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Abstract 37 

The aim of the review was to assess current evidence regarding changes in cognitive function according 38 

to time-of-day (TOD) and assess the key components of research design related to manuscripts of 39 

chronobiological nature. An English-language literature search revealed 523 articles through primary 40 

database searches, and 1868 via organisation searches/citation searching. The inclusion criteria were 41 

met by eleven articles which were included in the review. The inclusion criteria set were: healthy adult 42 

males, a minimum of two time-points including morning and evening, cognitive measures of 43 

performance, and peer-reviewed academic paper. It was established that cognitive performance varies 44 

with TOD and the degree of difference is highly dependant on the type of cognitive task with differences 45 

ranging from 9.0 to 34.2% for reaction time, 7.3% for alertness, and 7.8 to 40.3% for attention. The 46 

type of cognitive function was a determining factor as to whether performance was better in the 47 

morning, evening, or afternoon. Although some studies did not establish TOD differences, reaction time 48 

and levels of accuracy were highest in the evening. This implies that cognitive processes are complex, 49 

and existing research is contradictory. Some studies or cognitive variables did not show any measurable 50 

TOD effects, which may be due to differences in methodology, subjects involved, testing protocols, and 51 

confounding factors. No studies met all requirements related to chronobiological research, highlighting 52 

the issues around methodology. Therefore, future research must use a rigorous, standard approach, 53 

minimising confounding factors that are specific to examinations of TOD. 54 

Keywords: Time-of-day, circadian rhythms, diurnal variation, cognitive performance, review, ROB, 55 

ROBINS-I. 56 

 57 

Abbreviations: 58 

LCT – Letter cancellation test 59 

ROB – Risk of bias 60 

TOD – Time of day 61 

 62 
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Introduction 72 

 73 

Most of the recent research displays diurnal variation patterns in physiological and physical measures 74 

of performance when conducted in healthy adolescent males in a temperate environment (17-22°C; [1, 75 

2]). It is well established that repeated-sprint performances peak between 17:00 h and 19:00 h with 76 

TOD differences ranging between 3.4% to 10.2% [3], while anaerobic performances have shown to 77 

peak between 16:00 and 19:30 h with TOD differences ranging from 1.8 to 12.3 % [4], and time-trial 78 

performances peak between 14:00 and 20:00 h with TOD differences ranging from 2.0 to 12.0 % [5]. 79 

When isolated from external time cues, such as light (and darkness) and meal timing endogenous 80 

circadian rhythmicity persists. Core body temperature rhythms, levels of cortisol and melatonin play an 81 

important role in circadian regulation through signals directed by the suprachiasmatic nucleus (body 82 

clock), located in the anterior part of the hypothalamus [6, 7]. Core body temperatures [8, 9], muscle 83 

temperatures [10, 11], and cortisol levels [12] peak mid-afternoon and/or early evening, while melatonin 84 

levels are at their lowest [13, 14]. The causal link of these rhythms is believed to have some implications 85 

in diurnal variation observed in human performance, whether directly or indirectly [8]. 86 

 87 

Similarly, performance variables related to cognitive abilities have also shown to fluctuate during the 88 

day [15, 16], with different variables peaking at different time-points. Timing of peak can be explained 89 

by the multifactorial components of the cognitive task and the broad definition of cognitive performance 90 

used in the literature. The majority of studies have found simple reaction times to auditory and visual 91 

stimuli to peak in the early evening between 16:00 and 17:00 h compared to other time-points during 92 

the day [17–20]. However, two studies have found simple reaction time scores performed in male 93 

handball goalkeepers to be best during the morning compared to other time-points [21, 22], while it has 94 

also been found that no differences are present during the day [23]. Other cognitive performance tests 95 

related to accuracy and consistency in racquet sports serves, and alertness, have found to differ in phase 96 

with core and peak body temperatures, peaking in the early afternoon or evening [24, 25, 26]. However, 97 

tasks that require fine motor control skills have been observed to peak at opposite times, with highest 98 

values observed in the morning. Lower values are observed in the evening when negative effects 99 

associated with an accumulation of time awake since last sleep and low levels of arousal are present 100 

[16, 27]. Similarly, tasks related to mental arithmetic and short-term memory are also peaking in the 101 

early morning hours, highlighting that time of peak performance is influenced by the type of the task 102 

[16]. 103 

 104 

Considering cognitive performance is multifactorial and includes many different components related to 105 

attention, accuracy, consistency, reaction time, vigilance, decision making, and executive functions, a 106 

comprehensive review on the topic area is required to identify the gaps currently present within the 107 

literature and increase understanding within this area. It has been established that several factors related 108 
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to chronobiological research design negatively influences observed findings, such as sleep, food intake, 109 

counterbalancing/randomisation and room lighting. Therefore, a standard approach to methodologies 110 

in research design while reporting research design aspects would help reduce the signal to noise error 111 

and ensure findings are not affected. Highlighting these potential methodological concerns and other 112 

findings related to issues around study set-up will help improve future studies. In addition, other 113 

methodological problems are present, specifically concerning menstrual cycle definition and hormonal 114 

state. Large differences in findings related to cognitive performance are observed during different stages 115 

of the menstrual cycle. 116 

 117 

Therefore, due to the complexity of menstrual cycles and the lack of standardisation in the literature 118 

around this given area, the present manuscript aimed to assess the following research question: “In 119 

healthy adult males, what is the magnitude of diurnal (morning session vs. evening session) differences 120 

in performance variables related to cognitive performance?” Additional in-depth information related to 121 

research design deemed specifically important for chronobiological (TOD) studies will be provided to 122 

ensure future studies are more rigorous and factors can be controlled. 123 

 124 

Methods  125 

Reporting Standard 126 

This systematic review adheres to the guidelines of Preferred Reporting Items for Systematic Reviews 127 

and Meta-Analyses 2020 (PRISMA 2020) [27]. The corresponding checklist for PRISMA 2020 is 128 

provided in Appendix 1, indicating the page references for the information included in the present 129 

review. 130 

Eligibility Criteria  131 

The criteria for study inclusion were derived from the Cochrane guidelines for conducting systematic 132 

reviews [28]. These inclusion and exclusion criteria were established and unanimously agreed upon by 133 

all nine authors. After the initial screening of studies, three authors (AR, MM, & TB) independently 134 

evaluated the eligibility of each manuscript by examining the titles and abstracts in a standardized 135 

manner, ensuring blinding during the assessment process. To be deemed eligible, the manuscript had to 136 

meet the specified inclusion criteria:  137 

1. Population – healthy adult male participants (18+ years of age) only (exclusion of female 138 

participants so that menstrual implications did not need to be addressed). Due to the impact of 139 

hormonal fluctuations on cognitive performance parameters females were excluded as current 140 

research renders it difficult to interpret findings due to standardasition of protocols. 141 
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2. Time-of-day – comparison between morning vs. evening cognitive performance variables with 142 

a minimum of two time-points. 143 

3. Cognitive performance variables – such as attention, accuracy, reaction time, vigilance, 144 

consistency, and/or alertness. 145 

4. Design – Counterbalanced and/or randomised trials.  146 

Literature Search Strategy and Information Sources  147 

A systematic search for English-language literature in the grey literature was performed at Liverpool 148 

John Moores University electronic library, Manipal Academy of Higher Education electronic library, 149 

and electronic databases (PubMed, Scopus, and Web of Science) from August 2021 to May 2022, 150 

concluding on May 21, 2022. The search aimed to find pertinent content concerning cognitive 151 

performance variables and their variation throughout the day, utilizing specific search syntax with 152 

Boolean operators in titles, abstracts, and keywords of indexed documents: (“time of day” OR “time-153 

of-day” OR “daily rhythm” OR “daily variation” OR “daily fluctuation” OR “diurnal rhythm” OR 154 

“diurnal variation” OR “diurnal fluctuation” OR “circadian rhythm” OR “circadian variation” OR 155 

“circadian fluctuation”) AND (“cogni*” OR “cognitive performance” OR “attent*” OR “attention 156 

control” OR “sustained attention control” OR “selective attention” OR “accuracy” OR “alert*” OR 157 

