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Abstract

There is evidence that stress-induced disruption of the circadian rhythm of cortisol secretion, has 

negative consequences for brain health. The cortisol awakening response (CAR) is the most 

prominent and dynamic aspect of this rhythm. It has complex regulatory mechanisms making it 

distinct from the rest of the cortisol circadian rhythm, and is frequently investigated as a biomarker of 

stress and potential intermediary between stress and impaired brain function. Despite this, the precise 

function of the CAR within the healthy cortisol circadian rhythm remains poorly understood. Cortisol 

is a powerful hormone known to influence cognition in multiple and complex ways. Studies of the 

CAR and cognitive function have used varied methodological approaches which have produced 

similarly varied findings. The present review considers the accumulating evidence linking stress, 

attenuation of the CAR and reduced cognitive function, and seeks to contextualise the many findings 

to study populations, cognitive measures, and CAR methodologies employed. Associations between 

the CAR and both memory and executive functions are discussed in relation to its potential role as a 



neuroendocrine time of day signal that synchronises peripheral clocks throughout the brain to enable 

optimum function, and recommendations for future research are provided. 
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1. Stress, cortisol and cognition

Stress is known to have marked and varied effects on cognitive function (McEwen and Sapolsky, 

1995; McEwen and Gianaros, 2011; McEwen, 2012) and these effects are largely attributed to the 

actions of the hormone cortisol on brain function. Cortisol is a powerful steroid hormone released 

from the adrenal cortex into the circulation following activation of the hypothalamic-pituitary-adrenal 

(HPA) axis by stress and the hypothalamic suprachiasmatic nucleus (SCN). 

The effects of cortisol on cognitive functions in humans are seen in response to both acute and chronic 

elevated secretion (see Lupien et al., 1994 Vedhara et al., 2000; Buchanan and Lovallo, 2001; 

Mizoguchi et al., 2004). These can be either enhancing or impairing effects depending upon the 

specific cognitive function, and the timing and quantity of cortisol exposure (Kirschbaum et al., 1996; 

Domes et al., 2005; Schilling et al., 2013; Yehuda et al., 2007). The extent to which cortisol 

influences different functions is, in part, a reflection of the number and type of cortisol receptors 

found in the associated brain regions. Two separate intracellular receptors are expressed within the 

body that bind with cortisol: Glucocorticoid receptors (GR) and mineralocorticoid receptors (MR). 

GR are found in most tissues, whereas MR are found in the brain, kidney, colon, heart and sweat 

glands (Joëls et al., 2008). The MR shows a similar intrinsic affinity for aldosterone, cortisol and 

corticosterone, while the GR has reduced intrinsic affinity for glucocorticoids in comparison (Gomez-

Sanchez, 2010). Within the cell, MR and GR activation interacts in either a complementary or 



opposing fashion depending on the cell type, and this interaction is crucial in determining cell 

function (Gomez-Sanchez, 2014). 

An important moderator of acute cortisol and cognition associations is the timing of the cognitive 

measure relative to cortisol secretion. Cortisol exerts effects on neuronal activity via both rapid-

acting, nongenomic (independent of alterations in gene expression) and slow-acting, genomic 

(mediated by alterations in gene expression) effects (Joëls et al., 2011). This is an adaptive feature as, 

in the context of a stress-response, it facilitates both immediate enhancement of cognitive functions 

required to respond to the immediate challenge, and slower effects to influence cognition when 

different demands may be faced. For example, a meta-analysis of acute cortisol administration and 

executive functions conducted by Shields et al. (2015) showed that rapid, nongenomic effects of 

cortisol enhanced inhibition, while slower, genomic effects impaired inhibition. As such, the time-

dependent nature of this relationship may contribute substantially to the variability in results of 

studies of cortisol effects on cognition.

The hippocampus, pre-frontal cortex, and amygdala all show high levels of both MR and GR 

receptors compared to other brain regions (De Kloet et al., 2000; Herbert et al., 2006). The effects of 

cortisol on the functioning of these regions is determined by the balance of the MR binding relative to 

GR binding. For example, basal levels of cortisol binding to MR receptors in the hippocampus (HC) 

in the temporal lobe has been shown to enhance excitability, and elevated levels of cortisol binding to 

the GR during stress responding have the opposite effect (De Kloet, Oitzl, & Joëls, 1999; Herbert et 

al., 2006). Longer-term regulation of brain structure and function by prolonged exposure to cortisol is 

also achieved by alteration of the density of neurons through apoptosis and inhibited neurogenesis 

(Pittenger and Duman, 2008), and by influencing dendritic complexity (McEwen, 2008). 

Glucocorticoids play an important role in mediating the remodelling of neurons in the hippocampus 

and frontal cortex during repeated stress exposure, likely due to regulatory effects on glutamate 

(McEwen, 1999, 2008; Vyas et al., 2002). Such actions make cortisol, along with other mediators 



such as serotonin, GABA, and excitatory amino acids, an important modulator of brain plasticity and 

cognitive functions (McEwen, 1999; 2008).

2. The cortisol awakening response 

Cortisol secretion in healthy humans shows a marked circadian rhythm, characterised by a gradual 

increase during the late part of sleep to peak after morning awakening, then declining throughout the 

day to the nadir in the late evening and early part of sleep (Weitzman et al., 1971; Linkowski et al., 

1985). The cortisol awakening response (CAR) is the dynamic increase in cortisol concentrations 

within the first hour after awakening from night-time sleep, peaking around 30- to 40-min post-

awakening (Clow et al., 2004; Pruessner et al., 1997). The CAR is seen from early infancy to older 

adulthood (Fries et al., 2009; Stalder et al., 2013), and initial studies indicated that it is observed in 

around 77% of the healthy adult population (Wüst et al., 2000b), though this figure appears far higher 

when appropriate study methodology is employed (e.g. Oskis et el., 2009; Smyth et al., 2016). Within 

the circadian rhythm of cortisol secretion the CAR is a relatively discrete aspect, since it is initiated 

by morning awakening and is superimposed upon the circadian rhythm (Clow et al., 2004, 2010b; 

Wilhelm et al., 2007). This has been demonstrated by investigation of measures of pre- and post-

awakening levels of cortisol and ACTH in blood and saliva showing that steep increases are seen in 

secretion of both hormones in response to awakening, and that these are distinct from baseline 

circadian secretion (Wilhelm et al., 2007). The CAR is also relatively independent of cortisol 

secretion across the rest of the day (Edwards et al., 2001; Schmidt-Reinwald et al., 1999; Maina et al., 

2009). This is thought to be because regulation of the CAR involves additional direct modulation of 

the adrenal cortex by the SCN (via the pathway described previously), which enhances adrenal 

sensitivity in the immediate post-awakening period (Clow et al., 2010b).

The CAR is a dynamic post-awakening increase in cortisol secretion and therefore its measurement 

requires two components: cortisol levels immediately post-awakening, and the post-awakening rise 

(Stalder et al., 2016). For example, it can be calculated as the ‘area under the curve with respect to 



increase’ (AUCi), ‘mean increase’ (MnInc), and simple delta measures (i.e. peak value minus that 

upon awakening). But measures of total cortisol levels in the post-awakening period, such as the ‘area 

under the curve with respect to ground’ (AUCg), should not be considered as CAR measures as they  

lack sensitivity to this dynamic increase (for detailed description of CAR measures, see Stalder et al., 

2016).

The CAR is considered a key link between mind and body due to its sensitivity to psychosocial 

factors such as negative affect and anticipation of workload in the day ahead (Clow et al., 2010b; 

Fries et al., 2009). Since first identification of the CAR in humans by Pruessner et al. (1997), it has 

been researched extensively in the context of understanding its regulation and its implications as a 

biomarker of health status (Clow et al., 2004; 2010a; Fries et al., 2009). From this research it has been 

established that the magnitude of the CAR is associated with a range of physiological and 

psychological factors, at both an inter- and intra-individual level. Although it was initially thought 

that the CAR was heightened in chronic stress (Chida and Steptoe, 2009) more reliable methodologies 

consistently report attenuation with chronic stress (e.g. O’Connor et al, 2009; Juster et al., 2011; 

Lovell et al., 2011; Saban et al, 2012; Duan et al, 2013). This observation is consistent with reports of 

a flattened cortisol diurnal decline in a range of negative physical and psychological health outcomes 

(Adam et al., 2017). In other words, chronic stress leads to a reduced dynamic range in the circadian 

rhythm of cortisol secretion, including the CAR. 

Regarding physiological factors, it has been established that CAR magnitude shows a negative 

association with age (Heaney et al., 2010; Knoops et al., 2010) and varies by sex (Wüst et al., 2000b; 

Wright & Steptoe, 2005; Oskis et al., 2009). Notably sex differences have been observed in the timing 

of the CAR peak, with average peak concentrations seen at 30-min post-awakening in males and at 

45-min post-awakening in females (Oskis et al., 2009). Females also typically show a delayed decline 

in cortisol post-CAR peak resulting in greater overall cortisol secretion in the post-awakening hour 

(Wüst et al., 2000b). Genetic factors also appear to play an important role in determining 

interindividual differences in the CAR; Wüst et al. (2000a) reported results from a twin study 



revealing a heritiability index estimate of .40 for dynamic increase in cortisol levels post-awakening. 

While, with regard to psychosocial factors, it has been shown that in healthy participants a greater 

CAR magnitude is seen both in response to negative prior-day experiences and increased anticipations 

of challenge in the coming day (Adam et al., 2006; Clow et al., 2010a; Doane & Adam, 2010; Stalder 

et al., 2010a,b).

