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SUMMARY

Chronic insomnia is highly prevalent and associated with significant morbidity (i.e., confers risk 

for multiple psychiatric and medical disorders, such as depression and hypertension). Therefore, it 

is essential to identify factors that perpetuate this disorder. One candidate factor in the 

neurobiology of chronic insomnia is hypothalamic-pituitary-adrenal-axis dysregulation, and in 

particular, alterations in circadian cortisol rhythmicity. Cortisol secretory patterns, however, 

fluctuate with both a circadian and an ultradian rhythm (i.e., pulses every 60e120 min). Ultradian 

cortisol pulses are thought to be involved in the maintenance of wakefulness during the day and 

their relative absence at night may allow for the consolidation of sleep and/or shorter nocturnal 

awakenings. It is possible that the wakefulness that occurs in chronic insomnia may be associated 

with the aberrant occurrence of cortisol pulses at night. While cortisol pulses naturally occur with 

transient awakenings, it may also be the case that cortisol pulsatility becomes a conditioned 

phenomenon that predisposes one to awaken and/or experience prolonged nocturnal awakenings. 

The current review summarizes the literature on cortisol rhythmicity in subjects with chronic 
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insomnia, and proffers the suggestion that it may be abnormalities in the ultradian rather than 

circadian cortisol that is associated with the pathophysiology of insomnia.
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Introduction

Insomnia is an independent risk factor for psychiatric and medical disorders, including 

depression [1–5], hypertension [6–8], diabetes [9,10], and cardiovascular disease [11]. 

Insomnia-related morbidity, accidents and injuries, and absenteeism and presenteeism are 

estimated to cost approximately $5000 per affected individual per year [12]. These health 

risks and economic consequences are important given that approximately 32 million people 

in the United States have chronic insomnia (CI) [13]. Understanding the factors that 

perpetuate the disorder and subsequently increase risk for secondary health outcomes is 

therefore a major public health concern. While an extensive amount of research has been 

conducted on the behavioral factors that contribute to the development and maintenance of 

CI [14], little is known about the neurobiologic concomitants of insomnia. The present 

review summarizes the literature on the association between hypothalamic-pituitary-adrenal 

(HPA) axis functioning and CI, with a focus on the possibility that abnormalities in ultradian 

cortisol patterning may contribute to the incidence, severity, and/or chronicity of sleep 

continuity disturbance in the context of CI. Cortisol pulsatility has rarely been studied in this 

context and may reveal important information that is lost when examining only average 

nocturnal secretory levels and/or circadian patterns.

To date, the etiology of insomnia has been largely defined in behavioral rather than 

neurobiological terms. Acute insomnia (AI) is thought to become chronic in association with 

behavioral changes that result in sleep extension, sleep homeostasis dysregulation, and 

stimulus dyscontrol [14]. Sleep extension refers to the tendency to increase time in bed in an 

effort to recover lost sleep, which ultimately results in the mismatch between sleep 

opportunity and sleep ability. Sleep homeostasis dysregulation, in this context, refers to the 

tendency to reduce the amount of time spent awake during the day (i.e., resulting in reduced 

input to the “sleep homeostat”) but could also entail abnormal functioning of, or abnormal 

output from, the sleep homeostasis system [15]. Stimulus dyscontrol refers to the tendency 

to engage in behaviors other than sleep in the bedroom thereby weakening the association 

between the sleep environment (stimulus) and the physiologic state of sleep (response). 

These three factors are not only of theoretical relevance for the etiology of insomnia, they 

serve as the primary therapeutic targets of Cognitive Behavioral Therapy for Insomnia 

(CBT-I) [16], the indicated treatment for CI [17]. There may be, however, neurobiological 

(e.g., neuroendocrine) substrates or correlates of these phenomena, or completely 

independent neurobiological factors, that also play a role in the transition from acute to 

chronic insomnia. If so, these might provide additional, novel targets for intervention. 

