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Hormone therapy improves sleep in menopausal women and recent data suggest that transdermal
17B-estradiol may reduce the accumulation of cortical amyloid-p. However, how menopausal
hormone therapies modify the associations of amyloid-p accumulation with sleep quality is not
known. In this study, associations of sleep quality with cortical amyloid-p deposition and cognitive
function were assessed in a subset of women who had participated in the Kronos Early Estrogen
Prevention Study (KEEPS). KEEPS was a randomized, placebo-controlled trial in which recently
menopausal women (age=42-58; 5-36 months past menopause) were randomized to: 1) oral
conjugated equine estrogen (0CEE, n=19); 2) transdermal 17p-estradiol (tE2, n=21); 3) placebo
pills and patch (n=32) for 4 years. Global sleep quality score was calculated using Pittsburgh Sleep
Quality Index, cortical amyloid-p deposition was measured with Pittsburgh compound-B (PiB)
PET standard uptake value ratio (SUVTr) and cognitive function was assessed in four cognitive
domains three years after completion of trial treatments. Lower global sleep quality score (i.e.
better sleep quality) correlated with lower cortical PiB SUVr only in the tE2 group (r=0.45,
p=0.047). Better global sleep quality also correlated with higher visual attention and executive
function scores in the tE2 group (r=—0.54, p=0.02) and in the oCEE group (r=—0.65, p=0.005).
Menopausal hormone therapies may influence the effects of sleep on cognitive function,
specifically, visual attention and executive function. There also appears to be a complex
relationship between sleep, menopausal hormone therapies, cortical amyloid-p accumulation and
cognitive function, and tE2 formulation may modify the relationship between sleep and amyloid-p
accumulation.
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Introduction

During perimenopause and early postmenopause, initiating and maintaining sleep are the
most common complaints of women [1]. Whereas aging and menopause negatively affect
sleep quality, menopausal hormone therapies (mHT) improve sleep quality both in mice [2,
3] and humans [4-8]. Sleep disturbances are associated with cognitive dysfunction and
neurodegeneration [9-11]. In rodents, sleep deprivation has shown to impair cognitive
function [12-14]. Animal studies have also shown that the disruption of sleep-wake cycle is
closely associated with amyloid-p deposition [15, 16]. A relationship between poor sleep
quality and greater Alzheimer’s disease (AD) amyloid-p pathology has been detected with
higher cortical amyloid-p deposition on PET in humans [17-24]. However, there is lack of
data in postmenopausal women, and little is known about how mHT might affect this
association.

The Kronos Early Estrogen Prevention Study (KEEPS), a randomized, double-blind,
placebo-controlled clinical trial, compared effects of oral conjugated equine estrogen
(oCEE) and transdermal 17p-estradiol (tE2) to placebo [25]. Sleep quality improved with
both mHT compared to placebo [26]. In addition, women who received tE2 had lower
cortical amyloid-p deposition on PET compared to placebo [27], while there were no
differences in global cognitive function among any of the groups.
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The relationship of sleep quality with amyloid-p deposition and cognition in the context of
mHT in postmenopausal women has not been defined. Therefore, the objective of this study
was to investigate the association of self-reported sleep quality with cortical amyloid-p
deposition and cognitive function in women who participated in KEEPS three years after
completion of mHT.

and study design

KEEPS was a randomized, double-blinded, placebo-controlled, multisite (9 institutions)
clinical trial to assess the effects of two mHT on development of atherosclerosis as defined
by increases in carotid intima-medial thickness. KEEPS included 727 women between the
ages of 42 to 58 years within 36 months from menopause, who had no prior cardiovascular
disease events before mHT. The study design and methods have been previously described
in detail [25]. 118 women were randomized at the Mayo Clinic and 95 participated in the
longitudinal KEEPS Neuroimaging Ancillary Study [27]. The KEEPS study was approved
by Institutional Review Boards of each institution. Participants were randomized to either
placebo pills and patch or oCEE (Premarin, 0.45 mg/d) or tE2 (Climara, 50 pg/d) for 4
years. Women in the active treatment groups were also administered oral micronized
progesterone (Prometrium, 200 mg) 12 days each month. KEEPS participants at the Mayo
Clinic site were invited to participate in an amyloid-p Pittsburgh compound-B (PiB) PET
study three years after the end of mHT, which corresponded to 7 years from the enroliment
time point. Of the 95 participants of the longitudinal KEEPS Neuroimaging Ancillary Study,
72 participated in the current study conducted 7 year after enroliment.

