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Abstract
Lamotrigine is generally accepted as a well-tolerated medication with few cognitive side
effects. Here, we report a case of a 62-year old female with a severe, rapidly progressive
dementia-like process which was completely reversed after reduction of lamotrigine.
Associated findings included hyperreflexia with clonus, ataxia, Wernicke-like dysphasia,
global cognitive impairment, burst suppression on electroencephalogram (EEG), and
bilateral parietal hypo-metabolism on fluorodeoxyglucose-Positron Emission Tomography
(FDG-PET). To our knowledge, this is the first case of a severe neuropsychiatric syndrome
attributed to lamotrigine at the Food and Drug administration (FDA) recommended dose
and not associated with epileptic activity.
Keywords
Reversible cognitive dysfunction; lamotrigine adverse effects; anticonvulsant adverse effects;
encephalopathy; organic mental disorders; language disorder; paraphasias; myoclonus;
toxicity at approved dose; hyperreflexia.
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1. Introduction
While most antiepileptic drugs can cause neurocognitive adverse effects, lamotrigine is known
for its superior profile over other antiepileptic drugs for minimizing cognitive adverse effects and
even improving cognitive functions [1, 2]. There are rare reports of neurocognitive adverse effects
attributed to lamotrigine, but these are in association with epileptiform activity or high doses of
lamotrigine [3-6]. Here, we present a case of severe neurocognitive effects attributed to
lamotrigine at the Food and Drug Administration (FDA) recommended dose of 200 mg daily.
2. Case Report
A 62-year-old female presented to the geriatric psychiatry service with a 2-month subacute
onset of progressive ‘word-salad’ dysphasia, global confusion and disorganization, and inability to
perform activities of daily living (ADLs). She had no prior history of cognitive or speech
impairments, nor seizures. Her family history was notable for depression and dementia in her
parents. Her medical history included psoriasis. She was a non-smoker, a social drinker, and
previously worked as a clerk.
Ten weeks prior, she was on our service for a severe depressive episode. Although her historical
diagnosis was major depressive disorder, her symptoms - including racing thoughts, restlessness,
insomnia, and agitated mood - suggested mixed episodes of bipolar disorder. She responded well
to 10 sessions of electroconvulsive therapy (ECT). Following ECT, at the time of discharge,
lamotrigine was initiated at 25mg daily with instructions to titrate over six weeks per
manufacturer specifications to the FDA recommended target dose of 200mg daily (2.88mg/kg/d).
At the same time, we switched her home quetiapine to risperidone upon her request, due to cost.
We continued prior home medications including mirtazapine, citalopram and trazodone.
According to her outpatient psychiatrist, she initially did well with the exception of continued
restlessness, attributed to akathisia from risperidone. Trials of benztropine, hydroxyzine, and
propranolol were added without benefit over the next seven weeks. At this time, approximately
three weeks before she was referred back to our hospital, she was taken off risperidone and
switched back to quetiapine. Despite this, her restlessness continued, and she developed
progressive confusion and disorganization, gait instability, and executive dysfunction. She soon
became too cognitively impaired to provide any history or care for herself. At her next outpatient
appointment, she was unable to complete a Folstein mini-mental status examination (MMSE) [7]
or draw a clock (Figure 1) [8]. Quetiapine, hydroxyzine, and mirtazapine were discontinued;
gabapentin and lorazepam were started for ongoing severe restlessness; and lamotrigine was
continued at 200 mg/day. Unfortunately, she continued to deteriorate cognitively, as well as
functionally, and she required re-hospitalization.
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A.

B.

Figure 1 Clock drawings on and off recommended dose of lamotrigine. (A) Clock
drawing at 3rd outpatient visit: 10 weeks after lamotrigine initiation and 5 weeks after
recommended dose achieved. (B) Clock drawing after decreasing lamotrigine for
several days.
Upon re-admission 10 weeks later, she was disheveled and uncooperative. Her thoughts were
incoherent and illogical, and she had intermittent visual hallucinations. She required extensive
prompting to follow single-step commands. Her language consistently exhibited loose associations
and at times deteriorated to frank word salad. She was only oriented to person and being in a
hospital, and she could not perform an MMSE. She had an unsteady gait and symmetric
hyperreflexia in all extremities with 2-3 beat clonus in bilateral ankles. She had oral canker sores
and psoriasis on her elbows bilaterally, but no other rashes or sores.
Initial work-up revealed a urinary tract infection, which was successfully treated with a sevenday course of nitrofurantoin, but with no neurocognitive improvement. Serum tests including
electrolytes, complete blood count, ammonia, rapid plasma reagin, thyroid function, cobalamin,
folate, and thiamine levels were all unremarkable. Brain magnetic resonance imaging showed
minimal white matter disease with unremarkable ventricles and sulci. We restarted quetiapine out
of concern for affective psychosis causing ‘word salad’, but her dysphasia did not improve.
Speech pathologists described a Wernicke-like dysphasia with phonemic paraphasias, marked
difficulty with automatic speech, and poor auditory comprehension. Primary progressive
dysphasia was considered due to the rapid onset and progression. However, a
fluorodeoxyglucose-Positron Emission Tomography (FDG-PET) scan revealed hypo-metabolism in
the bilateral parietal lobes with relative sparing of the primary motor and sensory cortex (as
shown in the Supplemental Digital Content), most often consistent with Alzheimer's dementia.
Continuous video electroencephalography (EEG) for three days did not reveal any seizure
activity or inter-ictal epileptiform discharges, but did show generalized slowing, frontal
intermittent rhythmic delta activity, and a burst suppression pattern. A lorazepam challenge
produced no clinical or EEG changes. Cerebrospinal fluid tests including protein, cell counts, betaamyloid and tau levels, protein 14-3-3, and a full panel of viral studies were all unremarkable.
There was no evidence of autoimmune limbic encephalitis on brain magnetic resonance imaging
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(i.e. no enhancement in the limbic areas) or cerebrospinal fluid studies (i.e. no elevation in
cerebrospinal fluid protein). Additionally, she had no evidence of aseptic meningitis on physical
exam or in cerebrospinal fluid studies.
With no reversible cause identified, her differential diagnosis included very rapid onset of
Alzheimer’s and Creutzfeldt-Jacob Disease. Indeed, her prognosis was very poor. Only then was it
noted that the onset and progression of her decline coincided with titration of lamotrigine. At the
FDA recommended dose of 200 mg/day (with verified administration of that dose during the 2 ½
week hospitalization), and with no medications inhibiting lamotrigine’s metabolism, there was no
clinical indication to obtain a lamotrigine level. We tapered lamotrigine to 100 mg over the next 8
days and monitored her cognitive function with serial clock drawings and MMSEs. Dramatic and
rapid improvement was noted. Her MMSE score improved from a 0/30 to a 30/30, her clock
drawing markedly improved (Figure 2), and her gait returned to normal. She was discharged with a
plan to continue tapering off lamotrigine. While we had interest in a follow-up EEG and FDG-PET
scan at that time, they were not clinically indicated in the context of a complete recovery.
She returned to our service eight months later for another depressive episode off of
lamotrigine, at which time she scored 28/30 on MMSE. A repeat 1-hour EEG (which was
recommended by the ECT service) was normal. She again received ECT with remission of
depressive symptoms and no complications.

Figure 2 Hypometabolism in bilateral parietal lobes associated with severe cognitive
dysfunction on lamotrigine. PET Scan: The patient was imaged on a GE Discovery
whole body PET/CT scanner approximately 60 minutes after the intravenous
administration of F18-fluorodeoxyglucose. A standard brain protocol was performed.
At visual assessment, there is decreased uptake in the bilateral parietal lobes with
sparing of the sensory-motor cortex, at least 3 standard deviations below database
values. There are also more subtle areas of hypometabolic activity in the bilateral
frontal regions. Standard deviations below normal: Blue 2-3, Purple 3-4, Pink 4-5, Red
5-6.
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3. Discussion
This case demonstrates a unique presentation of a severe, progressive, and debilitating
neurocognitive dysfunction with prominent dysphasia – along with abnormal EEG and PET findings
- which was induced following the initiation of lamotrigine, rapidly progressed for 6 weeks, and
then promptly reversed following lamotrigine taper, returning to normal cognitive function (see
Figure 3).

Figure 3 Time course of lamotrigine initiation, clinical deterioration, taper and
resolution. Other medication changes included risperidone and quetiapine, but did not
temporally correlate with deterioration and resolution.
Reports of adverse neurocognitive or behavioral reactions related to lamotrigine are rare. Our
review of the literature found only a handful of case reports describing neuropsychiatric adverse
reactions, none of which were comparable to those experienced by our patient. Additionally, none
of the previous case reports describe the profound language and cognitive impairments seen in
our case, nor were they associated with significant EEG changes (burst suppression pattern) or
FDG-PET abnormalities (parietal hypo-metabolism). A series of six case reports described psychotic
symptoms such as visual hallucinations, paranoia, agitation, and incoherent thoughts in epilepsy
patients treated with lamotrigine [3]. In all but one of these cases, the patients were on higher
doses of lamotrigine (i.e. 250 mg/day - 700 mg/day) and some in combination with valproic acid.
In each case, the symptoms remitted when the lamotrigine was reduced and/or withdrawn, and
they found no evidence of the symptoms being “post-ictal” [3]. Another series of case reports in
nine children with epilepsy (and several with developmental delay) described a variety of
neurobehavioral symptoms including self-injurious and violent behaviors, severe insomnia,
extreme volatility, hallucinations, and hyperactivity [4]. Lamotrigine dosing ranged from
0.7mg/kg/d to 14mg/kg/d at the time when the behavioral symptoms appeared. All nine children
had significant improvement or resolution of their behavioral symptoms following the withdrawal
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or reduction of lamotrigine [4]. One case report did describe similar language impairments in a
nine-year old epileptic patient with borderline intellectual functioning at baseline who was treated
with non-toxic levels of lamotrigine; however, this was attributed to a paradoxical increase in
epileptogenic EEG activity [5]. Hennessy and Wiles also reported a case in a semiconscious
epileptic patient with symptoms including primitive reflexes, ataxia, hemiplegia, and muteness,
which was associated with a “toxic serum level” of 19mg/L (reference range 1-4mg/L) and
reversed when lamotrigine was reduced [6].
The primary limitation to our report is that no lamotrigine serum levels were obtained,
therefore, we cannot determine whether this patient’s response was due to toxicity, or simply an
adverse effect. It is worth noting that a therapeutic serum concentration range of lamotrigine as a
mood stabilizer has not been established, and routine monitoring of lamotrigine serum levels is
not recommended. This report then raises the question as to whether obtaining levels should be
recommended, and a range established, to guide clinicians treating patients with mood disorders.
In fact, this patient was taking the FDA recommended dose for bipolar depression (200mg daily, or
2.88mg/kg/day) with no known concomitant metabolic-inhibiting medications. She had normal
renal and hepatic function. Therefore, toxic serum levels of lamotrigine were less likely, though
not impossible. For example, a genetic variant in uridinglucuronyl transferase (UGT) 1A4 has been
reported to cause unpredictably high serum levels [9] via metabolic shunting to the cytochrome
P450 system, and production of a toxic arene oxide intermediate metabolite [10]. Therefore, we
can simply conclude that her deficits occurred at the recommended dosage, in the absence of
known pharmacokinetic interactions or metabolic risk factors; and questions the current
recommendations regarding serum levels in this patient population.
Another limitation to our conclusion is that other medication changes were made during this
period. However, as shown in figure 3, none were temporally correlated with her clinical
deterioration, or more notably, her improvement.
4. Conclusions
To our knowledge, this is the only documented case of FDA recommend doses of lamotrigine
producing such severe clinical and objective neurocognitive findings. Additionally, these sideeffects were not associated with epileptogenic activity. This case re-impresses the importance of
considering iatrogenic etiologies, even when not described in the literature.
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Abstract
Although studies to understand the pathogenesis of migraines are in progress, no theory has
adequately explained the etiology and pathophysiology of migraines to date. This has
affected the development of treatment strategies for migraineurs. Currently, the
pharmacological treatment for migraines provides both acute and prophylactic options to
patients based on a biomedical model of pain. However, patients’ adherence to oral
migraine preventive medication (OMPM) is poor, and their persistence is even lower when
they cycle through a variety of OMPMs [1]. Although our understanding of the
pathophysiology of migraines within the context of the current biopsychosocial model of
pain has advanced in recent years, there is a need to better understand the role of social and
psychological factors in the pathophysiology of this debilitating disease, which would pave
the way for the development and acceptance of more diverse and inclusive treatments. In
this review, we provide an overview of the various theories that purport to explain the
pathogenesis of the headache phase of migraines, examine the usefulness and shortcomings
of these theories, and investigate how psychological considerations may help develop
treatments to assist migraine sufferers in managing their headaches better.
Keywords
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Several potential theories have explained the pathogenesis of migraines [2], including vascular
theory [3, 4], neurovascular theory [5], neurotransmitter theory, and brain stem theory. Although
various explanations exist for the pathogenesis of migraines, no definitive explanation has yet
been established [6, 7], and none of the theories account for all symptoms that occur in a single
attack [8]. Edmeads [9] suggested that researchers require stepping outside the polemic as to
whether migraines are primarily a vascular or neurological dysfunction and consider the role of
neurotransmitters as being a link between neural and vascular systems and the impact
neurotransmitters have on neural and vascular systems as well as the gastrointestinal tract.
While considering migraines within a framework of the current biopsychosocial model of pain,
the impacts of thoughts, beliefs, and the environment on the pathogenesis of this disease should
also be considered.
1. Vascular Theory of Migraines
Historically, migraines were believed to be primarily vascular in nature [4]. This vascular theory
persisted up to the mid-to the late 20th century. This theory was based on three factors: (1) pain is
registered in large cranial vessels, proximal cerebral vessels, large veins, venous sinuses, and dural
arteries; (2) during a migraine attack, the carotid artery becomes engorged; and (3) ergotamine, a
vasoconstrictor, was the most effective antimigraine drug [10]. Since the late 20th century, other
explanations for the pathogenesis of migraines have emerged.
2. Neurovascular Theory of Migraines
Goadsby [11] reported that based on the observation by Wolff that the migraine aura was the
result of vasoconstriction and the ensuing headache was a result of reactive vasodilation,
migraines during the 1960s and 1970s were considered a vascular phenomenon. The experiments
by Graham and Wolff, instigating the vascular theory (as cited in Hines [12]), involved
administering ergotamine (a vasoconstrictor) to migraineurs. When this alleviated migraines, they
administered histamine (a vasodilator) and subsequently reproduced the headache.
Goadsby stated that this vascular theory was later rejected for multiple reasons. Not everyone
who had migraines had an aura. Furthermore, nonvascular acute medications were effective in
tackling migraines. He discussed the brain stem hypothesis for migraines, which developed as a
result of an observation that brain stem aminergic neurons, for example, noradrenergic neurons
of the locus coeruleus, could cause the unusual features typical of the aura phase in migraines,
such as sensitivity to light and sound and unilateral head pain. Goadsby outlined that this notion
was supported by positron emission tomography (PET) studies, which demonstrated that
activations in the rostral brain stem lingered after a migraine attack but were not present in the
period between migraines, that is, interictally [13]. Weiller et al. [13] reported that these findings
supported the concept that the pathogenesis of migraines was related to an imbalance in the

Page 9/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102092

activity between brain stem nuclei regulating antinociception and vascular control. Goadsby
concluded that clinicians could confidently inform patients that the disorder was localized in the
brain and it is a brain function disorder and not a disorder of blood vessels, as was previously
speculated. Blau [5] was less inclined to discount the vascular element of migraines and instead
defined migraine as a “primary neurological disturbance with secondary vasomotor changes” (p.
437). He considered migraine theories to be incomplete and used the analogy of a house where
theories are based on the roof, and both the main building (the symptoms of migraines, e.g.,
irritability, mood changes, and tiredness) and the foundations (prodromes and auras, for example)
are neglected.
Blau [5] listed eight points that supported the neurological pathogenesis of migraines and
proposed that the vasomotor features were secondary to neural stimulation. Blau explained that
this was consistent with two theories first identifiedsupported by Liveing [14]. The first of these
was based on changes in blood vessels, evident from the color of the patient’s skin. This was
attributed to flushing of the skin due to dilation of blood vessels and pallor of the skin due to
contraction of the arteries. As per the second theory, migraine was described as a primary
disorder of the nerve cells of the brain leading to occasional peculiar vasomotor disturbances. The
eight points described by Blau [5] to support the latter theory are as follows:
⚫ Migraine attacks can be precipitated internally by stimuli from the nervous system (stress
or sleep disturbance) or externally from the environment (light), exciting the neural pathways.
⚫ The hypothalamus is involved in neurological prodromes such as tiredness or food cravings.
⚫ The classic sensory aura cannot be explained by vascular functioning.
⚫ Neurological symptoms such as lack of focus and tiredness continue after the prodrome
and into the headache phase of migraines.
⚫ Neurological symptoms persist after the headache phase of migraines.
⚫ Sleep is a solution for many migraine attacks.
⚫ Changes in cerebral blood flow during a migraine with an aura cannot be explained in
vascular terms.
⚫ Electroencephalogram (EEG) changes have been found before, during, and after the
headache phase of migraines.
Blau [5] concluded that both vascular and neurological hypotheses should be considered, and
the implication of altered neural transmission in migraines warranted further investigation.
3. Neurotransmitter Theory of Migraines
Serotonin-based medication is currently prescribed to migraineurs, with evidence indicating
that this neurotransmitter is most commonly implicated in migraine pathophysiology [15]. Interest
in serotonin-based treatment stems from observations that drugs that reduce the levels of
serotonin increase the number of migraine attacks, and intravenous serotonin has been shown to
abort migraines [2]. Low serotonergic disposition has been witnessed among migraineurs, leading
researchers to propose that migraines are a consequence of a neurochemical imbalance [15].
Yaknitsa et al. [16] observed that serotonin was moderated by neuronal calcium channels and
advised that dysfunction in calcium channels could compromise the release of serotonin and
subsequently predispose individuals to migraine.
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D’Andrea et al. [17], in their review, examined the biochemical studies. They found evidence for
metabolic abnormalities during the synthesis of neurotransmitters and neuromodulators. They
attributed the abnormalities to impaired mitochondrial function and high levels of glutamate in
the central nervous system (CNS) of migraineurs. This led them to hypothesize that migraine
attacks were triggered by a process that started in the frontal lobe and progressed to abnormal
activation of nuclei in the pain matrix. The idea that there is a “pain matrix,” that is, pain emerging
from multiple areas of the brain rather than being the existence of one specific locus of pain, is
widely accepted in the pain literature [7]. Based on neuroimaging studies that reported altered
functional connectivity between brain stem pain-modulating circuits and limbic centers in the
brains of migraineurs, Maizels et al. [7] also proposed the existence of a “limbic” influence in the
etiology of migraines. They suggested a bidirectional interaction between pain and mood and
reported that neurolimbic dysfunction can increase when migraines become chronic.
4. Brain Stem Theory of Migraines
Benoit [2] reported that abnormal brain stem activity may be a part of the pathophysiology
underlying migraines. Welch et al. [18] proposed that the periaqueductal gray (PAG) region of the
brain stem may be one possible “generator” of migraine attacks. This hypothesis was supported
by previous observations made by Raskin et al. [19]. Raskin et al. [19] reported that 15 patients
with no history of headaches who underwent the placement of an electrode in the PAG region
subsequently reported headaches with migraine-type features a few days postimplantation. They
concluded that disturbance in this region of the brain could initiate migraines.
A more recent study by Mathew [20] compared the brains of chronic migraineurs (CMs) with
those of episodic migraineurs (EMs). He found more advanced changes in specific structural areas
of the brain. One of these changes was the accumulation of iron in the PAG matter of CMs.
Mathew [20] observed that this accumulation was different from that in EMs, and these changes
correlated with the duration of the migraine disorder. Other physiological differences between the
brains of EMs and CMs included greater cortical excitability in CMs and a higher incidence of
cutaneous allodynia. Mathew [20] explained that cutaneous allodynia, which correlated with
migraine frequency and duration of illness, was a marker of central pain sensitization, which
generated free radicals and damaged the PAG. Reisman and Fuller [21] noted that repeated
attacks of headaches or auras caused iron accumulation in the PAG, which, in turn, impaired the
antinociceptive system that controls the trigeminovascular system (TGVS), the part of the brain
associated with migraine pain [22]. Further support for the brain stem hypothesis comes from the
findings that regional cerebral blood flow (rCBF) increases in several areas of the dorsal rostral
brain stem during a migraine attack, indicating defective activity [22]. The researchers suggested
that this defective activity would either “trigger a migraine (brainstem generator of migraine) or
contribute to central hyperexcitability of trigeminal pathways” (p. 387). Pietrobon and Striessnigh
[22] explained that this was important because two of the issues, which remained misunderstood
about migraines, were the primary cause of migraines activating the TGVS, and the process of pain
generation after the TGVS was activated.
5. Other Theories of Migraine Etiology
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Studies investigating the role of the patent foramen ovale (PFO) and the role of genetics in
migraines could be relevant in the future understanding of migraine pathophysiology. Harder [23]
described the unusual findings of a Swiss neurologist who treated a stroke patient by shutting the
PFO, a residual tunnel in the heart. The patient, a lady in her 30s, wrote to the surgeon to thank
him for a subsequent decrease in her migraines. In his article, Harder [23] described how the PFO
could act as a valve and added that blood clots occasionally passed through the PFO to the brain
and instigated a stroke. He cited further examples of cases where cardiologist Peter Wilmshurst
found several scuba divers whose PFOs were surgically closed to prevent decompression sickness;
they reported having fewer migraines after the operation. As the research in this area was related
to individuals who had other problems, the author suggested further investigation before the
procedure could be considered a treatment option for migraines. Reisman and Fuller [21]
commented on the only randomized controlled trial (RCT) examining PFO closure in migraine
patients and compared the results with those of retrospective single-center studies. The RCT did
not confirm the results from the retrospective studies, and Reisman and Fuller [21] attributed this
to slow enrolment in the RCT and the narrow inclusion criteria, which excluded many migraineurs.
Nonetheless, the researchers cautioned that the impressive results from single-center
nonrandomized trials should not be ignored and that PFO closure had the potential to reduce the
functional disability of migraines.
Although some research has been conducted in the area of genetics and migraines, migraine
genes have been, and continue to be, difficult to identify [24] and consequently treat. In a review
of the literature, D’Andrea et al. [17] noted that although specific mutations of genes involved in
the pathogenesis of migraines were yet to be determined, the polymorphisms and mutations that
regulated neurotransmitter metabolisms and ion channels in the CNS were the main biological
factors influencing migraines.
Several migraine medications are available that have cardiovascular side effects. The drive to
develop safer and more effective migraine treatments was instrumental in the development of
calcitonin gene-related peptide (CGRP) antagonists [25].
Cortical spreading depression (CSD) is an electrophysiological phenomenon characterized by a
wave of excitation followed by inhibition in cortical neurons [26]. It is believed to be central to the
pathophysiology of the migraine aura and is a complex affair, involving changes in neural and
vascular functions [27]. CSD can activate the trigeminal nociceptive system both peripherally and
centrally [28]. Together, these observations have provided an opportunity to better understand
how new treatments for migraines can be developed, for example, drugs that target the CGRP, a
primary neuropeptide of the trigeminal system, and a vasodilatory peptide [28]. To date, the
number of side effects of anti-CGRP therapy for migraine attacks are limited and predominantly
confined to gastrointestinal-related disorders [29]. Although monoclonal antibodies targeting the
CGRP pathway have shown some efficacy in preventing migraines with good tolerance [30], the
long-term effects of CGRP monoclonal antibodies are as yet unknown.
6. Psychology and Headaches
Clinicians are recommended to consider the various factors that affect the development of a
headache, the course and severity, and the subsequent disability to minimize the frequency of
attacks, and reduce the severity and limit the effect of headaches on functioning [31]. Nicholsan et
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al. [31] identified two types of cognition as being specifically influential concerning headaches,
namely, locus of control and self-efficacy. The researchers also proposed that the negative effect
in headache patients results from a combination of anxiety, depression, and anger. The cooccurrence of depression and anxiety in migraineurs has frequently been reported, for example,
Merikangas et al. [32] and Breslau et al. [33]. Notably, Brown et al. [34] suggested a complex
bidirectional association between mood disorders and migraines, as experiencing a migraine can,
in and of itself, cause psychological stress. They stated that pain management strategies could
assist people in managing their pain more effectively and recommended that a combination of
medical and psychological approaches should be employed to treat migraines rather than
adopting a single approach.
Hamelsky and Lipton [35] suggested that the comorbid relationship between migraine,
depression, and anxiety disorders could be clinically significant, and treatment of one condition
could prevent the progression to one or both of the other two conditions. For the treatment of
patients who suffer from both depression and migraines, the authors suggested that treatment
options that addressed both of these conditions should be considered. A prospective cohort study
with a follow-up of 8 years involving 9,288 participants conducted by Swanson et al. [36] explained
the association between migraines and depression by stress. Swanson et al. [36] initially reported
several types of stressors, including childhood trauma, chronic stress, work stress, change in social
support, financial strain, recent marital problems, and recent unemployment. They were
interested in finding out, which particular stressors might confound the migraine–depression
association. Their results showed that chronic stress was strongly predictive of the onset of
migraines and depression, whereas recent changes in the marital relationship status and recent
employment changes were not strongly predictive of either depression or migraines. They pointed
out that these results could develop intervention strategies and recommended that effective
stress-management strategies for migraineurs and individuals suffering from depression could
significantly prevent and may positively impact the economic burden that these disorders have on
society. In addition, Hernyk-Gutt and Rees [37] and Kim et al. [38] found that emotional stress
could act as a precipitating factor in migraines. To test the hypothesis that psychological factors
contributed to the etiology of migraines, Henryk-Gutt and Rees [37] matched a random sample of
50 male and 50 female migraineurs with similar groups who suffered from nonmigraine headaches
and groups that did not experience headaches. Their findings indicated that more than 50% of the
attacks documented during a 2-month observation were related in time to a stressful event and
50% of the random sample experienced migraines for the first time during a period of emotional
stress. Henryk-Gutt and Rees [37] also suggested an increase in the activity of the autonomic
nervous system in migraineurs and noted the importance of this factor in the development of
migraine attacks.
Brown et al. [34] reported that although a migraine “is a biological and not a psychological
entity” (p. 78), it was important to acknowledge the role of psychological factors in treating
migraines. Brown et al. [34] listed psychological factors that could influence migraines in four ways:
(1) migraines can be triggered by psychological stressors, (2) migraines can themselves lead to
significant psychological stress and subsequently can exacerbate the problem, (3) pain
management strategies can assist migraineurs in coping with their pain more effectively, and (4)
there exists a bidirectional association between mood disorders and migraines. The researchers
also suggested that functional imaging studies could provide a physiological explanation for the
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processes by which psychological interventions in pain management function because studies
have shown that changes in cognition and affect alter how the brain processes pain. For example,
Bantick et al. [39], building on the copious support in the literature that pain perception is reduced
when distraction techniques are utilized, used functional magnetic resonance imaging (fMRI) to
examine the neural systems and mechanisms involved when participants were distracted while
being subjected to painful stimuli. Bantick et al. [39] found that cognitively demanding tasks (an
analog version of the Stroop test was used) increased the activation in the affective division of the
anterior cingulate cortex (ACC) and orbitofrontal areas and reduced the activation in areas of the
pain matrix such as the thalamus and insula. They also found that although the areas of the brain
involved in sensory components of pain remained stable across time, activation in areas of the
brain related to cognitive–emotional components of pain increased across time. Their findings
supported the behavioral results of a reduction in pain perception, and they surmised that a
patient’s thoughts, emotions, and pain experiences alter how the brain interpreted pain. Phan et
al. [40] conducted a meta-analysis of emotion activation studies using PET and fMRI and
concluded that several regions of the brain associated with pain processing are involved with
emotions and other psychological processes such as attention. Thus, as Nicholson et al. [31] and
Brown et al. [34] reported, modulating pain by psychological factors could occur in these shared
circuits and consequently alter the pain signal within the brain. Psychological interventions can
also influence pain intensity. Garland [41] noted that the activation of a part of the brain
implicated in emotion, the ventrolateral cortex, was positively associated with the extent to which
pain was perceived to be controllable and negatively correlated with subjective pain intensity.
Garland [41] examined the notion that pain involved a process of cognitive appraisal where an
individual evaluated the significance or meaning of sensory signals from her/his body and assessed
whether or not there was harm. He stated that this appraisal was subjective and possibly
determined by a neurobiological dissociation between sensory and affective aspects of the pain
experience. He provided an example of changes in pain intensity, resulting in altered activation of
the somatosensory cortex and changes in pain unpleasantness, resulting in altered activation of
the ACC. Garland [41] surmised that whether an individual interpreted a sensation as threatening
or not was dependent on whether the person believed that he/she could deal with the sensation
or not. If available coping resources were sufficient to deal with the sensation during this complex
cognitive process of appraisal, pain could be perceived as controllable. The result was that when
the pain was cognitively perceived to be controllable, pain intensity was reduced, irrespective of
whether the person acted to control the pain [41]. When the pain was interpreted as a harmless
sensation, for example, warmth, there was an increased likelihood that the individual would feel
as though he/she had control over the pain. As Garland explained, psychological interventions
could reduce pain severity by altering the interpretation of pain sensations such that they were
interpreted as innocuous sensory information. Conversely, he explained that when the pain was
perceived as overwhelming and uncontrollable (pain catastrophizing), there was an association
with increased pain intensity, irrespective of the physical trauma. Pain catastrophizing could
therefore be considered an important factor in treating migraines.
7. Personality
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Personality traits have also been involved in migraineurs. Hines [12] described the research
conducted by Wolff [4] as a “thorough study of the personality features and reactions of patients
who had migraine” (p. 989). He listed the features of these patients as “hardworking, hard drivers,
and have the ability to accomplish much in a short space of time” (p. 989) and reported that the
features led to resentment when things did not go according to the plan. He posited that this
resentment caused emotional upset, which was subsequently likely to precipitate a migraine.
Maizels et al. [7] suggested a bidirectional relationship between migraines and mood. They stated
that the stress of chronic headaches could cause mood changes, for example, anxiety. A review of
personality traits, personality disorders, and migraines [42] found that individuals who suffered
from migraines frequently endorsed higher levels of neuroticism than individuals without
migraines. This finding was consistent with that from a review by Silbersetin et al. [43]. No other
personality traits were found to be associated as much with migraineurs.
8. Pain Catastrophizing
Haythornthwaite [44] described catastrophizing as the cognitive and emotional responses to
pain which is negative in nature and typified by rumination, magnification of pain, and
helplessness. She reported a strong correlation between catastrophizing and disability,
independent of pain severity. Sullivan et al. [45] developed the Pain Catastrophizing Scale (PCS)
and found that the PCS, as an instrument for measuring catastrophizing in pain patients, is a
valuable, reliable, and valid tool. Furthermore, they noted the ability of the PCS to significantly
predict the intensity of both emotional and physical distress of individuals participating in a cold
pressor task and an electrodiagnostic evaluation. It was also noted that catastrophizing remained
stable over time unless intervention was undertaken to address it.
Catastrophizing in patients with migraines has been associated with impaired functioning and
quality of life, independent of migraine characteristics and other psychological variables [46].
However, Chiros and O’Brien [47] studied 74 individuals with migraine headaches and observed
that pain-related acceptance reduced the impact of catastrophizing and led to an increase in daily
activities.
Thorn et al. [48] cited several studies that illustrated that migraineurs, as well as individuals
suffering from tension-type headaches, endorsed more catastrophic thoughts when coping with
painful events than individuals who did not suffer from either condition. Thorn et al. [48]
evaluated the efficacy of CBT in 40 participants who had been diagnosed with either tension-type
headaches or migraines and, among other measures, monitored changes in pain catastrophizing. A
total of 31 participants completed their RCT, and in this instance, treatment was not found to
influence pain catastrophizing. The researchers suggested that this may be because the mean PCS
score for their patients was lower than the average reported by O’Sullivan et al. for patients
enrolled in a multidisciplinary treatment program. Thorn et al. [48] explained that none of their
participants scored in the 80th percentile, which, according to Sullivan et al., was indicative of
patients who showed poor progress in pain rehabilitation programs.
Keefe et al. [49] described pain catastrophizing as the “tendency to focus on pain and
negatively evaluate one’s ability to deal with pain” (p. 196). These researchers summarized the
research on catastrophizing and found that patients who catastrophized had long hospitalizations,
high rates of healthcare usage, high levels of psychological distress, and high levels of pain-related
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disability. They also quoted the theory of Sullivan et al. that pain catastrophizing was a coping
response, which elicited support from others.
High scores on the PCS are linked with high levels of disability [49], but changes in
catastrophizing are associated with improvements in disability. For example, Scott et al. [50]
treated 166 occupationally disabled individuals who had subacute pain in a 7-week
multidisciplinary rehabilitation program to promote functional recovery. They measured PCS
scores before and after the intervention and found that PCS reductions of 38% to 44%
postintervention were best associated with return to work and low pain intensity ratings.
Given the cyclical relationship between stress and migraines and the notion that stress could be
both a cause and effect of the social and medical disabilities caused by migraines [51], there is a
strong argument for interventions such as hypnotherapy where the focus of treatment is to
reduce stress by targeting components of pain such as unhelpful cognitions (e.g., catastrophizing)
and behavior (e.g., activity avoidance). The neurological and clinical research literature strongly
suggests that hypnosis can alter how emotion is experienced by patients and subsequently
impacts sensation, behavior, and cognition [52]. Furthermore, hypnosis is safe and is devoid of the
negative side effects that accompany many pharmacological treatments [53].
Considering these findings, and given the low adherence to OMPMs, possibly due to adverse
effects or inefficacy [54], it may be prudent to take the suggestion of Edmeads [9] that we venture
outside the vascular versus neurological debate and go one step further. By examining the
influence of social and psychological factors in addition to biological factors, we can then better
understand the etiology and pathophysiology of migraines and consequently offer improved
treatment programs such as hypnosis, which is described by Kittle and Spiegel [53] in The
American Journal of Medicine as “the most effective treatment you have yet to prescribe.”
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Abstract
Brain training apps are becoming increasingly popular for at home use and as an adjunct to
more traditional therapies. There is uncertainty about whether the effects of brain training
transfer to real-world cognition, or performance on other cognitive assessment tests, or is
specific only to the brain training app. Executive functions (EF’s) are higher-order cognitive
processes important for activities of everyday living and autonomous goal-directed
behaviour [1]. EF’s are associated with frontal brain networks that are susceptible to injury
after head trauma and concussion so it is important to know whether these functions can be
trained after a short training period (transfer effects beyond gains on app play), to general
cognitive ability but findings so far have been mixed. The present study investigated efficacy
of brief computerised brain training to in producing far-transfer effects to performance on
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standardised clinical tests of cognition in young rugby players with mixed concussion history,
over a 4-week period. Athletes cognitive ability was assessed at baseline and after the
training period on standardised tests to establish whether there were transfer effects. The
putative relationship between concussion frequency and severity on baseline cognitive
performance was also investigated. Results showed effective transfer effects from initial
training to selective visuospatial executive functions. There was also a decline over the
training period in non-verbal strategy initiation, although ability remained at average levels.
Players showed no cognitive deficits at baseline, but correlational analyses and MR results
indicated that concussion frequency, not severity, was a significant predictor of some
visuospatial executive function scores at baseline. These preliminary findings hold promise
for full scale studies investigating efficacy of brief brain training and association between
sport-related concussion and cognition.
Keywords
Transfer effects; brain training; executive function; sport-related concussion; visuospatial