CAR research to date has primarily focused on its application as a biomarker in association with a 

range of psychosocial and physical variables including health outcomes (Chida & Steptoe, 2009). In 

addition to attenuation in chronic stress cross-sectional studies have reported blunted CAR profiles in 

cardiovascular, autoimmune, allergic, and psychiatric disorders (Wüst et al., 2000b; Clow et al., 2004; 

Fries et al., 2009). As for stress research results of such studies in clinical populations have often been 

inconsistent, perhaps due to participant inaccuracy in CAR sampling (i.e. delays in collecting the first 

waking sample result in erroneous CAR estimates), differences in experimental design, and 

differences in sample demographics such as age, gender and genotype (Clow et al., 2010a; Smyth et 

al., 2016; Stalder et al., 2016). The CAR is also typically used as a trait (inter-individual) measure, 

despite being subject to substantial state (within-individual) variation, which presents another 

potentially challenge for interpretation of results from between-subjects studies (for review, see Law 

et al., 2013). 

Most CAR studies rely upon participants’ self-collection of saliva samples within the domestic 

setting, and validity of results therefore depend upon accuracy of sampling. However, inaccurate 

reporting of awakening and/or sampling times is relatively common, and failure to effectively monitor 

such inaccuracy has been recognised as a serious confound in this area (for review, see Stalder et al., 

2016). This is particularly the case if sampling delay exceeds the beginning of the dynamic increase in 

cortisol section, which occurs ~8-min post-awakening (Clow et al., 2004; Smyth et al., 2016). The 

recent consensus guidelines for CAR research (Stalder et al., 2016) propose objective assessment of 

sampling accuracy using electronic monitoring of both awakening and sampling times. While detailed 

assessment of the effects of sampling inaccuracy is not the focus of the present paper, it is important 



to consider that many of the studies of stress, the CAR, and cognition were conducted prior to there 

being detailed knowledge of these methodological issues. Given the importance of this potential 

confound, the present review accounts for whether electronic monitoring of awakening was included 

in the studies described (see Table 1).

Another factor associated with within-subject, day-to-day variation in CAR magnitude is pre- and 

post-awakening light exposure (e.g. Scheer & Buijs, 1999, Thorn et al., 2004, Petrowski et al., 2019). 

In two recent and well-controlled sleep laboratory experiments in males, Petrowski et al. (2019) 

explored the differential effects of immediate post-awakening light exposure on the CAR and found 

consistent stimulatory effects of both blue and green wavelength light. The positive association 

between CAR magnitude and light exposure is indicative of the modulatory influence of the SCN on 

the CAR, and may have implications for a role of the CAR within healthy function as a potential time-

of-day marker for peripheral clocks of the circadian system, under the influence of the SCN (Clow et 

al., 2010b; Menet and Rosbash, 2011; Law et al., 2013; Karatsoreos, 2014).

The SCN regulates the CAR via two separate pathways; the previously described input to the 

Paraventricular Nucleus PVN and the HPA axis cascade (corticotropin-releasing hormone and 

adrenocorticotropic hormone), and also a direct autonomic input to the adrenal cortex via the 

splanchnic nerve (Clow et al., 2010a). This dual-pathway SCN input plays an important role in 

determining CAR magnitude by a combination of pre- and post-awakening influences. While the 

HPA axis encourages cortisol secretion by increasing circulating ACTH in anticipation of awakening, 

the direct SCN-adrenal pathway is implicated in the fine-tuning of the CAR (Buijs et al., 2003). It 

achieves this by encouraging reduced adrenal sensitivity to ACTH in the immediate pre-awakening 

period, and then reversing this upon awakening such that adrenal sensitivity to ACTH is increased in 

the immediate post-awakening period (Fehm et al., 1984; Buijs et al., 1997, 2003; Bornstein et al., 

2008). Direct innervation from SCN to adrenal gland is also implicated in CAR regulation due to the 

increased adrenal sensitivity to light in this period, as in rats this has been demonstrated to be both 

independent of circulating ACTH and dependent upon SCN integrity (Buijs et al., 1999). 



Despite considerable research interest in the CAR for over twenty years, a precise role for the CAR 

within the healthy function has yet to be elucidated. The most prominent theory for the function of the 

CAR is that it provides an allostatic ‘boost’ upon awakening, to help the individual deal with the 

anticipated demands of the coming day (Adam et al., 2006; Clow et al., 2010; 2014; Fries et al., 2009; 

Law et al., 2013). It is thought that a morning ‘boost’ provided by the CAR may involve modulation 

of cognition (see Fries et al., 2009; Clow et al., 2010b). This is in part due to correlational evidence of 

blunted or absent CARs in various disorders involving cognitive impairment. However, a causal 

relationship is feasible due to the many associations between cortisol secretion and cognition that are 

described within the present review. If true, this would mean that the CAR may not just be a 

biomarker of stress but play a role in the pathway from chronic stress to cognitive dysfunction.

3. The Suprachiasmatic nucleus

The circadian rhythm of cortisol secretion plays a major role in synchronising biological functions to 

appropriate times of day around the sleep-wake and the light-dark cycles (Oster et al., 2016). The 

suprachiasmatic nucleus (SCN) of the hypothalamus acts as the circadian pacemaker in humans and 

synchronises circadian cortisol secretion to exogenous zeitgebers. Importantly, the SCN itself does 

not express GR and therefore acts as a cortisol output signaller only (Herbert et al., 2006). The SCN 

receives light information from the eye, though this photic input requires neither rods nor cones (the 

only previously known retinal photoreceptors), but instead a novel class of intrinsically 

photoreceptive melanopsin expressing retinal ganglion cells (Berson, Dunn, & Takao, 2002; Berson, 

2007). These photosensitive cells project directly to the SCN via the retinohypathalamic tract (Berson, 

2007; Herbert et al., 2006). 

Exposure to light stimulates a cascade of molecular events in the SCN involving clock gene 

expression, which facilitates the entrainment of endogenous circadian rhythms to the light-dark cycle 

and allows for adaptation to seasonal changes in day length (Bunney and Bunney, 2000). Animal 



studies have shown that if the SCN is removed, the duration of sleep and wake remain similar, but 

that these behaviours no longer show a regular cycle (Buijs et al., 2003). As such the SCN does not 

directly control these behaviours, but simply plays a role in synchronising them with the external 

environment.

Regarding cortisol secretion, the SCN is connected to the PVN of the hypothalamus both directly by 

axonal projections from SCN neurons, and indirectly via the SCN output pathway to the dorsomedial 

hypothalamus (Herbert et al., 2006). The SCN also exerts direct autonomic influence over cortisol 

secretion via the splanchnic nerve (for review see Clow et al., 2010a,b). This fast-acting, non-HPA 

dependent pathway is thought to be particularly important with regards to modulation of circadian 

rhythms as it mediates adrenal sensitivity to ACTH according to the time of day (Bornstein et al., 

2008; Buijs et al., 1997; Buijs et al., 2003; Clow et al., 2010b). Thus, the SCN’s light-responsive 

mediation of both the HPA-axis and non-HPA pathways helps to ensure fine-tuning of cortisol 

secretion that is appropriately synchronised to day-night cycles; stimulating secretion during the 

daytime and inhibiting it during the night (Benarroch, 2011).

4. Peripheral clocks of the circadian system

While the SCN acts as the central circadian pacemaker, there are ‘peripheral clocks’ in organs 

throughout the body, including the brain. These peripheral clocks show ‘free-running’ circadian 

rhythms in isolation but are synchronised by indirect signalling from the SCN. It has been established 

that the SCN entrains endocrine and behavioural rhythms (e.g. glucocorticoids, melatonin; sleep-

wake, and body temperature) via a range of signalling methods, which include direct influence by 

neuronal input and indirect influence via regulation of paracrine signals. In turn, these rhythms act to 

synchronise peripheral clocks, including those in the brain (Antle & Silver, 2005; Menet and Rosbash, 

2011). As the authors have noted previously (Clow et al., 2010b; Law et al., 2013) this suggests a role 

for the circadian cortisol rhythm, including the CAR, in entrainment of the peripheral circadian clocks 

in the body and brain. This hypothesis is supported by evidence that human peripheral clocks are 



entrained by glucocorticoids (Cuesta, Cermakian, and Boivin, 2015), and that the circadian rhythm of 

circulating glucocorticoids works to synchronise circadian rhythms of peripheral clocks with the SCN 

master clock (Oster et al., 2016). 

5. The circadian system and psychopathology

The importance of the circadian rhythm of cortisol secretion is highlighted by evidence that disruption 

to this rhythm is associated with a broad range of both psychological and somatic conditions, 

including cognitive deficits (Lupien et al., 2009), post-traumatic stress disorder (Yehuda et al., 1996), 

chronic stress (Miller, Chen, & Zhou, 2007), burnout (Pruessner, Hellhammer, & Kirschbaum, 1999), 

chronic fatigue syndrome (Nater et al., 2008), major depressive disorder (Linkowski, 2003; Yehuda et 

al., 1996), and increased incidence and progression of disease (Sephton & Spiegel, 2003).

Dysregulation of circadian rhythms is often observed in patients suffering from psychological 

disorders, such as depression and schizophrenia. As opposed to just being a symptom of these 

disorders, it has been proposed that such dysregulation might contribute to their aetiology (Menet and 

Rosbash, 2011, Karatsoreos, 2014). This is supported by accumulating evidence for SCN and 

circadian rhythm influence on mood and cognitive performance, including numerous demonstrations 

that impairment of the SCN in animal models has downstream consequences for various brain regions 

involved in cognition and emotion (for review, see Menet and Rosbash, 2011). Relevant to cortisol 

and the CAR, animal studies have shown that alterations to SCN integrity and function cause 

impairments to hippocampus-dependent memory (Ruby et al., 2008; Stephan & Kovacevic, 1978) and 

that such effects on memory can be induced by simply changing the pattern of the light/dark cycle 

(Devan et al., 2001). This potentially implicates the CAR, as a light-sensitive, time-of-day marker 

modulated by the SCN and HC and associated with HC-dependent memory and other cognitive 

functions. 



