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Abstract

Decades of research has established a shift from an “eveningness” preference to a “morningness” 

preference with increasing age. Accordingly, older adults typically have better cognition in 

morning hours compared to evening hours. We present the first known attempt to capture circadian 

fluctuations in cognition in individuals at risk for Alzheimer disease (AD) using a remotely 

administered smartphone assessment that samples cognition rapidly and repeatedly over several 

days. Older adults (N = 169, aged 61–94 years; 93% cognitively normal) completed four brief 

smartphone-based testing sessions per day for 7 consecutive days at quasi-random time intervals, 

assessing associate memory, processing speed, and visual working memory. Scores completed 

during early hours were averaged for comparison with averaged scores completed during later 

hours. Mixed effects models evaluated time of day effects on cognition. Additional models 

included clinical status and cerebrospinal fluid (CSF) biomarkers for beta amyloid (Aβ42) and 

phosphorylated tau181 (pTau). Models with terms for age, gender, education, APOE ε4 status, 

and clinical status revealed significantly worse performance on associate memory in evening 

hours compared to morning hours. Contemporaneously reported mood and fatigue levels did 

not moderate relationships. Using CSF data to classify individuals with and without significant 

AD pathology, there were no group differences in performance in morning hours, but subtle 

impairment emerged in associate memory in evening hours in those with CSF-confirmed AD 

pathology. These findings indicate that memory is worse in evening hours in older adults, that 
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this pattern is consistent across several days, and is independent of measures of mood and fatigue. 

Further, they provide preliminary evidence of a “cognitive sundowning” in the very earliest stages 

of AD. Time of day may be an important consideration for assessments in observational studies 

and clinical trials in AD populations.
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Introduction

Circadian rhythms are physiological processes that regulate a number of critical functions 

including sleep–wake cycles, heart rate, and transcription of genes involved in metabolism, 

inflammation, and synaptic function (Musiek et al., 2018; Noya et al., 2019; Volicer 

et al., 2001). Age-related changes in circadian rhythm have been the focus of several 

comprehensive studies in normal aging and in Alzheimer’s disease (AD) populations (Ju 

et al., 2013; Musiek et al., 2015). Over the lifespan, circadian rhythms shift from an 

eveningness preference in young adults to a strong morningness preference in older adults, 

and this shift in preference is reflected in objective measurements of cognition captured 

in morning and evening hours (Anderson et al., 2014; Yoon et al., 1999). In younger 

adults, cognition is mostly invariant across peak and off-peak times, suggesting that time 

of day effects on cognition are minimal in younger adults. In contrast, older adults reliably 

demonstrate declines during off-peak evening hours on tests of inhibitory control, working 

memory, and recognition memory (Schmidt et al., 2007; Yoon et al., 1999). In AD studies, 

circadian disruption is exacerbated well beyond that observed in normal aging, and several 

studies in rodents and humans found that the primary circadian deficit seen in AD is 

fragmentation of activity rhythms, which is associated with an increased risk of cognitive 

decline and disease progression (Li et al., 2020). There is increasing evidence that circadian 

rhythm dysfunction occurs in very early symptomatic stages of AD (Naismith et al., 2013; 

Ortiz-Tudela et al., 2014) and even well before the onset of symptoms in a stage often 

referred to as “preclinical” AD (Musiek et al., 2018).

A related phenomenon that affects a substantial percentage of individuals with AD is known 

as sundowning. Sundowning symptoms can include increasing agitation, depressed mood, 

and cognitive difficulties as evening approaches (Little et al., 1995). Sundowning is rather 

loosely described in the literature, as it is difficult to study effectively and typically occurs 

in moderate-to-severe stages of dementias (Volicer et al., 2001). Sundowning has been 

hypothesized as a form of circadian dysfunction and has been tied to alterations in daily 

body temperature rhythms (Volicer et al., 2001). While sundowning is not considered a 

common phenomenon in earlier stages of AD, clinicians and caregivers of individuals with 

milder stages of AD commonly report mild behavioral disturbances and cognitive changes 

that can take the form of confusion, poor attention, and poor memory (Canevelli et al., 

2016). Whether these behavioral disruptions and cognitive changes are worse in evening 

hours in early stages of AD is unclear. As of this writing, no studies have examined whether 
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individuals with early-stage and preclinical AD exhibit time of day effects over and above 

those observed in normal aging.