1. Introduction
In the present pilot study, we investigated whether there were any transfer effects from a brain
training application (Lumosity® [2]) reported to have robust transfer effects [3], to performance on
standardised neuropsychological tests in young amateur rugby players with a mixed concussion
history. Brain training using computerised cognitive tools has been shown to improve executive
functions (EF’s) in diverse cohorts [3] although other research has shown contrasting findings [4].
Executive functions (EF’s) are higher-order cognitive processes important for autonomous
activities of everyday living, planning and goal-directed behaviour [1, 5]. Canonical cognitive and
neuropsychological theories of executive functions (EF’s) include a broad range of abilities under
the rubric executive including working memory, attention, behavioural inhibition, dual-tasking,
planning, sequencing, reasoning and problem-solving [5-9]. Additionally, some theories also make
the distinction between hot and cold EF’s. Cold EF’s are considered to be predominantly cognitive
whereas hot EF’s are associated with body-based functions such as emotion expression, inhibition
and regulation [10].
1.1 Brain Training and Transfer Effects
Presently, there is controversy about how well learning and sensory-motor skills acquired on
computerised training platforms transfer to ability in other contexts. Transfer effects describe the
phenomena of applying skills and knowledge acquired in one context or task to the successful
completion of different goals in another context or task. It is further distinguished on the basis of
similarity between original context (task) and new context or task post-training (termed neartransfer), or far-transfer signifying improvement on tasks that differ qualitatively from the original
task (for example, presentation mode, content and appearance). The latter occurs when the
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different tasks (pre- and post-training) share some underlying process (in this study executive
functions) and therefore the training task demonstrates far transfer effects [11-13].
There is evidence of effective EF training in healthy children [14], adults [15, 16], the elderly [17,
18], and neuropathological groups [19]. Additionally, results from a meta-analysis of 103 studies
(N = 6,113) found that working memory (WM) training led to lasting improvement, with transfer
effects to untrained cognitive tasks among diverse healthy age groups, children, adolescents and
traumatically brain-injured patients with WM deficits [19]. Evidence indicated that beneficial
effects depended upon extent of training, and greater number of training sessions had larger
transfer effect than shorter series’ of sessions. For example, beneficial effects maintained for 6
months following training among children [20]. In contrast, a 6-week online brain training study
with 11,000 participants showed no significant transfer effects to untrained cognitive tasks even
where training tasks were similar (near transfer effects) to untrained tasks [4]. However, there was
variation in amount of training across participants which may have influenced findings. Presently,
it remains unclear whether optimal training time should be short or long duration and whether
training on specific tasks, particularly commercial products, reliably transfers to real life.
1.2 Executive Functions
Recently, Chavez-Arana et al. [21] conducted a systematic review investigating training for hot
and cold EF’s in children and adolescents. Results of data analyses showed brief training periods
(6-17) weeks were effective at improving attention (a cold EF) in youth with TBI. Studies targeting
specific EF’s; attention (55.5%), inhibition (50%), social abilities (42.8%), cognitive flexibility (50%),
and problem solving (50%) were more effective than studies measuring overall EF ability (33.3).
This finding suggests that targeted brain training is more effective than generalised training.
There is evidence that brain training is effective across a range of diverse cohorts. Brain training
using computerised cognitive remediation therapy has also been shown to improve executive
dysfunction in people with schizophrenia. In one study, participants completed treatment as usual
or cognitive remediation: structural brain connectivity was also measured. The authors found
significant changes to connectivity of brain regions associated with improved cognition. White
matter microstructural change to posterior pathways of the left cerebellum were associated with
improvements in executive function in patients [22]. Other work found that a robotic motor task
combined with virtual reality trained attention and executive functions in people with traumatic
brain injury [23].
Vander Linden et al. [24] used a brain training programme with adolescents in the acute stage
post-TBI. The authors measured a range of executive functions including working memory,
sustained attention, response inhibition, planning and problem solving and found significant
improvements post-training [24]. The teenagers showed significant improvements in executive
function abilities at 8-weeks post-training and at six-month follow up. In addition, other findings
showed that executive functions can be improved through brain training in individuals with
Down’s Syndrome [25].
In the present study we are concerned only with cold executive functions and findings generally
indicate that these are more sensitive to training than hot EF’s.
1.3 Brain and Body Training
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Sporting ability and game play depend upon attention, response initiation, inhibition, working
memory updating and strategizing functions, under rigid time constraints suggesting that EF skills
are crucial to successful sport performance [26]. However, sporting activities may also have costs
for cognition as well as benefit. Sport-related concussion has been defined as a mild traumatic
brain injury (mTBI) induced by biomechanical forces, such as direct or indirect blows to the head
[27]. Common consequences include altered consciousness and cognitive change, working
memory problems [28, 29], and executive functioning deficits [30], reduced processing speed, and
attention [31], and reduced cognitive flexibility [32]. Tapper, Gonzalez, Roy et al., [33] found that
history of concussion amongst retired rugby players was significantly associated with long-term
deficits to EF’s. Former players had worse performance on measures of attention, memory,
processing speed and cognitive flexibility compared to non-contact sport control group. However,
aside from cognitive retraining, new approaches indicate that cognition, particularly executive
function ability, can be enhanced by exercise and athleticism [5, 34-37]. In sum, EF’s are important
for good sporting ability but disrupted by mild and repeated TBI. It is important to establish if EF’s
show transfer effects from brain training in athletes with mixed concussion history depending
upon good EF ability for competitive sports play. It is precisely these functions, due to anatomical
location of brain networks, and the locomotive forces of concussion, that are most disrupted after
concussive events.
1.3.1 Lumosity®
One commercial training platform that supports brain training research is
Lumosity®(https://www.lumosity.com/). Lumosity® offers games targeted at training various EF’s,
including flexibility, attention, memory, processing speed and decision-making; each game is
intended to increase in difficulty, whilst adapting to player’s individual progress [38].
The potential for Lumosity® as a cognition-enhancing tool has been widely researched, yet
studies show inconsistent findings. For instance, undergraduate students who played a
commercial video game [39] outperformed those who played Lumosity® on cognitive tests
following gameplay; Lumosity® players showed no difference between baseline and post-training
measures [39]. However, Ballesteros, Prieto, Mayas, et al. [15] found significant transfer effects to
processing speed, attention and visual recognition memory scores compared to the non-active
control group following brain training in older adults. Similarly, after 20 Lumosity® training
sessions, older adults showed cognitive benefits on an untrained attentional cross-modal task
(Far-transfer effect – [40]). However, traumatically brain injured patients showed limited transfer
on an 8-week Lumosity® programme [41], although 2 of 3 TBI patients improved on most transfer
tasks in another brain-training study [38].
In sum, findings of near and far transfer effects using a popular brain training app Lumosity®
are presently equivocal: this may reflect different methodologies, different cohorts, training
duration variation, and the diversity of transfer tasks used alongside Lumosity®. To progress the
field, one recommendation is use of well-established standardised measures better to evaluate
putative brain training transfer effects and facilitate inter-study comparisons with diverse groups.
1.4 Aims of Current Study
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• To investigate whether there are far-transfer effects with Lumosity® training to
standardised neuropsychological tests from baseline scores in young athletes.
• To determine whether effective far-transfer effects occur to standardised
neuropsychological tests from baseline scores with a short 4- week period of daily training in
young athletes.
• To investigate whether there any associations between putative transfer effects and
concussion history in young athletes.
2. Materials and Methods
2.1 Procedure
The study was a repeated measures design. Participants were recruited from a professional
northern UK rugby league club. Initially, 14 male rugby players were recruited but 3 participants
withdrew due to injuries sustained during the testing period. Thus, no remaining participants
sustained injury during the study period and 11 male participants (mean age 17.35, SD = 0.52)
completed the study. The inclusion criteria included no previous experience of playing the
Lumosity® brain training app and current active participation in the sport. The study was approved
by Sheffield Hallam University Faculty ethics committee.
2.2 Measure of Far-Transfer Effects
Participants were assessed at baseline and following the brain training programme using a
standardised battery of neuropsychological tests widely used in clinical and academic settings: the
Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV) [42], Delis-Kaplan Executive Function
System (D-KEFS) [43], Cambridge Neuropsychological Test Automated Battery (CANTAB – [44]) and
Sport Concussion Assessment Tool 2 (SCAT2) [45]. Where possible, alternate versions of tests
(Sample A and B), were used to avoid any practise effects, and test order administration was
counterbalanced across participants for pre- and post-training assessments. Testing sessions took
place in a quiet room at the rugby club. Baseline and post-training cognitive assessments lasted
approximately one hour each with self-determined rest breaks. At study commencement,
participants completed baseline cognitive testing and the SCAT2 measure [45], and received a
step-by-step guide to Lumosity® training to ensure that they understood how to complete the
brain training. The brain training period was scheduled for 4 weeks, with 5 training sessions per
week as one study aim was to establish whether brief cognitive training periods produced transfer
effects to standardised tests in young athletes. This is an important aim of the current study as
professional players have little free time and a short training schedule aligned better with player
availability and free time outside of training and game play during rugby league season.
Additionally, there is supporting literature of transfer effects after relatively short brain training
schedules [15, 40]. One of our main aims was to determine if whether transfer effects occurred
after short training times because this is most likely to be feasibly implemented with professional
athletes who have sustained concussion who do not have time to commit to longer programmes
of brain training.
Each Lumosity® training session lasted approximately 10-15 minutes and consisted of three
randomly generated Lumosity® tasks. Following the 4-week cognitive training programme,
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participants were re-tested on the neuropsychological battery of tests. All tests were administered
in counterbalanced order and alternate samples (A or B) used where available.
2.3 Pre- and Post- Training Standardised Psychometric Tests
2.3.1 Sport Concussion Assessment Tool (SCAT2) [45]
The SCAT 2 is a widely used measure of concussion frequency and severity but has the
limitation that it depends upon self-report [45]. We used the 22-item symptom evaluation
checklist. Participants were asked to indicate the number of previous concussions and postconcussion period at the time of testing, symptoms experienced following any concussion that
they sustained, rating each symptom from 0 (none) to 6 (severe). The possible total maximum
symptom severity score is 132 [45]. The SCAT2 was only administered at baseline since
participants were excluded if any injuries were sustained during the study.
2.3.2 Wechsler Adult Intelligence Scale-Fourth Edition [42]
We selected Processing Speed Indices subtests from the WAIS-IV, Symbol Search (SS) and
Coding (CD) because other research findings indicate these functions are affected by head trauma
and also sensitive to cognitive retraining (see below).
Symbol Search (SS). This subtest comprises 60 items. Participants must respond yes or no, as
quickly as possible, to whether a target symbol is present among an array of different symbols for
each item within a total time of two minutes. The overall score is based on the number of correct
answers completed within the time frame [42]. This subtest measures short-term visual memory,
cognitive flexibility/speed of mental processing, attention and concentration [42]. This subtest has
been used in other research assessing EF’s following TBI [46], and in other cognitive training
studies [17, 47].
Coding (CD) Subtest. Participants were provided with an array of numbers paired with a specific
symbol. Participants were instructed to complete the task as quickly and accurately as possible by
drawing the correct symbol under the correct corresponding numbers within a two-minute time
limit. This subtest measures visual scanning processing speed [42], a function particularly
important for effective teamplay in ball-based sports.
2.3.3 Delis-Kaplan Executive Function System (D-KEFS; [43])
This neuropsychological battery is widely used in clinical and academic work to assess EF’s in
ages ranging from 8 to 89 years. Based on our earlier work, we selected the Sorting Test and
Verbal and Design fluency for the current study [48], because of the need for brief (the free time
of our cohort was limited) yet sensitive and reliable EF tests.
The Sorting Test. This task comprises free sorting and sort recognition conditions (it is a variant
of the Wisconsin Card Sort Test – [49]). In the first condition, participants were presented with two
sets of six cards. The task requires participants to sort their cards into two groups of three based
on some feature of the card (colour, shape, type of stimulus) within a 4-minute time limit. In the
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second condition participants were asked to correctly identify the categorization rules of sorts
created by the examiner [50]. This subtest is used in the assessment of problem solving, cognitive
flexibility, concept-formation and reasoning [51]. During the baseline assessment card set 1 and 2
were used, whereas during the post-training testing card set 3 and 4 were used to minimize
practice effects.
Verbal Fluency. This test consisted of three 60 second conditions: letter fluency, category
fluency and category switching measuring the fluency of verbal responses [50]. In the first
condition, participants were asked to name as many different words as they could think of
beginning with a specific letter of the alphabet (F, A and S at baseline assessment and B, H and R in
post-training assessment). The second condition required participants to name words belonging to
a specific category (different animals and boys’ names at baseline and items of clothing and girls’
names at post-training testing). In the last condition, participants were asked to switch between
two categories (fruit and furniture at baseline and vegetables and musical instruments at posttraining assessment). Alternate test letters and categories were used at post-training assessment
to minimize practice effects. This subtest has also been previously used in brain training research
[47].
Design Fluency. This measure assessed visuospatial fluency [50], planning and cognitive
flexibility [43]. Participants were required to connect an array of dots by using only 4 straight lines
and generate as many novel designs as possible within 60 seconds. Repeated designs, or designs
with more than 4 lines received a score of zero. The test consisted of three conditions: filled dots,
empty dots, and switching between filled and empty dots; and total (scaled) score across all three
conditions.
2.3.4 Cambridge Neuropsychological Test Automated Battery (CANTAB; [44])
CANTAB is a well validated and widely used battery of tests for the assessment of cognitive
function and dysfunction and in various cohorts. In the present study, the Paired Associates
Learning (PAL) test was used to assesses visual memory and acquisition of new learning. PAL has
been shown to be sensitive in identifying functional deficits resulting from TBI, regardless of
severity [44], and has been used in other brain training research [4]. Participants were presented
with one or more patterned squares on a computer screen that had to be memorized by the
examinee. Participants had to correctly remember the location of the target pattern, which
appeared in an increasing number of locations over task difficulty levels. Outcome measures
included the number of errors, completed stages, number of successful trials and memory scores
[44]. In the present study, the parallel version of this test was used to enable repeated testing, as
recommended in the examiner’s manual.
3. Results
Participant mean age was 17.45 (SD = 0.52). Raw scores on psychometric measures at baseline
and post-training were converted to age-scaled scores and entered into SPSS software [52]
together with participant demographic variables. Scores from Lumosity® training games were
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converted into percentage change scores indicating the percentage of improved or worse
performance on each training game across the study.
3.1 Statistical Analyses
Age-scaled scores can be interpreted as follows: 10 = Very Superior (99 th percentile), 9 =
Superior (90-95th percentile), 7-8 = High Average (80-90th percentile), 4-6 = Average (25-55th
percentile), 3-4 Low Average (15-25th percentile), ≤ 3 = impaired. Scores from each of the
Lumosity® training categories (memory, attention, flexibility, speed and problem-solving) were
converted into mean percentage change scores on each training game across the study for the
whole group (Table 1). Lumosity® gameplay ranged from 10-20 days, x̅ = 15.91, (SD = 4.37), and
indicated that most participants complied with instructions to achieve 20 training sessions across
the 4-week period. There were some missing data for the Lumosity® speed and problem-solving
scores (4 participants had missing values for speed and 3 participants for problem-solving scores).
Table 1 Descriptive data (mean and standard deviation - SD) for percentage of
improvement in Lumosity® scores by function across the four-week training period.
Lumosity® training game
type
Memory

Participants
completed
11

Mean (SD) % change over the training
period
8.9 (4.8) %

Attention

11

24.1 (9.3) %

Flexibility

11

31.1 (18.2) %

Speed

7

36.7 (14.7) %

Problem solving

8

21.5 (6.0 %)

Descriptive data presented in Table 1 shows that rugby players improved on all Lumosity® tasks
over the 4-week period. The highest percentage improvement was in speed of processing (36.7%)
and the lowest in memory (8.9%).
We compared whether there was any change to executive function ability from baseline to
post-training putatively indicating far-transfer effects from the training to standardized tests.
Table 2 shows baseline and post-training mean standardized scores on executive function test
Table 2 Descriptive data (mean and SD) of standardised IQ and executive function
measures at baseline and post-training.
Means (SD)
IQ and Executive task (function measured)
WAIS Symbol Search (Processing Speed)
WAIS Coding (Visual scan processing Speed)
Letter Fluency (Verbal strategy initiation)

Baseline
9.9 (2.3)
8.2 (2.0)
9.2 (3.0)

Post-training
9.9 (2.7)
9.1 (1.8)*
9.9 (4.0)
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Category Fluency (Non-verbal strategy initiation)
Category Switching (Response inhibition and initiation -RII)
Total Switching Accuracy (RII accuracy)
Design Fluency Filled (Visual Strategy initiation)
Design Fluency Empty (Visual response inhibition)
Design Fluency Switching (Visual response inhibition and
initiation -VRII)

11.8 (3.0)
9.8 (2.3)
5.3 (1.2)
8.4 (2.3)
8.7 (2.5)

8.8 (3.5)*
8.1 (2.6)
4.6 (1.2)
11.7 (3.3)*
11.9 (2.8)*

9.6 (2.7)

11.7 (1.4)*

Design Fluency Total of Scaled Scores (Overall Visuocognitive
Flexibility)

26.6 (6.8)

35.7 (6.3)*

Sorting Correct (Conceptual problem solving)
Sorting Description (Verbal problem solving)
Sorting Recognition (Visual problem solving)
PAL total errors adj. (Visual memory errors - VME)
PAL mean errors to success
PAL first trial memory score (Visual memory score at first trial)
PAL total trials adj.

8.4 (1.1)
8.0 (2.1)
7.5 (2.0)
19.5 (15.7)
4.5 (3.9)
12.6 (3.3)
8.6 (2.3)

8.6 (1.7)
8.9 (1.6)
8.8 (2.1)
15.5 (17.5)
3.3 (3.4)*
13.7 (3.7)
7.7 (3.1)

*significantly different at Time 2 - P < 0.5, Bold scores: lower = better performance

Data presented in Table 2 indicate that baseline scores fell within a varied range of
performance ability from low average to average (total switching accuracy), high average (Visual
scan processing speed, Visual response inhibition and initiation; Visual Strategy initiation;
Conceptual problem solving, Verbal problem solving, Visual problem solving), through superior
(Processing Speed, Verbal strategy initiation, Response inhibition and initiation,) performance
categories. Notably, participants were not impaired on any measures at baseline but showed
variability in performance scores with stronger ability in vision-based tasks (as might be expected
in ball-game athletes). Lower scores on PAL total errors adj., mean errors to success and total trials
adj. post-training indicated improved performance from baseline to Time 2 test.
Data were subject to conventional checks for normality and effect sizes also computed due to
the small sample. Effect sizes are a standardized objective measure of effect magnitude in relation
to the general population rather than the study cohort and indicate whether statistically
significant findings are robust in small samples. Large effect sizes (r above 0.5) indicate that in all
probability results are not due to chance.
After brain training, mean Visual Scan Processing Speed (WAIS coding) scores improved from
High Average to Superior category, 0.91, 95% CI [-.01, 1.83], t (10) = 2.19, p < .05 r = 0.57, with
moderate to large effects size, and Visual Strategy initiation (filled dots) 3.36, 95% CI [2.16, 4.61], t
(10) = 6.00, p < .01, r = .88 improved from High Average to Very Superior category with large effect
size. Visual response inhibition improved significantly with training 2.73, 95% CI [1.49, 3.97], t (10)
= 4.89, p < .01 with a large effect size r = .84, again shifting from High Average to Very Superior
level. Overall visuo-cognitive flexibility (combined scaled scores) showed robust improvement
from baseline to Time 2, 8.73, 95% CI [6.92, 10.53], t (10) = 10.77, p < .01 with a large effect size r
= .96. Visual response inhibition and initiation (VRII), 2.18, 95% CI [.66, 3.71], t (10) = 3.18, p < .05,
r = .71 similarly improved to Very Superior levels also with a large effect size. Visual memory error
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correction (PAL mean error to success) scores, -1.19, 95% CI [-2.48, 1.0], t (10) = -2.06, p < .05 r =
0.55 were also significantly improved post-training with a moderate to large effect size. However,
response inhibition and initiation (category switching) -1.73, 95% CI [-4.03, .60], t (10) = -1.67,
p > .05 r = 0.47 was not different from baseline to Time 2 testing.
Unexpectedly, non-verbal strategy initiation (category fluency) mean score dropped from Very
Superior score at baseline to a High Average mean score at Time 2, 3.00, 95% CI [-4.31, -1.69], t
(10) = -5.10, p < .01 r = 0.72, with a large effect size. It is difficult to interpret this finding. It shows
a significant decline from baseline but not to an impaired range – overall mean score remained in
the above average range). However, it is possible that this is a latent cognitive marker of
concussive effects that was not trained by the brain training sessions and requires further
exploration.
Processing Speed, Conceptual problem solving, Verbal problem solving, Visual problem-solving
task performance did not change significantly from mean baseline score to Time 2 scores on the
neuropsychological battery.
Overall, findings show a pattern of improved ability to some functions after brain training, no
change in ability to other functions, and a very specific pocket of poorer ability (from Superior to
High Average) at Time 2 in a single task measuring Non-verbal strategy initiation.
3.2 Concussion Data
Self-reported post-concussion period ranged from one to twelve months at time of test x̅ = 6.29
(SD = 5.38). Number of self-reported previous concussions ranged from 0 to 3, x̅ = 0.82, (SD = 0.98),
and SCAT2 scores ranged from (0 – meaning no symptoms) to 60, x̅ = 29.6 (SD = 23.88) from a
potential total of 132 indicating no (score = 0), mild or moderate concussive symptoms postconcussion at time of study.
SCAT2 number of symptoms ranged from 0 to 22, x̅ = 11.82 (SD = 8.59), from a possible total of
22. Four participants reported zero across the three concussion measures, although, only one of
the four scored zero on the SCAT2 measure of severity of post-concussive symptoms. Note the
variability between scores on this measure shown by the numerically large standard deviation.
This range of scores may indicate poor sensitivity of this measure and/or demonstrate the highly
discrepant scores that can be generated by players in the same team playing the same match
(raising issues of reliability of self-report in this context where there is pressure to play on).
3.3 Correlation Analyses Comparing Concussion Variables and Executive Function Scores
Pearson product-moment correlation analyses were conducted to establish whether there was
any relationship between baseline concussion and executive function variables. Each variable was
converted into a z-score to standardize variables, control for outliers and compare data across
different scales. There were no values that exceeded the maximum absolute z score of -/+ 3 for
the current sample size [53, 54].
Results of correlational analyses showed several significant relationships between baseline
SCAT scores and executive function scores. Removed data treatment section.
There was a negative correlation between number of concussions and scores on visual
executive functions including, - visual response inhibition (empty dots task) r (9) = -.703, p < .05,
visual strategy initiation (filled dots task) r (9) = -.676, p <.05, and overall visuo-cognitive flexibility
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r (9) = -.705, p < .05 at baseline. Negative correlation is a relationship between two variables in
which one variable increases as the other decreases, indicating that as number of concussions
increased – scores on these cognitive functions decreased. Number of concussions explained 49.4%
of the variation in visual response inhibition scores, 45.7% of the variance in visual strategy
initiation and 49.7% of the variance in overall visuo-cognitive flexibility at baseline testing.
Moreover, number of previous concussions also correlated negatively with non-verbal strategy
initiation (category fluency subtest) r (9) = -.64, p < .05, explaining 41.3% of the variance. Recollect,
scores on this measure declined from baseline to Time 2 test. Similarly, there was a strong
negative relationship between SCAT2 concussion severity scores and visual strategy initiation
(filled dots) r (9) = -.61, p < .05, overall visuo-cognitive flexibility r (9) = -.62, p < .05 and again, nonverbal strategy initiation (category fluency subtest) r (9) = -.63, p < .05. The SCAT2 scores explained
36.7% of the variance in visual strategy initiation scores, 37.9% of overall visuo-cognitive flexibility
and 39.7% of the variability in non-verbal strategy initiation scores. To summarise, number of
concussive events and concussion severity were negatively associated with baseline performance
scores in the mostly in the visuospatial cognitive domain and in non-verbal strategy initiation
before brain training.
3.4 Multiple Regression (MR) Analyses
Correlation analyses indicate a relationship between two variables, but not which variable is
causative (predictive) of another variable. To explore correlational findings further, multiple
regression (MR) analyses were conducted to investigate whether number of concussions and
SCAT2 severity score predicted scores on the cognitive flexibility tests.
Number of concussions, and SCAT2 severity scores were entered into the MR model as
predictor variables using the standard linear model (rather than stepwise etc). Multiple linear
regression attempts to model the relationship between two or more explanatory (predictor)
variables and a response variable by fitting a linear equation to data. Concussion variables
significantly predicted visual response inhibition scores (empty dots condition), F (2, 8) = 4.46, p
< .05 (Number of Concussions – NoC = β -.55, severity of symptoms scores – SoS = β -.24). They
also predicted cognitive flexibility scores (total number of scaled scores), F (2, 8) = 4.70, p < .05
(NoC = β -.53, SoS = β -.27). Standardized beta coefficients indicated that number of concussions
was the strongest driver of these predictive relationships compared to severity of symptoms score.
Predictor variables showed only a marginal trend for predicting performance on measures of
non-verbal strategy initiation F (2, 8) = 3.87, p > .05, (NoC = β -.40, SoS = β -.37) and visual strategy
initiation (filled dots condition), F (2, 8) = 4.08, p > .05. (NoC = β -.49, SoS = β -.29). That said beta
values were still relatively large so these non-significant findings should be interpreted cautiously.
Overall these preliminary findings are promising and show transfer effects after a brief period
of training in young athletes, evidenced by improved scores on standardised neuropsychological
tests compared to baseline. Number of concussions experienced also predicted cognitive flexibility
and visual executive functions and was non-significantly associated with non-verbal ability that
declined over time.
4. Discussion
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To the best of our knowledge, this study is the first to explore the putative effects of
computerised brain training in professional adolescent rugby players at risk of sport-related
concussions that may adversely affect cognition. The main aim of the study was to determine
whether far transfer effects occurred after a brief training regime on the Lumosity® app. We were
particularly interested in whether a brief regime produced transferable effects to standardised
tests because sports players have little time outside of training and game play and brief cognitive
training, if effective, is a possibility that could be implemented to ameliorate concussive effects on
cognition. Despite the small cohort and relatively short training time, the results showed
significantly improved performance ability, from baseline to Time Two test to specific executive
functions measured by standardised and well-validated tests. The moderate to large effect sizes
indicated robust findings (despite the small sample) and indicate that it is worth extending this
pilot study with a larger cohort.
Notably, participants were not impaired on any measures at baseline but showed variability in
performance scores with stronger ability in vision-based tasks (as might be expected in ball-game
athletes). This is an interesting finding because one might hypothesise that young players exhibit
some cognitive deficits due to high impact nature of the sport and frequency of concussive events.
Reassuringly, our findings indicate that this may not be the case in healthy young players at an
early stage of their sporting career and offers hope for early intervention techniques that could be
incorporated, as standard, alongside physical training sessions.
Overall, brain training findings showed a pattern of improved ability to some functions after
brain training, with the possible interpretation that these functions were trained, no change in
ability in other functions (potentially untrained), and a very specific pocket of poorer ability (from
Superior to High Average) at Time 2 in a single task measuring non-verbal strategy initiation.
Interestingly, visuospatial switching and strategy executive functions were the most enhanced
after training even though they were above average at baseline. This is a useful finding because
these are the skills most important for effective and competitive contacts sport ball play, so we
know that they can be enhanced by brief training periods; although the duration of these effects is
not yet known or whether increased frequency of concussive events over time changes this
relationship.
Results of statistical analyses found a negative correlation between number of concussions and
scores on visual executive functions including, - visual response, visual strategy initiation and
overall visuo-cognitive flexibility at baseline. This is a tentative but potentially important finding
suggesting these visual domain executive functions may be susceptible to decline after concussion,
yet they are also essential for competitive gameplay. There was no change in performance ability
after brain-training for several other functions including processing speed, verbal strategy,
switching, conceptual, verbal and visual problem solving. Additional research is needed to
establish which functions are reliably improved and those that are unaffected by brain training.
In this pilot study we provide proof of concept that short periods of brain training may exhibit
transfer effects to unrelated cognitive tests, adding to existing literature on near and far transfer
effects after brain training [55]. Other work found transfer effects after 3-weeks of brain training
using Lumosity® in young, healthy adults with standardised measures pre- and post-training,
similar to our study design [56] suggesting that brain training transfer can be effective at even
shorter durations than used here. Our findings also concord with results from other research using
the same duration of training time [16, 17].
Page 31/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102093