An abnormal CAR is most often thought of as a side effect (or “biomarker”) of pathology, but it 

remains possible the CAR may contribute the relationship between chronic stress and impaired 

cognition. It is known that glucocorticoids entrain peripheral clocks in humans (Pezük, et al., 2012; 

Cuesta et al., 2015, Oster et al., 2016), and this suggests that the circadian cortisol rhythm (of which 

the CAR is the most prominent aspect) may influence the temporal programmes of gene expression in 

diverse brain regions, complementing their neural regulation by circadian inputs (Herbert et al., 2006). 

It is also recognised that mismatch between the circadian cortisol and neural patterns may contribute 

to localised malfunction of these brain regions (Herbert et al., 2006).

In this context, and in light of the direct modulation of the adrenal cortex by the SCN (via the 

splanchnic nerve) to enhance adrenal sensitivity to ACTH in the immediate post-awakening period, it 

is reasonable to hypothesise that the CAR may function as a hormonal time-of-day marker and to 

influence the timing of peripheral clocks (Clow et al., 2010b; Law et al., 2013). Such a hypothesis is 

currently speculative, but deserves further investigation.

6. The CAR and cognition

There are well established circadian rhythms in cognitive performance in humans, including 

declarative memory and executive function (Blatter and Cajochen, 2007; Dijk, Duffy & Czeisler, 

1992; Schmidt et al., 2007; Valdez et al., 2008), and it is speculated that the CAR may play a role in 

the modulation of daytime cognition (see Fries et al., 2009; Clow et al., 2010b). One hypothesis, 

proposed by Clow et al. (2010b), is that the CAR might assist in the recovery of cognitive functions in 

the post-awakening period; a process known as ‘sleep inertia’ (SI; for review, see Hilditch and Mchill, 

2019). Electroencephalograph (EEG) and brain imaging studies indicate that although awakening 

from sleep comprises rapid reestablishment of consciousness, the attainment of alertness is relatively 

slow (Ferrara et al., 2006). SI is considered to be the time lag between these two states and has been 

shown to typically last anywhere between 1- and 30-minutes post-awakening (Ferrara et al., 2006, 

Ikeda and Hayashi, 2008, Hilditch and Mchill, 2019). SI is therefore temporally associated with the 



CAR, as the substantial increase in cortisol has been shown to begin approximately 10 minutes post-

awakening (shown in healthy young females; Smyth et al., 2013) and peak at around 30-45 minutes 

(Clow et al., 2004). 

SI is known to be influenced by circadian phase and sleep stage upon awakening (Tassi and Muzet, 

2000), and a proposed cause of SI is the delay in blood flow reaching the anterior cortical regions of 

the brain after awakening (Balkin et al., 2002). Scheer et al. (2008) used body temperature 

measurements to establish the circadian phase at the time of waking within a forced desynchrony 

protocol, and found that the worst SI impairment of cognition occurred when participants were woken 

during their biological ‘night’ (approximately between 2300 and 0300 hours of the circadian cycle). 

Notably, it has also been demonstrated that the CAR is blunted in cases of night-time awakening 

(Dettenborn, Rosenloecher, & Kirschbaum, 2007), again indicating the potential for an association 

between these two processes. Finally, it has also been shown that exposure to light during this 

immediate post-waking period is an effective countermeasure for the symptoms of SI (Ferrara, De 

Gennaro, & Bertini, 2000). This might again implicate the CAR in assisting with the recovery from 

SI, given that cortisol and the CAR are stimulated by light exposure (Scheer and Buijs, 1999; Thorn et 

al., 2004).

Numerous studies have indicated relationships between the CAR and indices of cognition beyond the 

immediate post-awakening period, including declarative memory, prospective memory, working 

memory, and executive functions. The results of these studies have been inconsistent, likely due to 

variation in nature and timing of both CAR and cognitive measures, different sample populations, and 

irregularity in monitoring sampling accuracy (see Stalder et al., 2016). This inconsistency of 

methodology and results, combined with the lack of reviews or meta-analyses in this area, limits 

understanding about CAR and cognition associations. It is the aim of the present review to address 

this limitation and shed some light on the associations between CAR and cognition. A summary of 

studies exploring the relationship between the CAR and cognition is presented in Table 1.



[Insert Table 1 here] 

9. The CAR and memory functions

It is well established that cortisol secretory activity is associated with integrity of the HC (as described 

in section 1). For example, circulating cortisol influences memory storage and retrieval (Lupien et al., 

2009), and elevated circulating cortisol during sleep negatively impacts upon on simultaneous HC-

dependent memory consolidation (Born and Wagner, 2009). The HC has been implicated in the 

regulation of hormonal responses to physical and psychological challenge, primarily in an inhibitory 

capacity, contributing to the negative feedback cycle (Fries et al., 2009; Herman et al., 2005). The 

CAR too has been shown to be associated with HC integrity, volume, and associated function (Almela 

et al., 2012; Bruehl, Wolf, & Convit, 2009; Buchanan et al., 2004; Pruessner et al., 2007; Wolf et al., 

2005). For example, neither is the CAR observed in individuals with unilateral and bilateral HC 

lesions, nor those with severe global amnesia (Buchanan et al., 2004; Wolf et al., 2005). Further, it 

has been demonstrated that a larger CAR is associated with increased HC volume in healthy young 

men (Pruessner et al., 2007), and impaired declarative memory performance in older adults (Almela et 

al., 2012). 

Several studies have explored associations between the CAR and HC-dependent memory. For 

example, CAR magnitude has been shown to be positively associated with episodic memory in 

healthy adults (Ennis et al., 2016). In a sample of elderly participants without dementia, Geerlings et 

al. (2015) also demonstrated that higher levels of cortisol at 45-min post-awakening are associated 

with better processing speed, spatial working memory and executive function (assessed by digits 

backward test and a variant of the Stroop task). While Geerlings et al. (2015) did not assess the CAR 

directly, the results implicate a possible role of the CAR due to the timing of the cortisol assessment 

(i.e. around the same time as the typical CAR peak), and would be in agreement with the 

accumulating evidence for a relationship between cortisol secretion in the post-awakening period and 



HC function. This study also indicated an association with slightly greater white matter volume, 

although there was no association with general memory performance or with volume of grey matter.

The association between the CAR and HC function may be bi-directional, such that the HC may 

regulate cortisol secretion during the CAR period, but so too may the increase in cortisol secretion 

during the CAR period influence hippocampal function. This is because not only does an abnormal 

CAR occur in the presence of lesions to these brain regions, but also that changes in cortisol secretion 

and the CAR influence HC-dependent memory functions.  For example, Rimmele et al. (2010) 

demonstrated that pharmacologic suppression of the CAR using metyrapone impaired subsequent free 

recall of prior day learnt text and imagery. 

The importance of HC function upon awakening is apparent; besides its importance for episodic 

memory function, the HC is also involved in space and time orientation (O’Keefe and Nadel, 1978; 

Burgess, Maguire, & O’Keefe, 2002). It has therefore been hypothesised that the CAR may play a 

role in activation of prospective memory function upon-awakening, encouraging the orientation of 

self in terms of space and time, and dealing with the cognitive demands of the post-awakening period 

(Bäumler et al., 2014a,b; Fries et al., 2009). This hypothesis was tested by Bäumler et al. (2014a) who 

demonstrated that, in a sample of young children, performance on a game-like prospective memory 

task was positively associated with CAR magnitude. This was followed by a study within a (smaller) 

sample of the same young children which showed that a naturalistic prospective memory intervention 

(requiring the child to remind their parent of a planned gift upon awakening) resulted in a larger CAR 

compared to that on control days. As such, these findings not only provide support for the previously 

discussed CAR and HC-associated memory function relationship, but also for the hypothesis that the 

CAR is related to anticipation of challenge in the coming day (Clow et al., 2010b Fries et al., 2009).

In addition to declarative and prospective memory, the CAR has also been investigated in relation to 

working memory. A larger trait CAR (measured across 2 days) has been shown to be associated with 

increased working memory performance in older adult males in one study, though the same study 



failed to find a relationship in females of similar age (Almela et al., 2012). Moriarty et al. (2014) also 

reported a strong relationship between overall levels of cortisol secretion within the post-awakening 

period and spatial working memory in healthy older adults. The latter study indicated a U-shaped 

relationship, such that extreme high or low levels of cortisol were associated with decreased memory 

performance, which the authors interpreted as consistent with the previously reported positive 

relationship. However, this study did not employ electronic controls for participant sampling accuracy 

and the relationship was only observed with total cortisol secretion, as opposed to a (dynamic) CAR 

measure. Contradicting both of these reports, a recent study by Butler et al. (2017) found there to be 

no association between the CAR and working memory. In sum, evidence for a relationship between 

CAR and working memory can be considered tentative and inconsistent. The inconsistency in this 

area might suggest a need for further research, with appropriate application of electronic measures to 

monitor sapling accuracy, and careful control for other known confounds in CAR research (Clow et 

al., 2010a; Stalder et al., 2016).

10. The CAR and executive function

One of the most prominent structures responsible for executive function is the frontal cortex (FC) 

which, like the HC, both expresses a high density of cortisol receptors and plays a role in regulating 

the HPA axis (Lupien et al., 2009). This relationship too is bi-directional, such that endogenous 

glucocorticoids modulate the cognitive functions of the pre-frontal cortex (Mizoguchi et al., 2004). 

However, relationships between cortisol secretion and executive function are complicated, not least 

because executive function is a broad and non-unitary concept encompassing many high-level 

cognitive processes, which depend upon several separate pre-frontal cortex structures. But also 

because many executive functions are responsible for control and organisation of other cognitive 

functions (Miyake et al., 2000; Gilbert and Burgess, 2008; Diamond, 2013). While consensus has yet 

to be reached on an exact definition of executive function (Gilbert and Burgess, 2008), perhaps the 

best evidence is for there being three separate types: ‘set shifting’ (or ‘cognitive flexibility’) which is 

the ability to switch between competing task demands, ‘updating’ or working memory functions, and 



‘inhibition’ which includes both cognitive and behavioural inhibitory processes (Miyake et al., 2000; 

Diamond, 2013).