“decision-making” OR “decision making” OR “reaction time”) was conducted. The study employed 158 

supplementary advanced search methods, including the incorporation of wildcards, truncation, and 159 

proximity searching. As part of the secondary search (conducted by MM & TB), the reference lists of 160 

all included papers were manually screened to identify any additional relevant publications. 161 

Additionally, forward reference searching was conducted by exploring citations and authors to identify 162 

potential follow-up studies. To minimize potential selection bias, one author (SP) independently carried 163 

out the search for study selection. The PRISMA 2020 flow diagram [27] was used to illustrate the flow 164 

of papers, encompassing searches of databases, registers, and other sources, throughout the study 165 

selection process. 166 

Study Selection  167 

The article was included if the data from male participants could independently be identified in case of 168 

the study population being both male and female. Instances where the abstract and/or the title did not 169 

provide enough information to indicate whether the article met inclusion criteria, the article was 170 

obtained and read by a third reviewer (SP), who determined the relevance of the manuscript for the 171 

review. Articles where the primary objective was not a TOD investigation, with a minimum of two 172 

time-points (morning and evening), the manuscript was excluded. All conference abstracts, literature 173 

reviews and letters to the editor were not included as such studies are not critically appraisable and/or 174 

methodologically-quality-assessable. 175 
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Data Extraction  176 

The data extraction process was carried out independently by three authors (MM, AR, and TB), with a 177 

fourth author (SP) responsible for conducting a thorough data check. The information extracted from 178 

the reviewed studies encompassed the following aspects: 1) details about the study authors and date; 2) 179 

participant information, including the number of participants and their characteristics such as age, body 180 

mass, and stature; 3) the circadian chronotype questionnaire employed to assess the participants and 181 

their corresponding scores; 4) specifics regarding the time-of-day when testing sessions occurred (e.g., 182 

morning, afternoon, evening, along with the specific time); 5) the cognitive test(s) administered during 183 

the studies; 6) the equipment utilized, including rackets, shuttles, or computers; 7) the performance 184 

variables evaluated, such as attention, reaction time, accuracy, and risk-taking behavior; 8) the 185 

significance level established with P values; and 9) information on % differences between testing time-186 

points (if available), the establishment of diurnal variation, and the mean and standard deviation values. 187 

Various factors pertinent to research design and chronobiological studies were quantified, which 188 

included room temperature control, sleep patterns, food intake, light intensity, fitness levels, and the 189 

use of randomization and counterbalancing techniques [3-5]. Each factor was recorded with a binary 190 

response of "yes" or "no," while fitness levels were further categorized as trained or untrained. In cases 191 

where an article did not mention or refer to a specific factor, a negative response (no) was noted. 192 

Quality assessment 193 

To evaluate the risk of bias in the study, two distinct tools were employed, following the Cochrane 194 

Scientific Committee's quality assessment recommendations. The assessment of randomized studies 195 

utilized the Risk of Bias (ROB) 2.0 tool, while the ROBINS-I tool was applied to evaluate non-196 

randomized studies. Although there were some similarities in features between both tools, they were 197 

primarily focused on specific outcomes. The evaluation involved fixed sets of bias domains, enabling 198 

an overall risk of bias judgment, with scores categorized from "low" to "critical". Manuscript quality 199 

was independently assessed by two reviewers (AR and TB), who identified discrepancies in agreement 200 

across four domains of risk of bias among the 11 studies included in the review (5.6% of cases). To 201 

resolve these discrepancies, a third reviewer (SP) was consulted. For a clear visual representation of the 202 

results, Figures II and III display a "traffic light" plot for each domain. 203 

Results 204 

Search Results  205 
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We initially identified 523 articles from primary database searches. Additionally, 1868 articles were 206 

found through organization searches (University databases) and citation searches. Figure I provides a 207 

breakdown of the number of articles found in each electronic database and other search methods, along 208 

with a comprehensive flow chart detailing the steps taken during the literature search. After eliminating 209 

duplicates, 444 titles from the databases were saved in the reference manager (Mendeley, Elsevier, 210 

Amsterdam, Netherlands). Subsequently, we thoroughly examined the titles, abstracts, and keywords 211 

of these manuscripts, resulting in 63 reports chosen for full-text analysis. Among these reports, 8 met 212 

the inclusion criteria and were included in the systematic review. Moreover, through organization 213 

searches and citation searching, we identified 45 additional reports that were evaluated for eligibility. 214 

Among these, 3 reports fulfilled the inclusion criteria and were deemed eligible, raising the total number 215 

of accepted studies to 11. Detailed explanations for exclusion can be found in Figure I. 216 

Study Characteristics  217 

Table I presents detailed characteristics of the participants across 11 studies, including a total of 151 218 

male participants (with an average of 14 participants per study). The number of participants in each 219 

study ranged from 8 to 25. Among these studies, 63.6% focused on assessing circadian chronotype, 220 

with different questionnaires used, such as the morningness-eveningness questionnaire (Horne and 221 

Ostberg, 1976), the Composite Scale of Morningness, and a subjective amplitude scale. The results 222 

revealed that 77.1% of the participants were classified as having an intermediate chronotype, 11.0% as 223 

morning chronotype, and 11.9% as evening chronotype. However, three studies did not report any 224 

information regarding the chronotype of their participants. 225 

Morning sessions took place between 06:00 to 11:30 h, while evening sessions ranged from 16:00 to 226 

21:10 h. In addition to these time-points, ten studies used extra time-points for assessing diurnal 227 

variation. The number of time points assessed varied, meeting the inclusion criteria of at least two time-228 

points. Among the cognitive aspects studied, reaction time was evaluated in 8 studies (72.7%), attention 229 

in 4 studies (36.3%), accuracy in 3 studies (27.2%), consistency in 2 studies (18.1%), vigilance in 2 230 

studies (18.1%), and alertness in 1 study (9%). Various cognitive tests were utilized, including simple 231 

reaction time tasks, letter or sign cancellation tasks, signal detection tasks, badminton serves, dart 232 

throws, p300 tests, selective and constant attention tasks. 233 

In ten studies, performance variables exhibited TOD effects, with significant differences between 234 

morning and evening values. Four studies reported significantly better reaction times in the evening 235 

(ranging from 9.0 to 13.4%), while two studies found better reaction times in the morning (up to 34.2%). 236 

Two other studies found no differences in reaction times across different times of the day. Attention 237 

levels were found to be lowest in the morning in two studies (7.8% amplitude) and highest in the 238 

morning in two other studies (40.3% amplitude). Accuracy levels showed some variation, with one 239 
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study reporting highest values in the afternoon (14:00 h), another in the evening, and one observing no 240 

differences. The study that assessed consistency found better values in the evening, while the other 241 

study found no differences. Alertness also displayed diurnal variation, with the highest values observed 242 

in the late evening (20:00 h) compared to morning, afternoon, or early evening values by 7.3%. 243 

Due to significant methodological and clinical heterogeneity among the studies, a meta-analysis was 244 

not feasible. Factors such as missing data, population differences, metrics, outcomes, and study designs 245 

made it impractical to pool the data for a meta-analysis. Moreover, the relatively low number of studies 246 

(11) with small average sample sizes and high heterogeneity would likely lead to underpowered results 247 

and challenges in detecting significant effects. Consequently, the study presented unweighted results 248 

and did not pursue a meta-analysis, considering the potential for compounded errors and inappropriate 249 

summaries. 250 

Quality of work  251 

Table II presents comprehensive information concerning various aspects of research design such as 252 

randomisation, counterbalancing, light intensity recording, meal control, room temperature control, and 253 

sleep and fitness regulation. These factors are particularly crucial in conducting chronobiological 254 

investigations. 255 

It was observed that none of the studies fulfilled all the essential criteria for chronobiological research. 256 

Among the included studies, 5 of them implemented counterbalancing to minimize learning effects, 257 

while 8 studies conducted TOD sessions in a randomized order. Notably, 4 studies incorporated both 258 

counterbalancing and randomisation in their protocols, while only one study lacked both. Regarding 259 

specific controls, the majority of the studies (N = 8) regulated meals and sleep, whereas less than half 260 