Study parameters-outcomes

MRI and PET Imaging: All participants underwent MRI at 1.5 Tesla (GE Healthcare,
Waukesha, WI). A 3-dimensional (3D) T1-weighted sequence was performed for anatomical
segmentation and labeling of PiB PET scans.

A PET/CT scanner (DRX; GE Healthcare) operating in 3D mode was used for PiB PET
imaging. After the participants were injected with an average of 596 MBq PiB, a 40-minute
uptake period was followed by acquisition of four 5-minute dynamic frames. A fully
automated image processing pipeline was used to perform quantitative analysis. Global
cortical PiB retention standard uptake value ratio (SUVr) was obtained from the PiB uptake
in bilateral parietal, temporal, prefrontal, orbitofrontal, anterior cingulate, posterior cingulate
and precuneus gray matter regions that were referenced to cerebellar gray matter PiB uptake
[28].

Sleep quality: Pittsburgh Sleep Quality Index (PSQI) [29] was administered to investigate
sleep quality within 6 weeks of imaging and neuropsychological testing. PSQI is a 19-item
self-reported questionnaire. Questions are combined to form 7 component scores each
ranging from 0 to 3 points. A score of 0 indicates no difficulty and a score of 3 indicates
severe difficulty. The 7 sleep components are: 1) sleep satisfaction, 2) sleep latency, 3) sleep
duration, 4) habitual sleep efficiency, 5) sleep disturbances, 6) use of sleeping medications
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and 7) daytime dysfunction. The 7 components are summed to calculate global PSQI sleep
quality score ranging from 0 to 21. Lower PSQI score corresponds to better sleep quality.
Based on prior literature, participants with a global PSQI score of >5 are defined as having
poor sleep quality [29].

Cognitive function: Cognitive function was characterized as four cognitive domain scores
at year 7 [30]. A confirmatory factor analysis (CFA) was conducted to derive summary
scores [31]. Using a comprehensive battery of 11 subscale cognitive tests, the CFA produced
four cognitive domain scores: verbal learning and memory, auditory attention and working
memory, visual attention and executive function, and speeded language and mental
flexibility [30].

Statistical analysis

Results

Participants’ characteristics (age, education, APOE e4 carrier status, global sleep quality and
cognitive function) were compared among oCEE, tE2 and placebo groups using analysis of
variance for continuous variables and using Fisher’s exact test for categorical variables
followed by Tukey Honest Significant differences for pairwise group comparisons where
appropriate. Pearson’s correlations were used to test the associations of cortical PiB SUVr or
cognitive test scores with sleep quality PSQI scores within each treatment group.
Scatterplots and histograms were visually examined to assess the validity of assumptions
(normality, homoscedasticity, linearity, and lack of outliers) for the correlations, and
sensitivity analyses were performed with and without potentially influential observations.
Linear models with APOE e4 interaction terms were used to assess whether or not
associations of sleep scores with PiB and cognitive domain scores differed by APOE 4
carrier status. Significant interactions would indicate a significant difference. All tests used
an alpha level of 0.05 for significance.

Seventy-two women who participated in KEEPS at the Mayo Clinic had cognitive function
testing and PSQI, and 68 underwent amyloid-B PiB PET at year 7. Age, education, cognitive
performance and global PSQI scores were not different among the groups. While APOE e4
carrier status did not differ among the groups (p=0.07), women in the tE2 group had a trend
of higher proportion of APOE 4 carriers compared to placebo (p=0.05). Mean global PSQI
score was 5.15 (SD=3.23, median=5, IQR 3-7) and 36% of the entire group had poor sleep
quality (global PSQI score>5). (Table 1)

In the entire group, there was no association between global sleep quality and cortical PiB
SUVr on PET (r=0.19, p=0.13). Although marginally significant, only in the tE2 group,
lower global PSQI scores (i.e. better global sleep quality) correlated with lower global
cortical PiB SUVr on PET (r=0.45, p=0.047). There was no statistically significant
relationship between separate components of the PSQI and cortical PiB SUVr in any of the
groups.