Outside of the CAR literature, it has been demonstrated that acute increases in exogenous 

glucocorticoids are positively associated with set shifting and response inhibition measures (Dierolf et 

al., 2016; Shields et al., 2015; Vaz et al., 2011). A recent study also has demonstrated a positive 

association between acute increases in endogenous cortisol and immediate, short-term enhancement 

of cognitive flexibility (Dierolf et al., 2016). However, studies in this field have yielded inconsistent 

results depending upon the type of executive function assessed and the relative timing of the 

measures, likely due to the differential effects of rapid (non-genomic), and slower (genomic) effects 

of cortisol secretion (Shields et al., 2015). For example, both Wingenfeld et al. (2011) and Vaz et al. 

(2011) have reported that such associations are no longer apparent if set shifting is measured more 

than one hour after an acute increase in exogenous cortisol. There are good theoretical grounds for 

expecting rapid, non-genomic effects of cortisol to enhance response inhibition as this would support 

greater cognitive control over actions when dealing with a stressor (Shields et al., 2015), which would 

not necessarily be adaptive if experienced long after (at the genomic level). Therefore, the criticality 

of both type and timing of executive function measures is apparent. This is a major complication for 

CAR-cognition studies also, and such differences in timing of the relevant measures might explain 

why there have been similarly inconsistent results in this field (see table 1).

CAR magnitude has been shown to be positively associated with both working memory and attention-

switching performance in older adults (Almela et al., 2012; Evans et al., 2012), as well as a measure 

of response inhibition in the afternoon of the same day in healthy young adults (Shi et al., 2018). 

Oosterholt et al. (2016) also found that in a sample of patients with clinical burnout, CAR magnitude 

was associated with better updating performance and fewer cognitive failures. But negative 

associations with task updating, speed of memory, error monitoring, and serial sequence learning have 

been reported in other samples (Hodyl et al., 2016, Maldonado et al., 2008; Oosterholt et al., 2016; 

Zhang et al., 2015), as well as one study reporting no association with task switching in healthy young 



adults (Butler et al., 2017). Similar inconsistency has occurred in studies of CAR associations with 

overall cognitive performance (e.g. Aas et al., 2011; Evans et al., 2011; Labad et al., 2016). 

Associations between CAR and cognitive flexibility (set shifting) have been somewhat more 

consistent, with a positive association between CAR magnitude and cognitive flexibility (Trail 

Making task performance) found in older adults (Evans et al., 2012), and a positive association with 

attention-switching performance seen both in a sample of healthy young adults (Law et al., [IN 

PRESS]) and a single case study of a healthy young male (Law et al., 2015). The positive association 

between cognitive flexibility and CAR magnitude was not observed in a recent study reporting a 

negative association between the CAR and emotion and gender task switching (Dierolf et al., 2016). 

However, as the CAR was defined by Dierolf et al. as mean morning cortisol AUCg across three 

consecutive days prior to the experiment (therefore not measuring the dynamic CAR per se), this 

finding might be better understood as a relationship between task switching and total post-awakening 

cortisol secretion.

A limitation for interpreting the findings of many CAR-EF studies is that they have not accounted for 

the substantial day-to-day variation in CAR magnitude (for review, see Law et al., 2013). The 

majority have been correlational between-subjects, or ‘trait’, studies, often measuring the CAR on just 

one or two days. This is a limitation since it is thought day-to-day (‘state’) differences account for 

around two thirds of the variance in CAR magnitude (Hellhammer et al., 2007; Almeida et al., 2009; 

Stalder et al., 2009, 2010b), and it has been recommended by Hellhammer et al. (2007) that to achieve 

a reliable trait measure of the CAR requires sampling over 6 consecutive days. In addition, such state 

variation is associated with a range of environmental and behavioural factors, such as differences in 

lighting and awakening times, that can potentially confound trait studies (Law et al., 2013). While the 

impact of daily variation in the CAR on EF has received less attention, the within-subject positive 

association between CAR and attention switching at 45 min post awakening (Law et al., 2015), as 

well as the within-subjects finding of a same-day association between CAR magnitude and an index 



of brain plasticity (Clow et al., 2014), offer some indication of the potential for investigating state 

associations between CAR and EF, even in healthy young participants.

11. Recommendations for Future Research

As described above, the CAR is the most prominent, dynamic and variable part of the circadian 

pattern of cortisol secretion, is under the modulatory influence of the SCN masterclock, and is timed 

to mark the significant circadian event of morning awakening. As such, there is good reason to 

hypothesise that one role for the CAR may be to act as a time-of-day marker for synchronisation of 

circadian rhythms. Such a role for the CAR could potentially explain associations between CAR 

magnitude and the function of brain regions with a high affinity for cortisol, including memory and 

executive functions of the hippocampus and pre-frontal cortex, respectively. Future research exploring 

associations between the CAR and other cognitive functions related to these brain regions could 

further elucidate this relationship, while studies of clock gene function (using clock gene knockout 

mice, for example) might have potential to provide insight into the underlying mechanisms.

To ensure clarity and comparability of research findings, it will be important for future studies in this 

area to include careful controls for the many potentially confounding factors described here. For 

example, clear consideration and recording of the timing of cognitive measures in relation to the CAR 

is of critical importance in order to differentiate between rapid, non-genomic effects (for example, 

within 15-30 mins of the CAR) and slower acting, genomic effects observed later in the day (Joëls et 

al., 2011). Of perhaps principle significance for valid CAR measurement is the inclusion of measures 

to ensure sampling accuracy, as laid out in the consensus guidelines of Stalder et al. (2016). While 

further consideration should also be given to day-to-day (‘state’) differences in the CAR (as described 

in Law et al., 2013) as study of such variation has considerable potential to provide insight into CAR 

function, for example, by within-subject measurement of the CAR over several days along with same-

day cognitive measures. Moreover, such state variation must be taken into account in future between-



subject (‘trait’) studies of the CAR by sampling over several days to achieve a reliable trait measure 

(Hellhammer et al., 2007). Implementing controls for potentially confounding state factors such as 

differences in awakening times and ambient light exposure might also allow for greater precision in 

determining associations between CAR and cognition (Law et al., 2013). Indeed, recent evidence 

indicates that blue/green wavelength light exposure is a more significant potential confounding factor 

than had previously been appreciated, though this also may have potential for investigation as an 

intervention for CAR manipulation (Petrowski et al., 2019).

If the CAR does support the re-establishment of cognitive functions (Fries et al., 2009; Clow et al., 

2010b; Law et al., 2013) then in theory, the light-responsive nature of the CAR would allow for 

optimally enhanced cognitive function when awakening at dawn, in preparation for the day ahead. A 

recent, detailed assessment of the implications of differing ambient light levels between CAR 

observations has indicated that post-awakening blue or green wavelength light influences CAR 

magnitude (Petrowski et al., 2019). This is a factor which can be easily controlled for either by direct 

measurement of light levels or, in ambulatory studies, simply by controlling for season, time of 

awakening and type of lighting (e.g. LED vs. fluorescent bulb; Petrowski et al., 2019). This, too, may 

present a direction for future research, as the recovery of executive functions such as cognitive 

flexibility may be assessed within the context of differences in ambient light at awakening. Indeed, 

preliminary support for such a relationship is provided by studies using functional magnetic resonance 

imaging techniques which indicate that exposure to light during the morning period results in 

increased activation of the subcortical regions associated with alertness and working memory 

(Vandewalle et al., 2006, 2010). Variation of light exposure therefore presents a potential method for 

manipulating CAR magnitude in order to examine effects on cognition or the activation of associated 

brain regions. Moving beyond correlational studies, experiments involving light-based intervention or 

other means for CAR manipulation might have considerable potential for further advancing 

understanding of the relationship between the CAR and cognition.

12. Conclusion



In summary, there is a growing body of research exploring relationships between stress, the CAR, and 

cognition. Within this literature, much of the focus has been on HC function, though there has been 

increasing interest in associations with frontal functions in recent years. Given the methodological 

difficulties within the area there have been relatively consistent demonstrations of correlational 

relationships in older adults: a larger average CAR being associated with better average memory and 

executive function. Day-to-day variation in the CAR has also been associated with day-to-day 

variation in executive function in healthy young populations However, there has been no dedicated 

effort to explore the mechanisms that might underpin a causal relationship between the CAR and 

cognition. It is suggested here that the CAR, which is regulated by two distinct pathways from the 

central body clock (SCN), might be a powerful time-of-day marker, synchronising peripheral clocks 

in the brain to optimise brain function appropriate for the demands of the upcoming day. Chronic 

stress and aging lead to attenuation of the CAR and this may provide a route by which these factors 

impact cognition. If shown to be the case this provides a valuable target for intervention in cognitive 

decline. It is exciting to speculate that behavioural strategies that optimise the CAR (e.g. light, stress 

management, physical activity, early awakening, not smoking) might prove beneficial in a range of 

conditions not typically thought to be associated with neuroendocrine function.  As such, there are 

many important questions in this field that remained unanswered and which present promising 

directions for further research.

13. References

Aas, M., Dazzan, P., Moondelli, V., Toulopoulou, T., Reichenberg, A., Di Forti, M., Fisher, H.L., 
Handley, R., Hepgul, N., Marques, T., Miorelli, A., Taylor, H., Russo, M., Wiffen, B., Papadopoulos, 
A., Aitchison, K.J., Morgan, C., Murray, R.M., Pariante, C.M., 2011. Abnormal cortisol awakening 
response predicts worse cognitive function in patients with first-episode psychosis. Psychol. Med. 
41(3), 463–476.

Adam, E. K., Hawkley, L. C., Kudielka, B. M., Cacioppo, J. T., 2006. Day-to-day dynamics of 
experience–cortisol associations in a population-based sample of older adults. Proc. Natl. Acad. Sci. 
103, 17058-17063.



Adam, E. K., Quinn, M. E., Tavernier, R., McQuillan, M. T., Dahlke, K. A., Gilbert, K. E., 2017. 
Diurnal cortisol slopes and mental and physical health outcomes: A systematic review and meta-
analysis. Psychoneuroendocrinology. 83, 25-41.