(N = 5) provided details about room temperature control. Remarkably, only 3 studies effectively 261 

controlled all three aspects. All 11 studies did, however, furnish information about the "fitness" levels 262 

of their participants, who were either healthy males or sports players. 263 

Methodological quality control and publication bias  264 

Three non-randomized studies utilized the ROBINS-I tool (refer to Figure II), and the detailed findings 265 

are available in the same figure. All three studies exhibited a low risk of bias in the classification of 266 

interventions (Domain 3) and deviations from intended interventions (Domain 4). Additionally, they 267 

had a low risk of bias due to missing data (Domain 5) and in the selection of reported results (Domain 268 

7). The level of bias associated with participant selection ranged from low to moderate (Domain 2), 269 

while bias arising from confounding (Domain 1) and bias in outcome measurement showed moderate 270 
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risk (Domain 6). In conclusion, two of the studies received a low overall risk of bias judgment, while 271 

one study obtained a moderate overall risk of bias judgment. 272 

A total of eight studies employed The Risk of Bias (ROB) 2.0 tool (see Figure III). Across all studies, 273 

there was low risk of bias due to missing outcome data (Domain 3) and the selection of reported results 274 

(Domain 5). Regarding deviations from intended interventions (Domain 2), the risk of bias ranged from 275 

low to moderate, while the randomization process (Domain 1) and the measurement of outcomes 276 

(Domain 4) showed some concerns regarding bias. In summary, all eight studies exhibited some 277 

concerns regarding the risk of bias across all domains. 278 

 279 

Discussion 280 

In this recent analysis, data from 11 studies were examined to compare the diurnal variation in cognitive 281 

performance measures and assess the strength of evidence supporting the existence of a "peak" time for 282 

cognitive functioning. The key results of this review can be summarized as follows: Firstly, a significant 283 

majority of the papers (90.9%, N = 10) revealed variations in cognitive performance related to the TOD 284 

for at least one cognitive performance variable. Secondly, the TOD peak for cognitive performance 285 

varied depending on the specific cognitive variable under assessment. Lastly, certain limitations and 286 

concerns were identified, particularly regarding the methodology, study control, and overall quality of 287 

the included studies. 288 

 289 

Cognitive Performance  290 

 291 

Four studies have investigated the TOD effects on attention (Table I) [20, 22, 33, 35]. Two studies 292 

reported better selective attention and constant attention in the morning (08:00 h) using a selective 293 

attention test, with values declining as the day progressed potentially due to the training experience of 294 

the players recruited in the various studies [21, 22]. Interactions around daytime sleepiness, time awake 295 

and sleep build-up influence TOD aspects related to cognitive function [36, 37], thus suggesting that 296 

observations around attention are highly affected by sleep homeostasis. However, a study performed by 297 

Higuchi et al. (2000) reported reduced attention levels in the morning (8:00 h) compared to the late 298 

morning (11:00 h) which was sustained until late evening (20:00 h) using a P300 test. Another study 299 

performed by Souissi et al. (2019) reported reduced attention levels during the early morning (7:00 h), 300 

morning (9:00 h), afternoon (13:00 h), and late afternoon (15:00 h) compared to the afternoon (11:00 301 

h) and evening (17:00 h) when using a number cancellation test. Overall, cognitive performance related 302 

to attention displayed contradictory findings; however, these variations can be attributed to the fact that 303 

different tests were used to assess attention, such as a P300 test, a selective attention test and a number 304 



10 

 

cancellation test, thus making it difficult to compare findings between different journals. It is well 305 

established that sleep inertia is affected by circadian phase and when subjective ratings of fatigue values 306 

are higher, visual and/or selective attention performance negatively affected in the morning. In addition, 307 

in the post-lunch dip sleepiness has been found to increase and attention has been found to decrease, 308 

with reduced alertness, subjective sleepiness, fatigue and negative mood states increased [34, 35]. 309 

 310 

Two studies investigated TOD effects on vigilance, which varied with the outcome assessment type. 311 

When using an adapted sign cancellation test, vigilance is reported to be better in the late morning 312 

(10:00 h) and evening (18:00 h) than in the early morning (06:00 h) and afternoon (14:00 h). The 313 

observed variations in vigilance might be due to the improvement in visuomotor coordination [39] and 314 

core temperature [40]. The increase in motor contractile properties [41] during the day might be 315 

responsible for the increase in motor coordination and an increase in nerve conduction velocity [42] 316 

which in turn leads to better visuomotor coordination.  When the letter cancellation test (LCT) is used, 317 

the LCT of 2 letters demonstrates several variables to display significant variation over TOD, with 318 

peaks occurring at different times of day based on the performance variable examined. Similarly, a LCT 319 

of 3 letters demonstrated findings in-line with the observations present in the LCT of 2 letters. 320 

Eight studies investigated TOD effects on reaction time (Table I). Four studies demonstrated a faster 321 

reaction time in the evening which ranged from 9 % to 13.4 % when compared to other times of the day 322 

[17, 18, 20, 25]. In fact, late morning (10:00 h) values also showed better reaction times than morning, 323 

and afternoon values [20, 40]. Two studies reported faster reaction times in the morning than other 324 

times of the day when using a simple reaction time test, finding reaction times to reduce as the day 325 

progressed, with an amplitude of 34.1 % [21, 22]. There was a decline in the reaction time performance 326 

post midday in comparison to morning, which might be due to the accumulation of tiredness after 327 

midday [21, 22]. These results are in line with a study that reported a fall in performance in the afternoon 328 

due to tiredness resulting from time awake [25]. The discrepancies between studies in the literature 329 

could be due to the training experience of the participants and due to differences in the population 330 

(trained vs untrained) recruited in the studies [22]. It has previously been established that amplitude of 331 

TOD differences between morning and evening is higher in trained compared to untrained individuals 332 

[44]. Further, the level of training can also affect the reaction time performances, as suggested by a 333 

previous study which found that people who exercised regularly had faster reaction times compared to 334 

sedentary people [45]. Interestingly, two studies did not show any significant diurnal variation in 335 

reaction time [23, 30], due to the complexity of the tasks [23]. Nevertheless, time of the day and duration 336 

of time awake plays a major role in response time observed [23] as reported by an earlier study that 337 

showed an increase in wakeful time and adverse circadian phases resulted in a prolongation in the 338 

reaction time [46]. 339 
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One study investigated TOD effect on alertness and observed that alertness peaks in the late evening 340 

(20:00 h) by up to 7.3 % and was lowest in the morning (08:00 h). It is believed that the increase in 341 

body temperature might lead to physiological arousal that enhances cognitive performance as it 342 

modulates neurobehavioral performance [38]. Three studies investigated the effect of TOD on accuracy 343 

with discrepancies in the results present in all three studies. The study performed by Edwards et al. 344 

(2005) found better badminton serve accuracy values in the afternoon (14:00 h) compared to morning 345 

(08:00 h) and evening (20:00 h) in both short and long serves. These findings are like findings observed 346 

in tennis serves and both accuracy tests displayed high levels of test-retest reliability [24]. Another 347 

study found dart throwing accuracy to significantly improve as the day progressed with best accuracy 348 

observed in the evening (19:00 h) compared to the afternoon (15:00 h) and better than morning (07:00 349 

h) [25] in long-distance throws only. Similar observations were reported in consistency of dart throws 350 

with highest consistency present in the evening (19:00 h), compared to values observed in the early 351 

morning (07:00 h). As dart throwing requires a combination of hand-eye coordination and muscle 352 

contraction, when performing longer dart throws there is a larger emphasis placed on muscle contraction 353 

(strength), thus findings established have observed TOD variations in line with core body temperature 354 

[26, 44]. In shorter throws, the emphasis is placed more on control mechanisms and factors related to 355 

fatigue, hence little to no variation of TOD established [15, 26]. However, one study did not show any 356 

significant difference throughout the day in accuracy for hits, false alarms, correct rejections, and misses 357 

[18]. However, chronotype of the individual were found to affect accuracy, with evening types being 358 

more accurate than morning types in both morning and evening sessions. Accuracy is not parallel with 359 

the circadian patterns of body temperature with lower levels of accuracy present when temperature was 360 

at its highest [25]. These results depend on the skill level of the players recruited in this study [32], the 361 

fatigue levels due to time awake [15], changes in the ‘basal arousal’. Other reasons for the conflicting 362 

results may be related to the variation and lack of control in factors deemed important for TOD research 363 