Mainstream biological therapeutics have primarily focused on the treatment of insomnia 

with sedatives, which primarily exert therapeutic effects through the modulation of γ-
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aminobutyric acid (GABA) [18,19]. Despite widespread use of GABAergic medications 

[20], it was only recently that investigators posited that CI is related to GABA insufficiency 

[21,22]. The role of GABA insufficiency in the development and maintenance of CI, 

however, has a limited and mixed empirical basis [23]. In contrast, the alternative possibility 

is that CI occurs in association with excessive central nervous system (CNS) activation [24–

28] and physiological hyperarousal [29,30]. Interestingly, the identified substrates for 

excessive CNS activation have not been theorized or experimentally shown to be related to 

glutamate (i.e., the neuro-transmitter that is the precursor for, and functionally the reciprocal 

of, GABA) but instead have been related to catecholamine functioning and more commonly 

HPA-axis-related hormones, in particular cortisol (i.e., insomnia occurs as a result of 

hypercortisolemia) [31,32].

The HPA-axis regulates a series of neuroendocrine responses to acute stressors that facilitate 

the mobilization of key adaptive physiological processes such as down-regulating digestive 

activity and maximizing glucose utilization [33,34]. Specifically, during stress, 

corticotropin-releasing hormone (CRH) is released from the hypothalamus, which 

subsequently triggers the release of adrenocorticotropic hormone (ACTH) from the anterior 

pituitary. ACTH stimulates the adrenal cortex, which produces and secretes glucocorticoids 

(i.e., cortisol in humans), the end-product of HPA-axis activation. Cortisol initially binds to 

high-affinity mineralocorticoid receptors (MRs). Once MRs have been sufficiently saturated, 

cortisol binds to glucocorticoid receptors (GRs), which then initiate a self-regulatory 

feedback system to shutdown the HPA-axis [35,36]. This process, from up-regulation to 

down-regulation, occurs in approximately 40‒60 min (at least as can be gleaned from the 

stress reactivity literature) [37,38]. Under non-stressful conditions, the HPA-axis follows a 

circadian rhythm. Specifically, glucocorticoids increase rapidly during the second part of the 

night, peak shortly after awakening (i.e., cortisol awakening response), and decline 

progressively throughout the day to reach their lowest levels (nadir) during the first half of 

the night, typically 1‒2 h after sleep onset (see Fig. 1A) [39,40]. In addition to the circadian 

rhythm of cortisol [41,42], cortisol release also follows an ultradian rhythm [43–48]. 

Specifically, cortisol is released in a pulsatile manner, with 15‒22 pulses per 24-h period 

(approximately one pulse every 60‒120 min), where the majority of the pulses occur during 

the diurnal phase [44,48–53]. It has been recently hypothesized that there may be a 

peripheral controller in the anterior pituitary that leads to the pulsatile release of cortisol 

[47,48,54]. That is, these ultradian oscillations in glucocorticoids may be related to the 

dynamic between CRH-induced ACTH (and subsequently glucocorticoid) secretion and 

glucocorticoid inhibition via the negative feedback loop. The pulse controller is believed to 

be located in the pituitary given that CRH pulse frequency is much greater (relative to 

ACTH and cortisol) [55], and because the timing and intensity of a glucocorticoid stress 

response is influenced by the timing of the stressor (i.e., whether the stressor occurs during 

the upward or downward phase of an ultradian pulse) [56], whereas CRH response does not 

necessarily vary by pulse phase [57]. Walker and colleagues demonstrated, however, that 

varying levels of CRH infusion [0.5‒2.5 μg/h] in adult male rats can modulate the ultradian 

oscillations in ACTH and glucocorticoids [54]. In this study, ultradian oscillations (during 

the circadian nadir) were observed at small doses of CRH infusion (0.5 mg/h), but not higher 
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doses (e.g., 2.5 μg/ h). The oscillations observed following a low dose of CRH mimicked the 

endogenous ultradian pulses observed during the circadian peak in these hormones.

It is hypothesized that a minimum level of cortisol in the blood stream is necessary for 

optimal functioning (i.e., a cortisol demand). From a signal processing/optimization point of 

view this is a time-varying demand that our controller needs to satisfy so that cortisol levels 

are always higher than the minimum necessary for optimal neuroendocrine function [47,83]. 