Almela, M., van der Meij, L., Hidalgo, V., Villada, C., Salvador, A., 2012. The cortisol awakening 
response and memory performance in older men and women. Psychoneuroendocrinology. 37(12), 
1929-1940.

Antle, M. C. & Silver, R. (2005). Orchestrating time: arrangements of the brain circadian clock. 
Trends in neurosciences, 28(3), 145-151.

Bäumler, D., Kliegel, M., Kirschbaum, C., Miller, R., Alexander, N., & Stalder, T. (2014b). Effect of 
a naturalistic prospective memory-related task on the cortisol awakening response in young children. 
Biological psychology, 103, 24-26.

Bäumler, D., Voigt, B., Miller, R., Stalder, T., Kirschbaum, C., Kliegel, M., (2014a). The relation of 
the cortisol awakening response and prospective memory functioning in young children. Biol. 
Psychol. 99, 41–46.

Berson, D. M. (2007). Phototransduction in ganglion-cell photoreceptors. Pflügers archive: European 
journal of physiology, 454(5), 849-855.

Berson, D. M., Dunn, F. A., & Takao, M. (2002). Phototransduction by retinal ganglion cells that set 
the circadian clock. Science, 295(5557), 1070-1073.

Blatter, K., & Cajochen, C. (2007). Circadian rhythms in cognitive performance: methodological 
constraints, protocols, theoretical underpinnings. Physiology & behavior, 90(2-3), 196-208.

Born, J., Wagner, U., 2009. Sleep, hormones, and memory. Obstetrics and gynaecology clinics of 
North America. 36, 809-829.

Bornstein, S. R., Engeland, W. C., Ehrhart-Bornstein, M., Herman, J. P., 2008. Dissociation of ACTH 
and glucocorticoids. Trends Endocrinology Metabolism. 19(5), 175-180.

Bruehl, H., Wolf, O. T., Convit, A., 2009. A blunted cortisol awakening response and hippocampal 
atrophy in type 2 diabetes mellitus. Psychoneuroendocrinology. 34(6), 815-821.

Buchanan, T.W., Kern, S., Allen, J.S., Tranel, D., Kirschbaum, C., 2004. Circadian regulation of 
cortisol after hippocampal damage in humans. Biol. Psychiatry. 56, 651–656.

Buchanan, T. W., & Lovallo, W. R. (2001). Enhanced memory for emotional material following 
stress-level cortisol treatment in humans. Psychoneuroendocrinology, 26(3), 307-317.

Buijs, R. M., Eden, C. V., Goncharuk, V. D., & Kalsbeek, A. (2003). Circadian and Seasonal 
Rhythms-The biological clock tunes the organs of the body: Timing by hormones and the autonomic 
nervous system. J. Endocrinology. 177(1), 17-26.

Buijs, R. M., Wortel, J., Van Heerikhuize, J. J., & Kalsbeek, A. (1997). Novel environment induced 
inhibition of corticosterone secretion: physiological evidence for a suprachiasmatic nucleus mediated 
neuronal hypothalamo-adrenal cortex pathway. Brain Res. 758(1-2), 229-236.

Buijs, R. M., Wortel, J., Van Heerikhuize, J. J., Feenstra, M. G., Ter Horst, G. J., Romijn, H. J., & 
Kalsbeek, A. (1999). Anatomical and functional demonstration of a multisynaptic suprachiasmatic 
nucleus adrenal (cortex) pathway. European journal of neuroscience, 11(5), 1535-1544.



Butler, K., Klaus, K., Edwards, L., & Pennington, K. (2017). Elevated cortisol awakening response 
associated with early life stress and impaired executive function in healthy adult males. Horm. Behav. 
95, 13-21.

Chida, Y., & Steptoe, A. (2009). Cortisol awakening response and psychosocial factors: a systematic 
review and meta-analysis. Biological psychology, 80(3), 265-278.

Clow, A., Hucklebridge, F., & Thorn, L., 2010a. The cortisol awakening response in context. Int. Rev. 
Neurobiol.. 93, 153-175.

Clow, A., Hucklebridge, F., Stalder, T., Evans, P., Thorn, L., 2010b. The cortisol awakening 
response: More than a measure of HPA axis function. Neurosci. Biobehav. Rev. 35, 97-103.

Clow, A., Law, R., Evans, P., Vallence, A.M., Hodyl, N.A., Goldsworthy, M.R., Rothwell, J.R., 
Ridding, M.C., 2014. Day differences in the cortisol awakening response predict day differences in 
synaptic plasticity in the brain. Stress. 17(3), 219-223.

Clow, A., Thorn, L., Evans, P., Hucklebridge, F., 2004. The awakening cortisol response:  
methodological issues and significance. Stress. 7, 29-37.

Cuesta, M., Cermakian, N., & Boivin, D. B. (2015). Glucocorticoids entrain molecular clock 
components in human peripheral cells. The FASEB journal, 29(4), 1360-1370.

Cullen, A.E., Zunszain, P.A., Dickson, H., Roberts, R.E., Fisher, H.L., Pariante, C.M., & Laurens, 
K.R. (2014). Cortisol awakening response and diurnal cortisol among children at elevated risk for 
schizophrenia: Relationship to psychosocial stress and cognition. Psychoneuroendocrinology, 46, 1-
13.

De Kloet, E. R., Oitzl, M. S., & Joëls, M. (1999). Stress and cognition: are corticosteroids good or bad 
guys?. Trends in neurosciences, 22(10), 422-426.

De Kloet, E. R., Van Acker, S. A., Sibug, R. M., Oitzl, M. S., Meijer, O. C., Rahmouni, K., & De 
Jong, W. (2000). Brain mineralocorticoid receptors and centrally regulated functions. Kidney 
international, 57(4), 1329-1336.

Devan, B. D., Goad, E. H., Petri, H. L., Antoniadis, E. A., Hong, N. S., Ko, C. H., Leblanc, L., 
Lebovic, S. S., Lo, Q. & Ralph, M. R. (2001). Circadian phase-shifted rats show normal acquisition 
but impaired long-term retention of place information in the water task. Neurobiology of learning and 
memory, 75, 51-62.

Diamond, A. (2013). Executive functions. Ann. Rev. Psychol. 64, 135-168.

Dierolf, A. M., Arlt, L. E., Roelofs, K., Kölsch, M., Hülsemann, M. J., Schächinger, H., Naumann, E., 
2016. Effects of basal and acute cortisol on cognitive flexibility in an emotional task switching 
paradigm in men. Horm. Behav. 81, 12-19.

Doane, L. D. & Adam, E. K. (2010). Loneliness and cortisol: Momentary, day-to-day, and trait 
associations. Psychoneuroendocrinology, 35(3), 430-441.

Domes, G., Rothfischer, J., Reichwald, U., & Hautzinger, M. (2005). Inverted-U function between 
salivary cortisol and retrieval of verbal memory after hydrocortisone treatment. Behavioral 
neuroscience, 119(2), 512.

Duan, H., Yuan, Y., Zhang, L., Qin, S., Zhang, K., Buchanan, T. W., & Wu, J. (2013). Chronic stress 
exposure decreases the cortisol awakening response in healthy young men. Stress, 16(6), 630-637.



Edwards, S., Clow, A., Evans, P., & Hucklebridge, F. (2001). Exploration of the awakening cortisol 
response in relation to diurnal cortisol secretory activity. Life sciences, 68, 2093-2103.

Ennis, G. E., Moffat, S. D., Hertzog, C., 2016. The cortisol awakening response and cognition across 
the adult lifespan. Brain. Cogn. 105, 66-77.

Evans, P., Fredhoi, C., Loveday, C., Hucklebridge, F., Aitchison, E., Forte, D., Clow, A., 2011. The 
diurnal cortisol cycle and cognitive performance in the healthy old. Int. J. Psychophysiol. 79(3), 371–
377.

Evans, P., Hucklebridge, F., Loveday, C., Clow, A., 2012. The cortisol awakening response is related 
to executive function in older age. Int. J. Psychophysiol. 84(2), 201–204.

Fehm, H. L., Klein, E., Holl, R., & Voigt, K. H. (1984). Evidence for Extrapituitary Mechanisms 
Mediating the Morning Peak of Plasma Cortisol in Man. The journal of clinical endocrinology & 
metabolism, 58(3), 410-414.

Franz, C. E., O’Brien, R. C., Hauger, R. L., Mendoza, S. P., Panizzon, M. S., Prom-Wormley, E., 
Eaves, L.J., Jacobson, K., Lyons, M.J., Lupien, S., & Hellhammer, D., 2011. Cross-sectional and 35-
year longitudinal assessment of salivary cortisol and cognitive functioning: the Vietnam Era twin 
study of aging. Psychoneuroendocrinology, 36(7), 1040-1052.

Fries, E., Dettenborn, L., Kirschbaum, C., 2009. The cortisol awakening response (CAR): facts and 
future directions. Int. J. Psychophysiol. 72(1), 67-73.

Geerlings, M. I., Sigurdsson, S., Eiriksdottir, G., Garcia, M. E., Harris, T. B., Gudnason, V., Launer, 
L. J., 2015. Salivary cortisol, brain volumes, and cognition in community-dwelling elderly without 
dementia. Neurology. 85(11), 976-983.

Gilbert, S. J., Burgess, P. W., 2008. Executive function. Curr. Biol. 18(3), R110-R114.

Gomez‐Sanchez, E. P. (2010). The mammalian mineralocorticoid receptor: Tying down a 
promiscuous receptor. Experimental physiology, 95(1), 13-18.

Gomez-Sanchez, E. P. (2014). Brain mineralocorticoid receptors in cognition and cardiovascular 
homeostasis. Steroids, 91, 20-31.

Heaney, J. L., Phillips, A. C., & Carroll, D. (2010). Ageing, depression, anxiety, social support and 
the diurnal rhythm and awakening response of salivary cortisol. International Journal of 
Psychophysiology, 78(3), 201-208.