(Table II). 364 

Methodological quality and control 365 

As far as we are aware, only three systematic reviews have looked into issues around chronobiology 366 

study design [3–5]. In agreement with these previous reviews, an apparent lack of control in the research 367 

studies selected was also established within this review. It is well known that the periodicity of the body 368 

clock in human beings is influenced by external environmental rhythmic cues which impact the constant 369 

adjustment of the body clock (zeitgebers). In TOD studies, rhythmic cues such as activity, 370 

feeding/fasting and light-dark cycles are the main factors that require additional control [48]. Light 371 

intensity was only reported in one study (9%), with no other studies reporting any information around 372 

light or dark exposure. The regulation of alertness and mood in human studies is highly affected by 373 

light exposure [47, 48]. Studies have observed that light exposure influence several cognitive processes 374 
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related to attention, memory and arousal [49–51], with short-wavelength light negatively affecting 375 

reaction times [54]. Although there is a lack of clarity regarding whether or not light exposure results 376 

in increased cognitive performance for cognitive tasks which require sustained attention, light exposure 377 

is believed to improve such performance [47, 48]. Therefore, there is a great importance to control light 378 

and/or dark exposure in cognitive studies. Three studies (27 %) failed to provide information around 379 

the control of meals, a factor which plays a vital role on cognitive performance. It has been established 380 

that “meals” potentially improve cognition and alertness [55], with the timing of meals, the 381 

characteristics of the meal and the timing of meals affecting cognitive performance [56]. The size and 382 

macronutrient content of the meal influences mental performance, while the TOD a meal is consumed 383 

will affect cognitive performance [56].  In addition, alterations in meal timings have been shown to 384 

improve cognition [55]. Lack of standardisation makes the comparison of results challenging. All 385 

studies reported information related to participant “fitness levels”, although it must be noted that 386 

personal characteristics of individuals can influence cognitive performance, such as age and level of 387 

training (sedentary vs. non-sedentary) playing a major role. It has been found that level of training is 388 

closely associated with a better brain structure and brain functioning and thus results in better cognitive 389 

performance in trained individuals [57].  390 

When looking at sleep, 3 studies (27 %) failed to provide any information related to maintaining similar 391 

sleeping habits to “normal life”. No information was provided to participants to ensure habitual rising 392 

and waking times were maintained, that they should not stay up late or whether any of the individuals 393 

had a prevalence of sleep insomnia or were sleep deprived. Sleep plays a significant role on cognitive 394 

performance and lack of sleep has shown to have negative effects on an extensive variety of 395 

performance variables related to decision making, memory and attention [60, 61]. Reaction times and 396 

focused attention are worsened with one or two nights without sleep [60]. The presence of TOD in 397 

cognitive performance is highly associated with sleep homeostasis, time awake and previous sleep 398 

drive, and circadian rhythmicity, but how these processes interrelate is not well known. Diurnal 399 

variation in cognitive performance will differ in accordance with the “sleep-status” of the individual. 400 

Individuals who are sleep deprived perform better around midday in tasks requiring episodic memory, 401 

while well rested individuals showed more stable performance [61]. The time-since-last sleep is closely 402 

related to increase levels of fatigue, and as the amount of time-awake increases, a negative affect is 403 

observed on cognitive performance, on restorative influences of sleep and on arousal [62]. In addition, 404 

chronotype of individuals has also shown to play a role in simple and complex measures of cognitive 405 

performance [63]. It is well known evening types have a significantly higher daytime sleepiness, thus 406 

resulting in worse cognitive performance in the morning when compared to morning types [16]. A total 407 

of 3 studies (27 %) failed to assess chronotype scores in their participants’. 408 



13 

 

Finally, other important factors to report are the mean ± SD of familiarisation sessions. Not providing 409 

detailed and accurate statistics and information around this displays random and systemic bias. When 410 

counterbalancing and randomising sessions internal validity is guaranteed through the control of 411 

potential confounders. These are created by effects of sequence and order, and removes selection bias 412 

and balance, and both known and unknown confounding factors.  In this systematic review, seven of 413 

the studies (64 %) randomised their sessions and only three (27 %) counterbalanced their sessions. 414 

Significant methodological differences were observed across the accepted research manuscripts with 415 

the amount and type of familiarisation varying across studies. Appropriate familiarisation will ensure 416 

cognitive performance prior to conducting experimental sessions demonstrates a plateau effect [3]. 417 

As previously suggested in TOD studies, the importance of establishing laboratory-based protocols 418 

which are more rigorous is essential. There is a need of the methodological control and quality to 419 

improve, such as appropriate timing of morning and evening sessions when assessing cognitive 420 

performance. The timing of morning and evening sessions assessing cognitive performance varied from 421 

06:00 to 11:30 h and between 16:00 to 21:10 h, which is not within the appropriate timeframe needed 422 

to establish diurnal variation with timings closer to the nadir and peak of body temperature deemed 423 

more suitable. The lack of standardisation of methodologies and factors that affect cognitive 424 

performance might explain why findings observed conflicting differences in several performance 425 

variables. The willingness of individuals undertaking early morning sessions and the laboratory opening 426 

times within research “buildings” affect this. 427 

 428 

Strength and weaknesses 429 

One of the major strengths of this systematic review is that it is the first review providing an in-depth 430 

overview related to cognitive performance and TOD. The review was performed in a structured manner 431 

following the PRISMA 2020 guidelines [27]. In addition, only four other reviews have provided 432 

detailed information around factors affecting performance in chronobiological studies [3–5]. The 433 

diversity and range of databases used within this review’s search strategy, and the specific search terms 434 

utilised is a further strength. Finally, the inclusion criteria were strongly adhered to and only studies 435 

which assessed diurnal variation and cognitive performance were included.   436 

A limitation of the present systematic review was the large differences in methodology and cognitive 437 

performance tests used in 11 included studies. We were unable to conduct a meta-analysis and pool the 438 

datasets observed to further assess evidence associated to cognitive performance and TOD. This was 439 

mainly due to differences present between the 11 studies related to methodological and clinical 440 

heterogeneity [64]. Study design across studies displayed irregularities when assessing methodological 441 
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design. There was also disagreement as to whether cognitive performance displays TOD or diurnal 442 

variation and the timing of when this was observed.  443 

 444 

Conclusion 445 

The present systematic review confirms that TOD variation in cognitive performance is TOD and 446 

variable dependant. Some of the observed variation can potentially be explained by differences in body 447 

and core temperatures in the morning compared to the evening. However, more recent studies suggest 448 

that TOD variation in cognitive processes are slightly more complex. Some of the reasons as to why 449 

some studies or variables do not display any significant TOD effects are related to differences in testing 450 

methodologies, the participants included, and confounding factors. Therefore, the control of factors 451 

related to chronobiological research studies need to be controlled effectively. Finally, future studies 452 

require to time their tests as closely as possible to time-points of the rhythm of core body temperature. 453 
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Table 1. Summary of the articles reviewed for cognitive performance (n = 11) with an overview of the participants, the experimental protocols with the time-of-day, exercise 633 
mode, performance test, the variables examined, and the main findings related to time-of-day in relation to each variable.  634 
 635 
 636 

Author & Date,  Participants 
Chronotype assessment and 

distribution 

Testing time-

of-day 
Test 

Performance 

variables 

examined 

Significance of main 

effects between 

condition 

Main findings 

Bougard et al. (2016)  20 healthy males Morningness-eveningness 

questionnaire (Horne & Ostberg 1976) 

EM = 06:00 h Sign cancellation 

test (adapted from 

Zazzo, 1969)  