Inability to produce enough cortisol in the body can lead to a pathological state, such as 

adrenal insufficiency (Addison’s disease) [84]. Alternatively, excessive cortisol secretion can 

cause brain cell malfunction and even cell death [85,86]. This supports that cortisol in the 

blood stream also has an upper bound (i.e., maximum or holding cost). From a signal 

processing/optimization point of view this likely also has a time-varying holding cost that 

the ultradian controller needs to satisfy so that cortisol levels do not exceed this upper bound 

[47,83]. When cortisol secretion exceeds the holding cost, this too can create a pathological 

state (e.g., Cushing’s syndrome) [87–89]. Taken together, cortisol secretion may be 

regulated by a pulsatile controller, which assumes that the body needs to satisfy a cortisol 

demand (lower bound) and has a holding cost (upper bound). If the body has a circadian 

cortisol demand, and if the clearance rate by the liver does not change but the cortisol 

demand increases while the holding cost is the same, there will be more pulses but the 

amplitude of pulses won’t necessarily increase [47]. This scenario may be physiologically 

plausible for insomnia, in which the circadian changes in cortisol demand leads to the 

increased frequency of the ultradian rhythms. This is one of several possible pathways by 

which ultradian cortisol pulses become altered in CI. Other possible pathways include, but 

are not limited to, a reduced threshold (i.e., increased sensitivity to wakefulness), 

disinhibition (i.e., impairment of the negative feedback loop), and/or conditioning (i.e., 

strengthening the association between transient levels of wakefulness and cortisol pulses). 

These alternatives are discussed in detail later. Nevertheless, this increase in pulsatility 

during the nocturnal period may, in turn, represent the neuroendocrine substrate for the 

excessive CNS activation during the sleep period that is thought to account for incidence, 

severity, and chronicity of insomnia.

The focus on cortisol as a neuroendocrine substrate for CI derives from the association 

between the alerting and activating properties of this stress hormone (likely via the 

reciprocal connections between CRH and norepinephrine [58]) and the occurrence of 

sleeplessness in response to stress (perceived or real threat). For example, in mice, blue light 

exposure prior to sleep was associated with increases in glucocorticoids, and subsequently a 

delayed sleep onset [70]. The empirical evidence, particularly in humans, is mixed [59–69]. 

Some studies suggest that CI is associated with elevated circadian cortisol tone, particularly 

during the evening and early part of the night [61,64], yet others have failed to replicate 

these results [60,63,65]. Reasons for conflicting results are unknown, but methodological 

issues, ranging from types and subtypes of insomnia studied to the cortisol sampling rates 

utilized by each study, may play a role. In the case of the former, type and subtype of 

insomnia may be of relevance in a way that is not taken into account in most studies. For 

example, it may be that: 1) AI (variably defined as < 2 wk, < 4 wk, < 3 mo, and <6 mo time 

in past research) is associated with hypercortisolemia while CI is not; 2) patients with 

psychophysiologic but not paradoxical insomnia (i.e., sleep-state misperception) exhibit 
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hypercortisolemia; and/or 3) patients that experience insomnia only during specific times of 

night (e.g., initial insomnia) exhibit elevated cortisol during those circumscribed periods of 

time (e.g., sleep onset). In the case of the latter, the sampling rate adopted for modeling 

patterns of cortisol secretion may have limited the generalizability of findings to the extent 

that different periods of the circadian phase were assessed and/or too few samples were 

acquired to obtain veridical averages or patterns.

In contrast to circadian cortisol secretion, there has been relatively little research into the 

association between insomnia and the ultradian rhythm of cortisol. While the underlying 

biological function of ultradian cortisol pulses is unknown, recent research suggests these 

pulses facilitate the regulation of glutaminergic transmission and hippocampal long-term 

potentiation [71]. These endogenous cortisol pulses (e.g., higher pulse frequency and higher 

pulse amplitude during the day) may also be responsible for increasing diurnal arousal and 

the maintenance of wakefulness during the day [54,72,73]. Given this perspective, the 

relative absence of cortisol pulses at night may allow for the consolidation of sleep and/or 

shorter nocturnal awakenings. Prior literature in healthy good sleeper subjects has indicated 

that it is the ultradian cortisol pulses, and not necessarily overall cortisol tone (i.e., the base 

component of the 24-hr oscillation), that are associated with sleep/wake processes 

[72,74,75]. Acute cortisol increases at night have been linked to less slow wave activity 

(decreased cortical synchronization) and more light sleep (greater amounts of Stage one and 

two sleep) and wakefulness at night [76–79]. More frequent cortisol pulses have also been 

observed following acute sleep deprivation, which supports that ultradian cortisol pulses 

may be involved in the promotion of wakefulness and/or the suppression of sleep [80–82]. 

