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Antiretroviral therapy has significantly reduced morbidity and mortality in people living with HIV
(PLWH). However, a direct consequence of higher survival is the development of ageing-related co-
morbidities that have considerable potential to affect quality of life. Sleep disturbances in PLWH are a
significant source of morbidity. A meta-analysis has estimated the prevalence of self-reported sleep
disturbances in PLWH to be 58%, with commonly identified disturbances including insomnia, obstructive
sleep apnoea and poor sleep quality. Not only do sleep disturbances impair daytime functioning, but
chronic sleep disruption also associates with metabolic dysregulation and cardiometabolic disease.
Therefore, an understanding of the pathogenesis of sleep disturbances in PLWH is important for reducing
morbidity and improving quality of life. Several pathophysiological processes in HIV infection may cause
sleep-wake dysregulation. In early infection stages, immunological changes such as expression of sleep-
promoting cytokines could mediate sleep disturbances. Long term, chronic immune activation, in
addition to side effects of antiretroviral therapy, may impact sleep homeostasis more severely, for
example through increasing the risk of obstructive sleep apnoea. These sleep disturbances may further
contribute to an inflammatory state, due to the bi-directional relationship between sleep and immunity.
In summary, further elucidating the link between HIV, immune activation, and sleep is an underexplored
avenue for minimising population morbidity and mortality.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

With the development and implementation of antiretroviral
therapy (ART), the focus on human immunodeficiency virus (HIV)
has shifted from patient survival to controlling ageing-related co-
morbidities and improving quality of life. Sleep disturbances are a
well-documented consequence of living with HIV, regardless of
treatment status, although the effects of treatment do not invari-
ably have a positive effect on sleep. A meta-analysis has estimated
the prevalence of sleep disturbances in people living with HIV
(PLWH) to be around 58% [1]. The types of sleep disturbances
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reported in PLWH are largely non-specific, manifesting as com-
plaints of daytime fatigue and sleepiness in these individuals, as
opposed to insomnia [2]. Where studies have been specific,
commonly identified sleep disturbances in PLWH include insomnia,
poor sleep quality, and obstructive sleep apnoea (OSA), which are
associated with subsequent interference with daytime energy
levels in PLWH [2].

Persistent sleep disturbances can have a significant impact on
mental health, manifesting as debilitating fatigue, depression,
anxiety, and cognitive impairment [3—5], as well as profound direct
physiological consequences [6]. Extensive literature links long-
term disturbed and mistimed sleep to metabolic diseases such as
type two diabetes and cardiovascular disease [7], the pathophysi-
ology of which is attenuated by the downstream metabolic effects
of altered circadian rhythms [8]. In HIV specifically, poor sleep has
been associated with medication regimes and disease progression
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Abbreviations

ANI Asymptomatic neurocognitive impairment
ART Antiretroviral therapy

CNS Central nervous system

DA Dopamine

DAT Dopamine transporter

EFV Efavirenz

EEG Electroencephalography

HAD HIV-associated dementia

HAND HIV-associated neurocognitive disorder
HIV Human immunodeficiency virus

IL-1 and -2 Interleukin 1 and 2

IFN Interferon

MND Mild neurocognitive disorder
MnPO Median preoptic nucleus
NREM Non-rapid eye movement
OSA Obstructive sleep apnoea
PLWH People living with HIV

PSG Polysomnography

REM Rapid eye movement

SNc Substantia nigra pars compacta
SWS Slow-wave sleep

TAT Transactivator of transcription
TNFa Tumor necrosis factor alpha
VLPO Ventrolateral preoptic nucleus
VTA Ventral tegmental area

[2]. Owing to PLWH having a high incidence of disordered sleep, it
is logical to assume that their increased risk of developing co-
morbidities may relate, at least in part, to the bi-directional rela-
tionship between sleep and inflammation [9]. This is highlighted by
the evidence that PLWH have a two-fold increased risk for car-
diometabolic syndrome, compared to HIV negative individuals [10].
This is thought to be driven by chronic inflammation, which has
been linked to dyslipidaemia, hypertension and insulin resistance
[11]. This relationship also appears to be bi-directional, with dys-
lipidemia further contributing to the inflammatory profile [12].
Comorbidities not only impact quality of life for PLWH but
contribute to population mortality.