Vigilance P < 0.05 Vigilance was significantly better in the LM and 

E than EM and A; 10.3% and 7.6%; EM = 307.3 6 

± 6.12 vs LM = 289.64 ± 9.33 vs A = 319.53 ± 

6.7 vs E = 296.85 ± 6.67 

 24.6 ± 4.6 yrs, 178.4 ± 8.9 

cm, 75.7 ± 18.1 kg 

20-N types LM = 10:00 h Computer-based 

Zimmermann & 

Fimm (1994) test 

battery  

Simple Reaction 

Time 

P < 0.05 Reaction times was significantly faster in E than 

M and A; 9%; EM = 250.90 ± 6.74 vs LM = 

242.23 ± 5.41 vs A = 258.53 ± 9.17 vs E = 237.08 

± 3.89 

   A = 14:00 h     

   E = 18:00 h      

Casagrande et al. (1997) 20 male university students  NA M = 11:30 h Letter 

cancellation test 

(LCT) 

LCT- 2 Letter - 

Vigilance 

  

 21.8 ± 2.4 yrs   EA = 13:30 h  Hits P < 0.05 Hits are significantly higher in EA and N than A, 

LA, EE, LE 

   LA = 15:30 h  False Positives P ˃ 0.05 No significant difference between any conditions 

   E = 17:30 h  Completion Time P ˃ 0.05 No significant difference between any conditions 

   LE = 19:30 h  Signal 

Discrimination 

P < 0.02 Signal discrimination is significantly less in LA 

and higher in EA 

   N = 21:30 h  Decision Making 

Criterion 

P < 0.02 Decision making is significantly better in LA, LE 

and least in EA and N 

        

     LCT- 3 Letter - 

Vigilance 

  

     Hits P < 0.003 Hits are highest in LM, A and LE and least in N 

     False Positives P = 0.06 No significant difference between any conditions 

     Completion Time  P < 0.004 Completion time is lowest in LM and highest in 

LE and N 

     Signal 

Discrimination 

P < 0.03 Signal discrimination is highest in LA and lowest 

in LM and N 

     Decision Making 

Criterion 

P = 0.06 No significant difference between any conditions 
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Ceglarek et al. (2021)  65 participants (25 males) Chronotype Questionnaire (Oginska et 

al. 2017)  

M type- between 

09:25 h to 09:55 h 

and between 18:30 

h and 19:02 h  

Signal detection 

theory (Green and 

Swets, 1966)  

Accuracy P = 0.372 No significant effects of time-of-day. E types 

were more accurate than M types both in the 

Morning and Evening session 

 24.3 ± 3.6 yrs 12-M types, 13-E types  E type- between 

11:00 h and 11:30 

h and between 

20:40 h and 21:10 

h  

 Reaction Time P = 0.014 Reaction times were better in the Evening than 

Morning sessions 

Edwards et al. (2005)  8 male recreational 

badminton players  

Composite Scale of Morningness 

(Smith et al. 1989) 

M = 08:00 h  10 short and 10 

long badminton 

serves   

Serve Accuracy  P = 0.039 Serve accuracy was significantly better in A 

compared to M and E for long and short serves; 

short serve M = 22.2 ± 5.1 vs. A = 15.9 ± 2.7 vs. 

E = 19.5 ± 3.1; long serve M = 23.9 ± 3.9 vs. A = 

19.7 ± 2.3 vs. M = 22.4 ± 6.0  

 21.3 ± 2.4 yrs, 170.0 ± 2.0 

cm, 69.8 ± 4.7 kg, 10.2 ± 5.4 

yrs of experience 

8-N types  A = 14:00 h   Serve 

Consistency  

P = 0.202 No significant difference between M, A and E.  

   E = 20:00 h      

        

Edwards et al. (2007)  12 right-handed male 

recreational dart players 

NA EM = 07:00 h  33 throws (11 

blocks of 3 

throws) at 2.37 m 

and 3.56 m from 

the dartboard 

Accuracy  P < 0.0005 Accuracy was better in the E > A >LM>EM in 

long range throws, no change in short range 

throws.  

 21.4 ± 1.0 yrs, 2 yrs of 

experience 

 LM = 11:00 h  Consistency P < 0.0005 Consistency was better in the E, equal in A and 

LM and least in EM in long range throws, no 

change in short range throws. 

   A = 15:00 h     

   E = 19:00 h     

Hanumantha et al. 

(2021)  

20 (10 male) undergraduate 

medical students  

NA M= 10:00 h Simple reaction 

time task (PEBL 

Version 2.0 

software) 

Simple Reaction 

Time  

P = 0.741 No significant effect of time of day on simple 

reaction time  

 Age Range: 18-25 yrs   A = 13:00 h     

   E = 17:00 h     

Higuchi et al. (2000)  9 diurnally active healthy 

male subjects  

Japanese version of the morningness-

eveningness questionnaire of Horne 

and Östberg (Motohashi 1988)  

M = 08:00 h P300 test Reaction Time P ˃ 0.05 No significant effect of time of day on reaction 

time 

 29.7 ± 8.1 yrs  9-N types LM = 11:00 h  Attention P < 0.05 Attention was significantly better at LM, A, EE, 

LE than M 

   A = 14:00 h     

   EE = 17:00 h     

   LE = 20:00 h     
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Jarraya et al. (2014a)  12 male handball goal 

keepers 

Horne and Ösberg self-assessment 

questionnaire (Horne & Östberg 1976)  

M = 08:00 h Reaction time 

task (as per 

Jarraya et al. 

2012, 2013) 

Reaction Time P < 0.05 Reaction time was better in the M than A, EE, LE, 

MN.  

 18.5 ± 1.7 yrs, 1.80 ± 5.8 cm, 

79 ± 4.2 kg, 8.3 ± 2.4 yrs of 

experience 

12-N types A = 12:00 h Selective 

attention task (as 

per Jarraya et al. 

2012, 2013) 

Selective 

Attention 

P < 0.05 Selective attention was better in the M than A, 

EE, LE, MN.  

   EE = 16:00 h  Constant attention 

task (as per 

Jarraya et al. 

2012, 2013) 

Constant 

Attention 

P < 0.05 Constant attention was better in the M than A, EE, 

LE, MN.  

   LE = 20:00 h     

   MN = Midnight     

Jarraya et al. (2014b)  12 male handball goal 

keepers 

Horne and Ösberg self-assessment 

questionnaire (Horne & Östberg 

1976)  

M = 8:00 h The simple RT 

test (as per 

Jarraya et al. 

2012) 

Reaction Time P < 0.001 Reaction time was better in the M than A, E and 

MN; amplitude of 34.1 ± 4.1% 

 18.5 ± 1.7 yrs, 1.80 ± 5.8 cm, 

79 ± 4.2 kg, 8.3 ± 2.4 yrs of 

experience 

12-N types A = 12:00 h Selective 

attention task (as 

per Jarraya et al. 

2012) 

Selective 

Attention 

P < 0.001 Selective attention was higher in the M than LE 

and MN; amplitude of 40.3 ± 9.3% 

   E = 16:00 h Constant attention 

task (as per 

Jarraya et al. 

2012) 

Constant 

Attention 

P < 0.001  Constant attention was higher in the M than LE 

and MN; amplitude of 40.3 ± 9.3% 

   LE = 20:00 h     

   MN = Midnight      

        

Reilly et al. (2007) 8 male football players Horne and Ösberg self-assessment 

questionnaire (Horne & Östberg 

1976)  

M = 08:00 h Response to a 

visual light 

stimulus  

Simple Reaction 

Time  

P < 0.05 Reaction time was better in the EE than LE, M, 

and A; 13.4% M = 365 + 65, A = 430 + 107, EE = 

322 + 90, LE = 382 + 54  

 19.1 + 1.9 yrs, 178 + 4 cm, 

75.9 + 7.9 kg, 10.8 + 2.1 yrs 

of experience 

8-N types  A = 12:00 h Visual Analogue 

Scale from 0–10  

Alertness  P < 0.001 Alertness was found to be better in the LE than 

EE, M, and A; 7.3%; M =4.4 + 1.5, A =   6.1 + 

1.4, EE = 6.8 + 1.0, LE = 7.3 + 1.5 

   EE = 16:00 h     

   LE = 20:00 h     

Souissi et al. (2019) 15 healthy male physical 

education students  

Horne and Östberg self-assessment 

questionnaire (Horne & Östberg 

1976)  

EM = 7:00 h Reaction test Reaction Time P < 0.05 Reaction time was significantly better at LM and 