This said, it follows that the ultradian cortisol rhythm may be overactive in CI (vs. more 

traditional amplitude changes or phase shifts in the 24-h secretory patterns). Please note, to 

our knowledge, no study has specifically demonstrated that increased ultradian pulses and 

maintenance of wakefulness during the day are causally related. This research, for example, 

would likely require an experimental study to show that the blockade of ultradian cortisol 

pulses induces increased sleepiness/drowsiness and/or polyphasic sleep cycles, and/or that 

the elicitation of cortisol pulses (perhaps via low-dose CRH infusion during the circadian 

nadir) increases alertness [54]. Rather, maintenance of wakefulness is a proposed function of 

ultradian cortisol pulses [72,73,80–82].

Summary of prior findings and limitations of previous studies

To date, fifteen studies have investigated diurnal and/or nocturnal cortisol patterning in 

subjects with insomnia-related sleep disturbance (see Table 1). Of these, only seven studies 

have found that cortisol patterning was significantly different in subjects with persistent 

insomnia relative to good sleeper controls. Two relatively consistent findings emerged from 

these studies. That is, subjects with persistent insomnia (relative to good sleeper controls) 

have 1) greater cortisol secretion in the evening and during the early part of the night 

[61,64], and 2) greater cortisol secretion in the morning [66–69]. Of the six studies that did 

not provide supportive data, two studies assessed plasma cortisol every 15‒30 min during 

the nocturnal period, and thus the failure to replicate is not likely to be attributable to a 

sampling confound [60,63]. No differences in diurnal or nocturnal salivary cortisol were 

observed when subjects were kept in controlled conditions either (i.e., constant routine 
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protocol) [65]. Zhang and colleagues (2014) also showed no differences in evening salivary 

cortisol among a large sample of adults and adolescents with and without persistent 

insomnia [68]. One study even found that salivary cortisol at the time of awakening was 

significantly lower in subjects with insomnia compared to controls. This finding is not 

necessarily inconsistent with the studies cited above, given that the “morning” samples in 

this study were collected 30 min to several hours post-awakening and not immediately upon 

awakening. In fact, lower cortisol at awakening has been previously linked to greater post-

awakening cortisol increases (i.e., a greater cortisol awakening response; CAR) [90]. The 

lower awakening cortisol among subjects with insomnia may be related to the timing of the 

awakening and/ or whether subjects woke up prior to anticipated, both of which are common 

in insomnia [91]. These lower levels at awakening, as well as the cortisol elevations in the 

evening and/or the early part of the night, may also be related to individual differences in 

circadian rhythms, particularly among subjects with initial insomnia. It is possible that the 

association between cortisol secretion and insomnia could be in part or in whole related to 

circadian misalignment and/or the interactive effect of circadian rhythms and sleep on 24-hr 

cortisol secretion. Future studies should therefore account for potential differences in the 

timing of awakening(s), the subject’s knowledge of when they are supposed to wake up (i.e., 

anticipation of awakening), and circadian preference (i.e., chronotype).

The failure to replicate across the six studies cited above may be related to methodological 

issues. While the definition and assessment of insomnia was relatively consistent across 

studies (most used DSM-IV criteria for Primary Insomnia). It should be noted that this 

definition is still generic with respect to type and subtype of insomnia. For example, it has 

been suggested that hypercortisolemia is stronger in CI with objective short sleep duration 

[92]. As (or more) important, the assessment of cortisol varied widely, that is, from plasma 

samples taken every 30 min for 24-h [61] to a single morning blood draw [66,69]. These 

differences in methodology may account for some of the variability in past findings but more 

importantly, they limit the ability to distinguish potential mechanistic pathways, especially 

given that most studies have assessed cortisol using narrow timeframes (e.g., morning 

cortisol only) and/or low sampling rates (e.g., single saliva sample). Finally, with one 

exception [61], no study has accounted for the relative influence ultradian cortisol pulses 

have on overall diurnal and nocturnal cortisol rhythms. Below, we propose an alternative 

model for understanding how cortisol may be related to the observed hyperarousal and 

conditioned wakefulness that occurs with chronic insomnia, and provide important 

considerations for how to evaluate this association in future research.

