Score 1158 -21.8(6.2) — 3.5-40.5

3 Visual Reproduction Immediate and Delayed Recall Composite Score 1161 66.7 (14.5) — 20.5-101
Executive functions
Resistance to Interference in Episodic Memory

4 CVLT-II Intrusions across All Trials 1194 42.9 (8.5) 3 0-30
Inhibitory Control in Working Memory

5 CPT-AY Errors 1069 — 0 0-11

6 CPT-BX Errors 1069 — 0 0-14
Inhibitory Control in Non-Memory Setting

7 Stroop Interference T-Score 1136 47.1 (6.6) — 24-74
Updating in Working Memory

8 CPT-AX Errors 1069 — 4 0-42
Set Shifting in Working Memory

9 Verbal Fluency Category Switching Accuracy® 1160 6.3 (2.8) — -4.8-14.2
Set Shifting in Non-Memory Setting
10 Trail-Making Test® 1153 -.5(20.5) — -56.0-108.7
Health variables
PSQI 1120 5.6 (3.6) — 0-20
SF-36MCS/M*

1124 0(5.5) — -23.3-15.8

“Mean and (SD) are reported for variables on which Gaussian distribution was assumed in the analysis; median is reported for variables on which Poisson

distribution was assumed in the analysis.

"The score is the number of correct switches in 1 min adjusted for category fluency; these are residual scores, which is why they can have negative values.
“This score is the time (seconds) on the switching condition adjusted (via linear regression) for the time to complete number sequencing and the letter sequencing

conditions; these are residual scores which can have negative values.

ISF-36MCS/M is the SF-36 Mental Component Score adjusted for the SF-36 Vitality Score.
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Table 3. Association of PSQI sleep quality with executive function and memory variables.

p? Standard Z-  p-Value FDR-corrected

Cognitive measures N 95% CI error”  Value® Pr(>lzl)* p-value®
Episodic memory

1 CVLT-II Short and Long Delay Composite Score 1158 .017 (-.003, .01) .022 78 433 ns

2 Logical Memory Immediate and Delayed Recall 1158 -.024 (-.12, .07) .050 -48 .634 ns

Composite Score
3 Visual Reproductions Immediate and Delayed Recall 1161 -.330 (-.56,-.11) 117 -2.87 004 .01
Composite Score

Executive functions
Resistance to Interference in Episodic Memory

4 CVLT-II Intrusions across All Trials 1151 .013 (.001, .025) .006 2.12 034 .09
Inhibitory Control in Working Memory

5 CPT-AY Errors 1069 -.02 (-.05, -.002) .013 -1.74 .081 ns

6 CPT-BX Errors 1069 .009 (-.016, .035) .013 0.74 460 ns
Inhibitory Control in Non-Memory Setting

7 Stroop Interference T-Score 1136 -.041 (-.15, .07) .057 =72 470 ns
Updating in Working Memory

8 CPT-AX Errors 1069 .035 (.022, .005) .006 551  <.0001 <.0001
Set Shifting in Working Memory

9 Verbal Fluency Category Switching Accuracy 1160 -.077 (-.13, -.03) .025 -3.12 002 .01
Set Shifting in Non-Memory Setting
10 Trail-Making Test (time in seconds) 1153 -.044 (-.39, .30) .176 -25 .804 ns

Note. Statistically significant p-values are in bold.

*Values are from Type III Sum of Squares in the Generalized Linear Mixed Model with covariates: cognitive measure = PSQI + SF-36MCS/M + GCA + Age +
Current SleepApnea(Y/N) + Physical Conditions + Random Effect (Family); PSQI = Pittsburgh Sleep Quality Index; SF-36MCS-M = Modified SF-36 Mental

Component Summary.

"Benjamini & Hochberg (1995) FDR-corrected p-value for the 10 tests was computed using R.

FDR = false discovery rate; ns = not significant.

apnea. Sixty-one of the 83 who were previously diagnosed with
sleep apnea reported that their sleep apnea was currently present
when the assessments were administered.