Measurement of time of day effects on cognition is reliant on repeated assessments, which 

is challenging using traditional assessment methodologies. Existing studies have used an 

in-person test administration repeated in morning and evening hours (e.g., Schmidt et 

al., 2007; Veneman et al., 2013). Such “one-shot” assessment designs suffer from poor 

between-subject reliability which ultimately results in low statistical power (Sliwinski, 

2008). Administering multiple assessments with older adults in a memory clinic setting 

also presents significant logistical difficulties and is burdensome for participants and their 

study partners. Our approach was to use a novel smartphone application that employs a 

measurement burst protocol to remotely administer very brief cognitive assessments up 

to four times per day for 1 week in a well characterized sample of older adults enrolled 

in ongoing studies of normal aging and dementia. This approach is based on principles 

from ecological momentary assessment (EMA; for a review see, Shiffman et al., 2008), 

which involves repeated sampling of current behaviors and experiences in near real time. In 

addition to cognition, in-the-moment mood, fatigue, and other contextual information can 

be evaluated that provide important information that may moderate cognitive performance. 

EMA studies have rigorously demonstrated time of day effects on mood (Miller et al., 

2015), interactions between sleep and anxiety (Cox et al., 2018), and impacts of insomnia on 

cognition and mood (Buysse et al., 2007).

We hypothesized that participants would perform worse on cognitive tests in evening hours 

compared to earlier hours, similar to existing studies of time of day and cognition. We 

further hypothesized that these effects would be more pronounced in participants with 

biomarker evidence of AD compared to those without abnormal biomarker levels. We 

also hypothesized that after removing symptomatic participants from analyses, time of day 

effects on cognition would remain present in cognitively normal participants with abnormal 

biomarker levels – suggesting a pattern of cognitive sundowning in preclinical AD.

Materials and methods

Participants

A total of 169 (94 male, 75 female) participants were recruited from ongoing studies 

of aging and dementia at the Charles F. and Joanne Knight Alzheimer Disease Research 

Center (Knight ADRC) at Washington University School of Medicine in Saint Louis. 

Due to concerns about independently operating a smartphone, we limited enrollment in 

the Ambulatory Research in Cognition (ARC) smartphone study to participants with a 

Clinical Dementia Rating™ (CDR™; Morris, 1993) score of 0 to 0.5, a range from normal 

cognition to very mild dementia. A CDR 0.5 score indicates that the symptomatic stage 

is roughly analogous to that encompassed by Mild Cognitive Impairment (Gross et al., 

2017). In-person enrollment began in February 2020 and was halted in March 2020 due 

to SARS-CoV-2 (COVID-19) pandemic lockdowns. Because the Knight ADRC was unable 

to conduct in-person assessments during this stage of the pandemic, the vast majority of 

remaining participants were enrolled remotely beginning in April 2020. All participants 
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provided informed consent, and all procedures were approved by the Human Research 

Protections Office at Washington University in St. Louis.

Clinical assessments

Each participant underwent annual clinical assessments within approximately 1–2 months 

of smartphone-based cognitive testing (the mean interval between most recent clinical 

evaluation and smartphone testing was 34 ± 56 days). The presence and severity of dementia 

were determined by experienced clinicians using the CDR. The CDR is a semi-structured 

clinical interview that stages cognitive and functional deficits across six domains including 

memory, orientation, judgment & problems solving, community affairs, home & hobbies, 

and personal care. The global CDR stages are 0, indicating normal cognition, and 0.5, 1, 2, 

and 3, indicating very mild, mild, moderate, and severe dementia, respectively (Morris, 

1993). Because of the ongoing COVID-19 pandemic, the CDR was administered by 

trained clinicians via phone or videoconferencing. Blood samples were drawn to determine 

apolipoprotein (APOE) genotyping, and participants were classified as APOE ε4 + (44, 34, 

24) or APOE ε4‒ (33, 23, 22) (Cruchaga et al., 2013).

Smartphone assessments

The Ambulatory Research in Cognition (ARC) smartphone application administers 

extremely brief cognitive tests up to four times per day for 7 consecutive days. ARC is 

programmed to run on iOS and Android devices running recent major operating system 

(OS) versions (iOS 12.0+ and Android OS 8.0+). Participants were encouraged to use their 

own personal smartphones provided they met minimum technical requirements. Exclusion 

criteria for smartphones were software issues, limited phone storage, physical damage such 

as cracks to the screen or body of the phone, battery problems, or sluggish responsivity. 