In the present pilot study, we measured concussion frequency and severity using the
conventional measure used in sport, the self-report SCAT2. Results of Multiple Regression analyses
showed that number of concussive events predicted cognitive flexibility and visual executive
functions and was non-significantly associated with non-verbal ability at baseline that worsened
from Time one to time two testing. Standardized beta coefficients indicated that number of
concussions was the strongest driver of these predictive relationships compared to severity of
symptoms score.
There is a physiological explanation for susceptibility of visual (and visual executive) processes
to repeated concussion. Repeated mild brain trauma is known to affect integrity of neural tissue
more severely than a single injury, resulting in visual function abnormalities [57]. This may reflect
the brain’s position in the skull and movement trajectory on impact, conferring vulnerability on
frontal networks mediating executive functions and visual pathways [58].
Other research has shown a similar relationship between mild head trauma and visual functions,
indicated by regression data in our study, including visual memory, recognition, acuity, processing,
and reaction time [59-61]. This may be associated with neuropathy to the optic nerve due to brain
movement on impact or changes to retinal neurons that relay visual information to the brain [62].
Indeed, our team recently showed that neuronal layers in the retina were abnormally affected by
repeated head blows in Olympic boxers [63].
However, although our analyses found that concussive frequency predicted ability in executive
visual domains at baseline, importantly our group were not impaired in any of these functions at
baseline because they started out above average. However, if baseline performance begins to fall
over time then visual executive functions are clearly at risk in contact sports players with repeated
concussions. In contrast, non-verbal strategy initiation (category fluency task) fell from 11.8 to 8.8
at baseline falling from top of average range to bottom of average range. This could be considered
of no importance because time two scores did not fall within the impaired range. However, a
performance decline such as this within a four-week period is unexpected, and the small standard
deviation showed that there was little variability around the mean at both test times signifying a
group effect. None of the tasks that players completed in Lumosity® as part of their brain training
were presented as training non-verbal functions so it is plausible that the mild decline in this
function occurred as a lasting effect of earlier concussions in our group. Non-verbal strategy
initiation is associated with frontal networks which we know to be vulnerable to injury after head
blows and associated with dorsolateral prefrontal cortical circuitry. This is a tentative explanation
of findings and needs replication in a much larger study, but it may be that non-verbal strategy
initiation is a cognitive marker of concussive effects [64]. Although our cohort’s performance was
not impaired at time two, we speculate that over time, repeated head-blows could potentially
contribute to measurable impairments in this cognitive domain. Future directions might
investigate screening for cognitive problems purported to be sensitive to concussion and
improved by brain training.
There is still much to learn about long lasting effects of concussion on cognitive ability. Martini
and Broglio [65] proposed that recovery from acute effects of concussion takes two to four weeks
but can persist for longer in some individuals, it is also likely that age is a factor in recovery. Most
well documented post-acute effects are dizziness and headaches rather than marked change in
cognitive domains. They also noted that there is scant information regarding effects of concussion
on an athlete when gender, type of sport, player position, concussion history and age at injury are
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considered – although paediatric injuries seem to have longest duration of effect. Evaluation of
cognitive ability after concussion found no evidence of cognitive decline associated with
concussion history – although this may reflect the lack of sensitivity of particular tests used to
capture subtle long-term deficits [66, 67]. Similarly, Hart et al., [68] found no correlation between
concussion history, duration of play and cognitive performance in retired athletes. In contrast,
Shah-Basack et al. [69], proposed that even though concussions may be considered mild they may
produce lasting cognitive deficits that hold relevance for the millions who sustain mTBI each year
[69]. Arguably, we are only just beginning to understand the effects of sports-related head blows,
concussion and mild brain injury on cognitive function.
In other areas of research there is growing support for vision training as a concussion neurodiagnostic tool and as an adjunct to concussion prevention strategies [70]. These methods include:
computerised training, light board training to improve reaction times, Brock’s string for eye
convergence and strobe glasses for visual acuity under stress among others [70-72]. Morton [72]
reported significant improvement in a case study of a 20-year old male following visual training
using a computerised iPad application. Other studies used visual training in sport and found
improved depth perception [70], hand-eye coordination, visual response speed, and stimulus
anticipation in adult male rugby players [73], and improved peripheral perception and reaction
time in youth in hockey players [71]. Importantly, vision training has been shown to be associated
with decreased incidence of concussion among football players [70] so there are multiple benefits
of brain training in contact sports where risk of head blows is high.
4.1 Limitations
Our pilot study had some limitations including the small sample size. However, despite this
effect sizes ranged from moderate to large, and these population parameters indicate robustness
of findings beyond cohort size. We did not collect data that would distinguish between concussion,
mild-TBI and complicated MTBI in the present study as self-report scores on the SCAT2 provided
the measure of concussion frequency and extent as is the convention for assessing concussion in
contact sport in the UK. In future work we would seek to use more objective measures to establish
concussive status including recording gameplay, motor and cognitive testing, RCT, longer follow up
with repeated cognitive testing, and comparison of concussive and brain training effects in
different age groups of players and control groups (untrained) for comparison.
5. Conclusion
Our study showed effective far transfer effects from a brain training app to standardised
measures of cognition in young players after a 4-week training period. Visuospatial executive
functions were most sensitive to brain training in our cohort, which could be particularly
advantageous for athletes whose gameplay and sporting prowess depend upon visuospatial
abilities, for example tracking the ball, being aware of other players’ positions on the pitch, and
constantly updating this information based on ball and player movement trajectories. Players
showed no cognitive deficits as a result of concussion, but concussion frequency predicted some
visuospatial abilities. Non-verbal strategy declined over time and did not improve as a result of
brain training, although remained at average levels. Future studies should use objective cognitive
and physiological measures to evaluate concussive effects because self-report of injury sequelae in
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competitive sports is problematic particularly when considering pressure to play from the player
themselves, team and coach. We hope that findings presented here provide an impetus for more
studies in this area because long term effects of repeated head trauma must be minimized as
much as possible for the life-long health of our young contact sports players.
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Abstract
Sleep-related difficulties are common in children with neurodevelopmental disabilities. Poor
sleep health is associated with detrimental impacts not only for the child/young person, but
also their family members. Exercise is considered to be important for sleep health,
improving duration and quality of sleep in adult studies, however there is limited literature
on impact in children with neurodevelopmental disabilities, and barriers to participation
exist for this group. We set out to test the feasibility and acceptability of an exerciseintervention for children with neurodevelopmental disorders and troublesome sleep, whilst
also evaluating impact on child’s sleep and whole family wellbeing. Design: Feasibility study.
Setting: Community-based Sleep Clinic for children with neurodevelopmental disorders.
Patients: Total 15 children aged 5 years 0 months to 15 years 11 months. Intervention: A 10week exercise intervention, providing one swimming session, and one dry-sports session
(1.5 hours per session) per week (overall 20 x 1.5 hours). Main outcome measures: Mixedmethods design; primary outcomes of feasibility and acceptability measured by ability to run
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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intervention, attrition rate, and semi-structured parent-completed questionnaire of
acceptability, appropriateness, and free-text comments. Secondary outcomes of impact on
sleep and wellbeing measured by pre-and post-intervention parent-reported diary of child’s
sleep (14-nights) and semi-structured parent-reported Likert-scale questionnaire for impact
on child’s sleep, wellbeing, mood and behaviour, and family wellbeing. Descriptive analyses
applied to the generated data. Primary outcomes: Twelve of 15 recruited participants took
part on a regular basis; attendance rate remained high throughout the 10 weeks at
swimming sessions, but was lower at dry-sports sessions. Parent-reported Likert-scale
measures found the intervention to be acceptable to families and appropriate to their child’s
needs. All attending families were interested in future sessions if these were to be offered.
Secondary outcomes: Average parent-reported sleep-onset latency, night-wakings, and
estimated overall sleep duration of child improved over the course of the intervention.
Families’ perceived impact on child and family wellbeing was overwhelmingly positive.
Provision of a participation-focused exercise intervention for children with
neurodevelopmental disorders in our area has been possible, and has been well-received by
families. Families reported positive impacts on child’s sleep, wellbeing, and family wellbeing
over the course of the intervention. Perceived barriers to completing the intervention
included competing family priorities, family stressors, language barriers, and transport
barriers. Overcoming such barriers to participation in physical activity for children with
neurodevelopmental disorders continues to be important.
Keywords
Sleep; exercise; participation; child disability

1. Introduction
It has long been established that sleep is imperative for human functioning; inadequate sleep is
associated with detrimental impacts on multiple body systems and functions, including immunity,
cell restoration, growth, appetite regulation, learning, memory, executive functioning, and mental
wellbeing [1, 2].
Recommended sleep duration for children varies with age, with current guidance suggesting
typically developing 6-12 year-old children aim for 9-12 hours of sleep per night [3]. It is, however,
widely accepted that sleep patterns in children with neurodevelopmental disabilities can vary
considerably from this [4]. Sleep-related disturbances are reported in up to 86% of children with
autism spectrum conditions, 44-86% of children with intellectual disabilities, and 70% of children
with Attention Deficit Hyperactivity Disorders (ADHD) [5, 6]. The range of sleep-related disorders
in this group is extensive, including behavioural insomnias of childhood, fragmented sleep
patterns, circadian rhythm disorders, and higher risk of sleep-disordered breathing in some groups
(e.g. Down Syndrome). Co-existing mental health disorders, maladaptive behavioural patterns,
and physical and neurodevelopmental comorbidities contribute to the complex interplay of factors
culminating in a higher risk of disrupted sleep patterns [7].
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Sleep disturbance in children impacts on sleep opportunity for parents, with an extensive
evidence base suggesting sleep deprivation in parents impacts their ability to cope with the
challenges of raising a child with complex disability [8, 9].
It is widely recommended that engaging in adequate physical activity can support healthy sleep
patterns, however the relationship between exercise/sedentary activity and sleep in children is
continuing to be explored in the literature [10-16]. Physical activity has been shown to improve
sleep-onset and sleep efficiency (proportion of time in bed spent sleeping) [12, 13], and increase
total sleep duration [14] in typically developing children. Positive relationships between physical
activity, sleep, and psychological functioning have been described in adolescents [15]; Kalak et al
[16] found introduction of a 30-minute morning run for 3 weeks in typically developing
adolescents (N = 51) led to increased slow-wave sleep, reduction in sleep-onset latency (SOL; time
taken to fall asleep), and improved mood and concentration for those randomised to the
intervention group.
The impact of exercise on sleep in children with developmental disabilities is so far tentative.
Small-scale studies suggest physical activity improves sleep quality [17-20]; Wachob et al. [19]
documented objective sleep and physical activity measures using accelerometer devices in 10
children with autism spectrum disorder over the course of 7-days, finding correlations between
higher levels of physical activity and improved sleep patterns. Brand’s pilot study [20] of aerobic
exercise (involving 30 minute bicycle work-out) and motor skills training (primarily throwing and
catching a ball, and balance training using a beam) in 10 children with Autism Spectrum Disorders
found 60 minutes of activity three times a week for 3 weeks led to better sleep efficiency and
shorter sleep-onset latency using objective measures (sleep-EEG), and improved morning mood
measured through parent-reported Likert scale. Recommendations included that future studies
should assess the benefit of a longer intervention period, and impact on the wider family.
The World Health Organisation [21] recommend children aged 5-17 years aim for 60 minutes of
moderate-to vigorous-intensity activity daily (mostly aerobic), and with vigorous-intensity at least
3 times per week. The recommendation for children with disabilities is that these
recommendations should be followed “whenever possible”.
Barriers to engaging in physical activity for children with neurodevelopmental disabilities are
potentially wide-ranging, including opportunity and access to activities that meet needs,
accessibility of venues and transport options, family resources to support attendance at activities
(both tangible, such as available transport and finances, and non-tangible, such as parental time
and energy), and cost of provision of safe activities that are likely to require a higher staff-to-child
ratio than for typically developing children.
Our local experience stems from an evaluation of sleep-related problems in children attending
two special-needs schools in our area in South London [22], which found parent-reported sleep
difficulties in the index child to be highly prevalent, and equally common at both primary and
secondary school age (59% and 61% respectively). A local community-based sleep clinic for
children with neurodevelopmental disorders and/or severe psychosocial adversity was established
in response to this identified gap in service, and has been running for over 3 years, receiving over
600 referrals to date.
Pathway through the service includes a detailed Paediatrician-led assessment, with
identification of likely contributing factors to sleep-related difficulties, and generation of potential
solutions. One commonly identified factor is lack of opportunity or access to appropriate physical
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activities for children with developmental disabilities, with many children spending hours engaged
in screen-based activities as an alternative occupation.
The current study was therefore designed to explore whether an exercise-intervention
developed to meet the needs of children within our local sleep clinic population could be feasibly
implemented (to meet an identified gap in opportunity and availability in the local area), and if so,
to explore the views of families attending, whilst also addressing the need for further research in
this area, evaluation of a longer intervention period, and impact on the wider family, as raised by
previous researchers.
With this in mind, our primary research questions were: Is delivery of an exercise intervention
for children with developmental disabilities in our local area feasible? And if so, do parents find
the intervention acceptable?
Secondary questions of interest were: Does the intervention improve the reported sleep
pattern of the child? And do parents report changes to wellbeing and functioning following the
intervention?
A grant of £ 6,500 was available to support the delivery of a project to address these questions.
2. Materials and Methods
2.1 Intervention
The exercise intervention was designed and provided by a local team of sports instructors,
specifically trained in supporting children with additional needs (London PE and Schools Sports
Network). This comprised one session of swimming per week (1.5 hours) at a local swimming pool
within a sheltered housing development (pool-use solely for the participants and intervention
team during the allocated sessions), and one session of dry-sports (trampolining, balls, scooters,
and use of a nature-walk) per week (1.5 hours) at a local community sports development within a
school-setting, for 10 weeks between April and June 2019. Sessions were delivered in the afterschool period. Ratio of instructors to children was 1:2, with 8 instructors (including the team lead)
supporting 15 children, ensuring adequate staffing to engage, facilitate participation, and maintain
safety of all children. Children were encouraged to engage in a range of activities during the
sessions, with turn-taking of the trampoline equipment and at times being led by the child’s
interest/motivation for specific activities. The aim was to achieve physical exertion (unspecified
intensity) for all children throughout the sessions.
2.2 Participants
Funding allowed for 15 participants. Inclusion criteria were: child under the care of Evelina
London Community Paediatric Sleep Clinic, with neurodevelopmental difficulties/disability (may
have neurodevelopmental or neurodisability diagnosis, or be under assessment within
neurodevelopmental service), and age range 5 years 0 months, to 15 years 11 months and 30 days.
Exclusion criteria were high-risk safeguarding concerns (e.g. child in process of being placed in
Local Authority foster care), and health issues that may impact on safe participation (e.g. awaiting
investigations for suspected epilepsy or potential cardiac disorder).
2.3 Outcome Measures
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A mixed-methods approach was taken to explore the primary research questions: the feasibility
of such an intervention within our local boroughs was tested by the ability to set-up, run, and
complete delivery of the intervention within the available funding. Acceptability of the
intervention was measured through semi-structured (Likert-scale and free-text) parent-reported
questionnaire at the end of intervention, and through attrition rate.
Further data was gathered to explore secondary questions of interest as below:
Perceived impact on child’s sleep pattern measured through parent-completed sleep diaries
(Figure 1) for 2 weeks (14 nights) prior to the start of the intervention, and for the last 2 weeks (14
nights) of intervention, detailing time taken to fall asleep, number of night-wakings, and estimated
total sleep time. We encouraged parents/care-givers to complete diaries each morning, recalling
previous night’s sleep, to help optimise accuracy of information retrieved.
Parental perceptions of impact on child’s general wellbeing, child’s mood and behaviour, family
wellbeing, confidence in child participating in future physical activity, likelihood of child
participating in increased future physical activity, and interest in future sessions were sought
through a Likert-scale questionnaire developed specifically for the study.
A semi-structured interview schedule relating to CanChild’s “F words” [23] was additionally
posed (Box 1), to relate parental views to aspects of the International Classification of Functioning,
Disability, and Health.
Box 1:
▪ Was attending the sessions FUN for your child?
▪ Do you think the sessions improved your child’s FITNESS?
▪ Do you think attending the sessions improved your child’s FUNCTIONING in any way?
(everyday activities such as walking, eating & drinking, communicating, playing, school
activities)
▪ Did your child make any new FRIENDS during the sessions?
▪ Did attending the sessions help your FAMILY in any way?

2.4 Ethical Considerations and Consent
Ethical Considerations: Safety of the participating children was paramount in the design of the
project. The team providing the intervention had extensive prior experience in delivering sports
interventions for children with additional needs; the interventions were to take place at venues
with which the intervention team were already familiar (as described above). A decision was taken
that parents should stay on-site during the intervention sessions, but that facilities would be
available for them to sit comfortably, with space for parents to entertain siblings, in the
knowledge that for many families alternative childcare for other children may not be available.
Consideration was given to whether transport costs should be covered for participating families;
it was decided that to test the feasibility of whether such an intervention could be translated to
future implementation on a wider scale, it was important to know whether families found the setup acceptable, including providing transport for their child.
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Ethical approval of the study protocol was granted by Cambridge South Research Ethics
Committee, and the Health Research Authority (REC Ref: 18/EE/0262).
Consent: Families were invited by phone and letter to recruitment mornings on two alternative
dates. Members of the research team provided families with both written information and a
verbal discussion about the study. It was made clear to families that their decision to participate or
not would not affect their clinical care within the service, and that they could choose to withdraw
at any time by contacting any member of the research team. Any family choosing to withdraw was
given the opportunity to provide feedback, however no contact thereafter was made by the
research team.
Following discussion, parents/care-givers provided written, informed consent for both
themselves and their child to participate in the study. Where appropriate, children completed a
developmentally appropriate assent form, with picture-based information.
2.5 Statistical Analysis
The primary research questions of whether provision of an exercise intervention was feasible
and acceptable were assessed through descriptive analysis of the qualitative data gathered
through parent-reported outcome measures.
Due to the small number of participants, statistical analysis of the quantitative data generated
from the secondary questions of interest (including perceived impact on sleep patterns), was not
attempted; descriptive analyses were therefore also applied to this set of data. This included use
of Microsoft Excel to calculate average sleep-onset latency, total sleep time, and number of night
wakings over the measured 14-night periods for individual children, and thereafter, averages for
the total group in whom full data was available.
3. Results
Forty-one children were initially identified from the caseload of children recently seen in the
Community Paediatric Sleep Clinic. Fourteen participants were initially recruited through
recruitment mornings as described above; three later withdrew (two could not commit to
venue/timings; one parent required to attend other interventions). Four further participants were
subsequently recruited by telephone. A total of 15 participants were therefore recruited.
Reasons for non-recruitment of the remaining 23 potential participants included:
• Contact not established-13
• Sleep improved-4
• Excluded for medical reasons (current arrhythmia/neurology investigations)-2
• Unable to commit or not interested (timings not good for family, not interested, having a
baby, away during the intervention)-4
Eleven participants were male, four female. Fourteen had a diagnosis of autism-spectrum
condition; eight were non-verbal; twelve had a diagnosis of Intellectual Disability; two had
chromosomal disorders, one of whom also had mobility impairment. Additional diagnoses
included Attention Deficit/Hyperactivity Disorder, Avoidant Restrictive Food Intake Disorder,
constipation, asthma, behaviour that challenges. All participants could walk independently. None
had undergone recent surgery.
Age range was 5 years 5 months to 11 years 9 months; median 9 years 0 months.
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One participant received one single telephone contact (routine planned review appointment)
from the Sleep Clinic team during the course of the intervention. No other Sleep Clinic
intervention was provided during the study period.
3.1 Primary Outcome Measures-Feasibility and Acceptability
Of the 15 children recruited, 12 attended on a regular basis. One child attended a single session,
two children were not brought to any sessions. Barriers to engagement included changing parental
work pattern, non-English speaking parent, domestic violence, and parental and child mental
health (primarily anxiety), highlighting the range of social vulnerabilities and barriers to
interventions for families in our area.
Of the remaining 12, attrition rate was very low for the swimming sessions (attendance at
swimming sessions 11 out of 12 in the final weeks), but greater for the dry-sports sessions (7 out
of 12 in the final weeks) [Figure 1].

Figure 1 Number of participants attending intervention sports sessions by week of
intervention (total 15 recruited; 2 never attended. Weeks 2 and 5 of trampolining
cancelled due to non-availability of venue/staff (UK Bank Holiday week 2; school halfterm week 5)).
Parents who completed the outcome-measure questionnaires (N = 11; not received back from
1 participating family, and 0 of the 3 families who did not take part on a regular basis) reported
the activities to be appropriate to their child’s needs (Swimming: 9 very appropriate, 1 somewhat
appropriate, 1 not answered. Dry-sports: 8 very appropriate, 1 somewhat appropriate, 2 not
answered).
3.2 Secondary Outcome Measures-Impact on Sleep and Wellbeing
Data from sleep-diary reporting was fully available for 10 out of the 12 children who completed
the intervention.
Reported sleep-onset latency (time to fall asleep) fell on average from 97.1 minutes preintervention, to 62.8 minutes at end-of-intervention [Figure 2].
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Figure 2 Sleep-onset latency (SOL) pre- and post- intervention in minutes (average over
14 nights).
Number of night-wakings improved in all but one child; overall reduction from average 1.45
wakings per night pre-intervention, to 0.77 wakings per night at end-of-intervention [Figure 3].