Though the pathogenesis of sleep disturbances in PLWH is not
well characterised, immune activation and the persistent inflam-
matory state as a consequence of HIV infection are thought to be
key drivers [13]. This is based on an abundance of reports linking
chronic inflammatory diseases, such as rheumatoid arthritis, with
poor sleep quality [14]. To date, much of the research probing this
relationship has focused on CD4+ T cell counts and viral load,
which are markers of HIV disease progression versus efficiency of
antiretroviral therapy (ART). Exploring more extensive immune
parameters, in addition to exploration of objective sleep charac-
teristics may further elucidate the relationship between sleep
health and HIV. Understanding the mechanisms driving these sleep
disturbances should be a priority in improving the quality of life of
PLWH, as well as limit the development of co-morbidities driven by
sleep disturbances. Given the high prevalence of sleep disturbances
in PLWH, in the context of a modified immune background, we
suggest that there could be aetiological mechanisms unique to HIV
infection. However, current research is limited and results often
conflicting. Therefore, this review intends to summarise current
knowledge on how the immunopathology of HIV could provide a
biological basis for sleep disturbances.

The immune response to HIV — implications for sleep
physiology

HIV is a retrovirus that induces an immune deficiency by
infection and depletion of CD4+ T lymphocytes through persistent
viral replication, eventually progressing to acquired immunodefi-
ciency syndrome (AIDS), if untreated. The acute infection phase
generally manifests as non-specific viral infection symptoms,
including fatigue, fever, headaches, and chills [15]. Generally, in
acute viral infections, immune activation is a necessary and tem-
porary response in order to eliminate infection and build immunity.
However, in chronic infections such as HIV, persistent immune
activation does not eliminate the virus and can in itself be

pathological, likely contributing to the disease state [16]. One
notable aspect of this is that the immune response in both the acute
and chronic infection stages have the potential to disrupt sleep
homeostasis, due to the role of cytokines in the modulation of sleep
physiology [17].

Acute immune response and sleep disruption in HIV

Though there is no existing literature which describes sleep in
the acute phase of HIV infection, we can hypothesise that sleep will
be disturbed based on the well-established relationship between
sleep and the acute phase response to infection. As with any acute
infection, symptoms such as fever and lethargy are thought to be
adaptive responses of the central nervous system (CNS), to reduce
behavioural activity in order to conserve energy for the immune
response to infection and limit spread of an infection within a
population. One of the earliest cytokines produced in the acute
phase response to any infectious disease is interleukin-1 (IL-1),
which promotes the onset of fever [18]. Specifically in HIV, IL-1 is
implicated in a positive feedback loop of CD4-+ T cell programmed
cell death in lymphatic tissues [19]. In sleep-wake physiology, IL-1
is one of the most well studied cytokines with sleep regulatory
properties. In healthy individuals, IL-1 increases non-rapid eye
movement (NREM) sleep, marked by increased electroencephalo-
graphic (EEG) delta power, which is indicative of greater sleep in-
tensity [20]. Similar effects have been noted in the study of sleep in
other acute infectious diseases. For example, increased levels of IL-1
in influenza are associated with increased NREM sleep duration,
but also more fragmented NREM sleep [21]. During NREM sleep,
body temperature naturally drops, and therefore the fragmentation
of NREM sleep may serve a specific physiological purpose in the
form of maintaining a fever state [22]. However, the primary link
between a fever and sleep fragmentation is likely due to the fact
that cytokines involved in initiation and maintenance of a fever,
such as IL-1, also affect sleep homeostasis when pathologically or
artificially elevated. Whilst this response is generally beneficial in
the acute stages of disease, chronic maintenance of NREM frag-
mentation may result in nocturnal awakenings, impaired long-
term memory consolidation, and daytime fatigue [23,24].

In addition to IL-1, tumour necrosis factor alpha (TNFa) is a
prominent pyrogenic (fever-promoting) inflammatory cytokine
produced by macrophages and T cells in response to HIV infection,
and remains elevated through all stages of infection [16]. Impor-
tantly, TNFa. is a key factor mediating HIV entry to the CNS, through
increasing permeability of the blood—brain barrier, and by upre-
gulating expression of adhesion molecules, which facilitate
migration of infected macrophages and monocytes into the CNS
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[25]. Like IL-1, TNFa. is classed as a sleep regulatory molecule [17].
Animal studies have demonstrated a dose-dependent response to
TNFa on sleep, with lower relative levels leading to a quantitative
increase in both NREM sleep and slow-wave sleep (SWS) [26,27]. As
the dose increases, NREM sleep continues to increase at the
expense of rapid eye movement (REM) sleep. Although TNFa and
IL-1 are the only cytokines to be classified as sleep regulatory
substances [17], several other cytokines are implicated in the
modulation of sleep, for example IL-2, which plays a major role in
the induction of T cell proliferation [28]. Lower than normal T cell
expression of IL-2 has been demonstrated to be one of the first
major immunological changes in HIV, with this reduced expression
being predictive of loss of CD4+ T cells [29]. IL-2 also has somno-
genic effects, with intracerebral administration of IL-2 increasing
NREM sleep in a dose dependent manner [30].