Interested participants who did not have a smartphone or those with smartphones which did 

not meet our criteria were supplied a study smartphone (either iOS or Android) to keep for 

the duration of the study. All participants received detailed instructions on operation of the 

ARC application by a trained study coordinator. Participants unfamiliar with smartphones 

received additional guidance on the basics of setup and operation of the device. The study 

coordinator provided support for participants via phone, videoconferencing, e-mail, and text 

messaging throughout the study.

ARC assessments were administered at quasi-random intervals throughout the participant’s 

awake hours, separated by at least 2 hours between each testing session. For example, a 

participant who selected 7am as their wake time and 10pm as their sleep time would receive 

four notifications to complete a test at nearly any time between 7am and 10pm, and each 

notification would be separated by at least 2 hours (see Figure 1 for a detailed example). 

During each testing session, mood was assessed with a simple visual analog scale (VAS) 

inquiring about their current mood from very poor mood to very good mood. Fatigue was 

also assessed with a simple VAS inquiring about their current level of energy from very 

tired to very alert. Three ARC cognitive measures were then administered in a random 

order during each assessment session (see Figure 2 for examples of the cognitive measures). 

Scores from each ARC measure are averaged across occasions to give an overall metric of 

cognition at different times of day (in this case, in early and late hours) and to minimize the 
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short-term impacts of daily stressors and lapses in attention that can introduce variability in 

traditional “one-shot” paradigms (Sliwinski et al., 2016). This approach also provides some 

resiliency against practice effects, in that improvements in performance that typically occur 

during the first two to three retests (Collie et al., 2003) are averaged with multiple sessions 

after practice effects have plateaued.

Prices

Prices is an associate memory task with a learning and a recognition test. In the learning 

condition, participants are shown 10 item-price pairs for 3 seconds each and asked to try 

and remember the items and the price of each item. Items were common shopping items 

including food and household supplies. Prices were randomly assigned 3-digit prices that 

contain no repeated digits and no more than two sequential digits. In the recognition test, 

participants were asked to choose which of two prices was shown with the item previously. 

Based on extensive validation studies, the two price choices were separated by at least $3.00 

to avoid ceiling and floor effects (Hassenstab et al., 2018). To protect against retest effects, 

40 items are chosen without replacement, such that items are never repeated within the same 

day. In addition, we constrained the item and price pairings such that items are never shown 

with the same price over the 28 repeated sessions. Each administration of the Prices test 

requires approximately 60 seconds, and the primary outcome is the percent errors from the 

10 recognition trials. Higher scores = worse performance.

Grids

Grids is a spatial working memory task in which three common objects (a key, a 

smartphone, and a pen) are randomly placed in a 5 × 5 grid. Participants are asked to 

remember the locations of the items. A brief distraction task is then completed followed by 

the presentation of a blank grid in which participants are asked to tap the locations where 

the items were shown. There were two trials of this task in each testing session. Stimuli 

are placed at random locations during each testing session to protect against retest effects. 

Scores reflect a Euclidean distance estimate such that a higher score indicates placement 

farther away from the correct placement (Sliwinski et al., 2016). Each administration of the 

Grids test requires approximately 30–40 seconds. Higher scores = worse performance.

Symbols

The Symbols test was based on designs used in Sliwinski et al. (2016) and is a processing 

speed measure in which three randomly assigned pairs of abstract shapes are shown and 

participants are asked to determine as quickly as possible which of two abstract shape pairs 

matched one of the target pairs. There were 12 trials of this task during each testing session. 

Item pairs are randomly assigned during each testing session to protect against retest effects. 

This test requires approximately 20–60 seconds to complete and the primary outcome is the 

response time (RT) on correct trials. Higher scores = worse performance.

Cerebrospinal fluid collection and processing

Most participants (n = 130) underwent lumbar puncture to collect cerebrospinal fluid (CSF) 

following overnight fasting. Participants at the Knight ADRC undergo lumbar puncture 

Wilks et al. Page 5

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2023 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



approximately every 3 years, however, CSF collection was postponed in March 2020 due 

to the ongoing pandemic, eliminating the possibility of acquiring more recent samples. 