Figure 3 Number of night-wakings per night (average over 14 nights).
Estimated total sleep duration increased for 8 out of 10 children in whom full data was
available; 6 children achieved more than a reported additional one hour of sleep per night, and
perceived total sleep duration doubled or almost doubled for some (3.7 to 8.6 hours; 4.4 to 9.4
hours; 4.5 to 8.3 hours). Overall average perceived sleep duration increased from 5.8 hours per
night pre-intervention, to 7.7 hours per night at end-of-intervention [Figure 4].
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Figure 4 Estimated total hours sleep per night (average over 14 nights).
Through Likert-scale questionnaire, 10 parents reported improvements in their child’s sleep
pattern (2 improved a great deal; 2 improved a lot; 6 improved a bit), general wellbeing (3
improved a great deal; 1 improved a lot; 6 improved a bit), and family wellbeing (2 improved a
great deal; 3 improved a lot; 5 improved a bit); 9 reported positive impacts on their child’s mood
and behaviour (3 improved a great deal; 2 improved a lot; 4 improved a bit) [Table S1].
Parental confidence in their child participating in more physical activity in the future improved
in all families (5 “extremely confident” about child doing more physical activity in the future; 1
“very confident”; 5 “more confident”), and reported likelihood of child engaging in more physical
activity in the future improved in all families who responded (4 “certain” of child engaging in
physical activity in future; 5 “more likely” child will engage in more physical activity in future; 2 not
answered) [Table S1].
Free-text feedback was overwhelmingly positive; answers from all free-text comments were
grouped according to the “F-words” as presented below.
FUN:
“Before the session I would tell him that we are going to swim or to jump, he would reply with
positive emotion”
“He enjoyed it and looked forward to going each week”
“She loves it so much”
“We were happy because my child enjoyed these sessions. She used to come home with
excitement”
FITNESS:
“He seems fitter and a lot more willing to do activities”
“No, still the same, but he is growing and maybe he will do more physical activities”
FUNCTIONING:
“I have noticed a big change in my child over the 10 weeks, he has gained water confidence, he
is also more sociable”
“Over the 10 weeks we have had a much better sleep pattern, we have had a lot less meltdowns,
and he is generally a lot calmer”
“Improved playing with others in terms of those activities. Socialising. There has been good
improvement on their sleep pattern”
FRIENDSHIPS:
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“Not with the children, but with the adults!”
“It is nice to see him interacting with faces he isn’t so familiar with”
FAMILY:
“This has been great for me as a parent to know what activities works for my children”
“It has given us the confidence that [he] can do it!”
“Yes, after the sessions my son comes home, he sleeps well and wake up in the morning normal
time, and less stress for us”
“I am happy to be part of this [study] for my son, and for him to do the activities where his
needs are met and understood”
“This is so good for him and our mood”
One family’s child slept through the night for the first time in his life, another family described
having tried to teach their child to use a push-along scooter for 18 months, and mastering the skill
during the 10 week intervention. Functional changes were also noticed by parents in children’s
eating (improved appetite and motivation), communicating, requesting, and playing with others.
Sports instructors noted improvements in coordination, balance, agility, water confidence, ease
of communication with children, ability to separate from parents to carry out activities
independently, and motivation to participate in physical activities. The team lead commented,
“Most of all it was amazing to see the clients getting so much enjoyment from the activities, and
smiling and laughing through the majority of the sessions”.
Children who could verbally communicate were asked for their impressions of the sessions;
responses included “It’s fun!” and “Wow!”
Parental feedback on potential improvements or changes to the sessions fell into 3 categories:
Availability: 3 families commented on wanting the sessions to continue, increasing the number
of sessions available, asking the Local Authority to provide more activities like this suited to
children with additional needs
Timing: one family thought an earlier time would be better; one family commented there could
be better spacing of activities throughout the week; one family felt 1.5 hours of swimming was too
much for their child
Location: Two families felt the sessions were too far away; one family highlighted parking
restrictions made it difficult to drive to the swimming venue
All families were interested in attending further sessions if these were to be offered in the
future.
4. Discussion
The benefits of adequate sleep on health and functioning are well established, however
achieving adequate sleep for individuals with neurodevelopmental disorders, and their families,
remains a challenge. In our cohort, no participant was achieving average sleep duration within the
recommended range of 9-12 hours sleep per night (for children aged 6-12 years) at the beginning
of the study period (all achieving <9 hours average per night pre-intervention).
Recommendations to support healthy sleep include having a healthy level of physical activity,
however data in relation to the impact of physical activity on sleep patterns in children with
neurodevelopmental disorders remains scarce, highlighting the need for further research targeting
this area. There is as yet no consensus on the “dose” of physical activity that should be aimed for,
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with multiple methodological approaches reported previously [24]. High-intensity exercise
appears to be specifically beneficial to sleep patterns in typically developing children [12],
suggesting that dose may indeed be important. Previous available studies in children with
neurodevelopmental disorders have examined the impact of general physical activity levels on
sleep patterns [19], and introduction of short-term (e.g. 3 week duration) structured physical
activity [20].
We sought primarily to explore the feasibility, and acceptability to families, of implementation
of a 10-week physical activity programme comprising weekly sessions of both swimming and dry
sports, designed and delivered by a team of sports instructors experienced in delivering physical
activity interventions for children with additional needs. As secondary questions of interest, we
sought to explore parental perceptions of the impact of the intervention on their child’s sleep,
areas of wellbeing, and family wellbeing - areas highlighted as needing further exploration by
previous researchers.
Implementation and completion of the intervention supported feasibility from a provider
perspective, however we acknowledge the cost of provision of an adequately-supervised exercise
programme for children with disabilities may present a barrier to commissioning of interventions
that meet the needs of this group. The vast majority of the intervention cost was in the human
resource required to provide a 1-to-2 staff-to-child ratio, deemed important for adequate
supervision/safety, and to facilitate optimal participation of the child.
Evaluating true cost-effectiveness requires balancing the immediate cost of intervention, with
potential cost-savings in relation to crisis services accessed by families (Local Authority respite
care, Child and Adolescent Mental Health Services, parental mental health services). A recent
literature review [25] highlighted the substantial costs of supporting a child with Autism Spectrum
Disorder both directly (education, healthcare, accommodation, respite care, therapy) and
indirectly (lost productivity), demonstrating the importance of acknowledging these factors in
economic evaluation of interventions.
Acceptability of the intervention was supported by overwhelmingly positive feedback from
those families that could take part. There were, however, persisting barriers to engagement with
interventions of this sort, with 3 of 15 recruited families not completing the intervention, with a
range of social factors contributing to this. In addition, a higher attrition rate for the dry-sports
sessions appeared to be related to transport difficulties for this particular venue (lack of easily
accessible public transport reported through free-text comments), highlighting additional
persisting structural barriers to access for some families.
Our secondary questions of interest were related to the impact of such an intervention on
child’s sleep and wellbeing, and family wellbeing, as perceived by parents/care-givers. Parents
reported positive changes in sleep patterns for participating children, with two participants
reaching the recommended sleep duration for this age group of average >9 hours per night, and
number of reported night wakings halving on average. Almost all families reported positive
impacts on general wellbeing, mood and behaviour, functional skills, and family wellbeing.
Although this was a small-scale study, and not powered to assess the statistical significance of
reported changes to sleep patterns, our findings are in keeping with previous studies in both
typically developing children and those with neurodevelopmental disorders, suggesting physical
activity plays a role in improving sleep health.
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We speculate that provision of safe, structured, cost-free physical activity sessions may support
overall family physical activity levels, increased time spent out of doors (through associated travel),
and confidence in engaging with physical activity. Through this, we hypothesise that sleep and
wellbeing patterns may be positively impacted indirectly in the longer term. It has been shown
that providing structured physical activity interventions can increase level of physical activity
beyond the immediate intervention period [26], and future studies evaluating this in children with
neurodevelopmental disabilities will add to the data for this vulnerable group.
Limitations of the study: Parent-reported measures can carry a risk of reporting bias, however
sleep diaries have been described as the gold standard for subjective reporting of sleep, with good
reliability when compared to actigraphy measurement, if completed for at least 5 nights [27].
Additionally, parents’ perceptions and experiences of their child’s sleep are arguably the most
important outcome measure when supporting a child with additional needs in the context of their
family setting.
This small-scale study, designed primarily to assess feasibility and acceptability of the
intervention, was not powered to assess statistical significance of the secondary research
questions. We sought to minimise burden to participating families, and use of purposively
designed Likert-scales carried simplicity, ease of completion, and minimal time resource for
participating parents.
Additionally, the study was not designed to take account of potential confounding factors,
including social, environmental, behavioural and family influences on sleep patterns, although we
are confident that the participants were not receiving other interventional support from our
service during the course of the study, and therefore the only change from a service perspective
was introduction of the physical activity sessions.
Following this feasibility study, further research is required to draw more definitive conclusions,
including studies evaluating exercise as a complex intervention in children with
neurodevelopmental disorders, adequately powered comparative studies using validated
objective measures of activity-intensity achieved and sleep patterns, and health economic
evaluation of such interventions.
Final note: In times of resource limitation, gathering data on interventions that families find
beneficial is imperative, especially for vulnerable patient groups, for whom robust evidence-based
guidance is often lacking, partly due to ethical dilemmas in undertaking research in vulnerable
cohorts [28]. In the United Kingdom, Community Child Health teams work primarily with children
who have developmental or social vulnerabilities; such teams should feel encouraged to broaden
the evidence base through analyses of quality improvement projects within their departments,
helping strive towards best possible care and interventions for our patient population within
increasingly limited resources.
5. Conclusions
This small-scale study has shown that delivery of an exercise intervention appropriate for
children with significant neurodevelopmental disorders in our area is possible, and highlights the
potential wide-reaching benefits of an intervention initially conceived to support one aspect of
health (improved sleep health for child), that has returned positive impacts on areas of the child’s
functioning, mood, behaviour, and family wellbeing.
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Participating families reported shorter average sleep-onset latency (time taken to fall asleep),
fewer average night-wakings, and longer average sleep duration in their participating children,
with improvements to general wellbeing, mood, behaviour, and areas of functioning reported to
have been seen over the course of the 10 week intervention.
Families who took part appreciated the opportunity to access physical activity sessions that
met the needs of their children with neurodevelopmental disabilities, and all were all interested in
attending future sessions if the opportunity were to arise again, suggesting the value of such
interventions to families.
There are, however, persisting barriers to participation in physical exercise for children with
neurodevelopmental disabilities, and endeavours to minimise these will continue to be important
in the design of future research and interventions.
Key messages:
⚫ Development of an exercise-based intervention for children with neurodevelopmental
disorders has been very well received by families who took part
⚫ Parents reported positive impacts on sleep, wellbeing, and daily functioning following the
intervention
⚫ Parents reported increased likelihood of child doing physical activity after taking part,
highlighting the potential longer-term impacts of such an intervention
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Abstract
We review the use of numerical and computational models to explore deep brain
stimulation for Parkinson’s disease (DBS PD). It is a review for the modeler and those
interested in PD DBS modelling methods and their value. The main model categories of
active fiber, mean field, driving force, and volume of tissue activated are described as well as
many modelling techniques. We give the basic requirements for a DBS PD model and current
theories of DBS mechanism of action, PD etiology, and movement selection. The emphasis is
on providing the reader with a representative sample of the variety of models and the range
of techniques that have been applied to DBS PD, describing and critiquing them, and less so
on study results. However, an extensive set of data and results that can be used for model
calibration, validation, and comparison is provided in a Supplement.
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1. Glossary and Abbreviations
Active fiber model. In contrast to a passive nerve fiber model, the electrical conductance of the
fiber changes over time. Specifically, the active ion channel dynamics that regenerate an action
potential along the fiber are captured at the specific ion level with characteristic gate time
constants and proportion of gates open vs. closed.
Akinesia. Difficulty initiating movement; absence of intended movement.
Basal ganglia (BG). Circuitry of multiple nuclei-caudate, putamen, globus pallidus, substantia
nigra, and the subthalamic nucleus-communicating with motor cortex and parts of thalamus
associated with movement and reinforcement learning. Loss of cells in the substantia nigra is
considered the primary seat of degradation associated with PD.
Beta band. Power spectrum of recorded neural activity that displays peaks correlated with
movement disorders (MD) in PD. Low beta: 13-20 Hz. High beta; 21-35 Hz.
Bradykinesia. Slowness of movement that is a cardinal symptom of PD, including reduction of
automatic movement (e.g. blinking, swinging arms, and shuffling feet while walking) and difficulty
initiating movement (such as getting out of a chair).
Contraversive movement. Muscle movement on one side of the body that is controlled by the
opposite hemisphere of the brain.
Cortical synchronization. Biometric of PD MD. Correlation of beta phase (13-20 Hz) in the BG
(GPi) to broadband (50-200 Hz) gamma power in the motor cortex and hypokinetic MD. γ-power
peaks are coupled to, and precede, β-power troughs [1, 2].
Deep brain stimulation (DBS). Stimulation of brain via implanted electrodes targeted below
cortical level [3-5].
Direct pathway. Inhibitory monosynaptic projection from the dopaminergic striatum D1receptor to GPi output nuclei, which then target parts of thalamus and brainstem. Facilitates
voluntary movement by suppressing GPi activity that inhibits a specific action selection [6-8].
Dystonia. Involuntary muscle contractions from higher brain center malfunction, often
sustained and quasi-coordinated, of which one cause can be basal ganglia dysfunction.
Fast-spiking interneuron (FSI). Although the smaller cell type in the striatum (~5%), FSNs play a
key role in motor program processing.
Freezing of Gait (FOG). Abnormal gait frequently seen in PD caused by inability to move feet
while attempting to walk. Appears as quick, stepping movements in place while torso moves
forward, sometimes causing a fall. ‘Magnetic gait’ used synonymously. Typical situations: initiating
steps, approaching and navigating a destination (e.g. a doorway), turning.
Globus pallidus pars externa (GPe). Sub-component of GP receiving input from striatum and
STN, and sending output to STN, GPi, and brainstem [6, 9].
Globus pallidus pars interna (GPi). Output nucleus of BG to motor thalamus, along with SNr.
Suppresses unwanted action selection among competing motor programs [6, 9].
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High-frequency (HF) DBS. Stimulation frequency >100 Hz, typically 130-180 Hz (e.g. 130 or 150
Hz) [10].
Hyperdirect pathway. Cortex to STN projection hypothesized to suppress inappropriate
movement and perhaps fine-tune motor circuitry signaling [6, 8, 11, 12].
Indirect pathway. Inhibitory polysynaptic projection from dopaminergic striatum D2-receptor
to GPe output nuclei, which then inhibits GPi output nuclei [7, 8, 13].
Low-frequency (LF) DBS. Stimulation frequency <100 Hz, typically 60 or 80 Hz [10].
Mechanism of Action (MoA). A mechanistic cause, usually at an underlying biological systems
layer such as the genome, proteome, cell, and in neurology, neural circuitry, of a disease or
disorder.
Medium-spiny neuron (MSN). Predominant cell type (95%) in the striatum, divided into two
dopaminergic cells, D1 and D2, that project inhibitory connections to SNc and VTA.
Movement disorder (MD). Abnormal voluntary or involuntary movements. Three main types in
PD: bradykinesia, tremor, and rigidity.
Parkinson’s disease (PD). Prevalent, age-related neurological disorder (1 million US, 10 million
worldwide. US cost: $52B annually) characterized by depletion of dopaminergic neurons in the
substantia nigra pars compacta [14]. Symptoms include rigidity, resting tremor, hyposmia, posture
change, autonomic dysfunction, and cognitive deficits.
Passive fiber model. In contrast to an active nerve fiber model, the electrical properties of the
fiber are constant and the active processes that regenerate the action potential along the fiber are
not captured.
Resting state functional connectivity (rsfMRI). A major, evolving magnetic resonance
technique to identify and analyze the functional domains in the brain, its healthy and diseased
states, and the degree to which interventions restore a healthy state [15].
Resting tremor. Involuntary 4-8 Hz oscillation of a resting limb, suppressed by voluntary
movement. Most prevalent form is a ‘pill rolling’ movement of the wrist in PD.
Rigidity (aka cogwheel rigidity). Muscle stiffness or restriction of movement, a cardinal PD
symptom.
Striatum. Largest BG nucleus, containing 95% inhibitory and 5% excitatory groups, which is the
primary input to the rest of the BG and to vulnerable dopaminergic nuclei in PD, the SNc and VTA.
Sub-nuclei: caudate, putamen, and ventral striatum, which contains the nucleus accumbens.
Substantia nigra pars compacta (SNc). Primary region where dopaminergic neurons are lost in
PD, which is asymptomatic until progression is advanced, typically by loss of 80% of dopaminergic
neurons. Processes input from cortex and projects to other BG nuclei.
Substantia nigra pars reticulata (SNr). Output nucleus of BG to thalamus and superior colliculus,
mostly inhibitory (GABAergic), along with GPi. Also inhibits the substantia nigra pars compacta.
Inputs are in the direct and indirect pathways from the striatum.
Subthalamic nucleus (STN). BG component that is the most common target of DBS.
Ventral tegmental area (vTA). Region secondary to SNc where dopaminergic neurons are lost
in PD. Projects to striatum.
Volume of tissue activated (VTA). A primary metric of DBS efficacy: the volume of tissue in
which action potentials are generated by DBS, in the STN for example.
2. Introduction
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In neuromodulation as a primary treatment for neurological disorders, a secondary goal has
been to uncover mechanisms of action (MoA) of treatments to optimize neuromodulation efficacy
[16]. Discovered in 1987, deep brain stimulation for Parkinson’s disease (DBS PD), a largely
reversible procedure with few side effects, was hypothesized to be an electrical ‘lesion,’ and later
began replacing irreversible, surgical ablative procedures (lesions via thalamotomy, pallidotomy)
and avoiding their side effects [17]. DBS PD has since proven efficacious to alleviate movement
disorders in tens of thousands of implants and opened the door to over 20 neuromodulation
treatments and brain targets for neurological disorders, notably for pharmaco-resistant patients,
i.e. those for whom dopamine agonists is ineffective (see Table 1 in Udupa & Chen [18]). Attempts
to identify the underlying mechanism of DBS as an electrical ‘lesion’ for movement disorders
revealed conceptual naiveté [17, 19], and were augmented by hypotheses that DBS suppressed
pathological rhythms or entrained restorative rhythms [18]. Another mechanistic hypothesis is
removal of an ‘information block’ [20, 21]. However, identifying the mechanism of action of DBS
has proven difficult [22-24] and modelling studies cite this fact as part of their motivation. The
causes of DBS side effects and the means to eliminate them likewise have not been fully
uncovered [25]. Estimating parameters accurately is difficult in many biological settings [4], which
can be offset by computational modelling [8, 26]. One approach to address large error bars is to
model parameter sweeps to see behaviour across the plausible or reported ranges of a parameter
and to perform sensitivity analyses to determine which parameters affect a given result.
A desirable goal of models is being able to capture only the phenomena of interest, with the
possible limitation of missing causative components. This Occam’s Razor approach has evolved
from experiences with complex models whose development time increases exponentially with
complexity, and, especially in neural circuitry with recurrent connections, where results are
difficult to decipher.
Efforts to uncover the mechanism of PD etiology now incorporate biochemistry, structural
biology, molecular biology, and genetics, though to date no fully MoA-based treatment has
emerged (e.g., L-dopa was originally tried for the wrong reasons) [27]. Computer modelling has
assumed an increasingly important role due to many advantages such as the ability to explore
phenomena inexpensively, quickly, in a large parameter space, and by capturing phenomena that
would be difficult or impossible with animal or human subjects [28-30]. Numerical and
computational models formalize a theory along with empirical findings incorporated into the
model. Models are a test platform to explore hypotheses about the underlying MoA and predict
the effects of new neuromodulation protocols on side effects and efficacy [31].
Accordingly, we describe numerical methodologies that are innovative and valuable additions
to the modeler’s toolbox. We include efforts toward closed-loop DBS (aka ‘adaptive’ or ‘aDBS’)
due to its potential benefit to patientsand because aDBS imposes a rigid set of constraints on
models that can aid successful modelling.
2.1 Literature Search Methods
We did a PubMed, Europe PMC, and Harvard Library Hollis system search with combinations of
keywords 'deep brain stimulation, Parkinson's disease, movement disorder, circuitopathy,
neuromodulation, model, computational model, and numerical model'. The inclusive criteria were:
1) The model is an exemplar of important methods or techniques, and 2) The model is transparent
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and repeatable. The latter criterion did not exclude complex models or difficult mathematics but
did require clarity of exposition such that methods could be understood by others and reproduced
in programming code. We did not emphasize the significance of modelers’ results per se.
However, in an extensive Supplement we compile qualitative and quantitative empirical
findings for model calibrations or validations and salient results to reproduce or compare to
modelers’ own results. The article attempts to help modelers assess tools and paradigms that hold
the promise of uncovering PD DBS’ MoA.
To date, DBS targeting the posterior subthalamic area and thalamic intermediate nucleus are
done primarily for tremor vs. the primary PD targets of STN or GPi, and as such the former targets
were not included in our search [32].
3. Brief Etiology of Parkinson’s Disease
Since DBS PD is primarily used to treat PD movement disorders (MD), we focus on MD-relevant
etiology here. PD, first described by James Parkinson in 1817, is an age-related neurodegenerative
disease in which motor symptoms appear to be related to loss of dopamine-expressing neurons in
the substantia nigra pars compacta (SNc, ‘dark substance’) and to a lesser extent in the ventral
tegmental area (VTA). Lesioning the SNc in monkeys results in dopamine loss in the striatum and
creates a parkinsonian-like state [27]. It is estimated from a rat model that ~80% of dopaminergic
neurons must be lost for PD symptoms to appear, indicating a large amount of redundancy or
signal-to-noise ratio exists in the BG circuitry; 80% is ~400,000 of the ~500,000 dopaminergic
neurons in human SNc/VTA [33]. From low levels in earlier decades, PD prevalence jumps to ~15%
for patients over 60 years of age and increases 15-20% in each subsequent decade, constituting 1%
overall prevalence over age 60 [34].
Neuropathological changes are observed at the tissue and cellular levels: neuronal loss in the
ventrolateral cell group in the substantia nigra that projects to the posterolateral putamen, with
accumulation of a-synuclein (Lewy Bodies) in those cells. Dopaminergic loss is thought to be
caused by accumulation of pathological alpha-synuclein or mitochondrial dysfunction, or both [27,
35].
The basal ganglia nuclei are strongly coupled, and effects of dopamine depletion on the
striatum neural receptors are surprisingly complex and subtle [8]. Dopamine depletion correlates
with increases in beta band power spectra (13-30 Hz) in the BG-cortical loop (see Supplement
Table S4), which is also predictive of bradykinesia, and although beta band is a channel used for
motor cortex to send instructions for weak-to-moderate contractions to muscle [36], a causal
relationship between increased beta power and PD MDs has not been established [30]. The
difficulty of sorting out cause and effect in PD etiology suggests elucidation via modelling, yet
many studies seem to assume a causal relationship [37]. At the neuronal and circuit systems levels,
attempts to correlate observable symptoms of PD with progressive and graded dopaminergic
neuron loss are worthwhile modelling goals, as early diagnosis of PD is critical to improving
pharmaceutical, electroceutical, or neuromodulation treatment efficacy as well as testing DBS PD
MoA hypotheses [27].
An excellent short history of PD etiology is given by Goedert et al. [27]. Etiology of PD at the
genetic signaling pathway level is summarized in the Supplement.
4. Theory of Movement Selection by Basal Ganglia and PD Etiology
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Hypotheses on the MoA in PD MD center on the complex interaction within the BG, and
between the BG, thalamus, and cortex (Figure 1). Modelers focus on three main signaling
pathways that have been proposed, called the direct, indirect, and hyperdirect. The original
circuitry metric of healthy vs. dysfunctional states was neuronal firing rate (‘rate model’), which
has been increasingly augmented by resting state functional connectivity derived from MRI
techniques (rsfMRI) [18].

Figure 1 Schematic of the basal ganglia (green), motor thalamus (yellow), motor cortex
(blue), and brainstem and spinal cord (brown). There are two input nuclei, the striatum
and the subthalamic nucleus (STN), comprised of: 1) Direct pathway: red dotted line
from D1 striatal neurons to the globus pallidus internal nucleus (GPi); 2) Indirect
pathway: red dashed line from D2 striatal neurons to the globus pallidus external
nucleus (GPe); 3) Hyperdirect pathway: blue long-dotted line from cortex to STN. The
basal ganglia output is GPi to motor thalamus to motor cortex, or GPe to brainstem to
spinal cord. Deep brain stimulation (yellow lightning zigzags) is applied to BG nuclei
STN or GPi.
4.1 Direct and Indirect Pathways
Synthesizing evidence from anatomy, physiology, and pharmacology, Albin et al. and DeLong et
al. proposed a parallel processing action-selection model incorporating a direct and an indirect
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pathway comprising positive and negative feedback loops between the BG, thalamus and motor
cortex, later empirically supported by Nambu et al. [12, 13, 38]. Functionally, the indirect,
polysynaptic pathway from the BG striatum to the GPe and STN is hypothesized to globally inhibit
a somatotopically-organized repertoire of motor programs triggered by GPi and SNr. This
inhibition continues until the direct, monosynaptic pathway from the striatum inhibits the specific,
somatotopic inhibitory group in the GPi/SNr targeting the desired motor program, thereby
releasing it from inhibitory control and selecting it for action. The indirect pathway is a deadman’s
‘brake’ signal (i.e. are always on brake) and the direct pathway is a ‘go’ signal [39]. Or in computer
science terms, these circuits are a rapid-response multiplexer for selecting from a repertoire of
action sequences. Focal injections of the GABA-A antagonist bicuculline (a chemical lesion) in the
striatum results in loss of specificity in BG activity and twitches in specific muscle groups,
demonstrating the somatotopic mapping [40].
The targets of the BG output nuclei GPi/STN are the motor regions of the thalamus, which
targets the motor cortex, which sends motor program requests to the BG. The BG then processes
and relays them to the brain stem and the spinal cord, where they are parsed into an ancient
repertoire of motor programs and sent to the relevant muscles via efferent connections from the
ventral cord [6-8, 13, 37, 41].
The largest component of the BG, the striatum (107 neurons), receives excitatory glutamatergic
input from the motor cortex (the primary motor cortex, supplementary motor area, and premotor
cortex) and is the main input relay center to the rest of the BG [42]. Via its medium spiny
projection neurons (MSNs) that comprise 95% of it, the striatum projects inhibitory dopaminergic
input to SNc and VTA [11]. The cortex requests specific motor programs (volitional movement
control) via the striatum’s fast spiking interneuron excitatory inputs (FSI, ~5% of cells), and the BG
regulates the proper selection of each desired program before sending it to brainstem, which
processes them and sends them to the spinal cord (automated movement control) [43]. The
striatum has two groups of GABAergic MSNs, D1 and D2, characterized by two different
dopaminergic inhibitory receptors [8]. Striatal D1 cells project monosynaptically to the excitatory
BG output nuclei GPi and SNr, both GABAergic, inhibiting them in the direct pathway, while the D2
cells project polysynaptically to BG output nuclei via inhibition of GPe and STN in the indirect
pathway [7, 8, 13, 44]. Dopaminergic input from the SNc increases sensitivity to cortical excitatory
input to D1 cells and decreases sensitivity of cortical input to D2 cells. Interestingly, MSNs can
receive excitatory glutamatergic cortex input on their dendritic heads and inhibitory dopaminergic
SNc/VTA input on their dendritic spines, permitting complex modulation [39]. Similarly, dopamine
increases FSI activity by concurrently depolarizing the cell via its D5 receptor and reducing GABA
input via the D2 receptor, and other neurotransmitters are involved [43]. The striatum’s FSIs play
an important role in regulating MSN projection activity via recurrent and feedforward inhibition,
and MSNs receive inhibition as well from GPe Type A neurons [40].
4.2 Hyperdirect Pathway
The hyperdirect pathway, running from motor cortex layer V pyramidal neurons to STN, socalled by Nambu et al. since it bypasses the rest of the BG, is hypothesized to be the pathway
through which ipsilateral motor actions are ‘requested’ by the cortex to the BG via excitatory,
glutamatergic connections [11, 12, 45, 46]. It has also been suggested to suppress inappropriate
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movement and fine-tune motor circuitry signaling (Vanduffel and Arsenault, 2016) [8, 11]. The
hyperdirect pathway has a latency of just ~1-3 ms compared with ~18-25 ms for the direct
pathway, which runs through the GPi/SNr and thalamus to cortex [18, 47]. While it is not known
whether PD MD-related beta band peaks originate exclusively within the BG or require the cortex,
DBS PD was hypothesized to affect the cortex via antidromic activation from the STN [48]. The
computational model of Anderson et al. predicts that in high frequency PD DBS, if 15% + of the
hyperdirect pathway is affected, antidromic APs suppress synaptic current, which ‘lesions’ the
cortex-STN circuit, preventing generation or propagation of oscillatory activity [49]. However,
recent work calls these conclusions into question (see below) [50].
4.3 Other Relevant Pathways
While most investigations of the origins of PD movement disorder (MD) focus exclusively on the
basal ganglia (BG) (commonly the pallidal-STN loop), other circuitry, notably the thalamus, corticothalamic loop, and the BG-cortico-thalamic loop, may contribute to pathological BG processing
and therefore are all open to test by modelling (see Figure 1 in van Albada et al. [8]). Likewise, it
should not be ignored that DBS for non-MD symptoms such as pain may be valuable sources for
DBS PD for MD model calibration and validation [51].
Modelers may incorporate compensatory mechanisms that reconfigure large-scale motor
circuit regulation. Shine et al. found that integration of activity across the medial frontal, lateral
parietal, and anterior temporal cortices was inversely correlated with motor symptom severity
[52]. Similarly, a recent study pioneering the combination of several empirical techniques, and
therefore possibly revealing new phenomena, shows that models may have to include cortical
motor areas, reinforcing the significance of the hyperdirect pathway [53]. Ruppert et al.’s
multimodal imaging showed reduced rsFC between a dopamine-depleted striatal putamen and
cortical motor areas versus healthy state connectivity.
5. Current Theory of DBS PD Mechanism of Action at the Circuit Level
Four distinct and conflicting MoA have been proposed for DBS PD at the circuit level [23, 24]:
1. Direct inhibition of neural activity
2. Direct excitation of neural activity
3. Information ‘lesion’, jamming, or blocking
4. Synaptic filtering
Different MoAs may underly high versus low frequency DBS PD and in either case more than
one MoA may be involved [23].
Direct inhibition of net STN or GPi activity was shown to not occur, although suppressing the
excitatory sources of aberrant inhibitory interneurons that pathologically are disabled in inhibiting
downstream hyperactivity could lead to depressed thalamic activity and akinesia (Figure 2) [23].
Direct excitatory stimulation could work similarly, but conversely to direct inhibition, by increasing
the activity of inhibitory interneurons to suppress pathological over-active STN or GPi neurons.
Either MoA ultimately works by preventing DB-related synchronization or other pathology from
propagating throughout the motor control network.
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Figure 2 Comparison of healthy (left) vs. dysfunctional PD states (right) due to
dopamine depletion in striatum dopaminergic neural groups D1 & D2. Left: Healthy
state with normal numbers of dopaminergic neurons. All connections are represented
by lines of the same thickness indicating normal resting state connectivity strength.
Right: Parkinson’s disease state with dopamine depletion, where line thickness
indicates change in connection strength vs. healthy state. Net effect is elevated activity
through most of the circuit resulting in pathological synchrony. The difference
between the diseased and health states could be measured, e.g. by changes in firing
rates in the nuclei or power spectra, as could the degree of restoration of the healthy
state via PD DBS. GPe: globus pallidus external. STN: subthalamic nucleus. GPi: globus
pallidus internal BSt: brain stem. Thal: thalamus. After Humphrey et al., but with
effects of depletion added [37].
A problem with the direct action and lesion hypotheses is that they may imply that normal
motor control signalling may be impaired during DBS, yet studies show that sensorimotor
signalling occurs in the pallidal centers under DBS to STN or GPi, as well as motor sequence
learning and reward-based reinforcement learning, which is another function of the BG [24].
These issues engender a more refined hypothesis that DBS filters out pathological activity while
allowing normal motor control signals to pass.
Thus, the synaptic filtering hypothesis also solves the prima facie paradox of DBS PD stimulating
higher activity in STN or GPi yet decreasing oscillatory activity: HF DBS PD over-stimulates cells to
the extent that synaptic failure occurs, effectively reducing the frequency seen by axons. The
resulting lower frequency acts as a filter that attenuates elevated pathological oscillations [54]. A
second hypothesis is low-pass thalamic filtering, i.e. the thalamus passes healthy motor signalling
(e.g. ≤β-band 13-35 Hz) while HF DBS PD (e.g. at twice the frequency in the circuit) blocks
pathological activity [24, 55, 56].
A recent study by Johnson et al. indicates that the MoA of DBS is orthodromic, as DBS to GPi
produced no antidromic activity in the motor cortex, while DBS within STN produced only acute
motor cortex activity over a 4-hour period, although therapeutic benefit was maintained as
activity waned [50]. Malekmohammadi et al. found that HF DBS (185 Hz, 90 μs) to GPi reduced low
beta band power (13-18 Hz) with no corresponding effect in the motor cortex, while high beta
power was suppressed in both GPi and motor cortex [20]. Both studies draw attention away from
hypotheses that DBS effects occur via the hyperdirect pathway, while not commenting on the role
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of the hyperdirect pathway in motor control. This work supports the orthodromic theory of DBS
PD that, with SNc dopaminergic neuronal loss, GPe inhibition of STN weakens, producing elevated
synchrony, in turn producing PD MD symptoms by blocking normal BG-MC signaling. DBS to
dorsolateral STN or GPi reduces BG-thalamo-cortical synchrony and synchrony within the cortical
motor areas, as indicated by beta-band power, thus removing the ‘information block’, restoring
normal BG-MC signaling via thalamo-cortical projections [20, 21, 51]. If further studies reinforce
this conclusion, it is a major clarification of DBS PD MoA and would help to focus modelers’ efforts,
beginning with reproducing the results of Johnson et al. and incorporating the required
parameters as a calibration of models including the motor cortex.
The varied mechanisms proposed for DBS PD support Ashkan et al.’s call for changing the term
‘deep brain stimulation’ to ‘deep brain modulation’ to more accurately characterize DBS’ MoAs
[23].
We omit investigations into neurotransmitter MoA other than dopamine depletion as they are,
as of now, typically incorporated into the overall inhibitory or excitatory connection strength in
circuit-level modelling and not as individual channels. Even in active fiber models where there
exist, e.g. a dozen different sodium and potassium channels, a ‘lumped’ approach is taken to
capture the net effect of each ion channel type. However, as the science and practice of
electroceuticals (neuromodulation replacing the efficacy of drugs), modelling detail at the
neurotransmitter level (e.g. glutamate, gamma aminobutyric acid, calcium, serotonin,
noradrenaline) may become important. The interested reader is referred to Stefani et al.,
McIntyre & Anderson, and Jakobs et al. [56-58].
6. Effects of Dopamine Depletion in Neuron- and Circuit-Level Models
From the movement disorder circuit-level theories described above, it is easy to see how, at
least prima facie in PD, the loss of the inhibitory, dopaminergic input from SNc would result in
dysregulation of the striatum, the largest BG component and dominant relay to the rest of the
movement-controlling BG. To reveal specific MoAs, modelers must, however, take a deeper dive
into the range of predicted effects [37].
Following the DeLong et al. model of motor program selection and switching in the BG, an early,
detailed spiking neuron model by Humphries et al. exemplified predictions of the role of dopamine
in healthy and diseases PD states (Figure 2, Table 1 and Table 2) [38, 41].
Table 1 Cascade of circuit effects under dopamine depletion in striatum dopaminergic
neural groups.
1.