Finally, activity of type I interferons (IFNs) may also have an
effect on sleep homeostasis. Plasma IFNa increases in the acute
stages of an infection such as HIV, stimulating the expression of
restriction factors which limit HIV replication [31]. However,
following seroconversion, IFNs may facilitate chronic immune
activation due to stimulating T cell activity. Plasma concentrations
of IFNs predict impaired recovery of CD4+ T cell populations, in
addition to limiting antigen specific T cell responses and induction
of CD4+ T cell apoptosis [32]. INFa has also been shown to disrupt
sleep in a clinical setting. Side effects of the administration of IFNa,
previously used in the treatment of hepatitis C, were significantly
increased wake after sleep onset, in addition to a reduction in the
efficiency of SWS and increased REM latency. These alterations to
sleep architecture were significantly associated with increased
daytime fatigue and impaired motor speed [33].

Chronic untreated HIV — the Bi-directional relationship between
sleep and inflammation

Despite the progress in reducing the global burden of HIV, of the
estimated 81% of PLWH aware of their status, only 67% have access
to treatment [34]. This means that for a significant proportion of
PLWH, gradual depletion of CD4+ T cells leads to AIDS. In spite of
the rapid progression of AIDS, even delayed treatment can mini-
mise adverse health outcomes. Though sleep disturbances may
seem like an insignificant problem when considering the range and
significance of co-morbidities associated with untreated HIV, the
established bi-directional link between sleep and immune function
remains a consideration.

In HIV and progression to AIDS, loss of CD4+ T cells increases
vulnerability to opportunistic infection, and therefore increases the
risk of an adverse outcome. Disease progression may be accelerated
by poor sleep, due to the previously discussed bi-directional rela-
tionship between sleep, the acute infection response and patho-
logical immune activation [35]. Additionally, chronic sleep
deprivation in rats has been shown to increase commensal bacterial
translocation [36,37]. In the context of HIV, such translocation
would further fuel innate immune activation. Moreover, experi-
mental studies in animals and humans have demonstrated that
manipulation of sleep, such as sleep deprivation and restriction,
modulates a number of immunological parameters, including
leukocyte migration and proliferation [38,39]. Specifically, it has
been demonstrated that regulatory T cell suppression of CD4+
effector activity was impaired by total sleep deprivation in healthy
young adults [38]. Ultimately, this evidence suggests that a chronic
inflammatory disease such as HIV would result in a positive feed-
back loop of inflammation and disturbed sleep. Whilst initiation of
ART would allow for recovery of T cell populations and reduce T cell
activation, insomnia would increase inflammation in PLWH and
lead to higher inappropriate immune activation. Though there is a
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lack of research on the state of sleep in untreated HIV, one large
South African study found an associated two-fold increase between
daytime dysfunction and mortality in men, following multivariate
adjustment. This may be due to undiagnosed and untreated HIV,
due to the high prevalence in the overall population, and the fact
that men are more likely to have undiagnosed chronic conditions in
a similar setting, compared to women [40].

Chronic treated HIV, inflammation and sleep

It is established that CD4+ T cell depletion, chronic immune
activation, and inflammation are the driving forces of HIV patho-
genesis, with ART implementation preventing the loss of CD4+ T
cells and preserving immune function. However, despite near
normal life expectancy with successful treatment, PLWH have an
increased risk of multiple diseases in comparison to people without
HIV, such as cardiovascular disease and type two diabetes [7]. A
possible contributor to this is immune activation, which is pri-
marily characterised by increased levels of activation markers HLA-
DR, CD25, CD38, in addition to the proliferation marker protein Ki-
67, for both CD4+ and CD8+ T cells [16]. Paradoxically, persistent T
cell activation correlates with disease progression and is predictive
of a poor prognosis, regardless of treatment status [41]. Though the
cause of chronic immune activation is not fully understood, it is
thought to be due to both direct and indirect viral effects, initially
driven by CD4+ T cell depletion and the cellular and humoral
antiviral immune response, and subsequently by rebound of T cell
populations following induction of ART [42]. Chronic immune
activation is reflected by the persistent altered immunological
profile despite treatment. One study found that the plasma cyto-
kine profile of patients on second-line ART, a regimen used in the
instance that first-line therapy fails, was comparable to untreated
PLWH, even when controlled for viral load and CD4+ T cell count
[43]. Of note, serum IL-6 and TNFa were elevated in both groups.
Since TNFa. is a key sleep regulator, persistently elevated levels
potentially alter the proportion of NREM sleep a person experi-
ences, at the expense of REM sleep [44].