Results for the associations of the continuous PSQI sleep
quality measure with the 10 cognitive measures are presented
in Table 3; significant results for the dichotomous PSQI
measure were consistent with the continuous PSQI results
(Supplementary Table 2).

Episodic and Working Memory

Among the three episodic memory measures (Table 3; mea-
sures 1-3), only the Visual Reproductions Immediate and
Delayed Recall Composite score differed as a function of
sleep quality. Better sleep quality was associated with better
visual reproduction performance during episodic memory
(B = -.33; p <.004). Working memory updating (measure 8)
was also associated with sleep quality; fewer errors in the
CPT-AX Errors task were associated with better sleep quality
(B =0.014.; p <.0001).

Resistance to Interference and Inhibitory Control

Resistance to interference in episodic memory was associated
with better sleep quality (Table 3; measure 4); better sleepers
made significantly fewer total intrusions measured by
CVLT-II Intrusions across All Trials (p = .013; p<.034)
than poor sleepers. In secondary analyses, we examined
CVLT-II Intrusion subcomponent scores. These results
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indicate that the tendency to make intrusion errors as a
function of poorer sleep quality was driven by intrusion on
delayed recall and cued recall trials (Supplementary Table 1).
However, confidence in these results may be reduced
by the fact that the FDR-corrected p-value for CVLT-II
intrusions was .09. Inhibitory control, whether in the
context of working memory or non-memory tasks, was not
significantly associated with sleep quality.

Set Shifting

Better performance on Verbal Fluency Category Switching
Accuracy (Set Shifting in Working Memory) was associated
better sleep quality (Table 3, measure 9; p = -.077;
p = .002), but the Trail-Making Test score (Set Shifting in
Non-Memory Setting) was not significantly associated with
sleep quality (Table 3; Trail Making, measure 10).

PSQI Subcomponents

To examine which subcomponents of the PSQI were asso-
ciated with cognitive performance, we examined the relation-
ship between the significantly associated cognitive variables
and the seven subcomponent scores. For Visual Reproductions
Immediate and Delayed Recall Composite Score, sleep latency
B =-0.90, 95% CI = (-1.8, -.03); SD = .44; z = -2.04;
p = .04), sleep quality (f = -2.41, 95% CI = (-3.5, -1.28);
SD = .57; z=-4.20; p<.0001), and sleep medication
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(B =-0.98, 95% CI = (-1.88, -.07); SD = .46;z = -2.11;
p = .03) were significantly associated with performance.

We observed a trend for sleep efficiency (f = -.80,
SD = 42, z=-1.89; p=.06), but we did not observe
significant associations with daytime dysfunction, sleep
duration or night time disturbances. Verbal Fluency Category
Switching Accuracy was associated with sleep latency
(P =-193, 95% CI = (-.38, -.01); SD = .094; z = -2.04;
p = .04), efficiency (P =-.223, 95% CI = (-40, -.05);
SD =.092; z=-246; p = .014), sleep medication (f =
-.228,95% CI = (=42, -.03); SD = .10;z = -2.29; p = .02),
and daytime dysfunction (f = —.495, 95% CI = (-.76, -.23);
SD = .133;z = -3.70; p = .0002).

CPT-AX errors were significantly associated with sleep
duration (f = .08, 95% CI = (.04, .12); SD = .02; z = 4.1;
p<.0001), sleep latency (B =.05, 95% CI= (01, .10);
SD = .02; z=241; p = .02), sleep quality ( = .15, 95%
CI = (.1, .2); SD = .03; z = 4.96; p <.0001), sleep efficiency
B = .04,95% CI = (.005, .08); SD = .02;z = 2.26; p = .02),
and daytime dysfunction (f =.11, 95% CI = (05, .17);
SD = .03 ; z=3.78; p=.0002). Resistance to interference
in episodic memory measured by CVLT-II Intrusions across
All Trials was significantly associated with sleep efficiency
(P =.050,95% CI = (.01, .09); SD = .02;z = 2.28; p = .02).