E than EM, M, A, and LA; amplitude of 10.2%; 

EM = 0.41 ± 0.02, M = 0.39 ± 0.02, LM = 0.37 ± 

0.02, A = 0.41 ± 0.02, LA = 0.39 ± 0.02, E = 0.37 

± 0.03 

 20 ± 1 yrs, 174.3 ± 4.3 cm, 

70.8 ± 3.5 kg 

15-N types M = 09:00 h Number 

cancellation test 

Attention P < 0.05 Attention was significantly better at LM and E 

than EM, M, A, and LA; amplitude of 7.8%; EM 

= 66.13 ± 2.89, M = 68.43 ± 2.98, LM = 71.48 ± 
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3.52, A = 65.88 ± 2.94, LA = 68.55 ± 2.99, E = 

71.45 ± 3.56 

   LM = 11:00 h     

   A = 13:00 h     

   LA = 15:00 h     

   E = 17:00 h     

M = Morning, EM = Early Morning, LM = Late Morning, A = Afternoon, EA = Early Afternoon, LA = Late Afternoon, E = Evening, EE = Early evening, LE = Late Evening, MN = Midnight, M type = Morning type, N type = neither type, E type = 637 
Evening type, h = Hours, Kg = Kilograms, cm = centimetres, m = meters, yrs = Years, n/a = not available.       638 
Statistical significance (P < 0.05) is indicated in bold.  639 
  640 
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Table 2.  Detailed information factors that specifically relate to chronobiology (time-of-day), such as proper familiarization of participants with 641 

the test to be performed, randomisation, counterbalancing, control of sleep light intensity record, room temperature control, fitness level and control 642 

of meals all accepted articles.  643 

Date Author Randomisation Counterbalancing 
Record of 

light intensity 

Control of 

meals 

Control of 

room 

temperature 

Control of 

sleep 
Fitness 

2016 Bougard et al. yes yes no yes yes yes healthy male 

2010 
Casagrande et 

al. 
no no no no no yes 

healthy 

university 

students 

2021 Ceglarek et al. yes yes no yes no yes healthy 

2005 Edwards et al. yes yes no yes no yes 

recreational 

badminton 

players 

2007 Edwards et al. yes yes yes yes yes yes 
recreational dart 

players 

2021 
Hanumantha et 

al. 
no no no yes no no healthy 

2000 Higuchi et al. yes no no no no yes active healthy 

2014a Jarraya et al. yes no no yes yes yes 
handball 

goalkeepers 

2014b Jarraya et al. yes no no no yes no 
handball 

goalkeepers 

2007 Reilly et al. no yes no yes no yes football players 

2019 Souissi et al. yes no no yes yes no healthy male 
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 644 
  645 

  
8/11 = Yes 

(73%) 

5/11 = Yes 

(45%) 

1/11 = Yes 

(9%) 

8/11 = Yes 

(73%) 

5/11 =Yes 

(45%) 

8/11 = Yes 

(73%) 
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 646 

 647 

 648 

 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

Records identified from*: 
Databases (n =523) 
Pubmed (n=82) 
Scopus (n=185) 
Web of science (n=256) 
 
Registers (n = 0) 

Records removed before 
screening: 

Duplicate records removed (n 
= 79) 
Records marked as ineligible 
by automation tools (n = 0) 
Records removed for other 
reasons (n = 0) 

Records screened 
(n = 444) 

Records excluded** 
(n = 381) 

Reports sought for retrieval 
(n = 63) 

Reports not retrieved 
(n = 0) 

Reports assessed for eligibility 
(n = 63) 

Reports excluded: 55 
Age (n = 10) 
Age and females (n= 3) 
Animals (n= 3) 
Conference presentation (n= 7) 
Irrelevant (n= 4) 
Males and females (n= 16) 
No cognitive variable (n= 1) 
No gender/ only females (n = 4) 
No time of day mentioned (n= 2) 
Review (n= 5) 
 

Records identified from: 
Websites (n = 0) 
Organisations (n = 1002) 
Citation searching (n = 866) 
etc. 

Reports assessed for eligibility 
(n = 45) 

Reports excluded:42 
Books (n= 3) 
Conference presentation (n= 1) 
Duplicates (n = 10) 
irrelevant (n= 3) 
Males and females (n= 13) 
No cognitive variable (n= 3) 
No gender (n = 2) 
No time of day (n= 3) 
Review (n= 4) 
 Studies included in review (n = 8) 

Reports of included studies (n = 3) 
 
Total accepted studies (n=11) 

Identification of studies via databases and registers Identification of studies via other methods 
Id

e
n

ti
fi

c
a
ti

o
n

 
S

c
re

e
n

in
g

 
 

In
c
lu

d
e
d

 

Reports sought for retrieval 
(n = 1868) 

Reports not retrieved 
(n = 1823) 
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 678 

*Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers). 679 
**If automation tools were used, indicate how many records were excluded by a human and how many were excluded by automation tools. 680 

From:  Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. 681 
BMJ 2021;372:n71. doi: 10.1136/bmj.n71. For more information, visit: http://www.prisma-statement.org/ 682 
  683 

http://www.prisma-statement.org/
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 684 
Figure 2. Risk of bias of the three included studies, according to the ROBINS-I tool using the “traffic light” plots of the domain-level 685 

judgements for each individual result (McGuinnes & Higgins, 2020). 686 

 687 
  688 
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 689 
Figure 3. Risk of bias of the eight included studies, according to the RoB 2.0 tool using the “traffic light” plots of the domain-level judgements 690 

for each individual result (McGuinnes & Higgins, 2020). 691 
  692 
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Section and 
Topic  

Item 
# 

Checklist item  
Location where 
item is reported  

TITLE   

Title  1 Identify the report as a systematic review. 1 

ABSTRACT   

Abstract  2 See the PRISMA 2020 for Abstracts checklist. 2-3 

INTRODUCTION   

Rationale  3 Describe the rationale for the review in the context of existing knowledge. 4-5 

Objectives  4 Provide an explicit statement of the objective(s) or question(s) the review addresses. 5 

METHODS   

Eligibility criteria  5 Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses. 6 

Information 
sources  

6 Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted to identify studies. Specify 
the date when each source was last searched or consulted. 

6-7 

Search strategy 7 Present the full search strategies for all databases, registers and websites, including any filters and limits used. 6-7, Fig 1, 
Appendix 2 

Selection process 8 Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many reviewers screened each 
record and each report retrieved, whether they worked independently, and if applicable, details of automation tools used in the process. 

6-7 

Data collection 
process  

9 Specify the methods used to collect data from reports, including how many reviewers collected data from each report, whether they worked 
independently, any processes for obtaining or confirming data from study investigators, and if applicable, details of automation tools used in 
the process. 

7-8 

Data items  10a List and define all outcomes for which data were sought. Specify whether all results that were compatible with each outcome domain in 
each study were sought (e.g. for all measures, time points, analyses), and if not, the methods used to decide which results to collect. 

7-8 

10b List and define all other variables for which data were sought (e.g. participant and intervention characteristics, funding sources). Describe 
any assumptions made about any missing or unclear information. 

7-8 

Study risk of bias 
assessment 

11 Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how many reviewers assessed 
each study and whether they worked independently, and if applicable, details of automation tools used in the process. 

8 

Effect measures  12 Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in the synthesis or presentation of results. 8 

Synthesis 
methods 

13a Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the study intervention characteristics 
and comparing against the planned groups for each synthesis (item #5)). 

7-8 

13b Describe any methods required to prepare the data for presentation or synthesis, such as handling of missing summary statistics, or data 
conversions. 

n/a 

13c Describe any methods used to tabulate or visually display results of individual studies and syntheses. 7-8 

13d Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta-analysis was performed, describe the 
model(s), method(s) to identify the presence and extent of statistical heterogeneity, and software package(s) used. 