The elevated IL-6 noted in second-line treatment for HIV as well
as untreated PLWH may be of specific importance in the patho-
genesis of sleep disorders. In healthy individuals, the role of IL-6 in
sleep-wake maintenance is debated. Some animal studies suggest
that whilst IL-6 causes biphasic alterations in REM sleep, antago-
nising the IL-6 system with IL-6 antibodies does not alter sleep [45].
However, there is clear evidence that several sleep disorders are
associated with elevated systemic levels of IL-6, including chronic
insomnia and OSA [46—48]. Moreover, sustained elevation of IL-6
has been linked to increased morbidity in several inflammatory
diseases, and has been continuously associated with increased
mortality and morbidity in HIV despite treatment compliance [49].
This suggests that IL-6 may play a more significant role in sleep
when IL-6 expression is elevated in pathological states, which is
supported in the literature [50]. Based on this, further exploration
of the role of IL-6 in the pathogenesis of sleep disorders in HIV is
warranted, due to its known associations with OSA and insomnia.

The chronic immune activation hypothesis of sleep disturbances
in HIV is further supported by a study in a sub-Saharan African
population. With higher CD4+ counts, as well as a greater rebound
in CD4+ counts from a low baseline, sleep quality as measured by
the Pittsburgh Sleep Quality Index (PSQI) worsened in participants
[13]. The authors hypothesised that this finding is explained by
underlying immune activation, and recovery of T cell populations
could result in heightened immune activity and inflammation.
Importantly, these findings highlight that the effects of ART on
sleep quality in HIV are also indirect and paradoxically driven by
improved cellular immune function.
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The results of this study conflict with the findings of other studies
which either report no relationship between CD4+ count and sleep
quality [51,52], with other studies noting that with treatment initi-
ation and improving CD4+ counts, reported sleep quality increases
[53]. This makes theoretical sense, as one would assume that
improving the health status of a person with HIV would reduce
associated symptoms such as disturbed sleep. However, sleep dis-
turbances are highly prevalent in HIV regardless of treatment status
[13], suggesting that HIV infection and ART may independently and
cumulatively contribute to the pathogenesis of sleep disturbances in
HIV. The conflicting nature of these studies may also be explained by
the varying ancestry of the participants, with studies including
participants of African American, Caribbean, Nigerian and South-
African descent. In addition to potential socioeconomic factors be-
ing a confounder for study comparison, variation in genetic factors,
immunogen history and access to healthcare may impact study
outcomes. Additionally, there are several infectious diseases endemic
in the Southern but not the Northern hemisphere, such as tubercu-
losis. Co-infection may affect the extent of immune activation in
study participants. Viral load and CD4+ count are standard primary
markers of HIV progression and treatment response, but may not
provide a full picture of an individual's immune health. Including
cytokine panels and assessing markers of immune activation may
provide a more robust immunological profile.

Summary

The immunological response to both the acute and chronic
phases of HIV infection alters sleep physiology. ART attenuates, but
does not entirely abolish these responses, and causes sleep prob-
lems associated with the rebound of cellular immunity. In the acute
phase, these disturbances are likely driven by the pyrexic response
to the virus, with increased but fragmented NREM sleep. However,
it is the effect of the chronic immunological response which likely
has the biggest impact on quality of life. In summary, we can
hypothesise that elevated levels of IL-1, TNFa, IL-6 and IFNa due to
chronic immune activation contribute to the pathophysiology of
insomnia and OSA in PLWH.

HIV and the central nervous system

Prior to the implementation of ART, degeneration and diseases
of the CNS were highly prevalent in PLWH, and were a major
contributor to population mortality [55]. Specifically, HIV facilitated
invasive opportunistic infections of the brain leading to meningitis,
tumour growth and encephalitis as HIV progresses into AIDS [55].
According to the EuroSIDA cohort study, the incidence of CNS dis-
eases in people with HIV decreased by 40% per calendar year be-
tween 1994 and 2002 [55]. This reduction in CNS disease was
associated with improved immunological status and suppressed
viral replication as a result of ART. For untreated PLWH, these fac-
tors remain prominent drivers of morbidity and mortality [56].