Herbert, J., Goodyer, I. M., Grossman, A. B., Hastings, M. H., De Kloet, E. R., Lightman, S. L., 
Lupien, S. J., Roozendaal, B., & Seckl, J. R. (2006). Do corticosteroids damage the brain? Journal of 
neuroendocrinology, 18(6), 393-411.

Herman, J. P., Ostrander, M. M., Mueller, N. K., Figueiredo, H., 2005. Limbic system mechanisms of 
stress regulation: hypothalamo-pituitary-adrenocortical axis. Progress in neuro-psychopharmacology 
and biological psychiatry. 29(8), 1201-1213.

Hidalgo, V., Almela, M., Pulopulos, M. M., & Salvador, A., 2016. Memory performance is related to 
the cortisol awakening response in older people, but not to the diurnal cortisol slope. 
Psychoneuroendocrinology. 71, 136-146.



Hinkelmann, K., Muhtz, C., Dettenborn, L., Agorastos, A., Moritz, S., Wingenfeld, K., Spitzer, C., 
Gold, S.M., Wiedemann, K., & Otte, C. (2013). Association between cortisol awakening response and 
memory function in major depression. Psychological medicine, 43(11), 2255-2263.

Hodyl, N. A., Schneider, L., Vallence, A. M., Clow, A., Ridding, M. C., Pitcher, J. B., 2016. The 
cortisol awakening response is associated with performance of a serial sequence reaction time task. 
Int. J. Psychophysiol. 100, 12-18. 

Joëls, M., Fernandez, G., & Roozendaal, B. (2011). Stress and emotional memory: a matter of timing. 
Trends Cogn. Sci. 15(6), 280-288.

Joëls, M., Karst, H., DeRijk, R., & de Kloet, E. R. (2008). The coming out of the brain 
mineralocorticoid receptor. Trends in neurosciences, 31(1), 1-7.

Juster, R. P., Sindi, S., Marin, M. F., Perna, A., Hashemi, A., Pruessner, J. C., & Lupien, S. J. (2011). 
A clinical allostatic load index is associated with burnout symptoms and hypocortisolemic profiles in 
healthy workers. Psychoneuroendocrinology, 36(6), 797-805.

Karatsoreos, I.N. (2014). Links between circadian rhythms and psychiatric disease. Frontiers in 
behavioural neuroscience, 8, 162-162.

Kirschbaum, C., Wolf, O. T., May, M., Wippich, W., & Hellhammer, D. H. (1996). Stress-and 
treatment-induced elevations of cortisol levels associated with impaired declarative memory in 
healthy adults. Life sciences, 58(17), 1475-1483.

Knoops, A. J., van der Graaf, Y., Willem, P. T. M., & Geerlings, M. I. (2010). Age-related changes in 
hypothalamic–pituitary–adrenal axis activity in patients with manifest arterial disease. Endocrine, 
37(1), 231-238.

Labad, J., Gutiérrez-Zotes, A., Creus, M., Montalvo, I., Cabezas, Á., Solé, M., Ortega, L., Algora, 
M.J., Sánchez-Gistau, V., Vilella, E., 2016. Hypothalamic-pituitary-adrenal axis measures and 
cognitive abilities in early psychosis: Are there sex differences? Psychoneuroendocrinology. 72, 54-
62.

Law, R., Evans, P., Thorn, L., Hucklebridge, F., & Clow, A. (2015). The cortisol awakening response 
predicts same morning executive function: Results from a 50-day case study. Stress. 18(6), 616-621.

Law, R., Evans, P., Thorn, L., Hucklebridge, F., Loveday, C., & Clow, A. [IN PRESS]. The cortisol 
awakening response predicts a same-day index of executive function in healthy young adults. 
International Journal of Psychophysiology. 

Law, R., Hucklebridge, F., Thorn, L., Evans, P., Clow, A., 2013. State variation in the cortisol 
awakening response. Stress. 16(5), 483-492.

Linkowski, P. (2003). Neuroendocrine profiles in mood disorders. The international journal of 
neuropsychopharmacology, 6(2), 191-197.

Linkowski, P., Mendlewicz, J., Leclercq, R., Brasseur, M., Hubain, P., Golstein, J., Copinschi, G., & 
Cauter, E.V. (1985). The 24-Hour Profile of Adrenocorticotropin and Cortisol in Major Depressive 
Illness. The journal of clinical endocrinology & metabolism. 61(3), 429-438.

Lovell, B., Moss, M., & Wetherell, M. A. (2011). Perceived stress, common health complaints and 
diurnal patterns of cortisol secretion in young, otherwise healthy individuals. Hormones and behavior, 
60(3), 301-305.



Lupien, S., Lecours, A. R., Lussier, I., Schwartz, G., Nair, N. P., & Meaney, M. J. (1994). Basal 
cortisol levels and cognitive deficits in human aging. Journal of Neuroscience, 14(5), 2893-2903.

Lupien, S. J., McEwen, B. S., Gunnar, M. R., Heim, C., 2009. Effects of stress throughout the lifespan 
on the brain, behaviour and cognition. Nature Rev. Neurosci. 10, 434-445.

Maina, G., Palmas, A., Bovenzi, M., & Filon, F. L. (2009). Salivary cortisol and psychosocial hazards 
at work. American journal of industrial medicine, 52(3), 251-260.

Maldonado, E. F., Fernandez, F. J., Trianes, M. V., Wesnes, K., Petrini, O., Zangara, A., Enguix, A., 
Ambrosetti, L., 2008. Cognitive performance and morning levels of salivary cortisol and α-amylase in 
children reporting high vs. low daily stress perception.  Span. J. Psychol. 11(1), 3-15.

McEwen, B. S. (1999). Stress and hippocampal plasticity. Annual review of neuroscience, 22, 105-
122.

McEwen, B. S. (2008). Central effects of stress hormones in health and disease: Understanding the 
protective and damaging effects of stress and stress mediators. European journal of pharmacology, 
583(2), 174-185.

McEwen, B. S. (2012). Brain on stress: how the social environment gets under the skin. Proceedings 
of the National Academy of Sciences, 109 (2), 17180-17185.

McEwen, B. S., & Gianaros, P. J. (2011). Stress-and allostasis-induced brain plasticity. Annual 
review of medicine, 62, 431-445.

McEwen, B. S., & Sapolsky, R. M. (1995). Stress and cognitive function. Current opinion in 
neurobiology, 5(2), 205-216.

Menet, J. S. & Rosbash, M. (2011). When brain clocks lose track of time: cause or consequence of 
neuropsychiatric disorders. Current opinions in neurobiology, 21(6), 849-857.

Miller, G. E., Chen, E., & Zhou, E. S. (2007). If it goes up, must it come down? Chronic stress and the 
hypothalamic-pituitary-adrenocortical axis in humans. Psychological bulletin, 133(1), 25.

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., Wager, T. D., 2000. The 
Unity and Diversity of Executive Functions and Their Contributions to Complex “Frontal Lobe” 
Tasks: A Latent Variable Analysis. Cogn. Psychol. 41(1), 49–100.

Mizoguchi, K., Ishige, A., Takeda, S., Aburada, M., Tabira, T., 2004. Endogenous glucocorticoids are 
essential for maintaining prefrontal cortical cognitive function. J. Neurosci. 24(24), 5492-5499.

Moriarty, A.S., Bradley, A.J., Anderson, K.N., Watson, S., Gallagher, P., McAllister-Williams, R. H. 
(2014). Cortisol awakening response and spatial working memory in man: a U-shaped relationship. 
Human psychopharmacology: clinical and experimental, 29(3), 295-8.

Nater, U. M., Youngblood, L. S., Jones, J. F., Unger, E. R., Miller, A. H., Reeves, W. C., & Heim, C. 
(2008). Alterations in diurnal salivary cortisol rhythm in a population-based sample of cases with 
chronic fatigue syndrome. Psychosomatic medicine, 70(3), 298-305.

O’Connor, D. B., Hendrickx, H., Dadd, T., Elliman, T. D., Willis, T. A., Talbot, D., ... & Dye, L. 
(2009). Cortisol awakening rise in middle-aged women in relation to psychological stress. 
Psychoneuroendocrinology, 34(10), 1486-1494.



Oskis, A., Loveday, C., Hucklebridge, F., Thorn, L., & Clow, A. (2009). Diurnal patterns of salivary 
cortisol across the adolescent period in healthy females. Psychoneuroendocrinology, 34(3), 307-316.

Oosterholt, B. G., Maes, J. H., Van der Linden, D., Verbraak, M. J., Kompier, M. A., 2016. Getting 
better, but not well: A 1.5 year follow-up of cognitive performance and cortisol levels in clinical and 
non-Clinical burnout. Biol. Psychol. 117, 89-99.

Oster, H., Challet, E., Ott, V., Arvat, E., de Kloet, E.R., Dijk, D.J., Lightman, S., Vgontzas, A., Van 
Cauter, E., 2016. The functional and clinical significance of the 24-hour rhythm of circulating 
glucocorticoids. Endocr. Rev. 38(1), 3-45.

Petrowski, K., Schmalbach, B., Niedling, M., & Stalder, T., 2019. The effects of post-awakening light 
exposure on the cortisol awakening response in healthy male individuals. Psychoneuroendocrinology. 
108, 28-34.

Pezük, P., Mohawk, J. A., Wang, L. A., & Menaker, M. (2012). Glucocorticoids as entraining signals 
for peripheral circadian oscillators. Endocrinology, 153(10), 4775-4783.

Pittenger, C. & Duman, R. S. (2008). Stress, depression, and neuroplasticity: a convergence of 
mechanisms. Neuropsychopharmacology, 33(1), 88-109.

Pruessner, J. C., Hellhammer, D. H., & Kirschbaum, C. (1999). Burnout, perceived stress, and cortisol 
responses to awakening. Psychosomatic medicine, 61(2), 197-204.