DISCUSSION

To more fully understand cognitive trajectories over the adult
lifespan, it is necessary to examine middle age, the period
before older age. Prior sleep-cognitive function studies had
little focus on middle age, and many studies of older adults
had limited coverage of executive functions and memory.
Here, we provided a more comprehensive assessment of
these cognitive domains, and examined whether they are
associated with sleep quality before old age.

Sleep quality was not significantly associated with verbal
episodic memory accuracy (Table 3; CVLT-II, Logical
Memory), but it was associated with visual-spatial episodic
memory accuracy (Table 3; Visual Reproductions). Sleep
quality was associated with three of four executive functions,
but only when those executive functions were in conjunction
with memory processes: resistance to interference in episodic
memory; updating in working memory; and set shifting in a
task with working memory demands. In total, 4 of 10 asso-
ciations examined were statistically significant; after an FDR
correction, 3 of the 4 were associated.

Our results are consistent with previous population-based
studies of older adults that mostly have not found evidence of
sleep quality affecting verbal episodic memory (Blackwell
et al., 2011; Nebes et al., 2009; Saint Martin et al., 2012).
Only one study (Saint Martin et al., 2012) we reviewed
included a recognition visual-spatial memory test. It was not
associated with sleep quality, but being a recognition
memory test, the test may not have been sufficiently difficult
to show an effect as was observed for visual-spatial recall in
the present study.
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Prior studies based on self-report of sleep or laboratory-
based studies have found no evidence of sleep quality being
associated with inhibitory control (Blackwell et al., 2011a;
Nebes et al., 2009; Saint Martin et al., 2012). Our results are
consistent with this lack of association, and that was the case
whether inhibitory control was examined in tests with or
without demands on memory (Table 3: CPT-AY and BX
errors, Stroop).

However, we did observe an association between sleep
quality and resistance to interference in episodic memory
(Table 3: CVLT-II Intrusions). Two studies of young adults
(Cajochen, Khalsa, Wyatt, Czeisler, & Dijk, 1999; Drake
et al., 2001) reported that laboratory-based sleep deprivation
negatively affected resistance to proactive interference, but
another (Tucker, Whitney, Belenky, Hinson, & Van Dongen,
2010) found no effect. The latter focused on recency effects
that would emphasize short-term/working memory, whereas
the studies that observed significant effects included delayed
recall. Two studies of adults in their mid-30s and mid-40s,
respectively, found that insomnia was associated with
poorer resistance to interference, including one finding
more CVLT-II intrusions (Fortier-Brochu & Morin, 2014,
Griessenberger et al., 2013). Thus, our results regarding
resistance to interference and episodic memory are consistent
with the findings of these prior studies. It may be that
extensive sleep deprivation is needed to produce this effect in
younger adults, but as age increases it appears that their
susceptibility may increase.

Set shifting is a phenomenon that takes place over rela-
tively short time intervals, so it is primarily relevant to short-
term/working memory rather than episodic memory. In our
view, a parsimonious explanation of our finding that sleep
quality was associated with set-shifting ability on Category
Switching but not on the Trail-Making Test is that the former
places demands on working memory but the latter does not.
During the Category Switching test, one must hold words that
were previously said in short-term memory to keep track of
them so they are not repeated. In contrast, switching on the
Trail-Making Test has very little working memory demands
because number and letter sequences are so highly automated
and overlearned, and participants can easily see their
previous response as they proceed.

The link to working memory is also supported by our
finding of an association between sleep quality and updating
in working memory. Our finding that sleep quality was
associated with updating in working memory is also
consistent with the human study of Nebes et al. (2009)
and with human-animal comparisons in the study of van
Enkhuizen et al. (2014). Nebes et al. (2009) also reported an
association between PSQI scores and set shifting in older
adults, but the scores were not adjusted for Trails A. So their
measure may be tapping processing speed as much or more
than it does set shifting.