An alternative perspective on the association between chronic insomnia 

and hypercortisolemia

Theoretical considerations

While ultradian cortisol pulsatility is not a novel concept (research on this neuroendocrine 

phenomenon dates back as early as the 1980’s [48,50,77]), its role in the development and 

maintenance of sleep continuity disturbance has yet to be formally proposed or evaluated. 

That is, research on ultradian cortisol pulses has primarily been in relation to “normal” sleep 

and/or good sleepers and/or other species [48,74–76,78,79]. Whether alterations in the 
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ultradian cortisol rhythm (e.g., more frequent cortisol pulses at night) confer risk for sleep 

disturbance, in particular insomnia, is unknown. There is theoretical basis, however, for why 

increased cortisol pulses at night would be implicated in chronic insomnia, given that one of 

the proposed functions of these ultradian pulses (every 60‒120 min) is to maintain 

wakefulness during the day and are a response to wakefulness during the night [72,73]. 

During acute insomnia there is a relative increase, compared to good sleep, in the number of 

awakenings or the amount of time spent awake during the night [93,94]. These AI-related 

awakenings are likely associated with increased nocturnal cortisol pulsatility (more 

awakenings, more cortisol pulses) [77,78,95]. With time, as the insomnia transitions from 

acute to chronic, the increased incidence of ultradian pulses at night may occur as a result of 

a reduced threshold, disinhibition, and/or conditioning. In the case of a reduced threshold, 

the amount or type of wakefulness required to trigger a cortisol pulse may decrease or 

change with time (as the association between wakefulness and cortisol pulsatility is 

conditioned) or with the transitions in brain states (i.e., hybrid state ‒ local wakefulness 

during otherwise more global sleep) during sleep [96]. In the case of disinhibition, processes 

that normally inhibit these cortisol pulses at night may be functioning abnormally. For 

example, it may be the case that the negative feedback system that shuts down the HPA axis, 

and subsequently the production of glucocorticoids, becomes dis-inhibited in CI. Rodenbeck 

and colleagues (2001) previously stated that this may be one mechanism by which elevated 

evening cortisol contributes to the transition from acute to chronic insomnia [32]. In the case 

of conditioning, it is possible that the cortisol pulses become conditioned to naturally 

occurring upward sleep stage shifts or to specific times of night [76,77]. Taken together, 

among patients with CI, the ultradian cortisol pulsatility rate during the nocturnal phase of 

the day may more closely resemble the pulsatility rate that occurs during the diurnal phase 

of the day (Fig. 1B). While these explanations seem plausible, the first step in this line of 

research is to determine whether increased cortisol pulsatility may be observed in CI. To 

date, only one study has assessed differences in cortisol pulsatility among patients with CI, 

and found a greater number of pulses during a 24-hr period among patients with CI, relative 

to good sleepers [61]. However, it is unclear, based on the data reported, whether these 

differences in the ultradian cortisol rhythm occurred during the day, at night, or both.

Methodological considerations

Past research has been mostly unable to evaluate ultradian cortisol pulses, given that a more 

frequent sampling rate is needed to maximize the likelihood that a plasma sample will 

capture one of the pulses. In fact, most studies investigating the association between cortisol 

and CI have used single-point assessments (e.g., one sample following awakening) [66] or 

random-interval sampling (e.g., during the sleep period) [59,60,63,64], and those that have 

used fixed-interval sampling procedures have used sampling rates that only allow for the 

assessment of the base circadian cortisol curve (e.g., q30 and q120 min intervals) [61,65]. 