Despite the falling incidence of fatal CNS diseases in the era of
ART, HIV-associated neurocognitive disorders (HAND), remain a
prominent feature of ageing with HIV [57]. HAND is an umbrella
term which encompasses diseases of growing severity including
asymptomatic neurocognitive impairment (ANI), mild neuro-
cognitive disorder (MND) and HIV-associated dementia (HAD).
Whilst the incidence of the most severe forms has fallen, preva-
lence of milder neurocognitive impairments remains comparable
to the pre-ART era [58]. Current studies have consistently placed
low CD4+ T cell nadir to be the primary risk factor in the devel-
opment of HAND during the era of ART, which is linked to poor
adherence to ART regimens [59]. This suggests that PLWH who are
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not receiving treatment, and those who have delayed ART initiation
carry the greatest risk of developing HAND.

Pathogenesis of HAND — implications for sleep homeostasis

HIV infects the CNS within the first few weeks of peripheral
infection, due to migration of infected monocytes across the blood
brain barrier [60]. In the CNS, HIV creates a chronic inflammatory
environment due to the secretion of inflammatory mediators from
infected monocytes and activated glial cells, such as TNFa, IL-6 and
IL-1. Moreover, HIV glycoproteins 120 (gp120), 41 (gp41) and
transactivator of transcription (TAT) protein have neurotoxic effects
[61]. Inflammatory mediators and HIV associated-proteins
contribute to neuronal injury and apoptosis through two main
mechanisms: i) a persistent inflammatory response due to activation
of infected macrophages and microglia; and ii) glutamate-mediated
excitotoxicity [35]. Since extensive neurodegeneration and enceph-
alitis has been minimised due to ART, neurological impairment
observed today more likely stems from immune activation in the
CNS, altering neuronal function [57]. This persistent inflammatory
state in the CNS, coupled with altered neuronal function, could have
negative implications for sleep-wake physiology.

Sleep and cognition — role of dopamine

One of the most well documented effects of HIV neurotoxicity in
the pathogenesis of HAND is altered dopaminergic signalling due to
the propensity of the virus to target the subcortical brain regions
[62], specifically the substantia nigra pars compacta (SNc) and the
ventral tegmental area (VTA). The implementation of ART has
decreased the neuropathology and associated clinical manifesta-
tions caused by HIV infection. However, notable damage to the
subcortical regions of the brain has still been reported despite
adherence to ART regimens. This damage manifests as motor
dysfunction in older PLWH at greater levels than expected in
normal ageing [63]. The physiological significance of these findings
is reflected in the report of lower levels of dopamine in the cere-
brospinal fluid of PLWH who receive ART [64]. It has been sug-
gested that lower dopamine availability correlates with cognitive
impairment in HIV, specifically in the domains of memory, learning
and speed of information processing [65]. This would be consistent
with the clinical profile of Parkinson's disease (PD), the pathogen-
esis of which is also associated with degeneration of dopaminergic
brain regions. Indeed, a study comparing cognitive and motor
deficits in PLWH and adults with PD reported that HIV and PD
groups presented with similar deficits in executive function,
episodic memory and visual processing, with motor deficits mainly
manifesting in PD and not HIV [66].

The impact of HIV on dopaminergic signalling, independent of
ART, has potential consequences for sleep homeostasis. Dopamine
rich brain regions targeted by HIV are also implicated in initiating
and maintaining wakefulness through the sleep regulatory
network [57]. Dopaminergic signalling enhances wakefulness and
suppresses SWS, as thalamocortical arousal state is modulated by
both mesostriatal and mesothalamic dopaminergic pathways [67].
At areceptor level, it has been determined that D1 receptor agonists
increase behavioural arousal, translating into increased wakeful-
ness and reduction in the amount of SWS and REM sleep [67].
Additionally, D2 receptor agonists have biphasic effects. At low
doses, targeting D2 receptors reduces wake and increases SWS and
REM sleep, whereas high doses confer the opposite effect. Though
limited, there is evidence for impaired dopaminergic modulation of
wakefulness in HIV, with a study demonstrating that lower urinary
dopamine levels directly correlated with self-reported poor sleep
quality [68]. This would make sense in the context of the common
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clinical profile in HIV, which describes insomnia and unrefreshing
sleep, resulting in daytime fatigue. Furthermore, reduced behav-
ioural arousal associated with depleted dopamine could also pro-
vide a biological basis for the persistent fatigue often experienced
in this population.

Though the literature implies a cause and effect relationship
between cognitive impairment and sleep disturbances in HIV, it is
important to also note the well-established impact of insomnia or
sleep loss on cognition in otherwise healthy people, with sleep loss
being consistently linked to impaired cognition, in a dose depen-
dent manner [69]. Since sleep disturbances facilitate a persistent
inflammatory environment in the CNS, any sleep disturbance could
also exacerbate cognitive impairment experienced by people with
HAND and contribute to associated disruption of dopaminergic
neural pathways. Based on this bi-directional relationship, sleep
disturbances such as insomnia should not be treated only as a
symptom, but also a risk factor in the progression of HAND.