In the entire group, among the four cognitive domains, only higher visual attention and
executive function scores associated with better global sleep quality (r=-0.35, p=0.003).
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Similarly, only higher visual attention-executive scores correlated with better global sleep
quality in the tE2 group (r=-0.54, p=0.02) and in the oCEE group (r=-0.65, p=0.005), but
not in the placebo group. (Table 2) None of the cognitive domain scores correlated with
cortical PiB SUVTr in tE2, oCEE or placebo groups.

Because APOE e4 carrier status differed between the tE2 and placebo groups (p=0.05), we
investigated whether APOE e4 carrier status modified the correlations between sleep quality
and global cortical PiB SUVTr or cognitive function. However, there was no interaction with
APOE &4 carrier status in any of the significant correlations in Table 2. The correlation
between PSQI and PiB SUVr was not significant in APOE e4 carrier positive (r=0.25,
p=0.33) or negative (r=0.15, p=0.32) women. Similarly, the correlation between PSQI and
visual attention-executive function was not significant in APOE e4 carrier positive (r=—0.47,
p=0.07) or negative (r=—0.29, p=0.05) women.

Discussion

At the year 7 follow-up of the KEEPS, we made several observations on the relationship
between sleep quality and amyloid-p pathology as well as the potential influence of mHT on
this relationship. Better global sleep quality associated with higher visual attention-executive
function scores in the entire group of participants, but this association was driven completely
by the tE2 and oCEE mHT groups. Only in the tE2 group, better sleep quality associated
with lower cortical amyloid-p deposition on PET.

Sleep disorders increase with aging, with greater daytime sleepiness and fragmented sleep
[32]. Regardless of sex, older adults present with increased wakefulness, reduced deep sleep
and worse sleep consolidation [33], Chronic short sleep and sleep disruption are associated
with neurodegeneration and are risk factors for AD [9-11]. Sleep quality also decreases
during menopausal transition. During perimenopause and early postmenopause, 40 to 60%
of women report problems sleeping [34]. This perception of poor sleep quality often is
related to delayed sleep latency (time to sleep onset) and early awakenings [35]. Ovarian
hormone fluctuations may influence menopausal sleep quality either directly or through
perimenopause-related vasomotor symptoms such as hot flashes, perimenopause-related
emotional status and concurrent sleep disorders [35].

Poor sleep quality is also associated with cognitive impairment and increased risk of AD
[36-40]. One of the earliest pathologic changes associated with AD is amyloid-f deposition,
which can be measured with PET imaging [41, 42]. Global cortical PiB SUVr measure on
PET includes a set of brain regions that are more likely to be affected earlier and more
profoundly than other regions by the AD amyloid-p pathology [28]. In experimental
animals, increased amyloid-p plaque formation was associated with chronic sleep
deprivation and disrupted sleep-wake cycle [15, 16]. In cognitively unimpaired older adults,
higher amyloid-p deposition correlated with poor sleep quality, shorter sleep duration and
longer sleep latency [17-20]. Excessive daytime sleepiness was also associated with
amyloid-p accumulation in older adults without dementia [21]. These findings are consistent
with the concept that the toxic waste products such as amyloid-f, which accumulate during
wakefulness, may be successfully removed during sleep. However, the relationship between
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sleep and AD amyloid-p pathology appears to be bi-directional (Figure 1), as sleep
disturbances may lead to increase in amyloid-p production and decrease in amyloid-p
clearance, and in return the accumulation of amyloid-p leads to more sleep disturbances
[43]. The finding of a significant association between better sleep quality and lower cortical
amyloid-B deposition on PET in the current study is consistent with these studies. However,
this was observed only in women who had been randomized to tE2. It has been shown that
17p-estradiol regulates amyloid-p levels by modulating the production of amyloid-p and
promoting the clearance of amyloid-f [44]. Furthermore, 17p-estradiol is associated with
precluding the amyloid-p production by non-amyloidogenic processing of soluble amyloid
precursor protein [45] and it also increases amyloid-p clearance by microglial internalization
[46], suggesting that tE2 formulation may modify the relationship between sleep and cortical
amyloid-p accumulation by enhancing amyloid-f clearance.