Only Vgontzas and colleagues (2001) have reported data on cortisol pulsatility among 

patients with CI, and showed that the number of pulses during the 24-h recording period was 

greater among patients compared to good sleeper controls. This study, however, 1) used a 

sampling rate (q30 min) that underestimated the number of pulses relative to what has been 

observed in non-clinical human research using a q10 min sampling rate (i.e., 6 vs. 18 

pulses/24 h) [61,75,76,78,79] and 2) did not take into account time of day effects (e.g., day 
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vs. night pulse rates). Taken together, future studies will benefit from using more dense 

sampling rates (q10 min) in order to better characterize circadian and ultradian cortisol 

rhythms in patients with CI. Even at a sampling rate of every 10 min, it is still possible that 

this will lead to a systematic underestimation of pulse frequency, given the random and 

sparse nature of hormone pulsatility. Since there are practical limitations to collecting blood 

continuously, more advanced methodological (such as an automated blood sampling system 

[97,98]) and/or analytical approaches are needed to maximize the ability to detect and 

quantify the timing and amplitude of these pulses. For example, Faghih and colleagues 

(2014) have recently developed a technique using compressed sensing that allows for the 

estimation of pulses from data that is collected serially (e.g., every 10 min for 24 h), but not 

continuously [52,99]. Notably, while the data was collected every 10 min, using this 

compressed sensing deconvolution algorithm, the pulses were recovered with a one-minute 

resolution. The key here is the sparse nature of the underlying secretory events and that the 

time resolution of the recovered secretory events is further improved. These more advanced 

analytical approaches may also minimize the burden to patients, if less frequent samples are 

needed to model the cortisol time series data and reliably (and accurately) detect the timing 

and amplitude of pulses.

In addition, future research in this area should be conducted in combination with the careful 

assessment of nocturnal sleep/wake patterns (via polysomnography; PSG). The inclusion of 

PSG is critical both as a screening tool (i.e., studies of insomnia must rule out the presence 

of occult sleep disorders), but also to systematically evaluate the association between 

ultradian cortisol pulses and metrics related to spontaneous awakenings from sleep (e.g., 

frequency, timing, duration, and electroencephalography (EEG) spectral profile of the 

awakenings). Furthermore, including PSG would allow for the quantification of group 

differences in 1) the frequency of pre-vs. post-awakening cortisol pulses and 2) duration and 

EEG spectral profile for awakenings with and without pre-occurring cortisol pulses. That is, 

patients with CI may exhibit more frequent pre-awakening cortisol pulses, and/or longer 

duration awakenings and spectral profiles with greater amounts of high-frequency EEG 

activity, and that this effect may be more pronounced in awakenings preceded by pulses.

Potential benefits of the proposed research

The potential benefits of exploring ultradian cortisol pulsatility in the context of CI include: 

1) the provision of an alternative perspective regarding how hypercortisolemia may be 

related to chronic sleep continuity disturbance. That is, a first demonstration that insomnia-

related sleeplessness is not only related to amplitude and/or phase shifts in the circadian 

patterning of cortisol secretion but also related to the emergence and/or the intensification of 

nocturnal cortisol pulsatility (and related wake-promoting effects), the present perspective 

allows for future exploration of whether ultradian changes in cortisol tone are related to the 

transition from acute to chronic insomnia, and 3) the present perspective may suggest an 

alternative therapeutic approach to the medical management of CI. Presently, the approach is 

about de-potentiating cortical activation where the alternative perspective may be to de-

potentiate factors associated with the elicitation/consolidation of wakefulness. For example, 

if cortisol pulsatility (as it does during wakefulness) is responsible for wake promotion 

during the sleep period, the inhibition of neuroendocrine substrates and/or glucocorticoid 

Vargas et al. Page 8

Sleep Med Rev. Author manuscript; available in PMC 2019 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptors associated with wake consolidation may prove to be as, or more, effective a 

treatment approach than substances that promote GABA-related sedation. The HPA-axis, 

however, is a complex system and efforts to modify it pharmacologically have not proven 

useful, translationally. It is possible, however, that delving deeper into the 

psychoneuroendocrinology, going beyond measuring “levels” and looking at details like 

ultradian rhythms, may prove to be more informative. In those details, we may find links that 

can lead to more specific ways to manipulate this system, by targeting specific aspects of it 

without altering its overall functioning that is so important to health.
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Abbreviations