Therefore, we limited the use of CSF samples to those collected within 5 years of 

completion of ARC testing, resulting in 113 samples collected an average of 819.05 ± 

398.2 days prior. Twenty to thirty millileters of CSF was collected in a 50 mL polypropylene 

tube via gravity drip using an atraumatic Sprotte 22-gauge spinal needle. CSF was kept on 

ice and centrifuged at low speed within 2 hours of collection. CSF was then transferred 

to another 50 mL tube. CSF was aliquoted at 500 μL into polypropylene tubes and stored 

at −80°C as previously described (Fagan et al., 2006). Prior to analysis, samples were 

brought to room temperature per manufacturer instructions. Samples were vortexed and 

transferred to polystyrene cuvettes for analysis. Concentrations of Aβ40, Aβ42, total tau 

(tTau), and tau phosphorylated at 181 (pTau) were measured by chemiluminescent enzyme 

immunoassay using a fully automated platform (LUMIPULSE G1200, Fujirebio, Malvern, 

PA) according to manufacturer’s specifications. A single lot of reagents were used for 

all samples. A cutoff of > 0.0649 on the ratio of pTau:Aβ42 was used to indicate CSF 

biomarker positivity. This cutoff score is based on unpublished internal analyses of over 750 

participants comparing CSF to amyloid positron emission tomography scans that found an 

AUC of 0.97 in predicting amyloid positivity.

Statistical analysis

To explore the potential effects of time of day on cognition, scores for the Prices, Grids, and 

Symbols measures were averaged for early and late testing times. Early testing sessions were 

defined as occurring prior to 1:00pm and late testing sessions were defined as occurring 

after 12:59pm. Early and late testing times were chosen based on a median split of the 

distribution of completed testing session times (early = 1,664 testing sessions; later = 

1,908 testing sessions). Student’s t-tests and Pearson correlations were used to describe 

relationships between early and late testing sessions, test performance and CSF biomarkers, 

and to describe group differences between CSF “Negative” and CSF “Positive” participants. 

Categorical variable comparisons were made with Chi-square tests, where appropriate. 

Linear mixed effects models were conducted using the lme4 package in R (Bates et al., 

2015) with degrees of freedom calculated with the Satterthwaite approximation. Models 

included the following terms: fixed effects for age, gender, years of education, APOE 
ε4 status (carrier/non-carrier), CDR, time of day (early/late) and CSF biomarkers (positive/

negative), and interval between CSF collection and ARC testing. Primary analyses focused 

on the main effect of time of day and the interaction between time of day and CSF 

biomarker status in predicting ARC test performance. All models included a random 

intercept term across all participants and a random slope for time of day.

Analyses proceeded in stages that began with determining if there was a main effect of 

time of day on ARC test performance, over and above effects of age, gender, and years of 

education. Additional models considered whether self-reported fatigue and mood moderated 

associations. Next, models considered whether disease-related variables were related to time 

of day effects and included terms for APOE ε4 status, CDR, CSF biomarker status, and 

interactions between CSF biomarkers and time of day. Finally, models were repeated in 
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CDR 0 (cognitively normal) participants to determine if there were interactions between AD 

biomarkers and time of day effects on cognition in preclinical AD.

Results

Sample characteristics are presented in Table 1. One-hundred sixty-nine participants were 

enrolled in the ARC smartphone study as of October 1, 2020. By design, the majority of 

participants were cognitively normal (90% CDR 0). Participants were highly educated and 

most self-reported their race as White. Participants were mostly male (66%), which differs 

from the total population enrolled in studies at the Knight ADRC, which is approximately 

42% male. CSF Positive participants were no different than CSF Negative participants on 

age, education, or distribution of self-reported gender or self-reported race. CSF Positive 

participants had worse global CDR (p = .001) and were more likely to carry at least one 

copy of the APOE ε4 allele (p < .001). CSF Positive participants performed worse on the 

Symbols processing speed test (t(41.36) = 3.28, p = .002, d = .83) and the Grids spatial 

working memory test (t (51.16) = 2.78, p = .008, d = .61), but were no different than CSF 

Negative participants on the Prices associate memory test (t(44.56) = 1.86, p = .07, d = .45).