Cortex excitatory to D1 ↑

2.

Cortex excitatory to D2 ↑

3.

D2 inhibitory to GPe ↑

4.

GPe inhibitory to STN ↓

5.

STN excitatory to GPe ↑ (however, 4 & 5 offset each other to an unknown degree)
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6.

STN excitatory to GPi ↑

7.

GPe inhibitory to GPi ↓

8.

Combined effect of 2, 6 & 7: GPi excitatory to Thal and BSt ↑

9.

Thal excitatory to Cortex ↑

10.

Unknown: whether the Thal projection to motor cortex in turn reinforces cortex
signals to the striatum.
Cortex: motor cortex. D1, D2: two striatum populations of dopaminergic neurons. GPe: globus
pallidus external. STN: subthalamic nucleus. GPi: globus pallidus internal BSt: brain stem. Thal:
thalamus.

Table 2 Model and empirical elucidation of the role of dopamine in healthy and
depleted states at the neuron and neural circuit levels.
Individual Neuron
D1
Firing rate-Healthy state
~25 Hz
Firing
rate-Degree
of Toward ~13 Hz
dopamine depletion
Decreased excitability
Neural Circuit

D2
~10 Hz
Toward ~13 Hz
Increased excitability

Motor cortex->GPi (hyperdirect)

Intra-Basal ganglia (direct,
indirect)
Healthy state, hyperdirect Motor cortex somatotopically Low
background
pathway
depresses GPi inhibition of correlation of activity
brainstem & thalamus, permitting
specific motor program activation
Dopamine depleted state
Motor cortex fails to depress GPi Elevated
background
inhibition of brainstem & thalamus correlation of activity
Healthy state, indirect Activity globally suppresses motor Activity globally suppresses
pathway
program
selection
unless motor program selection
somatotopically
inhibited
by unless inhibited by direct
hyperdirect pathways, permitting pathway, permitting motor
specific motor program selection
program selection
Dopamine-depleted state
Elevated inhibitory activity reduces Elevated inhibitory activity
inhibition by hyperdirect pathway, reduces inhibition by direct
inhibiting movement
pathway,
inhibiting
movement
At the circuit level, loss of dopamine results in elevated indirect pathway activity via the STN
and weakened hyperdirect pathway activity. Together these results are theorized to prevent
normal suppression of the indirect pathway by the direct and hyperdirect pathways, and thereby
hinder proper movement program selection and modulation [46]. We detail the cascade of circuit
effects from dopamine depletion in D1 and D2 in Figure 2 and Table 1. Figure 2 is representative of
a simple schematic to illustrate an experiment to be modelled, where metrics such as firing rates
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in the nuclei or power spectra can be used to measure the difference between the healthy and
diseased states and the degree of healthy state restoration via neuromodulation. It can be seen
that the net effect of dopamine depletion at the circuit level is elevated excitatory activity. From
this we hypothesize that a background signal-to-noise ratio that is exceeded by motor-program
selection commands in the healthy state is replaced by a noisier state characterized by
pathological synchrony, and that DBS PD interrupts the synchrony, attenuating noise back toward
healthy state levels.
Further calibration data for a dopamine-depleted circuit is provided in Table 2.
7. Basic Requirements for PDS DB Modelling Studies
Augmenting a similar list from Holt & Nethoff [31], a conceptually complete DBS PD model
must include the following:
1. Biomarkers to measure calibration and validation of healthy and diseased states
2. Well-defined descriptions of healthy and diseased states at appropriate systems levels
3. One or more neuromodulation protocols hypothesized to ameliorate a given pathology
4. Hypotheses of how each neuromodulation protocol affects neural activity and restores the
healthy state from the diseased state
5. Possible in silico, in vitro, or in vivo experiments to verify or falsify the hypotheses
8. Model Calibration and Validation
An extensive set of criteria that can be used for calibration and validation of models is given in
the Supplement. Any number of the given criteria can be used to calibrate a model, and then
running the model to see if it manifests any of the remaining criteria can constitute a validation. In
general, biological models tend to be under-validated. Model robustness benefits from
incorporating calibration and validation data that are in some sense orthogonal to each other.
9. Types of DBS PD Computational and Numerical Models
Neural circuitry computational models typically involve a way to represent processing of inputs
to neurons from other neurons and output from neurons to other neurons in a software program,
some having more detail in such processing, some less, some more biologically inspired, some
less-so. Modelling can capture detail at several biological systems levels, which affect methods of
calibration, validation, as well as model complexity.
9.1 Top-Down Organizing Principles
Holt & Netoff surveyed computational and numerical models of epilepsy as well as DBS PD and
classify DBS PD into two categories with different goals: (1) abstract models that replicate
behaviours but are not clinically predictive, and (2) models that are clinically predictive,
incorporating and solving for patient-specific parameters [31, 59]. These are idealized categories,
and most modelling is a mix of the two categories and one way or another embody a ‘bench-tobedside’ paradigm. A purely theoretical model typically must still incorporate clinical parameters
to be useful and a purely clinical model whose aim is to improve clinical parameters typically still
needs to be distilled down to an abstract model.
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In the last two decades the top-down method of imaging correlated functional brain activity to
create a high-level resting state functional connectivity connectome (rsFC) of the healthy and
diseased states has become increasingly effective in analyzing many neurological disorders [60-62].
In rsFC the biomarker dimensions provide a way to describe healthy and diseased states and a
‘distance’ between diseased and healthy states. Testable hypotheses can be framed in terms of
the degree to which neuromodulation restores the healthy state along one or more rsFC
dimensions. The rsFC paradigm is likely to provide the over-arching framework into which DBS PD
MoA and efficacious parameters will be organized in the future.
9.2 Trade-offs in Neural Circuit Model Granularity Categories
9.2.1 Active Fiber models
Active fiber models containing multiple ion channels with voltage-modulated time factors that
underlie conductances are often needed to capture specific neuron characteristics such as
synaptic transmission failure, threshold and propagation blocking, response to high frequency
stimulation (e.g. 1-30 KHz), action potential shape such as the after-potential or short- and longterm threshold increase or decrease (threshold ‘accommodation’) [54, 63-75]. More generally,
highly specialized numerical and computational models may be developed using a minimal,
carefully triaged set of underlying assumption to capture specific neural phenomena [76].
9.2.2 Mean Field, Driving Force, and Volume of Tissue Activated Models
Gunalan et al. 2018 sought to compare the accuracy of three categories of DBS PD models: 1)
field-cable, which includes active fiber models coupled with FEM of the electric field, and which is
most computationally complex and time-consuming, but also most accurate, 2) driving force,
which is in the middle of the complexity spectrum, and 3) volume of tissue activated (VTA), which
is least complex, and as they found, least accurate [77].
Neural mean field theory is a high-level, computationally efficient mathematical framework
typically used for modelling large neural circuits. The term ‘mean field’ derives from the use of
spatial and temporal averages in discrete, coarse-grained volumes and time intervals to describe
distances between neural populations at spatio-temporal position and numbers of APs in a given
time, e.g. firing rate Qa (where a is for average) at position r and time t: Qa(r,t) [78]. The dramatic
reduction in degrees of freedom results in computational efficiency and transparency [79]. Rise
and fall sides of the AP can be described by exponential, sigmoid, or step functions. A potential
shortcoming is the use of just two neuron types, excitatory or inhibitory. Mean field theory’s
framework matches that of rsFMRI and describing the difference between healthy, diseased, and
neuromodulated states [15]. We see significant advantages in marrying neural field models with
more detailed bottom-up approaches that incorporate, e.g., different neural types as do
Kumaravelu et al. [29, 80].
VTA models typically incorporate several simplifying assumptions: 1) isotropic tissue
conductivity, 2) straight axons oriented perpendicular to the applied electric field, 3) finite
volumes of tissue proximate to the electrode, all for parameters of fiber diameter, specific
electrode array activation, pulse width, and amplitude [77, 81, 82]. Note that assumptions 1 & 2
can be loosened for greater accuracy by using anisotropic conductivities in multiple tissues and
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axons of any orientation to the field. Also, while VTA commonly requires an additional assumption
that AP frequency match stimulation frequency (‘1:1 response’), we suspect this requirement is
spurious and misleading, based on other neuromodulation paradigms (e.g. spinal cord stimulation
and vagus nerve stimulation), in which efficacy can be achieved without 1:1 response.
The intermediate complexity category, driving force models, significantly reduces complexity of
field-cable models by using a metric for activating an axonal AP [77, 83-87]. The inherent
limitations of the simplified approach can be ameliorated by incorporating distance-weighted
potential contributions to the excitation of a given node of Ranvier (2 adjacent nodes in Rattay’s
‘activating function’ and an unlimited number in Warman’s ‘driving function’), or calibration to
exogenous passive or active models [85, 88-91]. The accuracy gain of ~20% under certain
circumstances may not be necessary for most model goals or as a first pass model.
Ultimately, DBS PD model types are strategies to efficiently bridge several biological systems
levels (multi-scale modelling) by incorporating no more detail from each than is needed to
capture the phenomena of interest, thus, models must be judged in the context of their
goals and no method is ‘best’ [29]. Our categorization of the models reviewed here is given
below.
Table 3 Reviewed models categorized according to computational complexity in
bridging biological systems levels inherent in representing DBS PD (most complex, left,
to least complex, right).
Active Fiber
(aka ‘Field-Cable’)
Gunalan & McIntyre
Lempka Howell McIntyre
Arle et al. (hybrid)
Kumaravelu et al.
Kang & Lowery

Mean Field

Spiking Network

van Albada et al.
Muller & Robinson

Lindahl et al.
Izhikevich
Thibeault et al.
Arle et al. (hybrid)

Volume of Tissue
Activated (VTA)
Yousif Purswani et al.