7-8 
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Section and 
Topic  

Item 
# 

Checklist item  
Location where 
item is reported  

13e Describe any methods used to explore possible causes of heterogeneity among study results (e.g. subgroup analysis, meta-regression). n/a 

13f Describe any sensitivity analyses conducted to assess robustness of the synthesized results. n/a 

Reporting bias 
assessment 

14 Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from reporting biases). 8 

Certainty 
assessment 

15 Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome. n/a 

RESULTS   

Study selection  16a Describe the results of the search and selection process, from the number of records identified in the search to the number of studies 
included in the review, ideally using a flow diagram. 

8-9 

16b Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were excluded. Fig 1 

Study 
characteristics  

17 Cite each included study and present its characteristics. Table 1 

Risk of bias in 
studies  

18 Present assessments of risk of bias for each included study. Figure 2 and 3 

Results of 
individual studies  

19 For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an effect estimate and its 
precision (e.g. confidence/credible interval), ideally using structured tables or plots. 

Table 1 

Results of 
syntheses 

20a For each synthesis, briefly summarise the characteristics and risk of bias among contributing studies.  Figure 2 and 3 

20b Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the summary estimate and its precision 
(e.g. confidence/credible interval) and measures of statistical heterogeneity. If comparing groups, describe the direction of the effect. 

Table 1 

20c Present results of all investigations of possible causes of heterogeneity among study results. n/a 

20d Present results of all sensitivity analyses conducted to assess the robustness of the synthesized results. n/a 

Reporting biases 21 Present assessments of risk of bias due to missing results (arising from reporting biases) for each synthesis assessed. Table 1, Fig 2,3 

Certainty of 
evidence  

22 Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed. 11 

DISCUSSION   

Discussion  23a Provide a general interpretation of the results in the context of other evidence. 11-18 

23b Discuss any limitations of the evidence included in the review. 17-18 

23c Discuss any limitations of the review processes used. 17-18 

23d Discuss implications of the results for practice, policy, and future research. 11-18 

OTHER INFORMATION  

Registration and 24a Provide registration information for the review, including register name and registration number, or state that the review was not registered. n/a 
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Section and 
Topic  

Item 
# 

Checklist item  
Location where 
item is reported  

protocol 24b Indicate where the review protocol can be accessed, or state that a protocol was not prepared. n/a 

24c Describe and explain any amendments to information provided at registration or in the protocol. n/a 

Support 25 Describe sources of financial or non-financial support for the review, and the role of the funders or sponsors in the review. 18 

Competing 
interests 

26 Declare any competing interests of review authors. 18 

Availability of 
data, code and 
other materials 

27 Report which of the following are publicly available and where they can be found: template data collection forms; data extracted from 
included studies; data used for all analyses; analytic code; any other materials used in the review. 

Supplemental  

Material 

 693 
From:  Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 694 
10.1136/bmj.n71 695 

For more information, visit: http://www.prisma-statement.org/  696 

  697 

http://www.prisma-statement.org/
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Appendix 2. Literature search strategy example for PubMed (MEDLINE) 698 

 699 

Search Syntax 700 

(“time of day” OR “time-of-day” OR “daily rhythm” OR “daily variation” OR “daily fluctuation” OR “diurnal rhythm” OR “diurnal variation” 701 

OR “diurnal fluctuation” OR “circadian rhythm” OR “circadian variation” OR “circadian fluctuation”)  702 

AND  703 

(“cogni*” OR “cognitive performance” OR “attent*” OR “attention control” OR “sustained attention control” OR “selective attention” OR 704 

“accuracy” OR “alert*” OR “decision-making” OR “decision making” OR “reaction time”) 705 

 706 

Records identified and screened  707 

N = 82 708 

1. Trinh P, Hoover DR, Sonnenberg FA. Time-of-day changes in physician clinical decision making: A retrospective study. PLoS One. 2021 Sep. 709 

17;16(9):e0257500. doi: 10.1371/journal.pone.0257500. PMID: 34534247; PMCID: PMC8448311.   710 

2. Khemila S, Abedelmalek S, Romdhani M, Souissi A, Chtourou H, Souissi N. Listening to motivational music during warming-up attenuates the 711 

negative effects of partial sleep deprivation on cognitive and short-term maximal performance: Effect of time of day. Chronobiol Int. 2021 712 

Jul;38(7):1052-1063. doi: 10.1080/07420528.2021.1904971. Epub 2021 Apr 19. PMID: 33874838.   713 

3. Sharma A, Mohammad A, Saini AK, Goyal R. Neuroprotective Effects of Fluoxetine on Molecular Markers of Circadian Rhythm, Cognitive 714 

Deficits, Oxidative Damage, and Biomarkers of Alzheimer's Disease-Like Pathology Induced under Chronic Constant Light Regime in Wistar 715 

Rats. ACS Chem Neurosci. 2021 Jun 16;12(12):2233-2246. doi: 10.1021/acschemneuro.1c00238. Epub 2021 May 24. PMID: 34029460.  716 

4. Wilkins D, Tong X, Leung MHY, Mason CE, Lee PKH. Diurnal variation in the human skin microbiome affects accuracy of forensic 717 

microbiome matching. Microbiome. 2021 Jun 5;9(1):129. doi: 10.1186/s40168-021-01082-1. PMID: 34090519; PMCID: PMC8180031.  718 

5. van Andel E, Bijlenga D, Vogel SWN, Beekman ATF, Kooij JJS. Effects of chronotherapy on circadian rhythm and ADHD symptoms in adults 719 

with attention-deficit/hyperactivity disorder and delayed sleep phase syndrome: a randomized clinical trial. Chronobiol Int. 2021 Feb;38(2):260-720 

269. doi: 10.1080/07420528.2020.1835943. Epub 2020 Oct 29. PMID: 33121289.  721 

6. S H, Kamath A, Shastry R. Diurnal Variation in Visual Simple Reaction Time between and within Genders in Young Adults: An Exploratory, 722 

Comparative, Pilot Study. ScientificWorldJournal. 2021 Jan 22;2021:6695532. doi: 10.1155/2021/6695532. PMID: 33551687; PMCID: 723 

PMC7846399.  724 

7. Pillai JA, Bena J, Bekris LM, Foldvary-Schaefer N, Heinzinger C, Rao S, Rao SM, Leverenz JB, Mehra R. Unique Sleep and Circadian Rhythm 725 

Dysfunction Neuroinflammatory and Immune Profiles in Alzheimer's Disease with Mild Cognitive Impairment. J Alzheimers Dis. 2021;81(2):487-726 

492. doi: 10.3233/JAD-201573. PMID: 33814445; PMCID: PMC8179975.  727 
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8. Li M, Mai Z, Yang J, Zhang B, Ma N. Ideal Time of Day for Risky Decision Making: Evidence from the Balloon Analogue Risk Task. Nat Sci 728 

Sleep. 2020 Jul 16;12:477-486. doi: 10.2147/NSS.S260321. PMID: 32765144; PMCID: PMC7381795.  729 

9. Burgess JL, Bradley AJ, Anderson KN, Gallagher P, McAllister-Williams RH. The relationship between physical activity, BMI, circadian 730 

rhythm, and sleep with cognition in bipolar disorder. Psychol Med. 2020 Jun 29:1-9. doi: 10.1017/S003329172000210X. Epub ahead of print. 731 

PMID: 32597742.   732 

10. Zhang Y, Wang W, Li Y, Shen J, Zhang T. Does circadian rhythm disruption during their early development have lasting effects on cognition 733 

of the elder rats? Neuroreport. 2020 May 7;31(7):544-550. doi: 10.1097/WNR.0000000000001443. PMID: 32282585.  734 

11. He Y, Li Y, Zhou F, Qi J, Wu M. Decreased circadian fluctuation in cognitive behaviors and synaptic plasticity in APP/PS1 transgenic mice. 735 

Metab Brain Dis. 2020 Feb;35(2):343-352. doi: 10.1007/s11011-019-00531-z. Epub 2019 Dec 26. PMID: 31879834  736 

12. Takahashi T, Haitani T, Tanaka F, Yamagishi T, Kawakami Y, Shibata S, Kumano H. Effects of the time-of-day (morning vs. afternoon) of 737 

implementing a combined physical and cognitive exercise program on cognitive functions and mood of older adults: A randomized controlled 738 

study. Adv Gerontol. 2020;33(3):595-599. PMID:33280348  739 

13. Fiala M, Lau YCC, Aghajani A, Bhargava S, Aminpour E, Kaczor-Urbanowicz KE, Mirzoyan H, Nichols I, Ko MW, Morselli M, Santana J, 740 