Adherence with ARC testing was defined as completion of all surveys and all three 

tests within one assessment session, divided by the total number of requested assessment 

sessions. Overall adherence was 75.7 ± 23.82%, meaning that, on average, participants 

completed 21/28 assessment sessions. These adherence rates exceed those reported in 

several fully remote assessment studies using smartphones (Pratap et al., 2020). As 

described above, early and late sessions were divided by a median split at 1:00pm. There 

were slightly more completed sessions in later times (Figure 3) and 3/169 participants did 

not complete any early sessions. Participants completed an average of 10.18 ± 5.1 (range 

0–21) sessions in early hours and 11.46 ± 5.6 (range 1–26) sessions in late hours. Between 

subject reliability estimates were calculated using methods from Sliwinski et al. (2016). At a 

mean of 21 sessions completed, all measures demonstrated reliability coefficients of .80–.98, 

suggesting that ARC measures are highly reliable at this level of adherence.

Analyses of time of day effects (Table 2 & Figure 4) revealed that participants performed 

approximately 10% worse in evening hours (M = 32.02, SD = 9.91) compared to morning 

hours (M = 29.55, SD = 9.76) on the Prices (associate memory) test (t (163.43) = 4.42, p 

< .001, d = .34), but not on the Symbols (processing speed) test (p = .05) or Grids (spatial 

working memory) test (p = .18). When terms for age, gender, and years of education were 

added in mixed effect models, the time of day effect remained significant for the Prices test 

(t(162.7) = 4.28, p < .001). There was a significant main effect of gender on the Prices test, 

with females performing significantly better than males (t(164.74) = 2.48, p = .014), but the 

interaction between gender and time of day was not statistically significant, indicating that 

time of day did not affect female or male performance differentially.

Fatigue and mood levels collected contemporaneously (within minutes) of ARC cognitive 

scores were considered as potential modifiers of time of day effects on associate memory. 

Fatigue was weakly correlated with the Prices test in early (r = −.16, p = .04) and late (r = 

−.19, p = .01) periods, while mood demonstrated no significant correlations (Table 3). When 
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added to mixed effects models, neither fatigue (t(101.9) = .32, p = .75) or mood (t(102.9) = 

.53, p = .60) had significant associations with Prices performance and did not moderate the 

differences between morning and evening performance.

Considering the effects of CSF AD biomarkers on time of day and cognition, the pTau/AB42 

ratio was chosen to reduce the number of comparisons and to best represent the two major 

proteinopathies of AD. A subset of participants completed CSF sampling, reducing the 

sample sizes of the comparisons to a total of 113 participants. Thirty-two participants met 

criteria for positivity on CSF pTau/AB42 and 81 participants were considered negative. The 

positive/negative classification was added to linear mixed effects models as a main effect 

and as an interaction term with time of day. There was no difference between AD biomarker 

positive and negative groups in early hours on any of the ARC measures (all p’s > .20). 

However, in later hours there was worse performance on the Prices test in the AD biomarker 

positive group compared to the biomarker-negative group (t(108.6) = 2.03, p = .04) (Figure 

4). When this same model was constrained to asymptomatic (CDR 0) participants, the 

interaction between time of day and CSF biomarker status was not significant (t(93.0) = 

1.16, p = .27), suggesting that CSF indicators of AD pathology are not related to time of day 

effects on cognition in the preclinical stages of AD.

Due to possible differences in smartphone performance across operating systems (OS), 

sensitivity analyses were conducted that included a term for OS (iOS and Android). This 

term was not significant in any models and including this term did not alter any results or 

conclusions.

Discussion

In this study, we used a novel smartphone application to measure cognition rapidly 

and repeatedly in participants’ natural environments over a 7-day period to determine 

if a measurement burst design was sensitive to time of day effects on cognition. We 

additionally sought to determine if diurnal patterns in cognition were exacerbated in those 

with biomarker confirmed AD. Our results, using this remote platform, support prior 

laboratory-based studies that found worse cognitive performance in evening hours compared 

to morning hours in older adults. Our results also suggest that AD pathology slightly 

exacerbates time of day effects in associate memory among those with abnormal levels of 

AD biomarkers.