Glutamate and sleep

HIV is also associated with altered brain glutamate meta-
bolism, attributed to glutamate-mediated excitotoxicity due to
the action of pro-inflammatory cytokines and HIV associated
proteins on neurones [70]. Despite being one of the most promi-
nent alterations to CNS metabolism, the clinical consequences of
dysregulated glutaminergic signalling in the context of sleep and
HIV are largely unexplored. The consequences of disrupted
glutamate homeostasis include neuronal injury and lower intra-
cellular glutamate availability, the clinical consequences of which
are reflected by the association between cognitive impairments in
HIV and lower brain glutamate availability [71]. Glutaminergic
signalling is also implicated in a number of sleep-wake regulatory
mechanisms. Whilst wakefulness is primarily driven by dopami-
nergic signalling in the ascending reticular activation system, the
onset of NREM is mediated by increased glutaminergic activity in
the ventrolateral preoptic nucleus (VLPO) and median preoptic
nucleus (MnPO), which in turn have inhibitory projections to the
brainstem and arousal centres in the hypo-thalamus [72]. The
interaction between these brain regions to allow rapid transition
between the sleep and waking states is referred to as the hypo-
thalamic sleep switch, designed to ensure behavioural state sta-
bility. However, damage to these systems can impair the
inhibitory feedback required to maintain bistability. For example,
VLPO degeneration attributed to ageing is associated with sleep
fragmentation and increased frequency of daytime naps [73].
Based on this limited evidence, further studies should aim to
confirm whether lower glutamate availability is also associated
with insomnia, poor sleep quality and daytime sleepiness in HIV.

Summary

The risk of developing HAND has been reduced due to the wide
implementation of ART. However, asymptomatic and mild cogni-
tive impairments are still prevalent in PLWH, suggesting that CNS
damage may begin prior to the initiation of ART. As described in
Fig. 1, the pathogenesis of neurocognitive disorders in HIV is linked
to disrupted dopaminergic signalling due to the propensity of the
virus to target the subcortical brain regions. The disrupted dopa-
minergic signalling also has implications for sleep homeostasis and
arousal, due to reduced signalling in the ascending reticular acti-
vation system, manifesting as persistent fatigue and disturbed
sleep. Additionally, disrupted glutaminergic signalling may impair
signalling associated with the hypothalamic sleep switch. Due to
the bi-directional relationship between sleep and inflammation,
poor sleep may also exacerbate cognitive dysfunction in people
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living with HIV and facilitate the pathogenesis of HAND. The local
sleep dysregulation model proposed by Buysse and colleagues
could describe the occurrence and heterogeneity of sleep distur-
bances in people with HIV [74]. The model proposes that insomnia
occurs as a result of competing region-specific wake-like and sleep-
like neuronal activity patterns, due to altered signalling in arousal
and sleep promoting systems.

Sleep and antiretroviral treatments

In addition to the immunopathological effects of HIV on sleep, we
must also consider the pharmacological effects of ART. Treatment
regimens typically combine two nucleoside reverse transcriptase
inhibitors with a third drug which is either an integrase inhibitor,
non-nucleoside reverse transcriptase inhibitor, or a protease inhibi-
tor [75]. Regimens are amended based on tolerability and drug ef-
ficacy, as reflected by viral load and changes in CD4+ cell count.
Sleep disturbances are a well-established adverse effect of ART
initiation [76] — specifically, abnormal dreams, night terrors,
insomnia and daytime sleepiness. Of the drugs used as part of the
first-line treatment regimen [77], efavirenz (EFV), a non-nucleoside
reverse transcriptase inhibitor, is the one most commonly associ-
ated with disturbed sleep [78,79]. Genetic factors may also influence
the severity of side effects. For example, a polymorphism of the liver
enzyme CYP2B6 affects the metabolism of efavirenz, increasing the
likelihood of poor sleep quality and insomnia [54].