Dang J, Sayre J, Paul K, Pellegrini M. Omega-3 Fatty Acids Increase Amyloid-β Immunity, Energy, and Circadian Rhythm for Cognitive 741 

Protection of Alzheimer's Disease Patients Beyond Cholinesterase Inhibitors. J Alzheimers Dis. 2020;75(3):993-1002. doi: 10.3233/JAD-200252. 742 

PMID: 32390637.  743 

14. Chan YC, Wu CS, Wu TC, Lin YH, Chang SJ. A Standardized Extract of Asparagus officinalis Stem (ETAS) Ameliorates Cognitive 744 

Impairment, Inhibits Amyloid β Deposition via BACE-1 and Normalizes Circadian Rhythm Signaling via MT1 and MT2. Nutrients. 2019 Jul 745 

17;11(7):1631. doi: 10.3390/nu11071631. PMID: 31319549; PMCID: PMC6683278.  746 

15. Paganini-Hill A, Bryant N, Corrada MM, Greenia DE, Fletcher E, Singh B, Floriolli D, Kawas CH, Fisher MJ. Blood Pressure Circadian 747 

Variation, Cognition and Brain Imaging in 90+ Year-Olds. Front Aging Neurosci. 2019 Apr 17;11:54. doi: 10.3389/fnagi.2019.00054. PMID: 748 

31057391; PMCID: PMC6478755.  749 

16. Souissi Y, Souissi M, Chtourou H. Effects of caffeine ingestion on the diurnal variation of cognitive and repeated high-intensity performances.750 

 Pharmacol Biochem Behav. 2019 Feb;177:69-74. doi: 10.1016/j.pbb.2019.01.001. Epub 2019 Jan 3. PMID: 30611752.  751 

17. Lunsford-Avery JR, Kollins SH. Editorial Perspective: Delayed circadian rhythm phase: a cause of late-onset attention-deficit/hyperactivity 752 

disorder among adolescents? J Child Psychol Psychiatry. 2018 Dec;59(12):1248-1251. doi:10.1111/jcpp.12956. Epub 2018 Sep 3. PMID: 753 

30176050; PMCID: PMC6487490.  754 

18. Thomas P, He F, Mazumdar S, Wood J, Bhatia T, Gur RC, Gur RE, Buysse D, Nimgaonkar VL, Deshpande SN. Joint analysis of cognitive 755 

and circadian variation in Schizophrenia and Bipolar I Disorder. Asian J Psychiatr. 2018 Dec;38:96-101. doi: 10.1016/j.ajp.2017.11.006. Epub 756 

2017 Nov 7. PMID: 29158147; PMCID: PMC5938152.  757 

19. Nowack K, Van Der Meer E. The synchrony effect revisited: chronotype, time  of day and cognitive performance in a semantic analogy task. 758 

Chronobiol Int. 2018 Nov;35(12):1647-1662. doi: 10.1080/07420528.2018.1500477. Epub 2018 Aug 7. PMID: 30085831.  759 
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20. Wildi K, Singeisen H, Twerenbold R, Badertscher P, Wussler D, Klinkenberg LJJ, Meex SJR, Nestelberger T, Boeddinghaus J, Miró Ò, 760 

Martin-Sanchez FJ, Morawiec B, Muzyk P, Parenica J, Keller DI, Geigy N, Potlukova E, Sabti Z, Kozhuharov N, Puelacher C, du Fay de 761 

Lavallaz J, Rubini Gimenez M, Shrestha S, Marzano G, Rentsch K, Osswald S, Reichlin T, Mueller C; APACE Investigators. Circadian rhythm 762 

of cardiac troponin I and its clinical impact on the diagnostic accuracy for acute myocardial infarction. Int J Cardiol. 2018 Nov 1;270:14-20. doi: 763 

10.1016/j.ijcard.2018.05.136. Epub 2018 Jun 4. PMID: 29891238.  764 

21. Facer-Childs ER, Boiling S, Balanos GM. The effects of time of day and chronotype on cognitive and physical performance in healthy 765 

volunteers. Sports Med Open. 2018 Oct 24;4(1):47. doi: 10.1186/s40798-018-0162-z. PMID: 30357501; PMCID: PMC6200828.  766 

22. Hurdiel R, Riedy SM, Millet GP, Mauvieux B, Pezé T, Elsworth-Edelsten C, Martin D, Zunquin G, Dupont G. Cognitive performance and 767 

self-reported sleepiness are modulated by time-of-day during a mountain ultramarathon. Res Sports Med. 2018 Oct-Dec;26(4):482-489. doi: 768 

10.1080/15438627.2018.1492401. Epub  2018 Jul 4. PMID: 29973086.  769 

23. Song J, Chu S, Cui Y, Qian Y, Li X, Xu F, Shao X, Ma Z, Xia T, Gu X. Circadian rhythm resynchronization improved isoflurane-induced 770 

cognitive dysfunction in aged mice. Exp Neurol. 2018 Aug;306:45-54. doi: 10.1016/j.expneurol.2018.04.009. Epub 2018 Apr 13. PMID: 771 

29660304.  772 

24. Buchhorn R, Koenig J, Jarczok MN, Eichholz H, Willaschek C, Thayer JF, Kaess M. A case series on the potential effect of omega-3-fatty 773 

acid supplementation on 24-h heart rate variability and its circadian variation in children with attention deficit (hyperactivity) disorder. Atten Defic 774 

Hyperact Disord. 2018 Jun;10(2):135-139. doi: 10.1007/s12402-017-0240-y. Epub 2017 Oct 3. PMID: 28975530  775 

25. Gratton C, Laumann TO, Nielsen AN, Greene DJ, Gordon EM, Gilmore AW, Nelson SM, Coalson RS, Snyder AZ, Schlaggar BL, Dosenbach 776 

NUF, Petersen SE. Functional  Brain Networks Are Dominated by Stable Group and Individual Factors, Not Cognitive or Daily Variation. 777 

Neuron. 2018 Apr 18;98(2):439-452.e5. doi: 10.1016/j.neuron.2018.03.035. PMID: 29673485; PMCID: PMC5912345.  778 

26. Logan S, Owen D, Chen S, Chen WJ, Ungvari Z, Farley J, Csiszar A, Sharpe A, Loos M, Koopmans B, Richardson A, Sonntag WE. 779 

Simultaneous assessment of cognitive function, circadian rhythm, and spontaneous activity in aging mice. Geroscience. 2018 Apr;40(2):123-137. 780 

doi: 10.1007/s11357-018-0019-x. Epub 2018 Apr 24. PMID: 29687240; PMCID: PMC5964055.  781 

27. Diago EB, Martínez-Horta S, Lasaosa SS, Alebesque AV, Pérez-Pérez J, Kulisevsky J, Del Val JL. Circadian Rhythm, Cognition, and Mood 782 

Disorders in Huntington's Disease. J Huntingtons Dis. 2018;7(2):193-198. doi: 10.3233/JHD-180291. PMID: 29843249.  783 

28. Qasrawi SO, Pandi-Perumal SR, BaHammam AS. The effect of intermittent fasting during Ramadan on sleep, sleepiness, cognitive function, 784 

and circadian rhythm. Sleep Breath. 2017 Sep;21(3):577-586. doi: 10.1007/s11325-017-1473-x. Epub 2017 Feb 11. PMID: 281901  785 

29. Mazzucco S, Li L, Tuna MA, Pendlebury ST, Frost R, Wharton R, Rothwell PM; Oxford Vascular Study. Time-of-Day Could Affect Cognitive 786 

Screening Performance in Older Patients with TIA and Stroke. Cerebrovasc Dis. 2017;43(5-6):290-293. doi: 10.1159/000456673. Epub 2017 Mar 787 

21. PMID: 28319944; PMCID: PMC5475237.  788 

30. Correa A, Ruiz-Herrera N, Ruz M, Tonetti L, Martoni M, Fabbri M, Natale V.  Economic decision-making in morning/evening-type people as 789 
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