10. Representative Survey of DBS PD Numerical Models
10.1 van Albada et al.
A notable exemplar of modelling DBS PD is the paradigm of van Albada et al., which captured
the direct, indirect, and hyperdirect pathways, 5 types of progressive dopamine loss, and sought
to identify differences between healthy and PD states [8, 92]. Their study is also an early example
of using functional connectivity to distinguish the healthy and diseased states and map the model
to known anatomical regions. The work exemplifies a balance of the qualities of 1) exemplary
knowledge of PD and literature review for hypotheses to test and calibrations, 2) sophisticated
numerical methods, and 3) a rich set of phenomena captured at the appropriate systems level, in
this case using mean field theory for efficient simplification of a complicated system. Most
modelling studies are under-weighted in one or two of those categories. Concomitantly, the
downside of their framework is that it is on the complex side of the modelling spectrum and
involves sophisticated mathematics, which limits access and reproduction of results to a subset of
modelers. A reasonable use of the van Albada et al. work would be for modelers to create a
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simpler way to capture a salient subset of their paradigm, e.g. progressive dopamine loss, and
compare results with those of the more complex model.
10.2 Gunalan & McIntyre
Gunalan & McIntyre sought to model DBS PD recruitment of the hyperdirect pathway, as
suggested by Li et al., who noted that DBS targeting STN will generate axonal APs in both
directions along the axon, i.e. orthodromically to STN’s BG target, GPi, or antidromically back to
the cortex, and cited supporting evidence of antidromic effects [48, 93] (but see conflicting
evidence in [50]). The Gunalyn-McIntyre model is quite sophisticated in a number of respects,
such as the detailed MRI data underlying its design and calibration, the use of an active fiber nerve
model that is, in itself, quite sophisticated [64], and the design of the neural circuitry. Notably,
Gunalan & McIntyre conclude that the evoked potential (EP) ~3 ms EP1 and ~5 ms EP2 signals are
correlated with antidromic activation of the hyperdirect pathway, and specifically with the 10 and
5.7 µm fibers in their model. While prima facie this seems significant, their model only included
the three diameter axons, and these seem too large for the cortico-BG circuitry, which tracing
studies specifically of the hyperdirect pathway show to be 2-3 µm in diameter (and the article
describes them as ‘large caliber’ in the context of cortical axons) [46]. A further criticism is that
their nerve model was calibrated to certain motor fiber behaviour such as threshold and AP shape,
and the thresholds may be unreliable below the typical large diameter of motor axons. While
these observations suggest possible flaws in the Gunalyn-McIntyre methodology, the model is
sophisticated, original, and worth re-building with accurate calibration parameters or re-using its
components in a different, and perhaps simpler, model.
10.3 Lempka Howell McIntyre
Integrated circuit pulse generators (IPG) are used to produce waveform shapes intended by
DBS protocol designers, but what waveforms are actually produced? An influential paper by
Geddes illuminated this question from the standpoint of voltage-driven vs. current-driven IPGs,
showing that current-driven IPGs preserve rectangular waves with high-fidelity while voltagedriven IPGs do not, and consequently manufacturers converted some protocols from voltagedriven to current-driven [94]. Lempka et al. analysed actual IPG fidelity specifically for protocols
and waveforms used in DBS, simulating IPG circuits with simplified electronically-equivalent model
circuits calibrated to bench IPG output recordings [95]. They found significant differences for long
bipolar pulses, and average errors were ~3-24% for constant-voltage stimulation and ~2-11% for
constant-current stimulation. Lempka et al. note the importance of using accurate waveforms in
computational modelling DBS to predict efficacy, e.g. via metrics such as VTA. Another factor
motivating manufacturers to adopt constant-current stimulation was its ability to preserve the
strength and shape of the electric field at the target dorsal column as electrically-resistive scar
tissue forms under the electrodes (fibrosis) [96]. Uneven fibrosis not only can weaken the field,
but counter-intuitively, can strengthen the field and distort the intended distribution, such as
when scar forms under a ‘guarding anode’ that is restricting the penetration of cathodic pulses
[90]. These theoretical predictions were borne out in a study showing greater patient satisfaction
and pain relief with constant-current vs. constant-voltage stimulation [97].
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10.4 Lindahl et al.
Noting that previous computational and animal models had failed to uncover the global effects
of numerous local effects in the BG of dopamine loss, Lindahl et al. attempted to model the BG in
a larger, coarse-grained network context, calibrated with known local dopamine loss effects [40].
While coarse-grained (7 neural groups), Lindahl et al.’s spiking network model is nonetheless
quite complex (80,000 neurons, 11 neuron parameters, 5 neuron types, ~100 synaptic parameters,
~106 connections, and various other parameters) and reproducing their results, re-purposing, or
modifying the model would be a significant undertaking. Thus, the paper is a rich source of
parameter values and calibrations for modelers.
10.5 Izhikevich
An insightful description and comparison of spiking neuron (aka ‘integrate-and-fire’) models,
their benefits, computational efficiency, usage in network models, and tuning phenomenologically
(i.e. to firing characteristics vs. to empirical neuron parameter values) is given by Izhikevich [98].
These models derive from the general theory of nonlinear dynamical systems, especially
bifurcation theory, the essence of which is described. The term ‘hybrid’ refers to the two phases of
simulation implemented with a piecewise algorithm: 1) computationally detailed, continuous
dynamics of the prelude to neuron threshold and the upstroke of spike generation, and 2)
computationally simple, discontinuous and linear ‘hard reset’ to initial conditions after a spike
peak voltage defined by the modeler. A clever hack is used to transition time-stepping from a
relatively coarse-grained step (typically 1 ms) leading up to a spike and a finer-grained timestep in
the vicinity of the spike to capture the rapid spike dynamics. However, a trade-off occurs between
the computational efficiency of using large time steps and numerical instability triggered by large
synaptic currents. Instead of using computationally-intensive numerical methods (e.g. backward or
‘implicit’ Euler, higher-order Runge-Kutta) to solve the differential equation for membrane
potential, Izhikevich sacrifices accuracy in the down-spike shape by using a linear equation.
10.6 Thibeault et al.
A considerably simpler and more manageable spiking neural network model to compare with
Lindahl et al. is that of Thibeault & Srinivasa, containing 4 neuron types and groups, 5 neuron
parameters, 5 synaptic parameters, and 12 sets of connections modulated by just 2 parameters
[99]. Notably, the Thibeault & Srinivasa study is an exemplar of reducing model complexity in their
critical selection of four previous hybrid models of the BG and their simplification of the models.
They provide succinct overviews of a selection of earlier models and the hybrid spiking model
comparing their different topologies. They analyzed the action-selection theory of BG and the PD
diseased state but fall short of being able to offer improvements on DBS protocols.
While not using the term ‘functional connectivity,’ Thibeault & Srinivas, in their usage of
correlated firing rates in healthy vs. PD states, implicitly align with the functional connectivity
paradigm. Although the model is considerably simpler than others (e.g. Lindahl et al.), Thibeault &
Srinivas nonetheless largely succeeded in calibrating their BG neural firing patterns to empirical
data, comparing their results to those of earlier models, e.g. Humphries et al. [41]. They argue that
some BG firing patterns require enough complexity to model individual neurons as well as
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network- or population-level effects. This issue in general will remain central to ongoing
discussions of realistic and efficient connectome modelling [29]. Thibeault & Srinivas’ theme is
that the use of simpler models may reveal mechanisms of action that are difficult to parse out in
more complex models. Besides their Izhikevich hybrid neuron, they point to the adaptiveexponential-integrate-and-fire model [100], and secondarily, rate- and population-based models.
They stress the unreliability of using hybrid neurons in small networks vs. large-scale ones and
recommend biologically more realistic conductance-based models for simulating individual
neurons or small networks.
10.7 Arle et al.
Along those lines, the hybrid UNCuS universal network simulator captures both individual
neuron and network-level phenomena efficiently [101]. The model can simulate individual
neurons with any characteristic current-voltage curve and networks containing them, including ion
channel conductances, threshold accommodation, and connectivity strengths set globally, or
locally along the dendritic tree, as well as in the density of source-target connections. A lumped
nonlinear conductance parameter permits user-defined cell model expansion by using the
parameter to tune to a given neuron’s characteristics, store the neuron in the repertoire of model
neurons, and call it as needed at the population level. Notably, incorporating computationally
efficient features from MacGregor, Rall, and McNeal, their framework scales efficiently to model
small-to-medium sized networks such as DBS PD [101, 102] or as large as the human spinal cord
containing 106 neurons [87, 103-105]. In contrast to models on the more complex side of the
spectrum such as van Albada [8], the Arle et al. model is accessible and can be programmed by
anyone familiar with numerical solutions of differential equations. The principal calibration for
modelling PD DBS was background BG firing rates in humans and the key result was DBS ‘resetting’
firing rate variance in PD and predicting efficacy at stimulation frequencies > 130 Hz in agreement
with clinical reports.
10.8 Kumaravelu et al.
Kumaravelu et al. offer specific analyses of how DBS works and what protocols are optimal,
according to their model [80]. Noting that earlier computational studies replicated primate animal
models of PD but were not calibrated to the 6-OHDA rat PD model, they used that calibration and
wanted to find what this particular model showed about DBS PD to the STN. Interestingly,
Kumaravelu et al. used 7 complex neuron models incorporating up to 11 different ion channel
dynamics, and compensated for the lower-level complexity at the network level by using just 10
neurons per nucleus-striatum, STN, GPe, GPi (which in rat is homologous entopeduncular nucleus,
EP), thalamus and cortex (containing regular- and fast-spiking neurons). Thus, their emphasis is
180 degrees opposite to rate- or population-based models, and their emphasis on where
complexity is needed to capture the key DBS PD phenomena strikingly different than the hybrid
spiking models. Despite the bottom-up complexity, the calibration to the diseased state is simple
and transparent, involving just 3 neuron parameters capturing 3 effects of striatal dopamine loss:
1) reducing M-type potassium channel conductance, 2) reducing cortico-striatal conductance, and
3) increasing GPe synaptic conductance. The model of Kumaravelu et al., calibrated uniquely to
the 6-OHDA lesioned rat model, showed, similar to findings in Arle et al. [102], that 130 Hz DBS PD
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disrupted a pathological synchrony in STN, GPi, and GPe nuclei. The notable feature of their study
is its focus on a specific model and developing a model that is complex at the lower biological
systems level offset by minimal complexity at the immediately higher systems level.
10.9 Muller et al.
The Muller et al. study is an exemplary, transparent use of mean field modelling to capture
large-scale network behavior where the underlying methodology is explicated in detail. They
compare the pathological power spectra and synchrony changes resulting from DBS PD to the STN
and GPi. The stated goal is to provide a framework to systematically test the effectiveness of
different DBS protocols that has been validated against empirical and clinical findings. The focus
on steady state firing rate perturbations around a mean value demonstrates the importance of
tying mean field to those of rsfMRI.
10.10 Kang & Lowery
Kang & Lowery hypothesized that DBS PD disrupted pathological synchrony using beta band
power as the metric [106] and sought to distinguish orthodromic effects on the STN from
antidromic effects on the cortex, and examine the combined effects [106, 107]. They present the
empirical evidence from human and rat studies for combined effects, and contrast those with
empirical and theoretical arguments that antidromic effects may be negligible or minor. Analyzing
and separating out orthodromic and antidromic effects in DBS PD via simulating physical or
chemical lesions, and sweeping across parameter ranges that are simply impossible outside of
numerical methods, are good examples of what can be done relatively quickly and inexpensively
with a computational model vs. in vivo studies [107].
Kang & Lowery employed numerous simplifications: three neural centers (cortex, GPe, and STN),
a point electrode source, homogeneous conductivity,~100 hundred neurons/nucleus,random vs.
topographic, connectivity, a point source electric field, and a volume conductor model [108]. At
the neural level, however, they attempted to capture more detailed effects drawing on different
model neurons from other labs for the different nuclei [106].
At the cortical neural level, the model followed Rattay [85] and was detailed anatomically,
modelling excitable elements of the neural cell body, axon initial segment (AIS), main axon and
axon collateral, while omitting the dendritic level, which may be important for the timing of AP
reception (cf. Arle et al. Figure 2, Yousif et al., and Rall [101, 105, 109]). STN and GPe neurons
derived from previous models developed specifically for those nuclei. The specialized STN neuron
followed the conductance-based model of Otsuka et al., who calibrated to data on how STN is
regulated by ‘plateau potentials’ manifesting during hyperpolarization of particular STN neurons
[110]. The STN neuron followed the detailed, specific model of Rubin & Terman [111]. In these
cases a simplified model capturing the essential STN neuron current-voltage behaviour would
likely suffice, whereas in their previous study STN neuron detail was necessary to capture the
effects of dopamine depletion [106]. Last, the computationally efficient Ishikevich spiking model
was used for interneurons (see above description [98]).
Kang & Lowery’s calibrations was top-down and notably simple. They initiated beta-band
oscillations in the cortex, adjusted cortico-striatal synchrony via synaptic gain adjustment (a simple
scaling factor) from cortex to STN, between self-inhibitory GPe neurons, and mutually between
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STN and GPe until beta synchrony manifested in the STN and GPe [107]. They then used
computational ‘lesions’ to isolate the antidromic and orthodromic pathways under DBS and
examine the resulting effects in each circuit separately and with both activated.
Kang & Lowery’s key results are: 1) Orthodromic DBS entrains STN neurons to the stimulus
frequency and suppresses pathological beta activity throughout the network; 2) Antidromic DBS
achieves the same effect via a different mechanism, to wit, disrupting cortical activity that
otherwise (per their calibration) causes or reinforces beta activity in the BG (STN and GPe), and 3)
The effects are synergistic. The antidromic result predicts that the cortex is a primary target of DBS
PD as well as STN, providing an alternative hypothesis to activation of STN alone and may
illuminate identification of DBS side effects via axons of passage (cf. [25, 26, 93, 112-114]). HF DBS
(60 μs pulse width @ 130 Hz) is predicted to reduce STN beta-band power via disruption in both
directions and is roughly proportional to frequency between 80 and 130 Hz, while LF DBS would
reinforce it via resonance effects. (Note that clinically, DBS PD frequency >130 Hz is more effective
than lower frequencies and is always used except to treat dystonia.) DBS at 20 Hz had no effect in
either direction.
10.11 Yousif Purswani et al.
A thesis of the study by Yousif et al. (2010) of DBS PD to STN was that a detailed model of
neural anatomy including the dendritic tree, soma, and axon would reveal significant phenomena
missed by previous studies [115]. Following Arle et al. [101, 102], they coupled a finite element
model to predict the electric potential distribution in space and time to their neural model.
Notably, they compared the DBS metric, VTA, using their neural anatomical model to the typical
axon models. Not unexpectedly, to directly fire APs by stimulating neuron cell bodies required
over 10x the stimulus amplitude as did axons, but they also found that neurons are stimulated in
high current density regions near the electrodes perhaps in sufficient numbers to affect DBS.
Yousif et al. found significant variation in VTA across different DBS frequencies, and noted the
importance of capturing the effects of DBS frequency as well as the resulting frequency of APs in
targets such as the STN. Their statement that frequencies below 100 Hz worsen symptoms has
been proven simplistic by subsequent studies such as those described in the meta-study by Su et
al., which found differential effects in the HF and LF DBS ranges [10].
11. Closed-Loop, Adaptive DBS (aDBS)
We give an overview of the relatively new goal for DBS PD, ‘closed-loop’ technology, because it
may supersede the current non-closed loop paradigm and modelling will play an important part in
its development. Closed-loop refers to a technology wherein recordings of effects produced by a
neuromodulation stimulus are used as feedback to modify the stimulus in real-time (‘adaptive’ or
‘aDBS’). Besides the advantage of superior protocols tuned to optimize efficacy for different
tremor types, a significant potential advantage is greater energy efficiency due to lower duty cycle
(ON time to ameliorate MDs), and thus less frequent invasive surgical battery changes for PD
patients [22]. Wang et al. make a strong case that 1) MoA understanding is necessary to
understand neuromodulation side effect etiology, 2) mechanistic models are necessary to
uncovering MoA, and 3) closed-loop protocols developed via the models are necessary to reduce
side effects [116].
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Closed-loop DBS PD is in an early stage. The closed-loop concept floated for DBS PD is to
identify signatures for the several types of PD MDs- ‘biomarkers’ or ‘signatures’, such as changes
in LFPs in the STN or GPi-and then select from a menu of efficacious DBS protocols a response to
each signature. However, neither has a reliable signature been identified for any DBS MD, nor has
a specific protocol addressing a type of DBS MD yet been developed [22, 117]. Modelling may help
overcome these two critical and necessary hurdles. Developing protocol responses to specific MD
signatures will lead to reducing side effects such as psychiatric symptoms and speech interference
[118, 119]. Along with improving the accuracy of MD signatures and developing efficacious
responses, a third hurdle is to identify the signatures rapidly enough that aDBS algorithms can
respond in real-time [118]. However, segmented leads may allow programming to eliminate most
side effects without the need of a closed-loop component.
Biometrics based on beta-band power are being replaced by more precise metrics [120] and
single signature components, e.g. beta-band power or high-frequency oscillations, have proven
insufficient; detecting multiple signature features increases accuracy [121-123]. Hirschmann et al.
found that training the machine learning algorithms on a single patient was more accurate than
across patients, indicating signatures differ significantly between patients [121]. This finding
further strengthens the need to use machine learning in individual aDBS devices and for modelers
to encompass the range of a given signature in patient populations. Thus, modelers will need to
simulate machine learning to keep up with aDBS technology.
Advances in the application of machine learning techniques may be the route to identifying
signatures for tremor types, to which modelling techniques can be applied to develop the effective
protocols and open the door to aDBS. The first human clinical trial comparing conventional DBS
with aDBS has been planned [120]. The study acknowledges the limitations of beta band power as
a biomarker for tremor and will focus on its correlation in STN and GPi with bradykinesia and
rigidity, will compare STN versus GPi targeting, test the hypothesis that the intended low duty
cycle of aDBS will reduce dysarthria (impaired speech) due to over-stimulation in conventional DBS,
and test for side effects in executive function.
12. Conclusion
Computational modelling of DBS PD has extensively explored the main phenomena of interest
in PD etiology, such as dopamine depletion and dysfunction of the direct, indirect, and hyperdirect signaling pathways. We have reviewed a representative sample of neural simulation
methods that have been developed by modelers. While the work done to date has fallen short of
decisive unraveling of PD etiology and DBS MoA, it provides a rich paradigm for selecting tools
with which to target specific PD phenomena and DBS effects, suggest hypotheses to test, and
incorporate refined empirical parameters. At a meta level, computational modelling of DBS PD is
an example of the general need for modelers, theoreticians, and empiricists to couple their work
more tightly. Empirical results should be rapidly incorporated into the models and model
predictions should be more rapidly tested empirically [30].
Ultimately, the measure of model utility is the ability to predict therapeutic outcomes and
improve protocols and devices. Modelers must judiciously weigh the level of model detail needed
to capture diseased vs. healthy states, the etiology of the diseased state, and the restoration of
the healthy state due to the applied therapy, vs. limitations, such as transparency and
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computational efficiency [29, 99]. Looking to the future of individualized closed-loop PD DBS,
portable, energy-efficient hardware containing a model of the patient is unlikely to be feasible
unless the model is simple enough to run computationally, to understand, and to validate that it
runs correctly [99, 124].
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Abstract
Glioblastoma multiforme (GBM) is an extremely malignant type of primary brain tumor that
exhibits a high mortality rate. Current standard therapy involves surgery followed by
radiation and treatment with the DNA-alkylating agent, temozolomide (TMZ). While TMZ
treatment can extend post-operative survival, most patients develop resistance to TMZ
which leads to a significant increase in mortality. At the molecular level, TMZ produces a
variety of different DNA lesions including N7-methylguanine, N3-methyladenine, and O6methylguanine. Although each DNA lesion possesses a unique molecular structure, they all
elicit cytostatic and cytotoxic effects against GBM cells. This review article describes the
molecular and cellular mechanisms accounting for the anti-cancer activity of TMZ as well as
the mechanisms responsible for both inherent and TMZ-induced drug resistance. Special
emphasis is placed on understanding the roles that various DNA polymerases play toward
the initiation and progression of GBM in addition to mediating resistance to TMZ. This
review concludes with discussions on several new approaches that show promise in
combating TMZ-resistance, specifically using small molecules to block the replication of DNA
lesions catalyzed by various DNA polymerases.
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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1. Introduction
Glioblastoma multiforme (GBM) is the most common type of brain cancer and afflicts over
12,000 children and adults each year in the United States [1]. GBM is also the deadliest of all
cancers, having 5-year survival rates of less than 10% [2]. The current standard of treatment for
GBM is referred to as the Stupp protocol published in 2005 [3]. This landmark study demonstrated
a survival advantage for concomitant and adjuvant temozolomide (TMZ) treatment with
radiotherapy in patients with GBM [3]. This study comprised a total of 573 patients with a median
age of 56 years and included only patients with newly diagnosed and histologically confirmed GBM.
In addition, the majority of patients (>80%) had undergone debulking surgery prior to treatment.
Patients were randomly assigned to receive a total of 60 Gy alone (fractionated focal irradiation in
daily fractions of 2 Gy given 5 days per week for 6 weeks) or radiotherapy combined with daily
TMZ (75 mg per square meter of body-surface area per day, 7 days per week from the first to the
last day of radiotherapy). This was followed by six cycles of adjuvant TMZ (150 to 200 mg/m 2 for 5
days during each 28-day cycle). After 28 months, the median overall survival (OS) was 14.6 months
in patients receiving a combination of TMZ and radiotherapy which was longer than 12.1 months
observed with radiotherapy treatment alone. The two-year OS rate with combining TMZ with
radiotherapy was 26.5%, and this was statistically higher than 10.4% obtained using radiotherapy
alone.
Collectively, these data showed that combining TMZ and radiotherapy provided significant
survival benefits for newly diagnosed GBM patients without produced overt toxicities. Since this
study was published, TMZ remains the primary FDA-approved drug used to treat GBM [4]. TMZ is
an orally administered DNA alkylating agent that can effectively cross the blood-brain barrier [5].
Once inside a tumor, TMZ produces several distinct forms of DNA damage that produce cytostatic
and cytotoxic effects. Unfortunately, even with aggressive treatments using IR and TMZ, the
median survival time for most GBM patients is less than 16 months [6]. Much of this poor
prognosis lies in the development of drug resistance that is caused in part by the pro-mutagenic
replication of DNA lesions produced by TMZ. However, a number of new treatments show promise
against GBM. For example, carmustine (1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU)) is an anticancer agent that also alkylates and cross-links DNA during all phases of the cell cycle [7]. These
modifications disrupt DNA replication and transcription to induce cell cycle arrest and/or
apoptosis. In addition, carmustine carbamoylates proteins such as DNA repair enzymes, and this
modification can impair their activity to increase the cytotoxicity of carmustine. Unlike TMZ,
however, carmustine cannot effectively pass through the blood-brain barrier and is thus placed on
wafers (Gliadel®) and used as an intracranial implant to achieve localized chemotherapy [8, 9].
Another innovative treatment is aldoxorubicin, an analog of the anti-cancer drug doxorubicin (DOX)
which is effective against many types of hematological and solid cancers [10]. DOX primarily
generates double strand DNA breaks (DSBs), a highly cytotoxic form of DNA damage [10]. Unlike
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TMZ, DOX is unable to effectively penetrate the blood-brain barrier and is thus not used to treat
GBM. However, aldodoxorubicin is a prodrug of DOX that contains a pH sensitive linker that allows
for transport across the blood-brain barrier and preferential release of the drug within GBM cells
[11]. In fact, results from a recent phase II clinical trial in relapsed GBM patients showed that
aldoxorubicin penetrates the blood-brain barrier and is associated with objective tumor responses
via MRI imaging and prolonged survival [12]. Finally, the anti-angiogenic agent bevacizumab
(Avastin®) has received attention as second line therapy against GBM. While bevacizumab does
not improve overall survival, it does improve the management of symptoms and overall quality of
life for GBM patients [13, 14].
It is beyond the scope of this review to critically evaluate all of these therapeutic approaches
against GBM. As such, this review focuses on the molecular and cellular mechanisms accounting
for the anti-cancer activity of TMZ, mechanisms accounting for TMZ resistance, and approaches
being developed to combat drug resistance. Special emphasis is placed on discussing new
approaches to block the replication of DNA lesions that persist after exposure to TMZ.
2. Results
2.1 Molecular and Cellular Mechanisms of Temozolomide
The chemical mechanism responsible for the ability of TMZ to produce different forms of DNA
damage is illustrated in Figure 1. The key step in this reaction is the ability of TMZ to undergo
spontaneous hydrolysis at physiological pH (~7.4) to form a methyldiazonium ion. The formation
of this strong electrophile enables an SN1-type alkylation reaction in which the methyldiazonium
ion effectively reacts with nucleophilic functional groups (oxygen and nitrogen) present on singlestrand and duplex DNA [15]. Reactions on duplex DNA predominantly occur primarily at the N7
position of guanine (70%), the N3 position of adenine (10%) and the O6 position guanine (7%) [16].
Additional sites for alkylation include the N1 of adenine and the N3 of cytosine. However, these
reactions occur more frequently in single-stranded DNA that typically forms at DNA replication
forks during DNA synthesis and at sites of active gene transcription [17].
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Figure 1 Chemical mechanism for the activation of temozolomide (TMZ) to produce
different DNA lesions. TMZ undergoes spontaneous hydrolysis to form a
methyldiazonium ion which reacts with nucleophilic functional groups present on
single- and double-stranded DNA. Primary sites for modification are the N7 position of
guanine, the N3 position of adenine, and the O6 position of guanine.
The most commonly formed DNA lesions, N7-methylguanine, N3-methyladenine, and O6methylguanine, all produce cytostatic and cytotoxic effects. However, since each DNA lesion is
structurally unique, the mechanisms accounting for their anti-cancer effects differ at the cellular
level. As a consequence, the underlying mechanisms for resistance are different, and these
differences have significant ramifications on therapeutic response. DNA damage caused by TMZ
induces cellular senescence which is characterized by cell-cycle arrest at the G2/M phase [18].
Recently, Aasland et al. showed that TMZ-induced senescence is initiated by damage recognition
through the MRN complex followed by activation of ATR/CHK1 kinases and degradation of CDC25c
[19]. However, TMZ-induced senescence also depends upon functional p53 in addition to
sustained p21induction. While the NF-κB pathway is also required for TMZ-induced senescence,
neither p14 nor p16 (which are targets of p53) do not appear to play essential roles. In addition,
TMZ treatment represses expression of several MMR pathway proteins including MSH2, MSH6,
and EXO1. Surprisingly, the homologous recombination protein RAD51 is also downregulated.
Both effects appear to be dependent upon p53 activity since their repression is not observed in
p53-deficient cells.
Although the focus of this review is on drug resistance caused by the replication of lesions
produced by TMZ, it is necessary to first understand how these DNA adducts are repaired.
Provided below is a brief description of the major DNA repair pathways involved in correcting the
three most common lesions formed by TMZ. The cytotoxic effects of a methylated nucleobase are
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typically caused by the ability of the formed adduct to transiently disrupt the continuity of DNA
replication or to block this process completely [10]. For example, methyl adducts such as N3
adenine occur at positions on a nucleobase that directly inhibit DNA synthesis catalyzed by a DNA
polymerase. In these cases, methylation at this and other key nucleobase positions disrupt
essential contacts between the nucleobase and critical active site amino acid residues to block
DNA synthesis [20, 21]. This inhibition causes the formation of blocked replication forks that are
unstable and ultimately collapse to produce double-strand breaks (DSBs) which are highly
cytotoxic. In contrast, methylation at other nucleobase positions can perturb interactions
associated with proper Watson–Crick base-pairing interactions. For example, methylation at the
O6 position of guanine produces O6-methylguanine that does not permanently block replication
fork progression but rather allows for the incorporation of either cytosine or thymine. Neither
nucleotide can correctly base-pair with the adduct. As such, the resulting mis-pair is excised and
repaired by the mismatch repair (MMR) pathway [22]. As described in more detail later, the MMR
pathway works to first excise newly synthesized DNA to produce a long single-strand gap. The gap
is then filled in by repair DNA synthesis. However, since the DNA lesion originally present in the
template stand is not excised, gap-filling DNA synthesis simply generates another mis-pair. This
produces a futile cycle caused by repetition in mis-pair formation, excision, and reformation of a
mis-pair. Eventually, the resulting single-strand gap that forms during this futile cycle generates in
a DSB during the next S-phase to induce cell death [23].
The most frequently formed DNA lesion is N7-methylguanine [24]. At face value, this lesion
would appear to be harmless since the modification occurs at a position in the major groove of
DNA which should not directly influence DNA polymerase activity. However, methylation at this
and the N3 position of guanine as well as the N7 position of adenine accelerates the rate of nonenzymatic hydrolysis of the glycosylic bond between the nucleobase and deoxyribose [25, 26]. This
depurination reaction forms a new distinct lesion termed an abasic site which functions as a
strong block to DNA synthesis catalyzed by most DNA polymerases [27-29].
2.2 Repair Pathways for Alkylated DNA
There are several distinct DNA repair pathways responsible for correcting DNA lesions
produced by mono-functional alkylating agents such as TMZ. These include direct repair of O6methylguanine by the enzyme O6-methylguanine methyltransferase (MGMT), the mismatch DNA
repair (MMR) pathway, and the base excision repair (BER) pathway. In normal cells, these
pathways are essential for protecting the nuclear genome as they correct methylated and other
types of DNA lesions that arise from endogenous and exogenous sources. However, their activity
has long been demonstrated to have deleterious effects on patient responses to TMZ by
promoting drug resistance [30-32]. In addition, defects in the MMR and BER pathway can produce
equally devastating effects by allowing DNA lesions caused by TMZ to persist. This allows the
unrepaired DNA lesions to be misreplicated, and this process can drive drug resistance and/or
mutagenesis. The MGMT, MMR, and BER pathways have been extensively reviewed elsewhere
[33-38]. However, provided below are brief descriptions of each pathway to emphasize their roles
in generating TMZ-resistance, particularly with the inappropriate replication of unrepaired DNA
lesions.
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2.3 Direct Repair by O6-Methylguanine-DNA Methyltransferase
O6-methylguanine DNA methyltransferase (MGMT) directly corrects damaged guanine
nucleobases by transferring the methyl group from the O6 position of guanine to an active site
cysteine residue [39]. MGMT is considered a “suicide” DNA repair enzyme since methylation of the
active site cysteine inactivates the enzyme. This limits MGMT to a single-round of DNA repair as
opposed to catalyzing multiple turnovers of nucleobase correction [40]. Despite this limitation,
MGMT activity is important for maintaining genomic integrity by preventing mutagenesis and
possible tumorigenesis caused by DNA alkylation. While the importance of MGMT activity in a
normal cell is intuitively obvious, the loss of MGMT activity can have surprisingly beneficial
outcomes for cancer patients being treated with TMZ. For example, molecules such as O 6benzylguanine have been used to inhibit MGMT activity, and this inhibition can sensitize cancer
cells to the cell killing effects of DNA alkylating agents [41-43]. In addition, MGMT expression is an
important feature in therapeutic responses to TMZ. Several studies have shown that the loss of
MGMT expression is not due to gene deletion, mutation, rearrangement or unstable RNA, but due
to methylation of CpG island of MGMT promoter [44-46]. In fact, epigenetic silencing of the
MGMT promoter methylation is associated with longer survival in GBM patients receiving TMZ as
part of their treatment [47]. Finally, the methylation status of the MGMT promoter is proposed to
be an accurate biomarker in predicting the prognosis of GBM patients [48-50].
2.4 DNA Mismatch Repair
The mismatch repair (MMR) pathway is primarily involved in correcting replication errors that
have escaped the proofreading activity of high-fidelity DNA polymerases during chromosomal
replication [51]. Mismatches fall into two categories, the first being base–base mis-pairs such as T
paired opposite G while the second are insertion and deletion mismatches caused by strand
slippage at repetitive DNA sequences. As indicated earlier, MMR plays an important role in
processing mis-pairs such as C and T paired opposite O6-methylgaunine caused by TMZ exposure.
In humans, the MMR pathway features two families of MMR proteins that are heterodimeric
homologs of bacterial MutS (MSH) or MutL (MLH). Both proteins have been extensively studied at
the biochemical and cellular levels [52-54]. The MMR pathway is generally divided into three
distinct phases that include mismatch recognition, excision, and re-synthesis of excised DNA. Each
phase is catalyzed by a confederation of proteins, and their activities are tightly regulated to
ensure complete and accurate repair of damaged DNA.
The first stage of MMR is mismatch recognition by MutSα or MutSβ. The choice of initiator is
dictated by the type of DNA lesion. MutSα initiates the repair of base–base mispairs and small
deletions of 1 to 2 nucleotides. In contrast, MutSβ is primarily responsible for initiating the repair
of DNA segments containing larger deletions (1 to15 nucleotides). Binding to a mismatch induces
an exchange of ADP for ATP in both MutSα and MutSβ, and this exchange converts both proteins
into sliding clamps that allows the proteins to perform a two-dimensional search along DNA to
identify other mismatches and to interact with MutLα.
The second phase is DNA excision in which the newly synthesized DNA strand containing the
error is excised while leaving the templating strand unaltered. Although the mechanism for strand
recognition is not completely understood in eukaryotes, recent results suggest that PCNA plays an
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important role in regulating this process [55]. In vitro and in vivo evidence demonstrate that PCNA
can interact with MutS and MutL in addition to other proteins such as EXO1 as well as Pol δ, and
Pol ε which are involved in re-synthesizing excised DNA [56-58]. In vitro MMR reactions require a
preexisting nick or single-strand gap in the heteroduplex DNA substrate that can reside on the 5′or 3′- side of the mismatch. In 5′-MMR reactions, excision is catalyzed by EXO1, a 5′ to 3′
exonuclease that is activated by MutSα in a mismatch-dependent manner. Excision in the case of
3′-MMR (a break or gap located on the 3′ side of the mismatch) is less well understood since EXO1
is currently the only exonuclease that appears to be involved in MMR.
The third and final phase of MMR involves DNA gap filling by a high-fidelity polymerase
followed by ligation catalyzed by DNA ligase I. These activities collectively generate a corrected
and intact DNA duplex. During this process, PCNA is loaded at a 3′ terminus by RFC, and replicative
DNA polymerases, pols δ or pol ε, replicate the RPA-coated gapped DNA. DNA ligase I generates
the final phosphodiester bond to fully repair the DNA.
As expected, proper MMR function can be compromised by mutation or epigenetic silencing to
generate a hypermutator phenotype, and this can produce devastating pathological effects by
altering genomic fidelity and integrity. For example, dysfunctional MMR activity Is responsible for
increased susceptibility for inherited cancers such as Lynch syndrome [59].
2.5 Base Excision Repair Pathway
The most abundant TMZ-induced adducts, 7-meG, 3-meA, and abasic sites, are repaired by the
short patch base excision repair (BER) pathway. The BER pathway primarily functions to repair
endogenous forms of DNA damage caused by reactive oxygen species generated during oxidative
metabolism [60]. Spontaneously generated forms of damaged DNA include oxidized bases (8oxoguanine), alkylated bases (N3-methyladenine), abasic sites, and single-strand breaks (SSBs). In a
normal cell, it is estimated that as many as 50,000 BER-repaired lesions form per cell during the
course of a single day [61]. However, treatment with chemotherapeutic agents such as TMZ put a
remarkable strain on BER since the number of these lesions increases by several orders of
magnitude.
Repair of N3-methyladenine and N7-methylguanine is initiated by recognition of the lesions by
alkylpurine-DNA-N-glycosylase (AAG). AGG cleaves the glycosylic bond between the damaged base
and deoxyribose to produce an abasic site as the key intermediate in the repair process. After the
hydrolysis reaction, AAG remains bound to the abasic site and recruits the endonuclease, Ape1, to
the site of damage. Ape1 cleaves the DNA phosphodiester backbone to produce a SSB containing a
3′-OH and a 5′ deoxyribose phosphate (5’-dRP) termini [62]. Ape1 is then replaced by DNA
polymerase β, a repair DNA polymerase that possesses 5′ lyase activity that can excise the 5′-dRP
to produce a single nucleotide gap. The formed gap is subsequently filled in by DNA polymerase β,
and DNA ligase seals the nick to finalize the repair process.
2.6 Consequences of Ineffectual DNA Repair
The most common mechanisms associated with TMZ resistance involve alterations in DNA
repair pathways such as MGMT [63] and MMR [64]. As expected, the lack of efficient DNA repair
makes cancer cells much more susceptible to mutagenesis which can produce more malignant
cancers which possess additional mechanisms of drug-resistance. Indeed, a landmark study by
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Johnson et al. showed that genomic DNA isolated from recurrent GBM tumors initially treated
with TMZ were highly mutated [65] Their results showed that TMZ-treated tumors contained ~30
to 90 mutations per megabase compared to initial tumors which had significantly lower mutation
frequencies (<4 mutations per Mb). Furthermore, recurrent GBM tumors were drug resistant, and
this coincided with the accumulation of acquired somatic mutations in genes associated with
MMR, retinoblastoma, and mammalian target of rapamycin (Akt-mTOR) pathways [65]. These
results strongly implicate a mechanism in which DNA lesions formed by TMZ are inappropriately
replicated due to ineffectual DNA repair.
Unrepaired DNA lesions can be misreplicated by various DNA polymerases in a biological
process known as translesion DNA synthesis (TLS). First identified in bacterial cells, the ability to
replicate damaged DNA via TLS activity was considered a “necessary evil” by allowing cells to
tolerate unrepaired DNA lesions in order to survive [66]. It is now established that TLS is a highly
conserved mechanism that occurs in both prokaryotes and eukaryotes [67]. In humans, however,
TLS activity is often considered a “double-edged sword” since it can produce both beneficial and
adverse effects on genomic fidelity and cellular homeostasis. One example of the beneficial effects
of TLS activity comes from the disease known as xeroderma pigmentosum variant (XP-V) which
occurs in individuals possessing mutations in a specialized DNA polymerase denoted as
polymerase eta (pol η) [68]. This polymerase is unique as it can bypass unrepaired thymine dimers
with high efficiency while maintaining genomic fidelity [69]. Individuals lacking pol η activity
display an increased incidence of squamous cell skin carcinomas in response of UV-exposure and
this highlights an important role for replicating damaged DNA [70]. However, unregulated TLS
activity can have equally devastating effects as this activity is associated with generating somatic
mutations that drive drug resistance to chemotherapeutic agents. As discussed in more detail
below, there are several unique challenges toward a complete understanding of how TLS activity
drives drug resistance. For example, there are a number of different DNA polymerases that can
replicate lesions generated by anti-cancer agents such as TMZ. Thus, it is difficult to
unambiguously determine which specific DNA polymerase(s) is(are) responsible for generating
resistance. In this case, the inherent redundancy in DNA polymerase utilization during TLS
represents another set of challenges to develop prognostic biomarkers that accurately correlate
TLS activity with TMZ-resistance. In addition, the redundancy may pose challenges toward
developing therapeutic agents that block TLS activity in response to chemotherapy.
In humans, TLS activity is believed to be primarily catalyzed by a family of DNA polymerases
that include polymerase eta (pol η), polymerase iota (pol ι), polymerase theta (pol θ), polymerase
zeta (pol ζ), polymerase kappa (pol к), and the Rev1 protein. These unique polymerases are coined
“specialized” due to their ability to replicate a wide variety of structurally distinct DNA lesions with
high efficiency and remarkable fidelity. For example, pol η displays an usually high error rate of
making 1 mistake every 100 opportunities when replicating undamaged DNA [71]. However, pol η
is highly proficient at replicating naturally occurring DNA lesions such as thymine dimers and
abasic sites as well as lesions including O6-methylguanine and cisplatinated DNA that are produced
during treatment with anti-cancer drugs [72-74].
The unique activity displayed by specialized DNA polymerases directly contrasts that inherent
to "high-fidelity" DNA polymerases such as polymerase alpha (pol α), polymerase delta (pol δ),
polymerase epsilon (pol ε), telomerase, and polymerase gamma (pol γ). Since these polymerases
are intimately involved in chromosomal and mitochondrial DNA synthesis, they display optimal
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activity on undamaged DNA and low activity with damaged DNA. However, there are reported
instances in which high-fidelity polymerases can efficiently replicate small, miscoding DNA lesions
such as O6-methylguanine and 8-oxo-guanine [75-77].
Finally, there is a third class of DNA polymerases that primarily function in DNA repair pathways.
These include polymerase beta (pol β) which is responsible for processing damaged DNA repaired
by BER. In addition, polymerase lambda (pol λ) and polymerase mu (pol μ) play important roles in
properly repairing DSBs formed during homologous recombination and non-homologous endjoining [78]. Finally, the fascinating polymerase known as terminal deoxynucleotidyl transferase
(TdT) is important for generating immunological diversity by randomly incorporating nucleotides
into single strand DNA during V(D)J recombination [79]. Each of these polymerases display variable
fidelity depending upon whether they replicate undamaged or damaged DNA.
Aberrant TLS activity has been extensively demonstrated to play a role in tumorigenesis by
promoting genetic mutations in addition to driving drug resistance [80-86]. For example, pol ζ has
been shown to be overexpressed in several types of cancers including melanoma [81] and
esophageal squamous cell carcinomas [82]. Furthermore, higher levels of pol ζ correlate with
increased resistance to chemotherapeutic agents such as cisplatin which causes intrastand
crosslinks [83, 84]. Likewise, pol η overexpression has been shown to be a common factor
associated with producing drug resistance to cisplatin in several types of cancers including breast
[85] and head and neck squamous cell carcinomas [86].
TLS activity is also associated with tumorigenesis in gliomas and drug-resistance to TMZ [87-89].
In contrast to cancers such as breast and ovarian cancers which show a reliance on the activities of
pol η and pol ζ for tumorigenesis and drug resistance, GBM cells appear to rely on the activities of
pol к and pol ι. For instance, a recent study by Wang et al. examined 40 primary glioma samples
and 10 normal brain samples to determine if increased expression of various specialized DNA
polymerases contributes to cancer initiation and progression [87]. In this study, expression levels
of pol κ, pol ι, and pol η were examined using quantitative RT PCR and Western blot analysis.
Results using glioma samples showed no significant expression of pol η. However, overexpression
of pol ι was observed in ~28% of samples while pol κ showed an even higher frequency of
overexpression (~58%) of samples. The prognostic significance of these higher polymerase levels
was confirmed using a population-based tissue microarray derived from a cohort of 104 glioma
patients. Immunohistochemical studies showed positive pol ι staining in ~32% of these glioma
specimens while 69% were positive for pol κ staining. Furthermore, pol κ- and pol ι-positive
staining correlated with reduced survival within this set of glioma patients. Collectively, these
findings highlight how deregulated expression of pol κ and pol i may stimulate tumorigenesis and
provide a poor prognosis for glioma patients.
Following these observations, the same group investigated if overexpression of pol κ also plays
a role in generating TMZ-resistance [88]. Their results show that pol к overexpression confers
resistance to the drug in GBM cells that display initial sensitivity to TMZ. Likewise, knocking down
pol κ expression in GBM cells resulted in TMZ-sensitivity. The basis for these effects is complex as
pol κ depletion caused a cascade of cellular events associated with the maintenance of genomic
integrity. These include defective homologous recombination-mediated repair and restart of
stalled replication forks which led to the inhibition of cell-cycle re-entry and progression.
While specialized DNA polymerases are considered prime suspects in tumorigenesis and drug
resistance, they are not the only culprits. In fact, recent evidence from Campbell et al. suggests
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that high-fidelity DNA polymerases, pol ε and pol δ that are involved in leading and lagging strand
DNA synthesis, respectively, may play significant roles in tumorigenesis in cancers including
gliomas [90]. This supposition is based on an assessment of mutation burden obtained through
sequencing analysis of >81,000 tumors from pediatric and adult patients [90]. Their findings show
that a large number of pediatric cancers possess defects in MMR pathway genes POLE and POLD1.
In addition, ultra-hypermutated pediatric tumors, defined as those possessing greater than 100
mutations per megabase, were all replication repair deficient. These tumors include colorectal
cancers, leukemia/lymphomas, and malignant gliomas. In these cases, the authors conclude that
while defects in MMR alone can initiate tumorigenesis by increasing mutagenesis, it is the
combination of defective MMR coupled with mutations in pol δ and pol ε that causes the hypermutated state observed in these cancers. Surprisingly, mutations identified in pol δ and pol ε do
not exclusively occur in the exonuclease-proofreading domain that corrects replication-induced
errors. Instead, a wide spectrum of mutations were identified that in regions spanning the
polymerization domain, the exonuclease domain, and connection domains. Further studies are
needed to correlate specific polymerase mutations with hyper- and ultra-hypermutated genotypes.
However, it is clear that mutations in these replicative polymerases alter their intrinsic fidelity and
contribute to cancer initiation and drug-resistance.
2.7 Inhibiting TLS Activity as a New Therapeutic Strategy
Cancers such as GBM typically possess defects in one or more DNA repair pathways. These
defects give a cancer cell only one option to survive the effects of TMZ – it must replicate
damaged DNA inflicted by this agent. This leads to the hypothesis that inhibiting the misreplication
of DNA lesions that escape DNA repair could be a new therapeutic strategy to improve patient
outcomes, especially with respect to TMZ-resistance [91] (Figure 2).

Figure 2 The misreplication of damaged DNA catalyzed by TLS activity can cause
mutagenesis in addition to producing drug resistance to anti-cancer agents that
produce DNA lesions. One approach to combat these problems is to use artificial
nucleotides that can selectively inhibit DNA polymerase involved in replicating DNA
lesions generated by therapeutic modalities such as TMZ and ionizing radiation.
Page 91/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102096

This represents a novel approach for several reasons. First, TLS activity can be viewed as the
Achilles’ heel of GBM cells that are chemoresistant due to defective DNA repair. Secondly, most
normal cells are quiescent and possess proficient DNA repair pathways that can effectively correct
DNA damage. Since they do not rely on TLS activity for survival unlike their cancerous counterparts,
normal cells should be spared from the effects of combining compounds that inhibit TLS activity
with low doses of DNA damaging agent. Finally, since TLS activity can be highly pro-mutagenic, it
can produce more mutations in a cancer cell to generate more aggressive cancers and/or cause
tumor recurrence. In addition, error-prone replication of damaged DNA can transform a normal
cell into an oncogenic cell via a phenomenon referred to as "secondary" or "treatment-related"
cancers [92]. Thus, inhibiting TLS activity may also be a chemopreventive strategy that prevents
these conditions.
To evaluate this approach, the Berdis lab synthesized several artificial nucleotide analogs and
characterized their ability to be incorporated opposite an abasic site, the most frequently formed
toxic DNA lesion generated by TMZ [93-98]. In vitro studies identified one unique analog,
designated 5-NITP, that is efficiently and selectively inserted opposite this DNA lesion (Figure 3)
[85]. While 5-NITP is efficiently inserted opposite an abasic site, it is refractory to elongation and
thus acts as chain terminator against TLS activity. In addition, we demonstrated that 5-NITP is
poorly inserted opposite normal DNA (A, C, G, or T). Collectively, these results indicate that the
artificial nucleotide retains exquisite selectivity for chain-terminating activity during the replication
of an abasic site.