Pruessner, J. C., Wolf, O. T., Hellhammer, D. H., Buske-Kirschbaum, A., Von Auer, K., Jobst, S., 
Kaspers, F., & Kirschbaum, C., 1997. Free cortisol levels after awakening: a reliable biological 
marker for the assessment of adrenocortical activity. Life Sci. 61(26), 2539-2549.

Pruessner, M., Pruessner, J. C., Hellhammer, D. H., Pike, G. B., Lupien, S. J., 2007. The associations 
among hippocampal volume, cortisol reactivity, and memory performance in healthy young men. 
Psychiatry Res. Neuroimaging. 155(1), 1-10.

Rimmele, U., Meier, F., Lange, T., & Born, J., 2010. Suppressing the morning rise in cortisol impairs 
free recall. Learning & memory. 17(4), 186-190.

Ruby, N. F., Hwang, C. E., Wessells, C., Fernandez, F., Zhang, P., Sapolsky, R. & Heller, H. C. 
(2008). Hippocampal-dependent learning requires a functional circadian system. Proceedings of the 
national academy of sciences, 105, 15593-15598.

Saban, K. L., Mathews, H. L., Bryant, F. B., O’Brien, T. E., & Janusek, L. W. (2012). Depressive 
symptoms and diurnal salivary cortisol patterns among female caregivers of stroke survivors. 
Biological Research for Nursing, 14(4), 396-404.

Salvat-Pujol, N., Labad, J., Urretavizcaya, M., de Arriba-Arnau, A., Segalàs, C., Real, E., Ferrer, A., 
Crespo, J.M., Jiménez-Murcia, S., Soriano-Mas, C. & Menchón, J.M., 2017. Hypothalamic-pituitary-
adrenal axis activity and cognition in major depression: The role of remission status. 
Psychoneuroendocrinology. 76, 38-48.

Scheer, F.A. & Buijs, R.M. (1999). Light affects morning salivary cortisol in humans. The journal of 
clinical endocrinology and metabolism, 84(9), 3395-3398.

Schilling, T. M., Kölsch, M., Larra, M. F., Zech, C. M., Blumenthal, T. D., Frings, C., & Schächinger, 
H. (2013). For whom the bell (curve) tolls: cortisol rapidly affects memory retrieval by an inverted U-
shaped dose–response relationship. Psychoneuroendocrinology, 38(9), 1565-1572.



Schmidt, C., Collette, F., Cajochen, C., Peigneux, P., 2007. A time to think: circadian rhythms in 
human cognition. Cogn. Neuropsychol. 24(7), 755-789.

Schmidt-Reinwald, A., Pruessner, J. C., Hellhammer, D. H., Federenko, I., Rohleder, N., Schürmeyer, 
T. H., & Kirschbaum, C. (1999). The cortisol response to awakening in relation to different challenge 
tests and a 12-hour cortisol rhythm. Life sciences, 64(18), 1653-1660.

Sephton, S. & Spiegel, D. (2003). Circadian disruption in cancer: a neuroendocrine-immune pathway 
from stress to disease? Brain, behavior, and immunity, 17(5), 321-328.

Shields, G. S., Bonner, J. C., Moons, W. G., 2015. Does cortisol influence core executive functions? 
A meta-analysis of acute cortisol administration effects on working memory, inhibition, and set-
shifting. Psychoneuroendocrinology. 58, 91-103.

Shi, X., Sun, X., Yao, Z., Yuan, Y., Wu, J., & Clow, A. (2018). The cortisol awakening response 
predicts response inhibition in the afternoon of the same day. Psychoneuroendocrinology. 89, 23-29.

Smyth, N., Clow, A., Thorn, L., Hucklebridge, F., Evans, P., 2013. Delays of 5-15 minutes between 
awakening and the start of saliva sampling matter in assesment of the cortisol awakening response. 
Psychoneuroendocrinology. 38(9), 1476-1483.

Smyth, N., Thorn, L., Hucklebridge, F., Clow, A., Evans, P., 2016. Assessment of the cortisol 
awakening response: Real-time analysis and curvilinear effects of sample timing inaccuracy. 
Psychoneuroendocrinology. 74, 380-386.

Stalder, T., Bäumler, D., Miller, R., Alexander, N., Kliegel, M., & Kirschbaum, C. (2013). The 
cortisol awakening response in infants: Ontogeny and associations with development-related 
variables. Psychoneuroendocrinology, 38(4), 552-559.

Stalder, T., Evans, P., Hucklebridge, F., & Clow, A. (2010a). Associations between psychosocial state 
variables and the cortisol awakening response in a single case study. Psychoneuroendocrinology, 
35(2), 209-214.

Stalder, T., Evans, P., Hucklebridge, F., & Clow, A. (2010b). State associations with the cortisol 
awakening response in healthy females. Psychoneuroendocrinology. 35(8), 1245-1252.

Stalder, T., Hucklebridge, F., Evans, P., & Clow, A. (2009). Use of a single case study design to 
examine state variation in the cortisol awakening response: relationship with time of awakening. 
Psychoneuroendocrinology, 34(4), 607-614.

Stalder, T., Kirschbaum, C., Kudielka, B.M., Adam, E.K., Pruessner, J.C., Wüst, S., Dockray, S., 
Smyth, N., Evans, P., Hellhammer, D.H. Miller, R., 2016. Assessment of the cortisol awakening 
response: Expert consensus guidelines. Psychoneuroendocrinology. 63, 414-432.

Stawski, R. S., Almeida, D. M., Lachman, M. E., Tun, P. A., Rosnick, C. B., & Seeman, T. (2011). 
Associations between cognitive function and naturally occurring daily cortisol during middle 
adulthood: timing is everything. The journals of gerontology. Series B, psychological sciences and 
social sciences, 66, i71-81.

Stephan, F. K. & Kovacevic, N. S. (1978). Multiple retention deficit in passive avoidance in rats is 
eliminated by suprachiasmatic lesions. Behavioral biology, 22(4), 456-462.

Thorn, L., Hucklebridge, F., Esgate, A., Evans, P. & Clow, A. (2004). The effect of dawn simulation 
on the cortisol response to awakening in healthy participants. Psychoneuroendocrinology, 29, 925-
930.



Vaz, L. J., Pradella‐Hallinan, M., Bueno, O. F. A., Pompeia, S., 2011. Acute glucocorticoid effects 
on the multicomponent model of working memory. Hum. Psychopharmacol. Clin. Exp. 26(7), 477-
487.

Vedhara, K., Hyde, J., Gilchrist, I. D., Tytherleigh, M., & Plummer, S. (2000). Acute stress, memory, 
attention and cortisol. Psychoneuroendocrinology, 25(6), 535-549.

Vyas, A., Mitra, R., Rao, B. S. S., & Chattarji, S. (2002). Chronic stress induces contrasting patterns 
of dendritic remodelling in hippocampal and amygdaloid neurons. Journal of neuroscience, 22, 6810-
6818. 

Weitzman, E. D., Fukushima, D., Nogeire, C., Roffwarg, H., Gallagher, T. F., Hellman, L., 1971. 
Twenty-four hour pattern of the episodic secretion of cortisol in normal subjects. The journal of 
clinical endocrinology & metabolism. 33(1), 14-22.

Wilhelm, I., Born, J., Kudielka, B. M., Schlotz, W., & Wüst, S. (2007). Is the cortisol awakening rise 
a response to awakening? Psychoneuroendocrinology, 32, 358-366.

Wingenfeld, K., Wolf, S., Krieg, J. C., Lautenbacher, S., 2011. Working memory performance and 
cognitive flexibility after dexamethasone or hydrocortisone administration in healthy volunteers. 
Psychopharmacol. 217(3), 323-329.

Wolf, O. T., Fujiwara, E., Luwinski, G., Kirschbaum, C., Markowitsch, H. J., 2005. No morning 
cortisol response in patients with severe global amnesia. Psychoneuroendocrinology. 30(1), 101-105.

Wright, C. E. & Steptoe, A. (2005). Subjective socioeconomic position, gender and cortisol responses 
to waking in an elderly population. Psychoneuroendocrinology, 30(6), 582-590.

Wüst, S., Federenko, I., Hellhammer, D. H., & Kirschbaum, C., 2000a. Genetic factors, perceived 
chronic stress, and the free cortisol response to awakening. Psychoneuroendocrinology, 25(7), 707-
720.

Wüst, S., Wolf, J., Hellhammer, D. H., Federenko, I., Schommer, N., Kirschbaum, C., 2000b. The 
cortisol awakening response-normal values and confounds. Noise Health. 2(7), 79-88.

Yehuda, R., Harvey, P. D., Buchsbaum, M., Tischler, L., & Schmeidler, J. (2007). Enhanced effects 
of cortisol administration on episodic and working memory in aging veterans with PTSD. 
Neuropsychopharmacology, 32(12), 2581-2591.

Yehuda, R., Teicher, M. H., Trestman, R. L., Levengood, R. A., & Siever, L. J. (1996). Cortisol 
regulation in posttraumatic stress disorder and major depression: a chronobiological analysis. 
Biological psychiatry, 40(2), 79-88.

Zhang, L., Duan, H., Qin, S., Yuan, Y., Buchanan, T. W., Zhang, K., Wu, J., 2015. High cortisol 
awakening response is associated with impaired error monitoring and decreased post-error 
adjustment. Stress. 18(5), 561-568.

Table 1: Summary of CAR-cognition studies



Memory Only

Author Sample CAR 

Measure

Cognitive Test Findings Notes

Pruessner et 

al. (2007)

13 healthy 

males (age 

19-32, mean 

=23.85)

AUC of 0-

30-60 (4 

days, at 

weekly 

intervals) 

DM (cued recall) 

before and after a 

stressor

No significant 

relationship

Unclear if 

AUCg or 

AUCi used. 