These associations between cognitive functions and
midlife sleep quality could portend further susceptibility with
increasing age. This issue warrants further investigation,
in particular as it relates to the intersection of executive


https://doi.org/10.1017/S1355617717000637

74

functions and memory. Our results also suggest the need for
further study of sleep effects on visual-spatial memory,
something that is lacking in the extant literature. These
associations were small in magnitude. The mixed model
analysis does not allow for precise effect size estimates, but
the effects in the present study were roughly equivalent to
Cohen’s d values of .15 to .25 as estimated (Supplementary
Table 2) using the mean and standard deviation of the
cognitive variables for individuals who were classified as
poor sleepers (PSQI>5) versus good sleepers (PSQI < 6).
These approximate effect sizes are comparable to most
of those found for insomnia in short-duration sleepers
(Fernandez-Mendoza et al., 2010). No differences for
insomnia were found for longer-duration sleepers in that
study, but the mean age of the short-duration groups was mid-
50s compared with mid-40s for the longer-duration groups.

A meta-analysis of adults with average age in the mid-40s
suggested many effects in the .40-.50 range, but the studies
included almost all had very small samples (Fortier-Brochu
& Morin, 2014). However, because small sample studies tend
to need large effects to be published, there may have been a
publication bias in this meta-analysis.

Despite the fact that these associations between sleep quality
and aspects of cognition were small in magnitude, their already
being present in midlife may be particularly important because it
is reasonable to assume that their magnitude may increase
with further aging. The notion that there may be increasing
magnitude with age is consistent with the fact that, as noted in
the introduction, sleep quality generally becomes poorer with
increasing age (Hoch et al., 1994), and poorer sleep quality
in older adults predicts later cognitive decline in longitudinal
studies (Blackwell et al., 2011; Potvin et al., 2012). Given
evidence for remission of cognitive performance reductions
with return to normal sleep (Miller et al., 2014), interventions to
improve sleep quality in middle-aged adults might thus be
an effective tool for slowing or reducing later life cognitive
declines (Scullin & Bliwise, 2015).

A limitation of our study is that no objective sleep data
were collected. However, the PSQI is a reliable measure for
studying adverse consequences of poor sleep in older men
(Spira et al., 2012), and it provides a naturalistic snapshot
of sleep habits (Buysse et al., 1989). The PSQI sheds light
on day-to-day sleep quality, as opposed to more extreme
laboratory-based sleep deprivation. It also captures sleep
disturbances due to sleep disorders and medication for sleep.
Our study cannot identify the direction of association
between sleep quality and cognition, although it seems far
more likely that sleep quality would affect cognition rather
than the reverse.

Inclusion of specific psychiatric diagnoses would have
provided more detailed information than SF-36 mental health
component, but the former was beyond the scope of the study
and we did not have sufficient data on current psychiatric
diagnosis. Also, we cannot be certain that an unknown factor
is responsible for the effects on both sleep quality and cog-
nition. Finally, we do not know if our results are general-
izable to women.

https://doi.org/10.1017/51355617717000637 Published online by Cambridge University Press

B.K. Rana et al.

Because poor sleep quality is often treatable, these findings
may contribute to identifying strategies to reduce some forms of
age-related cognitive impairment. Our results suggest that the
PSQI subcomponents of sleep efficiency and latency are likely
to be the aspects of sleep quality that will be most important to
address. Sleep efficiency is the proportion of time in bed during
which the individual is actually sleeping. If poorer sleep quality
is associated with poorer cognitive function, it could have
negative impacts on important areas of real-world functioning
such as increasing the likelihood of driving or work-related
accidents or reducing work-related efficiency and productivity.
As noted in the introduction, sleep quality often diminishes with
age (Hoch et al., 1994) and poor sleep quality is predictive of
later cognitive decline in older adults (Blackwell et al., 2011a;
Potvin et al., 2012). Thus, our findings suggest that, for healthy
cognitive aging, it may be of value to address the issue of sleep
quality well before old age.
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