Several studies have investigated the effects of EFV on sleep
architecture, as measured by polysomnography (PSG). One study
identified a subgroup of EFV treated HIV patients who did not have
a history of a sleep disorder [76]. After psychometric evaluation, 13
of the 18 patients were diagnosed with insomnia. Exploration of
sleep architecture in these individuals revealed that they had
decreased sleep efficiency compared to HIV negative individuals
and EFV treated individuals without clinical insomnia. However,
EFV-treated participants showed a decrease in both REM and N3
sleep, regardless of whether they reported having insomnia. This
finding supports the hypothesis that the hepatic cytochrome P450
2B6 polymorphism which results in slower metabolism and elim-
ination of EFV [78], may also be associated with variation in EFV-
related insomnia symptoms. A later study examined the effects of
EFV on sleep in HIV negative participants, to remove the con-
founding factor of HIV infection [80]. The study design consisted of
a 3-day placebo period, followed by either seven days of EFV or
continuation of the placebo. Interestingly, the results revealed an
increase in NREM without sacrificing REM duration in the EFV
group, which is the opposite result of studies in HIV positive par-
ticipants. To investigate this result further, spectral analyses were
performed and revealed that EFV reduced sigma power during
NREM sleep, as well as sleep spindles. These observations corre-
lated with daytime sleepiness and impairments in attentional
performance. However, major side effects of ART, including
insomnia, generally resolve within three months of treatment
initiation [78]. Though switching from EFV to rilpivirine has been
shown to improve self-reported sleep quality [81], a further study
noted that despite switching regimens, sleep abnormalities persist
in PLWH who have cognitive impairment [82]. This suggests that
ART may not play a major role in long-term sleep disturbances in
PLWH, with the effects more likely indirectly attributed to the
inflammation associated with ART, and the infection itself altering
sleep independent of treatment.

HIV and sleep disordered breathing

Of the several noted sleep disorders associated with HIV infection,
one that has particular significance is obstructive sleep apnoea (OSA)
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Fig. 1. Theoretical basis for sleep disturbances in HIV. The disease progresses in parallel in the periphery and the central nervous system (CNS), with blue boxes denoting
mechanisms and pink boxes denoting sleep disturbances. The acute peripheral response to the virus results in expression of inflammatory cytokines such as interleukin 1 (IL-1) and
tumour necrosis factor alpha (TNFa), which are also sleep regulatory substances. As the inflammation becomes chronic, the severity of sleep disturbances increases, and also
facilitates the onset of obstructive sleep apnoea (OSA). In the CNS, the initial immune response to HIV would mirror the acute immune response in the periphery; however, as the
CNS infection progresses, chronic inflammation would result in dysregulation of glutamate (GLU) metabolism and dopaminergic transmission, in turn resulting in reduced
behavioural arousal and impacting the bistability of the sleep switch. Without antiretroviral therapy, chronic neurotoxicity eventually causes neurodegeneration and heavily
impaired dopaminergic activity (DA). This will impact the sleep regulatory properties of the ascending reticular activation system, manifesting as impaired rapid eye movement
(REM) and slow-wave sleep (SWS) quality, and reduced behavioural arousal (Created using biorender.com). (For interpretation of the references to color in this figure legend, the

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

[83], the downstream pathophysiology of which makes it one of the
most clinically relevant sleep disorders in PLWH. OSA arises due to
obstruction or collapsing of the upper airway during sleep, resulting in
recurrent hypoxemia and frequent awakenings. HIV infection and
older ART regimens have both been independently associated with an
increased risk of OSA due to metabolic changes such as lipodystrophy,
insulin resistance and hyperlipidaemia, in addition to systemic im-
mune activation [84]. Metabolic changes are linked to increased
adiposity in the upper abdomen and neck, which can impact upper
airway integrity during sleep [84]. Metabolic dysfunction directly
attributed to HIV is associated with a persistent inflammatory envi-
ronment in adipose tissue due to chemotaxis of activated macro-
phages, resulting in adipose dysfunction. In HIV negative individuals,
secretion and increased circulation of inflammatory markers from
adipose tissue, such as TNFa and IL-1, has been associated with
impaired upper airway neuromuscular control [85]. This effect also
appears to occur independently of metabolic dysfunction. A study
involving untreated HIV positive men demonstrated that the typical
sleep disordered breathing metrics of body mass index (BMI), waist
and neck circumference were predictive of OSA in HIV negative men
and treated HIV positive men. However, they did not accurately predict
OSA in untreated individuals with HIV [86], suggesting that whilst
dyslipidaemia does occur in untreated HIV, systemic immune activa-
tion is most likely driving OSA pathogenesis (as opposed to metabolic
dysfunction). Additionally, this suggests that the standard diagnostic
criteria for OSA may result in missed diagnosis of OSA in PLWH. The
role of immune activation in OSA pathogenesis was further supported
by a later study, which reported that elevated circulating levels of TNFa.
was associated with moderate to severe OSA, only in untreated HIV
positive men compared to treated people with HIV [87].