Figure 3 Structural comparison of the artificial nucleotide analog, 5-nitroindolyl-2’deoxyriboside triphosphate (5-NITP) with the natural nucleotide, dATP.
The ability of several human DNA polymerases to incorporate 5-NITP opposite abasic sites was
also examined [98]. These studies included two high-fidelity DNA polymerases (pol δ and pol ε),
three specialized human DNA polymerases (pol η, pol ι, and pol к), and two DNA polymerases
involved in DNA repair (pol λ and pol μ). In vitro analyses demonstrated that both high-fidelity
DNA polymerases poorly insert the preferred natural substrate, dATP, opposite an abasic site yet
efficiently insert 5-NITP opposite the lesion. Likewise, the specialized DNA polymerases, pol η and
pol ι, insert 5-NITP opposite an abasic site with 100-fold higher efficiencies compared to dATP.
However, pol к and the repair DNA polymerases, pol λ and pol μ, all replicate an abasic site poorly
as none appear to efficiently incorporate dATP and 5-NITP and opposite the lesion.
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Cell-based studies using U87 cells as a model, examined if the corresponding nucleoside, 5NIdR, potentiates the cytotoxic effects of TMZ by inhibiting TLS activity. This human GBM cell line
is resistant to TMZ as the LD50 value for the DNA damaging agent is greater than 100 µM. Likewise,
5-NIdR displays low potency as the LD50 value is greater than 100 µg/mL. In this case, the low
potency of 5-NIdR is expected since the corresponding nucleoside triphosphate, 5-NITP, is poorly
incorporated opposite undamaged DNA. However, combining 5-NIdR with TMZ significantly
increases the cell killing effects of the DNA damaging agent as reflected in 4-fold higher levels of
early and late stage apoptosis compared to cells treated individually with TMZ or 5-NIdR. Flow
cytometry experiments next evaluated the ability of 5-NIdR alone and in combination with TMZ to
affect cell cycle progression. U87 cells treated with 100 µg/mL 5-NIdR had no effect on cell cycle
progression as compared to control cells treated with vehicle. This result again indicates that the
artificial nucleoside generates a minimal cytotoxic effect in the absence of an added DNA
damaging agent. However, treatment with 100 µM TMZ produces striking effects on cell cycle
progression as there is a large increase in cells at G2/M with a concomitant reduction in cells at
G0/G1. These changes occur with minimal effects on cells at S-phase or through increases in sub-G1
DNA levels. The inability of TMZ to affect S-phase coupled with the accumulation of cells at G2/M
suggests that DNA lesions produced by TMZ do not inhibit chromosomal DNA synthesis and are
likely by-passed by specialized DNA polymerases such as pol η and/or pol ι. Consistent with this
hypothesis, combining 5-NIdR with TMZ appears to inhibit TLS activity during S-phase as manifest
in a ~2-fold increase in cells at S-phase compared to treatment with TMZ or 5-NIdR alone.
Furthermore, the increase in sub-G1 DNA suggests that cell accumulating at S-phase undergo cell
death via mitotic catastrophe.
Finally, a heterotopic xenograft mouse model was used to demonstrate that 5-NIdR effectively
increases the therapeutic efficacy of TMZ. In these experiments, treatment was initiated with
intraperitoneal (IP) injections of TMZ (40 mg/kg) alone or combined with 5-NIdR (100 mg/kg) for 5
consecutive days once GBM tumors reached a volume of ~500 mm3. TMZ treatment alone had a
minimal effect on tumor growth whereas combining 5-NIdR and TMZ produced more significant
anti-tumor effects. In particular, the median time for death (MTD) for mice treated with TMZ was
45 days whereas the MTD for mice treated with TMZ and 5-NIdR was greater than 250 days. In
fact, the majority of mice (>70%) treated with the drug combination showed complete tumor
regression with 30 days post-treatment. Finally, toxicology studies show that repeat dosing with
500 mg/kg via intravenous injection produces no adverse effects hematological. In addition, no
adverse effects on major organs including brain, heart, liver, and kidney were observed in in male
and female mice treated with 500 mg/kg.
Other groups have recapitulated this therapeutic strategy by using different approaches to
disrupt TLS activity. For example, Ketkar et al. recently synthesized a compound designated IAG-10
((E)-2-((1-(1-naphthoyl)-5-chloro-1H-indol-3-yl)-methylene)hydrazine-1-carboximidamide
hydrochloride) that inhibits human pol η activity with a low IC50 value of ~7 μM [99] In addition,
this compound showed high selectivity against pol η as the in vitro activity of other specialized and
high-fidelity DNA polymerase were unaffected at this concentration of IAG-10. In contrast to the
activity of 5-NITP which functions as a selective chain terminating nucleoside analog, IAG-10
inhibits pol η activity by disrupting its ability to bind DNA. Using clonogenic cell-based assays,
these authors demonstrated that IAG-10 potentiates the cytostatic effects of TMZ in cells that
express pol η. However, IAG-10 did not potentiate TMZ in an isogenic cell line lacking pol η. Finally,
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combining IAG-10 with TMZ produced an increase in DNA damage as monitored using comet
assays to detect SSB formation. It will be of great interest to determine if IAG-10 is effective in an
animal model of GBM.
Finally, Wojtaszek et al. reported the identification of a 1,4-dihydroquinolin-4-one derivative
designated JH-RE-06 that functions as a small-molecule inhibitor of TLS activity [100]. In this case,
JH-RE-06 disrupts TLS by targeting pol ζ which plays an important role in extending formed mispairs rather than catalyzing their formation. Surprisingly, JH-RE-06 appears to bind to a surface of
REV1 that normally interacts with the REV7 subunit of pol ζ. As a consequence, the binding of JHRE-06 to REV1 induces homodimerization which prevents normal REV1-REV7 interactions. This
serves to prevent recruitment of pol ζ to sites of DNA damage to hinder TLS activity. Although not
tested against GBM, the authors demonstrated that JH-RE-06 inhibits mutagenic replication
catalyzed by TLS activity and increased the cytotoxic effects of cisplatin in human melanoma cells
lines. Finally, co-administration of JH-RE-06 with cisplatin lead to significant growth suppression of
human melanomas in xenograft mice models. Collectively, these results again reaffirm the validity
for using TLS inhibitors as adjunctive agents to improve the therapeutic activity of
chemotherapeutic agents that damage DNA.
2.8 Conclusions and Future Directions
While drug resistance to DNA damaging agents is a clinical problem in the treatment of all
cancers, it is arguably the most significant issue in the effective treatment of GBM. TMZ is the
most widely used anti-cancer agent against GBM, and when combined with radiotherapy, it
provides a significant survival benefit for newly diagnosed GBM patients. Unfortunately, TMZresistance occurs very rapidly, and this produces a poor prognosis for GBM patients since there
are a very limited number of anti-cancer agents that can replace TMZ. Drug resistance is a multifaceted process and can be caused by increased drug efflux, increased drug metabolism, and
increases in levels of glutathione. However, the most common mechanisms associated with TMZ
resistance involve alterations in DNA repair pathways including MGMT and MMR (Figure 4).
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Figure 4 Diagrammatic representation for potential differences in responses and
outcomes to DNA damaging agents in a normal cell, a TMZ-sensitive cancer cell, and
TMZ-resistant cancer cell. Since most normal cells are quiescent, DNA lesions
generated by TMZ can be effectively repaired during the Go phase of the cell cycle.
Since DNA replication during S-phase is prohibited, there is a low probability that DNA
polymerases will misreplicate the damaged DNA prior to DNA repair. In contrast, both
TMZ-sensitive and TMZ-resistant cancer cells have re-entered the cell-cycle to become
hyperproliferative. In TMZ-sensitive cancer cells, DNA repair pathways such as MMR
and BER are still functional, and their activity ultimately drives these cells toward
apoptosis. In TMZ-resistant cancer cells, DNA repair proteins may be overexpressed
(MGMT) or either not expressed (MMR) and BER) or mutated (MMR and BER) to
generate resistance. In many cases, a lack of functional repair allows DNA lesions to
persist, and these damaged formed of DNA are inappropriately replicated to further
enhance drug resistance.
In some cases, increased MGMT activity can repair the damage inflicted by TMZ, thus making
the drug therapeutically inert. As expected, a decrease in MGMT either through epigenetic
mechanisms or through the used of pharmacological inhibitors can, in some cases, reverse TMZresistance. This beneficial effect appears related to the activity of the MMR pathway.
Unfortunately, a lack of MGMT activity coupled with loss of MMR activity also generates TMZ
resistance. These combined defects allow lesions generated by the TMZ to persist and
subsequently replicated by several different DNA polymerases. Since this activity can be highly
pro-mutagenic, it can increase mutational frequencies in a cancer cell to produce more aggressive
cancers and/or cause tumor recurrence. As described here, one newly developed approach to
combat this problem is to block the ability of DNA polymerases to replicate lesions produced by
TMZ. This can be achieved by several different approaches including the use of artificial nucleoside
analogs as well as other small molecules that prevent polymerase binding to damaged DNA or that
prevent association with other proteins involved in damage recognition.
Despite significant progress in this area, it is important to acknowledge other new approaches
being developed to tackle the challenge of TMZ-resistance in GBM. For example, one interesting
study by Tso et al. recently used glioblastoma stem cell (GSC) lines expressing MGMT to examine
molecular signatures associated with TMZ resistance [101]. Their analyses showed an overall
activation of protective stress responses to TMZ treatment which include enzymes associated with
biotransformations and detoxification of xenobiotics, blocked endoplasmic reticulum stressmediated
apoptosis,
epithelial-to-mesenchymal
transition
(EMT),
and
inhibited
growth/differentiation. One surprising result was the identification of bone morphogenetic
protein 7 (BMP7) as the most down-regulated gene in TMZ-resistant GSCs. To verify the
importance of this effect, TMZ-resistant GSCs were treated with BMP7 and showed a marked
sensitization to the cytotoxic effects of TMZ. In addition, BMP7 treatment caused a loss in selfrenewal and migration capacities as well as inducing senescence and downregulation of genes
associated with EMT/migration/invasion, stemness, inflammation/immune response, and cell
proliferation/tumorigenesis by changing transcriptional profiles. Pre-clinical animal studies
showed that BMP7 treatment prolonged survival time of animals intracranially inoculated with
GSC compared to untreated mice or mice treated with TMZ alone. Finally, a more pronounced
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survival effect was observed by combining BMP7with TMZ, thus providing a new potential
treatment strategy.
Another interesting approach being developed is the use of Tumor Treating Fields (TTFields).
Briefly, this method involves applying alternating electric fields using insulated transducer arrays
placed directly in the region surrounding the tumor. A recent study by Giladi et al. showed that
applying TTFields against glioma cells lead to a synergistic enhancement in the cell celling effects
of radiotherapy [102]. This enhancement appears to be caused by blocking homologous
recombination repair of DNA damage caused by radiotherapy. These preclinical results support
the application of TTFields therapy immediately after RT as a viable regimen to increased the
overall efficacy of radiotherapy in GGM and other cancer patients.
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Abstract
Deep-Brain Stimulation (DBS) is an important treatment option for the management of
Parkinson’s disease (PD) and is a common symptomatic treatment. However, an increasing
number of studies have examined the biological processes to assess if DBS can also modify
the natural history of PD by acting on its pathophysiological mechanisms. Relevant literature
published up to November 2020 was systematically searched on databases such as PubMed,
ISI Web of Knowledge, Academic Search Index, and Science Citation Index. The following
predefined inclusion criteria were applied to the full-text versions of the selected articles: i)
recruiting and monitoring of PD subjects that were previously treated with DBS and ii)
investigating the electrophysiological, biochemical, epigenetic, or neuroimaging effects of
DBS. Studies focusing exclusively on motor and clinical changes were excluded. Reviews,
case reports, studies on animal models, and computational studies were also not
considered. Out of 2,960 records screened, 43 studies met the inclusion criteria. Only three
studies described a potential disease-modifying effect of DBS. However, a wide
heterogeneity was observed in the investigated biomarkers, and the design and
methodological issues of several studies limited their ability to find potential diseasemodifying features. Specifically, 60.4% of the trials followed-up subjects for no more than 1
year from the surgical intervention, and 67.4% observed patients with PD only once after
DBS. Moreover, 64.2% of the studies enrolled late-stage PD patients. Most of the studies
(88.4%) reported that DBS only had a symptomatic effect, with several of them showing
some limitations in the study design and recruitment of patients. Further studies using
shared biomarkers are encouraged to assess if and how DBS might affect the progression of
PD. Based on the existing preclinical literature, prospective clinical trials examining the
course of PD in early-stage patients are needed.
Keywords
Deep brain stimulation (DBS); Parkinson’s disease (PD); disease-modifying; systematic
review; biomarkers

1. Introduction
Parkinson’s disease (PD) is the second-most common neurodegenerative disorder with a
prevalence of 2–3% in individuals aged ≥ 65 years [1]. PD is characterized by motor signs such as
bradykinesia, resting tremor, muscular rigidity, and postural disturbances. Its clinical
manifestations also include a broad spectrum of non-motor symptoms, including cognitive
changes, mood disorders, and autonomic dysfunctions. The main underlying neuropathological
hallmarks of PD are the intracellular accumulation of misfolded α-synuclein, and the progressive
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) [1, 2].
There are currently no available disease-modifying treatments for PD. The main intervention to
manage motor symptoms is dopamine replacement through L-Dopa. Dopamine agonists, catecholPage 104/246
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O-methyl transferase inhibitors, monoamine oxidase-B (MAO-B) inhibitors, and non-dopaminergic
drugs (i.e., anticholinergics and amantadine) are also used as symptomatic agents [3].
Another treatment option is Deep Brain Stimulation (DBS), which is considered to be a useful
strategy to manage motor symptoms. DBS is a surgical procedure that involves the delivery of
continuous electrical stimulation to a given neural target through chronically implanted electrodes
[4]. DBS has been associated with some relevant side effects such as behavioral changes,
depression, and cognitive impairment [5-8]. However, most studies have found it to be safe and
well-tolerated [9]. Electrodes are often inserted in the Subthalamic Nucleus (STN) or the internal
Globus Pallidus (GPi), as several clinical trials have established that the stimulation of these two
areas is often associated with an improvement of motor symptoms in patients with PD [9, 10].
To date, the exact mechanisms underlying the effects of this neurosurgical procedure have only
been partially elucidated. The main current theory on the underlying mechanism of DBS is that it
induces changes in the firing pattern of the basal ganglia structures and pathways by inhibiting or
exciting neuronal activity in the STN or GPi. For example, the neuronal activity in the GPi was
observed to increase after DBS in the STN [11]. Another theory called “the disruption hypothesis”
has proposed that DBS dissociates both input and output information and blocks unusual signals
through the cortico-basal-ganglia loop [12]. Overall, these hypotheses suggest that the effects
induced by DBS are only transient, supporting the common opinion within the neurological
community that DBS, like pharmacological therapies, is not a disease-modifying treatment for PD
[12, 13]. Accordingly, some studies have reported DBS to be a symptomatic treatment with limited
long-term improvements [14, 15]. However, increasing studies have focused on investigating the
biological and neurophysiological correlations of DBS to find a potential disease-modifying effect
on the progression of PD. Accordingly, some preclinical studies have suggested the association of
STN-DBS with an improvement of dopaminergic neuron survival and an increase in the levels of
Brain-Derived Neurotrophic Factor (BDNF), suggesting a long-term neuroprotective effect [16, 17].
This hypothesis could also be associated with the functional inhibition of STN by DBS, which
reduces the toxicity of nigral glutamate. However, it is not supported in humans, probably due to
the use of DBS in patients with late-stage PD [18, 19].
Therefore, this study aimed to systematically review and discuss the existing evidence on the
biological effects associated with DBS treatment in patients with PD to explore the potential
disease-modifying features of this treatment. The objective of this study was to understand if DBS
could be considered only as a symptomatic treatment for PD or if it may induce modifications that
might affect the natural history of PD by acting on its pathophysiological mechanisms.
2. Methods
This systematic literature review was performed according to the methodology described in the
Cochrane handbook for systematic reviews [20] and was reported based on the PRISMA statement
for reporting systematic reviews and meta-analyses [21]. All the literature published up to
November 2020 was retrieved by a thorough search of the databases “PubMed”, “ISI Web of
Knowledge”, and “Discovery” using the search terms parkinson* AND ("deep brain stimulation"
OR "deep brain stimulations" OR "DBS") AND (biol* OR chemi* OR biochemi* OR bio-chemi* OR
neurobiol* OR neuro-biol* OR neurochem* OR neuro-chemi* OR biomark* OR neurophysiol* OR
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neuro-physiol* OR "disease modifying" OR "disease modify" OR disease-modifying OR diseasemodify OR "disease modification" OR neuroprotect*).
No limitations in the search strategy were applied to the date of publication, study design, or
language. References of the selected studies were also searched to identify any further relevant
data.
The title and abstracts of the identified records were initially screened and selected by six
independent reviewers (FS, GR, PP, GS, FT, and GR) based on their pertinence to the review topic.
Disagreements were resolved by a consensus.
The following set of predefined inclusion criteria were then individually applied to the selected
articles in their full-text version: i) recruiting and monitoring of PD subjects that were previously
treated with DBS and ii) investigating the electrophysiological, biochemical, epigenetic, or
neuroimaging effects of DBS. Studies with an exclusive focus on motor and clinical changes were
excluded. Reviews, case reports, studies on animal models, and computational studies were also
not considered. Articles not published in English were removed. Systematic reviews were
considered separately to check the consistency of data.
Data were extracted by three pairs of independent reviewers (GR and LT, PP and GS, FT and GR)
using specifically designed tables. The main clinical and demographic features of all included
studies were first reported in an introductory table (Table 1), while the analytical procedures and
results from the biochemical and epigenetic studies (Table 2a) and neurophysiological studies
(Table 2b) were reported in another table.
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Table 1 Clinical and demographic data of the included studies according to the type.

Study

Diagnostic criteria

Surgery selection
DBS
criteria

Pharmacological Follow-up
interventions (When)

Participants
UPDRS pre and
(number;
mean
age;
post-surgery
female/male)
(cases)
Cases
Controls

BIOCHEMICAL
Constantinescu
2011
[22]

PD
(UK
Parkinson’s
NR
Disease Brain Bank
criteria)

Constantinescu
2018
[23]

PD
(Not
criteria)

Dong
2019
[24]

PD
(Movement
NR
Disorder
Society
criteria)

specifiedNR

STN
Bilat.

STN
Bilat

NR

NR

1 pre-DBS
4 post-DBS
(1 week;
2 weeks;
4.5 months;
1 year)

8;
58.5
(51–63);
2/6

-

L-DOPA,
>1 pre-DBS
apomorphine,
(during 1 year) 16;
COMT-inhibitors,
≥2 post-DBS 64 (55–75); MAO-B
(during
116/10
inhibitors,
years)
and amantadine
4 PD1 (NO
DBS)
4 PD2 (DBS
1 post-DBS
OFF)
12;
NR
(1 month)
4 PD3 (DBS69 (65–71);
ON);
3/9
72 (65–79);
4/8

NR

NR

NR
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Guimaraes
2013
[25]

KwiatekMajkusiak
2018
[26]

KwiatekMajkusiak
2020
[27]

PD
(NR)

No
surgicalSTN
contraindications Bilat.

PD
(UK
Parkinson’s
NR
Disease Brain Bank
criteria)

PD
(UK
Parkinson’s
NR
Disease Brain
Bank criteria)

STN
Bilat.

STN
Bilat.

Levodopa
1004
mg/day

1 pre-DBS
(1 week)
±1022 post-DBS
(1 week;
2 months)

23;
64 ±7;
5/18

-

Pre: 45 ±12
Post: 14 ±7 (1
week);
13.8
±7.2 (2 months)

Pre: NR
Post:
37 MT-PD
MT-PD:
15 DBS-PD;
±16
MT-PD:
L-DOPA
and
DBS-PD:
1 post-DBS
57.2 ±11.5 31;
dopamine
±11.8
(mean: 28.4DBS-PD:
58.1 ±2.5;
agonist
(DBS OFF)
months)
54.4 ±8.4;
15/16
(ropinirole)
MT-PD:
MT-PD: 18/19
±7.6
DBS-PD:
DBS-PD:
7/8
±4.8
(DBS ON)
47 MT-PD
Pre: NR
13 DBS-PD;
Post:
MT-PD:
MT-PD:
60.17 ±
±13.15;
L-DOPA
and
1 post-DBS
10.36
28;
DBS-PD:
dopamine
(mean: 30.28DBS-PD:
58.44 ±2.35; ±13.3
agonist
months)
53.62 ±
14/14
(DBS OFF)
(ropinirole)
10.94;
MT-PD:
MT-PD:
±10.99;
21/26
DBS-PD:
DBS-PD:
±5.28

33.5
40.1

12.2
9.2

35.78
50.92

12.85
10.69
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6/7

Mallach
2019
[28]

PD
(UK brain bank
Criteria)

Improvement in
cardinal
motorSTN
symptoms of PD

Pal
2017
[29]

PD
(NR)

NR

Pienaar
2014
[30]

PD
(Neuropathological NR
diagnosis)

Seifried
2013
[31]

PD
(UK Brain
Bank criteria)

Vedam-Mai
2014
[32]

PD
(Neuropathological NR
examination)

NR

NR

STN
Bilat.

NR

STN

NR

(DBS ON)

3 DBS-PD
1
4 PD;
3;
post-mortem DBS-PD: 76.3
67.0 ±3.1;
(≥5 years of±4.0
NR
DBS)
PD: 70.0 ±3.3;
NR
1
11 DBS-PD; 156 MT-PD;
post-mortem
57.6 ±7.7;
67.4 ±10.6;
(mean: 52.1
NR
NR
months)
5 DBS-PD
7 MT-PD;
DBS-PD:
7;
1 post-mortem80±1.17
77±12.13;
MT-PD:
3/4
76±6.84;
DBS-PD: 2/3
MT-PD: 3/4

Levodopa
1 pre-DBS
equivalence
11;
STN
2 post-DBS
dose
63 ±7;
Bilat.
(3 months; 6
(LEDD)
1050
6/5
months)
±300 mg
7 bilateral STN
1
12 DBS-PD
1 left STN
NR
post-mortem 5 PD;
2 GPi bilat.
(mean:
4.2DBS-PD: 71.7

-

NR

NR

-

Pre:
49.09
±21.04
Post: 28 ±15 (3
months)
(DBS ON)

10;
75.4;
4/6;

-
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1 GPi left
1 VIM bilat.

Wang
2013
[33]

PD
(not
criteria)

Benabid and Lang STN
specified
criteria
Bilat.

years of DBS) PD: 79.3;
DBS-PD: 3/9
PD: 0/5
1 pre-DBS
(1 day)
4 post-DBS
Levodopa 1500–
(1 week;
2000 mg per day
3 months;
1 year;
2 year)

6;
62.83
±2.4;
3/3

6;
62.83 ±2.4;
3/3

Pre: 67.67 ±8.69
Post:
31.67
±5.54 (1 week);
27.1 ±3.92 (3
months)
33.33 ±20.68 (1
year);
33.33 ±21.02 (2
years)
(DBS ON)

EPIGENETIC
Soreq
2012
[34]
Soreq
2013a
[35]
Soreq
2013b
[36]
Soreq
2014

PD
(fulfilled detailed
NR
medical
history
questionnaires)

STN
Bilat.

7 DRT
1 pre-DBS
2 patients: anti-2 post-DBS
7;
6;
hypertension
(mean:
2.2
55.85 ±4.14; NR;
medication
months;
0/7
0/6
1 hyperlipidemia1 h of OFF
treatment
DBS)

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

See above

STN
Bilat.

NR

See above

3;
52.7;

3;
60.7;

Pre: NR
Post: 34 (DBS

NR
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[37]

0/3

ELECTROPHYSIOLOGICAL
Airaksinen
PD
2012
(NR)
[38]

NR

STN
Bilat.

Anidi
2018
[39]

Patients
with
history
or
presenting freezing
of gait (FOG) during
tasks were definedNR
“Freezers”. Patients
not presenting FOG
were defined “NonFreezers”

STN
Bilat.

Dauper
2002
[40]

Akinetic-rigid PD
(NR)

STN
Bilat.

Fraix
2008
[41]

PD
(Hoehn and YahnOff medications
criteria)

STN
Bilat.

Giannicola
2012

NR

STN
Bilat.

NR

NR

Optimized
1 post-DBS
11;
antiparkinsonian (mean: 1.0261.4 ±6.7;
medical therapy years)
6/5

0/3

-

ON)
42.5 (DBS OFF)
Pre: NR
Post: 27.7 ±12.9

Pre:
45.17
±7.83
(Meds OFF)
4
9
19.57
±8.66
Long-acting
Non
1 post-DBS
Freezers;
(Meds ON)
dopaminergic
Freezers;
(≥21 months) 62.21 ±7.10;
Post:
medications
62.37 ±8.12;
4/5
36.38
±10.20
NR
(DBS OFF)
12.63
±7.21
(DBS ON)
Pre: 10.8 ±7.1 (1
PD patient)
Optimized
8;
10;
1 post-DBS
Post: 46.6 ±12.7
antiparkinsonian
59.3 ±10.0; NR;
(≥3 months)
(DBS OFF)
medical therapy
4/4
6/4
24.1 ±11.5 (DBS
ON)
Off-medication
2 post-DBS (315;
Pre: 44.4 ±14
condition for at
months;
960.0 ±11.0; Post: 15.2 ±8.0
least
months)
3/12
(DBS ON)
12 h
Antiparkinsonian 1
Acute group:Hyperchronic
NR
medication
During DBS
16;
group:
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[42]

Gulberti
2015
[43]

Jech
2006
[44]
Michmizos
2015
[45]
Pierantozzi
1999
[46]

(intraoperative 59.6 ±9.1;
group);
6/10
1
post-DBS
(mean: 7.54
years,
hyperchronic
group)

PD
Hoehn & Yahr
(Hoehn and Yahr
criteria
criteria)

STN
Bilat.

Preoperative:
DOPA ON/DOPA1 post-DBS
OFF
(mean:
Postop:
DOPAmonths)
OFF

12;
561.0 ±6.0;
7/5

Off-medication
1 post-DBS
12;
PD
STN
condition for at
NR
(mean:
9.957.3 ±6.3;
(NR)
Bilat.
least
months)
5/7
12 h
PD
9;
CAPSIT
STN
1 post-DBS
(Hoehn and Yahn
NR
NR;
criteria
Bilat.
(≥2 years)
criteria)
NR
Dopaminergic
4 bilateral GPi-therapy
PD
1 post-DBS
6;
Hoehn and YahrDBS
before
(Hoehn and Yahr
(mean:
651.6;
criteria
2
bilateraland after 3 h of
criteria)
months)
NR
STN-DBS
apomorphine
infusion.

11;
61.0 ±12.2
5/6

12;
65.0 ±8.0;
7/5

Pre:
DOPA OFF: 32.0
±12.0
DOPA ON: 18.0
±9.0
Post:
20 ±0.8
(DBS ON)

-

Pre: 44.8 ±14.4
Post: 23.3 ±12.0
(DBS ON)

11;
NR;
NR

-

Pre: 51.1 ±19.0
Post: 26.7 ±7 .7
(DBS ON)
Pre: 73.9 ±10.2
Post:
GPi-DBS: 17.0
±7.7
(DBS ON);
STN-DBS: 20.0
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PD
(NR)

Localization of the
Off assessment:
subthalamic
overnight
nucleus
usingSTN Bilat.
withdrawn.
Radionics Image(except
one
On assessment: 1 post-DBS
Fusion
andpatient, which
1,5
h
after(3 months)
Stereoplan
was implanted
administration
combined with monolaterally)
Type
of
field
potential
medication: NR
recording

7;
59.6 ±2.8;
NR

-

Rosa
2011
[48]

PD
(NR)

LIMPE: Guidelines
for the treatmentSTN
of Parkinson’s
Bilat.
Disease

7;
66.8 ±5.4;
1/6

-

Sinclair
2018
[49]

PD
(NR)

STN
Bilat.

14;
60.6 ±6.6;
5/9

-

Ray
2008
[47]

NR

Antiparkinsonian
1 post-DBS
medication
(1 months)
(Levodopa)

Levodopa

1
post-DBS
(≥3 months)

±1.4
(DBS ON)
Pre: NR
Post:
The off drugs
motor
UPDRS scores
↓ 41% (p =
0,01);
the
bradykinesia/rig
idity
UPDRS
scores ↓ 37%
(p = 0,01) the
tremor
UPDRS scores
↓ 59% (p =
0.05)
Pre:
DOPA ON: 19.7
±5.0
DOPA OFF: 37.7
±4.3
Post: NR
NR
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Trager
2016
[50]

Weiss
2015
[51]

Clinical
motor
outcome
of
bilateral
subthalamic
Akinetic rigid (AR)
nucleus
deepor
Tremor
brain stimulation
dominant
(TD),
STN
for
Parkinson's
using the following
Bilat.
disease using
criteria (Quinn et
image-guided
al., 2015)
frameless
stereotaxy
(Bronte-Stewart
et al. 2010)
PD
(NR)

Hoehn and Yahr
criteria

Long-acting
dopaminergic
1 pre-DBS
medications
1
post-DBS
were withdrawn
OFF
17;
over 24 h
(1 month)
61.6 ±8.04;
and short-acting
2 post-DBS ON 5/12
medication was
(6 months;
withdrawn
1 year)
over 12 h before
surgery

1 post-DBS
20;
(mean:
2.958.6 ±9.4;
years)
5/15

-

Pre: 42.5 ±10.6
Post: ↓ score p
= 0.04
(12 months)

-

Pre: 57.0 ±13.6
Post: 22.3
±9.7
(DBS ON)

STN
Bilat.

Levodopa

STN
Bilat.

Compound
levodopa
and1 pre-DBS
dopamine
1 post-DBS
receptor
(3 months)
agonists

23;
14;
Pre:
39.30
60.91 ±12.62; 63.29 ±9.72; ±12.47
14/9
7/7
Post: NR

PD2: STN
Bilat.

1 pre-DBS
Oral
2 post-DBS
antiparkinsonian
(3 months:
treatment
1 year)

PD1:33
PD2: 9;
PD1:
±10.3
PD2:

NEUROIMAGING
Dong
2020
[52]

“Definite diagnosis
of idiopathic PD” NR
(NR criteria)

Ge
2020
[53]

PD
(UK
Parkinson’s
NR
Disease Brain Bank
criteria)

HC1: 33
Pre:
HC2: 9;
PD1: 25.2 ±14.4
58.1HC1:
PD2: 49.7 ±8.4
57.4 ±10.5
Post:
63.1HC2:
61.7PD2: 27.4 ±17.3

Page 114/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102097

±9.2;
PD1:18/15
PD2:5/4

Hanssen
2019
[54]

PD
(Movement
NR
Disorder
Society
criteria)

Hilker
2004
[55]

PD
(UK
Parkinson’sNot
disease Brain Bankcriteria
criteria)

specifiedSTN
Bilat.

Hilker
2005
[56]

PD
(UK
Parkinson’sCAPSIT
disease Brain Bankcriteria
criteria)

STN
Bilat.

STN
Bilat.

Levodopa
1 post-DBS
26;
equivalence
(mean:
2.2NR;
dose of 552 ±351
years)
NR
mg/day
1 pre-DBS
(3 weeks)
8;
Levodopa
1
post-DBS61.8 ±7.7;
(mean:
3.83/5
months)
1 pre-DBS
Levodopa
(mean:
1
30;
equivalence
months)
59.8 ±7.2;
dose
1 post-DBS
11/19
150–300 mg/day (mean:
16
months)

Lokkegaard
2007
[57]

PD
(CAPSIT criteria)

CAPSIT
criteria

STN
Bilat.

Levodopa
832
mg/day

Mubeen
2018

PD
(NR)

NR

STN
Bilat.

Levodopa
450 mg

1 pre-DBS
2 post-DBS
±396
(3 months;
1 year)

35 DBS-PD;
59 ±8.1;
NR

1 post-DBS
7;
(mean:
2.257;

±7.3;
HC1: 18/15
HC2: 5/4

-

(3 months; DBS
OFF)
PD2: 49.3 ±18.2
(1 year; DBS
OFF)
Pre: NR
Post:
↑ 26.4 ±15.5%
of the UPDRS-III
(DBS OFF)

10;
62.6 ±3.6;
4/6

Pre: 43.5 ±15.5
Post:
45.6
±12.1(DBS OFF)

-

Pre: 42.9 ±11.4
Post: 20.4 ±8.4
(DBS ON)

10 MT-PD;
64 ±6.8;
NR
-

Pre: 51 ±14
Post: ↑ of the
score p = 0.002
(1 year; DBS
OFF)
Pre: NR
Post: 35.6 (DBS
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[58]
O’Gorman Tuura
PD
2018
(NR)
[59]

NR

STN
Bilat.

Palard-Novello
2020
[60]

Australian
PD
guidelines
(UK
Parkinson’s
GPi
(Movement
disease Brain Bank
Bilat.
Disorder Society
criteria)
of Australia)

Peron
2010
[61]

PD
(UK
Parkinson’sNot
disease Brain
specified
Bank criteria)

STN
Bilat.

Sidtis
2012
[62]

PD
(NR)

STN
Bilat.

Smith
2019
[63]

PD
CAPSIT
(UK
Parkinson’sand
disease Brain BankNICE
criteria)
criteria

NR

STN
Bilat.

Levodopa
Patients)
Levodopa
dopamine
agonists
patients)

years)
(9

0/7

OFF)

1 pre-DBS
+
1 post-DBS
(6 months)
(7

16 (14 DBS); 16;
65;
62;
3/13
4/12

Pre: 61.6
Post: 36.9 (DBS
ON)

32;
60.9 ±7.7;
17/15

-

Pre: 39 ±15
Post: 26 ±13
(DBS ON)

13;
NR;
5/8

Pre: 31.4 ±12.2;
Post: 14.1 ±7.4
(DBS ON)

Levodopa
1 pre-DBS
equivalent daily(4 months)
dose
1 post-DBS
1446 ±6 27 mg (4 months)

Levodopa
1 pre-DBS
equivalent daily
13;
(3 months)
dose
53.3 ±8.5;
1 post-DBS
1081.1 ±605.3
5/8
(3 months)
mg
1 post-DBS
7;
Levodopa
(mean:
2.257.1;
450 mg
years)
0/7

Levodopa

1 pre-DBS
1 post-DBS
(mean:
months)

7;
66 ±7;
5
3/4

-

-

Pre: NR
Post: 35.6 (DBS
OFF)
Pre: 57.3 ±15.3
Post: 37.6 ±
20
(DBS ON)
54.6
(DBS OFF only 3
patients)
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Vassal
2019
[64]

PD
(NR)

Not
specified

STN
Bilat.