ACTH adrenocorticotropic hormone

AI acute insomnia

CAR cortisol awakening response

CBT-I cognitive behavioral therapy for insomnia

CI chronic insomnia

CNS central nervous system

CRH corticotropin-releasing hormone

EEG electroencephalography

GABA γ-aminobutyric acid

GR glucocorticoid receptors

HPA hypothalamic pituitary adrenal

MR mineralocorticoid receptors

PSG polysomnography
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Practice points

1. Alterations in circadian cortisol secretion (both in amplitude and phase) is a 

leading candidate for the neuroendocrine substrate responsible for 

conditioned wakefulness and physiological hyperarousal. Yet, past research in 

this area is equivocal, mostly due to variability in methodological approach.

2. Ultradian cortisol pulses are an additional but neglected aspect of HPA-axis 

functioning, and examinations of how it relates to the pathophysiology of 

insomnia may prove to be important.

3. Transient nocturnal cortisol pulsatility may be the result of central nervous 

system activation associated with insomnia-related awakenings, however in 

the long term, cortisol pulses may become conditioned phenomena that 

precipitate and/or prolong a nocturnal awakening. That is, cortisol pulses may 

be the consequence of nocturnal awakenings in acute insomnia, and a 

precipitant of nocturnal awakenings in chronic insomnia.

4. The present perspective also has implications for the pharmacological 

treatment of insomnia. Such that, if in chronic insomnia, cortisol pulses are 

wake-promoting phenomena, the inhibition of these pulses may be an 

alternative treatment approach to traditional hypnotics.
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Research agenda

There are four clear research questions that extend from the present review:

1. Are alterations in the ultradian rhythm of other HPA-axis-related hormones 

(i.e., CRH and ACTH) also associated with chronic insomnia [100]? And are 

these alterations specific to the night or across the 24-h day? Cortisol 

represents the end-stage of the HPA-axis, yet CRH and ACTH play an equal 

role in determining the frequency, intensity, and duration of an HPA-axis 

response [40]. Despite this, these three hormones are rarely assessed 

concurrently, and therefore, future studies should aim to look at circadian and 

ultradian secretory patterns of all three substrates among patients with chronic 

insomnia, or at least cortisol and ACTH, which both can be reliably assessed 

in the periphery.

2. Is variability in circadian and/or ultradian cortisol rhythms a predisposing, 

perpetuating, or Pavlovian factor with respect to the etiology and/or 

pathophysiology of insomnia [101]? Subsequent research will need to use 

longitudinal designs to investigate whether greater cortisol pulsatility 

precedes chronic insomnia (and pre-disposes individuals to insomnia) and/or 

develops as a function of the disorder (and then perpetuates it).

3. Would a positive association between greater ultradian cortisol pulses (either 

in frequency, timing, or intensity) and chronic insomnia suggest an alternative 

therapeutic approach to the medical management of the disorder? 

Specifically, as compared to approaches that focus on GABA-related sedation, 

an alternative therapeutic target may be the inhibition of neuroendocrine 

hormones (e.g., cortisol) and/or the promotion of glucocorticoid receptor 

activation, which may, in turn, function as an antagonist to wake promotion.

4. What kind of wakefulness is associated with cortisol pulses? More 

specifically, do these pulses occur only with relatively prolonged awakenings 

or with all awakenings, regardless of duration? For example, is it possible that 

cortisol pulses occur with the micro-awakenings that are typical of sleep 

fragmentation? If cortisol pulses do occur with sleep fragmentation, this may 

have clinical implications for sleep disorders other than chronic insomnia, 

such as obstructive sleep apnea and periodic limb movement disorder.
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Fig. 1. 
A‒B. Schematic representation of the circadian (base wave; black curve) and ultradian 

(pulses; black vertical lines) cortisol secretory patterns (Fig. 1A). This representation 

suggests that the “primary defect” in insomnia is more frequent pulses (additional red 

vertical lines in right panel; Fig. 1B). It is also possible that the pulse amplitudes will vary 

by group and time of day. Amplitude and phase shift (i.e., circadian) changes were not 

incorporated in this graphic, in order to highlight differences in the frequency of nocturnal 

cortisol pulses. (For interpretation of the references to color/colour in this figure legend, the 

reader is referred to the Web version of this article.)
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