No electronic 

monitoring of 

sampling 

accuracy

Bäumler et 

al. (2014a)

97 children 

(ages 3-6)

0-30 delta (3 

days)

Prospective 

memory (ball 

sorting)

CAR (+) 

prospective 

memory

Electronically 

monitored 

sampling 

accuracy

Bäumler et 

al. (2014b)

35 children 

(ages 3-6)

0-30 delta (2 

days)

Naturalistic 

prospective 

memory 

(remembering to 

perform an 

action)

CAR (+) when  

prospective 

memory 

performance

required

Electronically 

monitored 

sampling 

accuracy

Almela et al. 

(2012)

88 healthy 

middle aged 

adults (ages 

55-77)

AUCi & 

AUCg (2 

days)

DM and WM AUCi, AUCg (-

) DM      

in men only, 

CAR (+) WM

Those with 

negative CAR 

also showed 

poorer DM. 

Did not 

electronically 

monitor 

sampling 

accuracy

Rimmele et 

al. (2010)

16 healthy 

males (mean 

age 22.3, SD 

3.89)

‘Morning 

cortisol’ 

7:00-8:30 am 

at 15 min 

intervals (1 

day)

DM (free recall) Inverted U-

shaped 

relationship: 

extreme high or 

low CAR (-) 

DM

Experiment 

conducted 

within a 

laboratory



Moriarty et 

al. (2014)

19 males age 

30-60 (mean 

40.6, SD 5.8)

AUCg & 

AUCi (1 

day)

Spatial working 

memory 

(Newcastle 2D 

SM test) and 

Attention 

networks 

(broadly EF).

U-shaped 

relationship, 

extreme high or 

low AUCg (-)  

SWM

No 

relationship 

with AUCi 

(CAR). Did 

not 

electronically 

monitor 

sampling 

accuracy

Hinkelmann 

et al. (2013)

41 depressed 

patients, 41 

controls (ages 

18-70)

AUCg & 

AUCi (2 

days)

Verbal learning 

& visuospatial 

memory

In depressives, 

AUCi & AUCg 

(-) both mem 

scores.

In controls, 

CAR (+) verbal 

mem

Broad age 

range. Did not 

electronically 

monitor 

sampling 

accuracy

Hodyl et al. 

(2016)

39 healthy 

adults (mean 

age 22, SD 4)

AUCi (2 

days)

Serial sequence 

reaction time task

CAR (-) 

learning and 

speed of 

performance

Electronically 

monitored 

awakening, 

but not 

sampling 

times

Executive Function Only

Author Sample CAR 

Measure

Cognitive Test Findings Notes

Evans et al. 

(2012)

50 older 

adults (ages 

60-91)

MnInc, and 

average peak 

time (2 days)

Trail making Early peak + 

CAR (+) EF

Electronically 

monitored 

sampling 

accuracy

Law et al. 

(2015)

Case study of 

healthy young 

adult male

0-30 min rise 

(50 days)

Attention 

switching task

Within-subject 

CAR (+) 

attention 

switching 

performance

Single 

participant 

case study. 

Electronically 

monitored 



sampling 

accuracy

Zhang et al. 

(2015)

63 healthy 

young

Males

AUCi (sum 

of 2 dayss)

Go/no go task CAR (+) error-

related 

negativity 

latency and 

post-error miss 

rate

No electronic 

monitoring of 

sampling 

accuracy

Dierolf et al. 

(2016)

40 healthy 

males, ages 

18-28 (mean 

age 23, SD 

2.9)

Mean AUCg 

(3 days)

Emotion vs. 

gender task 

switching

AUCg (-) task 

switching 

performance

Did not 

examine 

dynamic 

(CAR) 

measure. No 

monitoring of 

sampling 

accuracy 

Butler et al. 

(2017)

109 healthy 

males, ages 

21-63 (mean 

age 34.2, SD 

10.6)

0-30 delta (2 

days)

Accuracy of 

planning/problem 

solving (Tower 

of London- type 

task and set 

shifting)

CAR (-) 

problem 

solving. No 

significant 

association with 

task switching 

or WM

12% of 

awakening 

times were 

electronically 

monitored 

Shi et al. 

(2018)

47 healthy 

males, ages 

18-26 (mean 

age 22.4, SD 

1.9)

Peak 

concentration 

minus that on 

awakening (1 

day)

Go/no go task CAR (+) 

response 

inhibition

Measured 

CAR on one 

day only. 

Electronically 

monitored 

sampling 

accuracy 

Law et al. 

[IN PRESS]

55 healthy 

young adults 

(mean age 

20.2, SD 3.0)

MnInc (2 

days)

Attention 

switching task

CAR (+) 

attention 

switching 

performance

Electronically 

monitored 

sampling 

accuracy

Various Cognitive Measures



Author Sample CAR 

Measure

Cognitive Test Findings Notes

Maldonado 

et al. (2008)

116 children, 

ages 9-12, 

defined as 

either low or 

high stress

0-30 delta (1 

day)

Cognitive drug 

research 

assessment 

system

CAR (-) speed 

of memory

Sampling 

supervised by 

participants’ 

parents, 

without 

electronic 

monitoring of 

accuracy

Stawski et 

al. (2011)

1,500 midlife 

adults (mean 

age 57, SD 

12)

0-30 min 

‘Morning 

rise’ (4 days)

Overall measure 

inc. word recall, 

working mem, 

reasoning & proc 

speed

No relationship 

with dynamic 

measure, but 

overall cortisol 

levels (+) 

overall cog   

No age 

differences in 

observed 

relationship. 

Electronically 

monitored  

approximately 

25% of 

sampling, but 

not awakening 

times 

Evans et al. 

(2011)

50 older 

adults, ages 

60-91 (mean 

74)

Mean 0-45, 

and 0-30 

delta (2 days)

Overall cog perf 

(OCP)

CAR (+) overall 

cog

Electronic 

monitoring of 

sampling 

accuracy

Franz et al. 

(2011)

795 male 

twins ages 

51-60 (mean 

55.9, SD 2.6)

0-30 delta (3 

days, non-

consecutive)

Range including 

spatial abilities, 

short- and long-

term mem, EF, 

verbal fluency, 

reasoning, & 

processing speed

CAR (-) visual-

spatial memory

Reported that 

the effect was 

entirely driven 

by overall 

diurnal 

cortisol. 

Participants 

received 

electronic 

sampling time 



reminders, but 

no electronic 

monitoring of  

accuracy

Aas et al. 

(2011)

30 Patients 

with first 

episode 

psychosis, 26 

controls (ages 

18-65)

AUCi (1 

day)

Range including 

OCP, verbal 

mem, spatial 

abilities, 

processing speed, 

EF WM

In patients, 

CAR (+) 

Verbal memory 

and processing 

speed

No 

relationship 

between CAR 

and cog in 

healthy 

controls. Did 

not monitor 

sampling 

accuracy

Cullen et al. 

(2014)

Children at 

risk for 

psychosis, & 

healthy 

control group 

(age range 

11-14)

AUCi (2 

days)

Broad range of 

memory and EF 

tests

In at risk 

groups, CAR 

(+) letter 

fluency and 

verbal memory

No 

relationship in 

healthy 

controls. Did 

not monitor 

sampling 

accuracy

Oosterholt et 

al. (2016)

85 adults (31 

with clinical 

burnout, 27 

non-clinical 

burnout, 27 

healthy 

controls)

AUCg & 0-

30 delta (2 

days)

EF (prepotent 

response 

inhibition, 

irrelevant 

information 

inhibition, & task 

switching), 

verbal mem, 

cognitive failures 

(self-report)

Burnout 

patients (-) 

CAR, also 

worse updating 

(measured by 2-

back task), and 

more cognitive 

failures

Did not 

directly 

compare 

cortisol & 

cognition 

measures, and 

did not 

monitor CAR 

sampling 

accuracy

Ennis et al. 

(2016)

56 healthy 

adults, ages 

23-79 (mean 

= 53, SD = 

16.9)

0-30 delta 

divided by 0-

30 sample-

time delta 

(10 days)

Episodic mem, 

Working mem, 

processing speed. 

All measured 8-

38 months after 

CAR (+) 

episodic 

memory, but no 

association with 

working mem 

Did not 

electronically 

monitor 

sampling 

accuracy



CAR or processing 

speed

Hidalgo et 

al. (2016)

64 healthy 

adults, ages 

57-76 (mean 

= 64.7, SD = 

4.1)

AUCi (2 

days)

Logical mem, 

verbal

paired associates, 

family pictures 

test, letter-

number

sequencing, digit 

span, spatial span

CAR (-) 

immediate 

verbal and 

visual recall, 

but no 

association with 

any other 

measures

No significant 

effects with 

appropriate 

controls 

applied. 

Electronically 

monitored 

sampling but 

not awakening 

time

Labad et al. 

(2016)

60 patients 

with early 

psychosis, 

ages 18-35

AUCi (1 

day)

Range including 

OCP, WM, 

verbal & visual 

mem, reasoning 

& problem 

solving, social 

cognition

CAR magnitude 

(-) OCP, and 

flatness of CAR 

(-) spatial 

memory

Did not 

monitor 

sampling 

accuracy, and 

measured 

CAR on one 

day only 

(different day 

to cognitive 

test)

Salvat-Pujol 

et al. (2017)

97 medicated 

patients with 

MDD (mean 

age = 59.8, 

SD = 11.7), 

97 healthy 

controls 

(mean age = 

56.6, SD = 

11.9)

AUCi (1 

day)

Range of tests, 

including 

Hopkins verbal 

learning test, trail 

making, Rey 

complex figure 

test, Stroop, WM 

span

CAR (+) trail 

making, 

processing 

speed and Rey 

complex figure 

for MDD in 

remission 

Did not 

monitor 

sampling 

accuracy, and 

measured 

CAR on one 

day only. No 

relationship 

with any 

measure in 

overall sample

AUCi = Area under the curve with respect to increase, AUCg = Area under the curve with respect to 

ground, OCP = Overall cognitive performance, WM = Working memory, DM = Declarative memory, 

EF = Executive function, Mem = Memory, MDD = Major depressive disorder, SD = Standard 



deviation, (+) = Associated increase, (-) = Associated decrease