The day-to-day consequences of OSA include poor sleep quality
and daytime fatigue, which can significantly impact quality of life.
Long term, OSA is a substantial risk factor for the development of
cardiovascular disease, often multiplied by the same underlying

risk factors [88]. Despite this, OSA remains largely undiagnosed and
untreated in PLWH [83]. Since PLWH already have an increased
incidence of cardiovascular disease and cardiac events [89], iden-
tifying and treating OSA could reduce the risk of developing car-
diovascular disease. Clinicians should be aware that traditional risk
factors for OSA such as obesity, may not be present in PLWH, sug-
gesting the need to modify screening criteria in order to accurately
diagnose OSA in PLWH. Importantly, treatment of OSA with
continuous positive airway pressure is one of the few sleep medi-
cine interventions which directly targets the underlying cause of
the disorder. Based on this, monitoring for OSA should be routine in
HIV primary care, as it could significantly reduce population
morbidity and mortality.

Conclusions

In summary, HIV can disrupt sleep homeostasis through two
main mechanisms: the direct effects of the immunological
response to the virus, and the indirect neurotoxic effects as a
consequence of the immunopathological response in the CNS. In
the early stages of infection, sleep disturbances are likely driven by
the acute immunological response to the virus, resulting in longer
sleep duration, but with more fragmented sleep and daytime fa-
tigue. Following seroconversion, persistent expression of sleep
regulatory and modulatory cytokines due to immune activation
may interfere with homeostatic sleep regulation. This may result in
the onset of a range of sleep disturbances, including insomnia, OSA
and poor sleep quality. Whilst ART has been successful in attenu-
ating these and other effects of HIV infection, the rebound of CD4+
counts with successful implementation of ART may also contribute
to the persistent immune activation observed in PLWH. This
immunological environment appears to facilitate the development
of OSA, which in turn multiplies risk for further comorbidities.
Additionally, sustained immune activity in the CNS may result in
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dysfunction of dopaminergic neurones, and impede glutamate
metabolism. This may manifest as reduced behavioural arousal, in
conjunction with impaired sleep due to altered glutamate activity
in the hypothalamic sleep switch. Poorly controlled and untreated
HIV can ultimately lead to significant neurodegeneration. Neuro-
degeneration of areas involved in the homeostatic regulation of
sleep could result in disruption of sleep-wake physiology, with
evidence to suggest that disturbed sleep precedes cognitive
symptoms of HAND. Based on this, clinical sleep medicine should
play a more integral role in the management of HIV. For PLWH on
ART, pharmacological management of insomnia and associated
sleep disorders should be approached cautiously due to potential
drug interactions and risk of dependence [78]. Non-
pharmacological approaches such as implementing sleep hygiene
routines may be of benefit to patients. Moreover, simply commu-
nicating the importance of sleep health to PLWH may encourage
patients to discuss sleep disturbances with their primary care
providers, and in turn improve the diagnosis and treatment of sleep
disorders in PLWH.

Sleep disturbances in HIV can be debilitating and can signifi-
cantly affect quality of life. Whilst this review examines possible
aetiology, it remains largely theoretical. Due to the public health
significance outlined and the increased life expectancy of HIV pa-
tients, further research on the effects of chronic immune activation
on sleep-wake physiology in PLWH is imperative.

Practice Points

1. The successful treatment of HIV has resulted in an
increased number of people living with HIV with a
potentially normal life expectancy, but also presenting
with more ageing-related co-morbidities.

2. Sleep disturbances are a significant source of morbidity
in PLWH, with the ability to impact daytime functioning
and quality of life.

3. Successful ART, particularly in patients with low pre-
treatment CD4 counts, may paradoxically worsen sleep
disturbances through cellular immune activation, which
may warrant symptomatic treatment

4. Interventions to reduce co-morbid systemic inflamma-
tion in people living with HIV, such as screening and
treatment of OSA, may significantly improve quality of
life and reduce population morbidity and mortality, and
minimise neurological impairment.

Research Agenda

1. Longitudinal collection of immunological markers, in
conjunction with longitudinal sleep measures.

2. Longitudinal magnetic resonance imaging studies, to
understand precise neural networks impacted by HIV-
associated neurodegeneration, in conjunction with
collection of immunological markers and longitudinal
sleep data.

3. Intervention studies aiming to reduce sleep distur-
bances, including insomnia and OSA. This may include
behavioural and pharmacological approaches.

4. Assess the effects of intervention studies on HIV disease
progression and immune activation, as measured by
immunological markers such as IL-1B, TNFa, and IL-6.
This should also be a priority area for discovery of
immunological and other biomarkers.
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