Our first hypothesis, that a remote assessment with repeated testing administered over 

several days would demonstrate worse cognitive performance during later hours, was 

partially supported. Older adults performed worse during later hours on associate memory, 

but not spatial working memory or processing speed, than in early hours. Several studies 

found a similar pattern in older adults using conventional testing methods, but the domains 

of cognition assessed in these studies were somewhat different from our approach. For 

example, Yoon et al. (1999) found older adults had more difficulty inhibiting irrelevant 

information during the evening hours compared to the morning hours. Although the present 

study does not directly assess response inhibition, our results are similar in that older adults 

performed worse in the evening than in the morning for other closely related cognitive 
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processes. We are unaware of any studies that have found changes in processing speed 

related to time of day, and the lack of effects observed in the current study suggest that 

speed may be less impacted by diurnal rhythms. However, this was a voluntary study where 

participants chose their availability windows for completing assessments, so tests were 

typically not completed during periods closest to sleep onset when it is likely that effects on 

speed and other cognitive processes including spatial working memory may be observed.

We considered whether short-term changes in fatigue and mood would moderate the 

relationship between time of day and cognitive performance. The role of fatigue in cognition 

has been studied extensively in normal aging and in neurological disorders. When level of 

fatigue was added to our models, the results were unchanged, suggesting that subjective 

measures of fatigue, even when assessed repeatedly and in close temporal proximity to 

objective cognitive assessment, are not related to declines in performance in evening hours. 

There were weak correlations between subjective ratings of fatigue and associate memory 

in both early and late hours, but no correlations with processing speed or spatial working 

memory at any time of day. Previous studies using traditional cognitive assessment methods 

have also failed to demonstrate associations between subjective reports of fatigue or found 

very minor effects (Bailey et al., 2007; Niino et al., 2014).

Depression is related to fatigue and is similarly important to consider when assessing 

cognition in early AD (Javaherian et al., 2019). Depression is also associated with an 

increased eveningness preference (Drennan et al., 1991; Hasler et al., 2010), which may 

moderate any relationships between time of day and cognition. Similar to our fatigue 

question, mood was assessed with a simple VAS immediately prior to completing ARC 

measures. We found no relationship between mood and cognitive performance at any time of 

day and, when added to our models with CSF outcomes, mood did not alter the relationship 

between AD pathology and time of day effects on cognition. However, it is worth noting 

that Knight ADRC participants generally have very low levels of depressive symptoms, 

especially in the cognitively normal participants (Javaherian et al., 2019).

Our second hypothesis, that individuals with biomarker evidence of AD pathology would 

show even more deficits in later hours, revealed that AD pathology slightly exacerbated 

time of day effects on the Prices associate memory test, with an effect size suggesting 

approximately 10% worse performance in later hours compared to early hours. This trend 

was present when all participants (both CDR 0 and CDR .5) with available CSF were 

included in the models, suggesting that the period leading up to and surrounding the 

transition from cognitive normality to symptomatic AD may represent a critical period 

for cognitive sundowning. Exploring this result with more detailed analyses revealed some 

interesting and somewhat unexpected findings. While there was no statistically significant 

difference from morning to evening performance within individuals with a clinical diagnosis 

of very mild dementia (as indicated by a CDR of .5), there was a strong trend for individuals 

with CSF biomarker evidence of AD pathology to perform worse in evening hours. Most 

individuals with a CDR of .5 present with the clinical phenotype of AD in our sample 

(Morris et al., 2001), but there are cases where the etiology is uncertain, or when the clinical 

classification of an AD phenotype is incorrect (Beach et al., 2012). Thus, the effect observed 

appears to be more driven by AD pathology specifically than by clinical symptoms of 
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dementia. This pattern will require additional participants, longitudinal ARC assessments, 

and contemporaneous biomarker data to confirm.

Finally, we considered whether a cognitive sundowning effect would be observed among 

individuals who are cognitively normal but have evidence of significant AD biomarker 

abnormalities (preclinical AD). Although the direction of the effect remained unchanged, 

restricting the sample to CDR 0 individuals with biomarker evidence of AD pathology 

removed any trends, suggesting cognitive sundowning may manifest only after the transition 

to symptomatic AD.

A consideration raised by these findings is how time of day may impact cognitive 

assessment methods and study design in both observational and interventional studies of 

AD. It is standard practice in neuropsychology to conduct cognitive testing during daytime 

hours as both a matter of logistical practicality and to encourage optimal performance since 

older adults exhibit strong preferences for morning hours (Yoon et al., 1999). Detecting 

the earliest cognitive changes in AD can be elusive, and using traditional methodology 

including one-shot assessments administered at peak performance times may miss important 

disease-related signals that repeated measures can capture (Baker et al., 2020; Weston et 

al., 2018). Our results suggest that the magnitude of difference seen in evening hours with 

repeated testing is indicative of disease state, and perhaps this outcome, as a difference score 

tested over time, may be a useful indicator of disease progression or even as evidence of a 

treatment effect.