Sleep quality improves with mHT [4-8]. This improvement may partially be due to the
effective control of vasomotor symptoms [47]. In the KEEPS trial, improvement in sleep
quality was observed in both oCEE and tE2 mHT groups over the 4 year treatment period
and these effects were mostly mediated through symptom relief, especially through the
alleviation of vasomotor symptoms [26]. Additionally, while global sleep quality was
improved with both mHT, tE2 was modestly more efficacious compared to oCEE as it
performed better in controlling sleep disturbances [26]. Furthermore, we have demonstrated
that women who were treated with tE2 had lower global cortical PiB uptake, particularly if
they were APOE e4 carriers, without any differences in cognitive function between the
groups [27]. In line with this, the relationship between better sleep quality and lower cortical
amyloid-p deposition was observed only in the tE2 group in the current study. However, the
relationship between better sleep quality and lower cortical amyloid-p deposition in the tE2
group should be evaluated cautiously. Although APOE e4 carrier status frequency was not
statistically different between the groups, given the modest sample size, the higher frequency
of APOE &4 carrier status in the tE2 group might still have a confounding effect on this
relationship.

A clear relationship between sleep and cognitive function has been shown in previous
studies. In cognitively unimpaired older adults, poor sleep quality was associated with lower
cognitive function [36, 48, 49]. In older women, longer sleep latency correlated with higher
risk of cognitive impairment [49]. Moreover, in older women, mHT seemed to have a
modest effect on verbal memory [50-52]. In the current study, poor sleep quality was
associated only with worse visual attention and executive function, and only in the mHT
groups. Since the study participants were relatively younger (mean age 60) and healthier
without any cardiovascular comorbidities or dementia and had a relatively low amyloid-
load, it seems like sleep disturbances were affecting visual attention and executive function
before affecting other domains. This finding may not be surprising, because attentional
networks are highly sensitive to sleep problems [53]. Furthermore, alertness, attention and
vigilance start to alter with insufficient sleep [54] and executive function can be easily
affected by poor sleep quality in older adults [55]. This association of poor sleep quality and
lower visual attention and executive function was only observed in the mHT groups,
suggesting that mHT are modulating the effect of sleep on cognitive function in
postmenopausal women.
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mHT used by recently menopausal women, may modify the risk of AD by preventing or
delaying AD onset [56—63]. Although this was a small sample in a cross-sectional study, the
association of better sleep quality and lower cortical amyloid-p deposition only existing in
the tE2 group but not the oCEE group deserves attention. This might be due to the difference
in pharmacokinetics and pharmacodynamics between the two formulations and
administration routes for tE2 and CEE. Moreover, this association was detectable 7 years
after randomization (3 years after the treatment discontinuation) indicating that mHT may
have long-term effects on the brain cortical amyloid-p deposition and its relationship with
sleep and cognitive function.

It is difficult to establish definite causal relationships as there are complex relationships
between sleep, aging, menopause, ovarian hormones, cognitive function and cortical
amyloid-p accumulation. Although the ongoing relationships are both multi-directional and
multi-factorial, these data provide support for larger prospective studies to evaluate these
associations. If the associations are confirmed, better management of sleep and the choice of
mHT could be modifiable candidates with potential public health implications. (Figure 1)

Kronos Longevity Research Institute (Dr. Harman), NIH (NIA RF1 AG057547- Dr. Kantarci and Gleason, NIA
U54 AG44170- Drs. Miller and Mielke, NS66147 Dr. Kantarci)
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Figure 1. Relationships between aging, menopause, sleep quality, cortical amyloid-p deposition

and transdermal 17p-estradiol.

Aging is a risk factor for sleep disturbances and poor sleep quality. Menopause influences
sleep quality mostly due to ovarian hormone deficiencies during the perimenopausal and
early menopausal period. There is a bi-directional relationship between poor sleep quality
and higher cortical amyloid-p deposition. Transdermal 17p-estradiol potentially modifies the
relationship between sleep quality and cortical amyloid-p deposition during perimenopause
and early menopause. Gray arrows represent potential risk factors and white arrows
represent potential beneficial effects based on the associations identified in the earlier
studies and the current study [4-8, 17-22, 26, 27, 43].
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