An overall interpretation of these data brings to light some significant limitations. 

Our participants, composed of highly motivated older adults who are comprehensively 

phenotyped and engaged in imaging and biomarker studies, are not representative of the 

general population. Our sample is primarily White and highly educated, which biases toward 

more technology access and familiarity (Pew Research, 2021). A relatively small number of 

cognitively impaired individuals were remotely enrolled in ARC, which poses risks to a lack 

of generalizability of the sample. It is possible that the cognitively impaired individuals in 

the Knight ADRC sample who were able to enroll in a remote, smartphone-based cognitive 

assessment performed better on the cognitive measures than the broader population of 

cognitively impaired individuals. Cerebrospinal fluid biomarkers were collected within 5 

years of enrollment in ARC assessments, and it is possible some participants progressed 

from CSF biomarker-negative to positive since their last sample collection, which may result 

in misclassification of individuals as biomarker-negative. Seasonality is an important issue 

in the circadian rhythm literature. Differences in exposure to sunlight may be another factor 

that impacts the effect of time of day on cognition. Because the majority of data for this 

study was collected between April and September 2020, we chose not to examine the role 

of sunlight exposure due to limited variability in daylight hours. Finally, participants self-

selected hours they wished to complete ARC assessments. Presumably, some participants 

may have chosen to take the tests only at their cognitive peak. Most participants completed 

their tests between 9am and 5pm, so there is limited data on cognition in the later evening 

hours when sundowning behaviors are likely to be more pronounced. Another possibility 

is that participants may have avoided taking tests during moments when they felt their 

cognitive performance was suboptimal, which could logically include later times during the 
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day. This problem is common in all studies, but especially important for remote studies 

where there is no examiner or study proctor facilitating the assessments.

In summary, this is the first known study to examine time-of-day related fluctuations in 

cognitive performance in older adults at risk for AD using brief and repeatable smartphone-

based cognitive tests. We found decrements in performance in associate memory in evening 

hours across all participants, confirming prior studies that used in-clinic measures and 

also extending these results by establishing that this is a consistent pattern over several 

consecutive days. There was subtle evidence that time of day effects on memory are 

exacerbated in very mildly symptomatic individuals with abnormal CSF AD biomarker 

levels, suggesting that a cognitive sundowning may occur in the earliest symptomatic stages 

of AD. The ARC smartphone study is ongoing and will include longitudinal assessments 

in a larger and more diverse sample with additional biomarker data. Future studies will 

examine if changes in time of day effects over longer time periods represent an early 

indicator of the transition from cognitive normality to symptomatic AD.
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Figure 1. 
Testing frequency and time of day. Example of a hypothetical participant available to 

complete tests between 7am and 10pm. Tests are quasi-randomly distributed throughout 

the available window (a minimum window of 8 hours is required). Testing sessions are 

separated by at least 2 hours and after a notification is sent, participants have up to 2 hours to 

complete the testing session.
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Figure 2. 
Examples of ARC cognitive measures. Example of Grids, Symbols, and Prices tests. For 

all measures, higher scores = worse performance. The Grids test assesses spatial working 

memory, which requires encoding the location of three items, a brief distraction task, and a 

recall of the location of the three items. The Symbols test assesses the processing speed task, 

which requires matching pairs of symbols to a target under timed conditions. The Prices test 

is an associate memory task, which tests memory for common shopping items paired with 

randomly selected prices. The test includes a study phase and recall phase.
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Figure 3. 
ARC assessment completion times (total number of assessments N = 3,572). The dashed line 

represents 13:00 (1pm), the cutoff for early and late assessment times.
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Figure 4. 
CSF ptau181/AB42 ratio and time of day. Results of ARC measures in individuals with 

CSF data separated by CSF biomarker status and time of day. Compared to morning hours, 

worse performance was observed on the Prices associate memory test in the CSF biomarker 

positive group. There were no significant differences on the Symbols processing speed test 

or the Grids spatial working memory test.
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