Levodopa
1 pre-DBS
equivalent daily2 post-DBS
dose
(3 months;
1497 ± 364.5 mg 6 months)

9;
58 ±6.3;
4/5

-

Pre: 33.8 ±10.6
Post: 17 ±5.5
(DBS ON)

NR (Not reported); - (Absent); DBS-PD (patients with PD treated with DBS); MT-PD (patients with PD treated only pharmacologically); HC (Healthy
controls); UPDRS (Unified Parkinson’s Disease Rating Scale); STN (Subthalamic nucleus); GPi (Globus Pallidus internus); VIM (Ventral Intermediate
nucleus of the thalamus); Bilat. (Bilaterally); FOG (Freezing of Gait)
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Table 2a Summary of the analytical procedures and results of the biochemical and epigenetic studies.

Study

BIOCHEMICAL
Constantinescu
2011
[22]
Constantinescu
2018
[23]

Dong
2019
[24]

Specimen

Sample Processing

Analytical
procedure
Biomarker
of
the
sample

CSF

Storage

ELISA

CSF

Plasma

Level of biomarker after DBS
VS Controls
1st
followup

2nd
followup

3rd
followup

4th
follow
up

NFL

↑ NFL
Levels

↑NFL
levels

↓NFL
levels

↓NFL
levels

NFL, T-Tau, pTau, GFAP, Aβ42

↑ NFL,
t-Tau.
GFAP
levels

↑NFL,
t-Tau,
GFAP
levels

↓NFL
t-TAU, GFAP
levels

↓NFL
t-Tau,
GFAP
levels

↓ expression
of CCDC154,
TRIM3, NHH
↑ expression
of
NRP2, CLIC1

-

-

-

Storage

ELISA

Centrifuge

Tandem
mass tag
markers and
liquid
CCDC154,
chromatogra TRIM3, DHH,
phy-mass
NRP2, CLIC1
spectrometrbased
techniques
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Guimaraes
2013
[25]

KwiatekMajkusiak
2018
[26]

24-h urine

Costar
Spin-X microfilter
tubes

Blood

Frozen storage at −80
°C

KwiatekMajkusiak
2020
[27]

Blood

Mallach
2019
[28]

Postmortem
brain

Frozen storage at −80
°C

Immunohistofluoresc
ence

L-DOPA;
HighDA;
performance Noradrenaline;
liquid
DOPAC;
chromatogra HVA;
phy with
3-MT;
electrochemi DA/L-DOPA;
cal
DOPAC/DA;
detection
HVA/DA;
3-MT/DA

↓ L-DOPA
P<0.001
↓DA
P<0.005
↑Noradrenalin
e
P<0.05
↓DOPAC
P<0.05
↑ DA/L-DOPA
P<0.05

↓L-DOPA
P<0.001
↑Noradrenalin
e P<0.05
↑ DA/L-DOPA
P<0.001
↓3-MT/DA
P<0.005

-

ELISA

DBS-PD,
↑Pro-hepcidin
P<0.001

-

-

-

-

-

-

-

-

-

Pro-hepcidin

ELISA

Hepcidin;
IL‑6

-

Mitochondrial
volume of DA
synapses in the
striatum

DBS-PD
↑Hepcidin
P<0.001
↑IL-6
P = 0.004
Distance
between
mitochondria
and
presynaptic
terminals was
↓ in the HC
sections in
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Pal
2017
[29]

Postmortem
brain

Immunohistofluoresc
ence

Pienaar
2014
[30]

Postmortem
brain

Histopathology,
immunofluorescence

-

Alpha-synuclein

-

VEGF,
microvascular
changes

comparison to
the PD groups
(P<0.05).
Mitochondrial
volume was ↑
in DBS-PD and
similar to the
HC
(P<0.05)
The SN
pigmented
neuron loss
score did not
differ between
the two groups
(p = 0.64).
DBS subjects
had ↑ alphasynuclein
density scores
within the SN
and locus
coeruleus
(p = 0.006)
In STN-DBS PD
samples ↑
expression of
VEGF and

-

-

-

-

-

-
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microvessel
endothelial
cell thickness
and length
(p<0.001)
Seifried
2013
[31]

Vedam-Mai
2014
[32]

Blood

Quick freezing and
kept at –20 ° C

Hormonal
dosage

Brain
Immunohistochemical
slices, postanalysis
mortem

Cortisol;
ACTH

1) 15.4 ±6.7
(basal cortisol)
2) 36.2 ±47
(basal ACTH)

1)14.9 ±7.6
µg/dL
2) 23.5 ±19.0
pg/mL

PCNA

DBS ↑
proliferating
cells
expressing
markers of the
cell cycle,
plasticity, and
neural
precursor cells in PD-DBS
tissue
compared with
both normal
brain tissue
and tissue
from patients
with PD not

1) 14.0 ±6.1
µg/dL
P = 0.89
2) 20.3
±15.7 pg/mL
P = 0.44

-

-

-
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treated with
DBS (P<0.05).
The level of
cell
proliferation in
the SVZ in PDDBS brains
was 2–6 fold
greater than
that in normal
and untreated
PD brains

Wang
2013
[33]

CSF

Centrifuge

2-D DIGE in
combination
with
MALDI-TOF
and TOF-TOF
mass
spectrometr
y; Western
Blotting

21 different
proteins such as:
apoA-1, C4, IgA,
EC-SOD, IgK
protein, myosin,
tetranectin

↑EC-SOD
P<0.05
↑Tetranectin
P<0.05

Transcript
isoforms

Pre-DBS vs
173 Transcripts post-DBS
of patients
465 genes
with PD differ
differentially
from controls
expressed after
DBS surgery;

↑EC-SOD
P<0.05
↑Tetranectin
P<0.05

↑EC-SOD
P<0.05
↑Tetranecti
n
P<0.05

-

The OFF DBS
state was
accompanie
d by
differential
expression

–

EPIGENETIC
Soreq
2012
[34]

Blood
(leucocytes
)

Affymetrix
exon array
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Soreq
2013a
[35]

Blood
(leucocytes
)

Exon arrays
analysis

MiRNAs

16 miRNAs
modified
332 changed
isoforms

Soreq
2013b
[36]

Blood
(leucocytes
)

In-house
exon array
leukocyte
dataset

Alternative
Splicing
(AS)

319 AS
changed
146 AS
changed

RNA-Seq

long non-coding
RNAs
(lncRNA)

PD vs HC
↓13 lncRNA
expression

Soreq
2014
[37]

Blood
(leucocytes
)

post-DBS vs HC
321 transcripts
changed
between PD
patients’ postDBS to HC,
including
PARK7 and
PARK1 which
maintained PDcharacteristic
changes.
Pre-DBS vs
post-DBS
11 miRNAs
modified
155 changed
isoforms
Pre-DBS vs
post-DBS
254 AS
changes
DBS modified
663 lncRNA
(18 lncRNA
P<0.05)
↓14 lncRNA
↑4 lncRNA

of 351
transcripts

-

-

-

-

-

-
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↑ (increased); ↓ (decreased); PD (Parkinsonian patients); HC (Healthy controls); CSF (Cerebrospinal fluid); NFL (neurofilament triplet protein); t-Tau
(total-TAU); p-Tau (phosphorylated-tau); GFAP (glial fibrillary acidic protein); Aβ-42 (brain amyloidosis); CCDC154 (coiled-coil domain-containing
protein 154); TRIM3 (tripartite motif-containing protein 3); DHH (desert hedgehog protein); NRP2 (neuropilin); CLIC1 (chloride intracellular channel
protein 1); IL-6 (interleukine-6); PCNA (Proliferating Cell Nuclear Antigen antibody); ApoA-1 (Apolipoprotein-A1); IgA (Immunoglobulin A); IGK
(Immunoglobulin Kappa); EC-SOD (extracellular superoxide dismutase); L-DOPA (levodopa); DA (dopamine); DOPAC (3,4-dihydroxyphenylacetic acid);
HVA (chemical homovanilic acid); 3-MT (3-methoxytyramine); DA/L-DOPA (ratio dopamine and levodopa); DOPAC/DA (ratio 3,4-dihydropgenylacetic
acid and dopamine); MT/DA (ratio 3-methoxytyramine and dopamine); ACTH (adeno corticotropic hormone); VEGF (vascular endothelial growth
factor); miRNAs (microRNAs)
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Table 2b Summary of the analytical procedures and results of the neurophysiological studies.

Study

Type
of DBS
condition
Cerebral
neurophysiological during procedure
areas/pathways
procedure
(ON/OFF)

Brain activity after DBS
VS Controls
Type of analyzed st
1
2st
activity
followfollowup
up

3rd
followup

ELECTROPHYSIOLOGICAL

Airaksinen
2012
[38]

Anidi
2018
[39]

Dauper
2002
[40]

Spontaneous MEG
activity in the
somatomotor (mu)
and occipital
regions (alpha)

ON/OFF

Somatomotor
and occipital
regions

Spontaneous
activity of
somatomotor
regions.
Occipital region:
frequency band
around the peak
alpha frequency
±2 Hz

MER

DBS-OFF, 60 Hz
and 140 Hz
blinded DBS
administration

Bilateral STNs

LFPs:
beta burst
power recording

TMS

Stimulator
“off”/medication
“off” vs
Stimulator

Right extensor
carpi radialis
(ECR);
muscle and

Intracortical
inhibition

Alpha peak range
varied between
5.68 Hz and 10.87
Hz.
Source strength
decreased from 7.6
to 7.1 nAm
p = 0.05

-

Both 60-and 140 Hz
↓ duration of bursts
compared to no DBS.
↓ pathological beta burst durations and
gait impairment
P<0.05
Stimulation off/med
off: inhibition at 3 ms
(0,55 ±0,37 p =
0.011);

-

-

-
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Fraix
2008
[41]

TMS

“off”/medication
“on” vs
Stimulator
“on”/medication
“off” vs
Stimulator
“on”/medication
“on”
(OFF, ON with
chronic
therapeutic
parameters, ON
High with a
voltage set 10%
under permanent
side
effects threshold)

Giannicola
2012
[42]

MER

Gulberti

Registration of EEG- DOPA OFF + DBS

ON/OFF

flexor carpi
radialis (FCR)
muscle.

Stimulation on/med
off: inhibition at 3 ms
(0,57 ±0,18,
p<0,001);
Stimulation on/med
on:
inhibition at 3 ms
(0,52 ±0,21, p<0,001)

Hand motor
cortex area
contralateral to
the clinically
Intracortical
most affected
Inhibition
side
to evoke optimal
responses in the
contralateral FDI.

Bilateral STNs

LFPs:
beta burst
power recording

EEG activity from

Absolute and

Longer SP:
ON-STN vs OFF-STN
(p<0.001).
SP elicited at
120%MT intensity
was shortened under
ON High V STN vs
ON-STN (p<0.001).
No differences in LF
activity or beta
activity between
acute and
hyperchronic
patients with PD
(acute,
9.97 ±3.24% vs
hyperchronic, 6.32
±5.56%, p = 0.29)
Postoperative overall

-

-

-

-

-

-
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2015
[43]

Jech
2006
[44]

Michmizos
2015
[45]

activity modulation
in response to
rhythmic auditory
stimulation (RAS)

EEG. VEPs

MER

OFF;
DOPA ON + DBS
ON

62 active
Ag/AgCl scalp
electrodes

DBS-OFF/Med
OFF;
DBS-ON/Med
OFF;
(recording after
25 mins)

Fp1, Fp2, F3, F4,
F7,
F8, C3, C4, T3,
T4, T5, T6, O1,
O2, Fz, Cz, Pz and
Oz
relative to the
left mastoid.

ON

Bilateral STNs

relative power
for the 5 main
frequency bands;
slow and fast RAS

response modulation
level was in the
range with HC.
Both dopaminergic
medication and DBS
normalized the time
course and peak
duration of stimulusdriven beta
power fluctuations in
the fast RAS
condition.

VEPs;
sampled with a
frequency of
1000 Hz/channel
in the 0.015–75
Hz interval

BW-VEP: lowering of
the
N70/P100 amplitude,
in proportion to
increasing intensity
of DBS (p<0.01;)

-

Correlation to
beta-band peaks
distance from
electrode tips
during surgery

The mean distance
between beta-band
peaks and the
electrode’s tip
was 3.5 ±0.97 mm
and 1.0 ±1.14 mm for
“poor” and “good”
responders, p =

-
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0.0025

Pierantozzi
1999
SEPs
[46]

Ray
2008
[47]

Rosa
2011
[48]

MER

MER

Preoperative
SEPs (no DBS);
6 months after
surgery
during ineffective
and effective
DBS state

ON/OFF

ON/OFF

SEPs were
recorded via
Ag/AgCl surface
electrodes
placed in
frontal and
parietal
areas

Peak latency of
parietal waves
N20 ±P25 and
frontal wave
N30

Bilateral STNs

LFPs:
beta burst power
recording

STN

LFPs:
beta burst power
recording

↑ N30 amplitude
with respect to the
value observed
during
`ineffective' DBS
(GPi: 4.6 vs 1.5 mV;
STN: 4.5 vs 1.2 mV; p
= 0.02)
↓ beta power
correlated with
changes
bradykinesia/rigidity
UPDRS
p = 0.05.
Bradykinesia/rigidity
improvements
predict
improvements in
bradykinesia/rigidity
after DBS, p = 0.05
No changes in DBS
off condition beta
activity between
the hyperacute and
chronic phases

-

-

-

-

-

-
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Sinclair
2018
[49]

Trager
2016
[50]

Weiss
2015
[51]

MER

ON/OFF.
chronic
stimulation was
ceased 45 min
prior to baseline
"off-therapy"
assessments.

STN

ERNA

LFPs
were recorded from
electrode pair 0–2
ON/OFF
or 1–3 of the DBS
lead

STN

resting state
LPFs: beta burst
power recording

64 channel surface
EEG

Bilateral
sensorimotor
areas (‘C3’,
‘C4’),
supplementary
motor area
(‘FCz’) and
bilateral
dorsolateral
prefrontal region

Interhemispheric
cross-coherence
during EEG

ON/OFF

↑ Dorsal STN ERNA
than all other regions (<0.001)

↓ beta band spectra
in both STNs
at 0, 15, 30, 45, and
60 min after
stimulation was
turned off.
↓ beta band power
correlated with
improvement in
motor disability
scores (P<0.05)
Desynchronization
over the right
prefrontal, premotor,
sensorimotor area
(electrodes ‘F10’,
‘FC6’ and
‘C2’ predicted clinical
improvement on the
UPDRS III
p = 0.002

-

↓ beta band
power at 0 and
60 mins
p = 0.036, p =
0.005

↓ in beta
power
compared
to
baseline
p = 0.082

-

-
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(‘F3’, ‘F4’)

NEUROIMAGING
Dong
2020
fMRI
[52]

Ge
2020
[53]

Hanssen
2019
[54]

FDG-PET

Resting state fMRI

Hilker
2004
[55]

FDG-PET

Hilker
2005
[56]

F-DOPA-PET

OFF

°FF

1) ON
2) OFF

Executive Control
Network
(ECN)
PDRP areas:
thalamus,
putamen, GPi,
caudate nucleus,
sensorimotor
cortex, cerebellar
vermis,
precuneus, pons
Ganglia-thalamocortical circuit;
Cerebellothalamo-cortical
circuit

Functional
connectivity

ECN
↓
p<0.001

-

-

Local and global
metabolic
activity

PDRP levels↑
p = 0.039

PDRP levels↑
p = 0.094

-

Effective
connectivity

ON state:
↑ p<0.001
OFF state:
↑p<0.005

-

-

-

-

-

-

1) ON
2) OFF

Associative and
limbic cortices;
cerebellum

Metabolic
activity

ON

Caudate nucleus
and putamen

Striatal F-dopa
uptake

ON state:
↑ p<0.001
OFF state:
↓ p<0.001
F-dopa uptake ↓ in
putamen (p<0.05)
and caudate nucleus
(p<0.01)
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Lokkegaard
2007
[123I] FP-CIT SPECT
[57]
Mubeen
2018
[58]
O’Gorman
Tuura
2018
[59]
PalardNovello
2020
[60]

PET

MRS

FDG-PET

ON

Striatum

Dopamine
transporter
binding

1) ON
2) OFF

Whole
brain

Cerebral blood
flow

OFF

Basal ganglia
(GABA and Glu)
and pons (Glu)

Gaba and
Glutamate
activity

ON

Limbic and
associative
cortices

Metabolic
activity

Metabolic
activity

Cerebral Blood
Flow

Peron
2010
[61]

FDG-PET

ON

ToM areas:
limbic circuit,
associative
cortex and
cerebellum

Sidtis
2012
[62]

PET

1) ON
2) OFF

Whole
brain

No differences
between groups
ON state:
↑ p<0.001
OFF state:
↓ p = 0.029
↑ GABA
p = 0.009
↓ Glu pons
p = 0.049
↓ activity of frontal
cortex (BA 6 and 9)
p<0.05
↑ frontal cortex (BA
39 and 17)
P<0.05
↓activity cingulate
and frontal gyrus,
p<0.001; ↑ activity
of cerebellum and
inferior parietal
lobule, p<0.001
ON state:
↑ p<0.001

No differences
between groups

-

-

-

-

-

-

-

-

-

-
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Smith
2019
[63]

Vassal
2019
[64]

FDG-PET

DTI-FT

ON

Basal ganglia,
associative
cortices and
cerebellum

VMAT 2 and
glucose
metabolism

ON

VTA connectivity
with cortical
areas and
cerebellum

Brain
Connectivity

↓ VMAT 2 in
striatum
p<0.05
↓ glucose
metabolism in
striatum
↑ glucose
metabolism in
parietal, temporal
cortices and
cerebellum
p < 0.05
↑ VTA connectivity
with: brainstem,
cerebellum,
premotor and motor
cortex

-

-

-

-

↑ (increased); ↓ (decreased); MER (Multi-pass microelectrode recording); TMS (Transcranial Magnetic Resonance); LFPs (Local Field Potentials);
ERNA (Evoked Resonant Neural Activity); EEG (Electroencephalography); MEG (Magnetoencephalography); VEPs (Visual Evoked Potentials); SEPs
(Somatosensory Evoked Potentials); STN (Subthalamic nucleus); RAS (Rhythmic auditory stimulation); FDG-PET (Fluorodeoxyglucose-Positron Emission
Tomography); fMRI (functional Magnetic Resonance Imaging); [123I] FP-CIT SPECT (Single-photon emission computed tomography with [123I] FP-CIT
([123I]-N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl) nortropane); MRS (Magnetic Resonance Spectroscopy); DTI-FT (Diffusion Tensor
Imaging-fiber tracking); PDRP (Parkinson’s Disease Related Pattern); ToM areas (Theory of Mind areas); VMAT 2 (vesicular monoamine transporter 2);
VTA (Ventral Tegmental Area)
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3. Quality Assessment
Due to the nature of the included studies, no standardized checklists were applicable for the
appraisal of the methodological quality. However, a set of predefined key qualitative elements
that represented the methodological quality of the studies was established. Specifically, when
assessing the selection bias, we considered how patients with PD and controls were enrolled,
including the diagnostic criteria (Table 1). Diagnostic criteria and other clinical data, such as
surgical criteria or Unified Parkinson’s Disease Rating Scale (UPDRS) score, were also collected to
characterize the study population and observe if any clinical information was relevant in
explaining DBS outcomes. On the other hand, when assessing the appropriateness of the
measurement of exposure, we considered the criteria applied for referring patients to DBS and the
criteria for the assessment of the appropriateness of biomarker measurement (methods of sample
collection, handling, storage, and analysis) (Table 2a, Table 2b). Moreover, since the diseasemodifying outcomes are strictly linked with time, the time from surgery to biomarker assessment
was also considered (“follow-up”, Table 1) to evaluate if the length and the number of follow-ups
were consistent with the biological plausibility.
4. Results
The bibliographic search yielded 2,960 records. A total of 75 studies were initially selected. Six
duplicates were removed, and the remaining 69 studies were assessed for inclusion in the study.
Later, 26 studies were excluded because they did not meet the predefined inclusion criteria.
Finally, 43 studies were included for the data extraction. The process of study selection is
presented in Figure 1.
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Figure 1 PRISMA flowchart describing the inclusion and exclusion of the articles
The included articles were divided into three main categories depending on the nature of DBS
outcomes examined in the study: biochemical (12 studies), epigenetic (4 studies), and
neurophysiological (27 studies: 14 electrophysiological and 13 neuroimaging studies).
Overall, the included studies were of moderate to low quality. As described more thoroughly in
the next section, the diagnostic and surgical criteria adopted within the included studies were
widely heterogeneous, and in several cases, were either not reported or not specified. Most of the
studies had a small sample size and thus had limited statistical power. Moreover, examined
biomarkers and analytical methods were highly heterogeneous.
4.1 Characteristics of the Included Studies
4.1.1 Sample Size
A total of 20 out of 43 studies (46.5%) examined the effects of DBS on patients with PD without
a control group. Seven of these studies had a sample size of ≤10 patients, with a mean sample size
of 8.3 patients. The remaining thirteen studies had enrolled a mean of 17.4 patients, with only five
studies [25, 51, 54, 56, 60] enrolling ≥20 participants (the highest number of participants was 32).
The twenty-three studies that also had a control group enrolled a mean of 17 (the highest
number of cases was 60) patients with PD (cases) and 18.5 controls (the highest number of
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controls was 156). Only five studies [29, 39, 42, 45, 57] also included patients with PD in the
control group, whereas the remaining eighteen studies enrolled healthy controls (HC).
4.1.2 Mean Age and Gender Distribution of the Participants
The mean age of the participants enrolled in the studies ranged from 51 to 80 years in the cases
and 57 to 77 years in the controls, with 20 studies (46.5%) recruiting PD patients with a mean age
of ≤60 years and no study enrolling participants aged ≤50 years.
Twenty-eight studies (65.1%) recruited a higher number of male cases (mean: 10.5 males, 5.2
females). Seven studies [28, 29, 45-47, 54, 57] did not specify the male/female ratio. Twelve
studies out of 23 (52.1%) recruited more males in the control group (mean: 7.3 males, 3.6
females), while four studies [28, 29, 39, 45] did not report the gender proportion.
4.1.3 Diagnostic Criteria for PD
Eleven studies [22, 26-28, 31, 53, 55, 56, 60, 61, 63] used the “UK Parkinson’s disease Brain
Bank criteria” [65] for the diagnosis of idiopathic PD, four studies [41, 43, 45, 46] adopted the
“Hoehn and Yahr scale” [66], and two studies [24, 54] used the “Movement Disorder Society
criteria” [67]. However, most of the studies (55.8%) did not specify the adopted criteria and only
reported that the cases had a neurological history of idiopathic PD.
4.1.4 Surgical Criteria
Twenty-eight studies (65.1%) did not specify the surgical criteria that were adopted to select
the patients with PD that could undergo DBS surgery. Four studies [45, 56, 57, 63] adopted the
“CAPSIT criteria”, while three studies [43, 46, 51] used the “Hoehn and Yahr scale”. However, most
studies specified that PD patients that had undergone DBS surgery were refractory to medical
treatment.
4.1.5 Pharmacological Treatments
L-DOPA was the main pharmacological treatment used to manage the motor symptoms in
patients with PD (Table 1). The mean dose ranged from 300 mg to 2000 mg per day. Treatment
was often suspended before surgery and the washout period lasted from 8 to 72 h. Only in three
studies [39, 42, 57] did the controls also receive an antiparkinsonian treatment. In the study by
Michmizos et al. [45], although the cases and controls were diagnosed with PD, the
pharmacological treatment was not described.
4.1.6 UPDRS Score before Surgery
Twenty-eight studies (65.1%) reported the UPDRS score at baseline before the surgery. The
mean UPDRS score in the OFF phase (without pharmacological treatment) ranged from 17 to 74.
Eighteen studies (64.2%) reported a score of ≥42, indicating severe PD. Only in three studies by
Soreq et al. [34-36] was the baseline UPDRS score <30, thus indicating moderate PD. Two studies
by Anidi and Michmizos [39, 45] were the only studies that assessed the UPDRS scale in the
control group, with scores of 35.7 and 59.4, respectively.
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4.1.7 UPDRS Score after DBS
Twenty-five studies (58.1%) reported the UPDRS score after surgery in the cases. Only eleven
studies assessed the UPDRS scale in the OFF phase (without stimulation), reporting a mean score
ranging from 27.4 to 54.6. Only one [53] study reported a UPDRS score of <30, with a progressive
increase nine months after surgery (mean score = 49.3 ±18.2). Sixteen studies reported a mean
UPDRS score in the ON phase (with DBS stimulation) ranging from 9.2 to 37.6, with nine of them
(56.2%) reporting a score of ≤20. Four studies [47, 50, 54, 57] did not specify the UPDRS score but
only reported an increase or a decrease in the score.
4.1.8 Location of Implanted DBS
In all the studies except one [60], the electrodes were inserted bilaterally in the STN. Only in
the study by Palard-Novello et al. [60] were the electrodes inserted bilaterally in the GPi. In one
study [46], four patients were implanted with a bilateral GPi-DBS and two with a bilateral STNDBS. In another study [32], seven patients had a history of bilateral stimulation in the STN, one
patient had unilateral STN stimulation, while two patients had bilateral GPi stimulation, and one
patient had unilateral GPi stimulation. In one study [24], the location of the electrodes was not
specified. Only in three studies [39, 42, 45] was the control group also treated with DBS.
4.1.9 Follow-Ups
In 20 out of 43 studies (46.5%), the participants were observed before DBS and after several
months after surgery. The mean duration of follow-up after DBS surgery ranged from 1 month to
11 years. However, only Constantinescu et al. [23] reported a follow-up of 11 years, while 26 out
of 43 studies (60.4%) followed up the participants for only ≤1 year.
Eleven studies (26.8%) enrolled patients with PD that had already received an implant and had
been treated with DBS for at least 1 year.
Four post-mortem studies [28, 29, 30, 32] examined the brain tissue of patients with PD who
had been treated with DBS for a mean of five years until death.
Moreover, 14 out of 43 studies (32.5%) followed up with participants at least twice after DBS,
whereas the remaining 29 studies (67.4%) observed patients once after DBS, with most being
neurophysiological studies (75.9%). On the other hand, five biochemical [22, 23, 25, 31, 33] and all
the epigenetic studies followed-up participants at least twice after the surgical procedure.
4.2 Biochemical Studies
We included twelve studies that assessed the biochemical changes in PD patients that had
undergone DBS treatment to explore if the surgery modified the progression of PD by changing
the biochemical patterns.
As described in the introduction, one of the main biochemical hallmarks of PD is the
aggregation of Lewy bodies composed of α-synuclein. However, only one study [29] investigated
the changes in α-synuclein after exposure to DBS. That study had focused on the post-mortem
brain tissue of patients with PD by assessing α-synuclein and SN neurons. The authors did not
observe significant results suggesting a potential disease-modifying effect of surgery. Rather, they
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showed an increase in the density of α-synuclein after DBS, suggesting a progression of the
disease.
In contrast, three other post-mortem studies [28, 30, 32] reported a significant effect of DBS on
the brain of treated participants compared to those who did not receive DBS and HC. The studies
focused on different biomarkers, such as the mean distance and mitochondrial volume of
dopaminergic synapses in the striatum [28], Vascular Endothelial Growth Factor (VEGF) [64], and
Proliferating Cell Nuclear Antigen antibody (PCNA) in the sub-ventricular zone (SVZ) [31]. Overall,
the results of these studies indicated a remarkable neuroprotective action of DBS through
neurotrophic mechanisms.
Moreover, since tau proteins and brain amyloidosis (Aβ-42) are important markers of
neurodegenerative processes, one study [23] investigated the potential association between the
levels of cerebrospinal fluid (CSF) and the exposure to DBS. Those authors did not find any
significant results throughout the follow-up, suggesting that DBS might have a minimal effect on
these neurodegenerative mechanisms.
On the other hand, the study by Wang et al. [33] reported an interesting result on the potential
disease-modifying effect of DBS. The authors found a link between tetranectin and STN
stimulation. Since tetranectin is involved in the degradation of proteins in the brain, the authors
suggested that elevated tetranectin levels following STN-DBS could be linked to a reduction in the
aggregation of abnormal proteins and neurodegenerative processes [33].
Neurodegeneration in PD also includes chronic inflammation processes and oxidative stress,
which are related to a dysregulation in the homeostasis of iron metabolism [68]. Based on this,
two studies [26, 27] assessed the pre-and post-DBS levels of two proteins (pro-hepcidin and
hepcidin) involved in iron metabolism and a protein linked to anti-inflammatory processes
(interleukin-6), reporting an unclear link between these proteins and DBS.
The remaining four studies [22, 24, 25, 31] investigated the efficacy of DBS by assessing several
biomarkers, including HPA (Hypothalamic-pituitary-adrenal) axis markers [31] and urinary levels of
catecholamines [25], but they did not find any significant results supporting a disease-modifying
effect.
4.3 Epigenetic Studies
We included four epigenetic studies by Soreq and colleagues [34-37]. In all the included trials,
blood samples were collected to analyze leukocytes, adopting the same study design. However,
none of these studies examined potential disease-modifying effects. The authors were initially
interested in investigating any relations between molecular changes and reversible motor
improvements induced by STN-DBS. The authors focused on different epigenetic biomarkers
potentially involved in PD, such as transcript isoforms [34], miRNAs [35], alternative splicing (AS)
events [36], and long non-coding RNA (lncRNA) [37]. In all these studies, Soreq and colleagues
reported significant but transient modifications of the biomarkers in participants treated with DBS
in the ON phase, suggesting that surgery may only have a reversible effect on PD symptoms.
However, the potential utility of these markers in assessing the biological effects of DBS in patients
with PD should be further explored, as they have been found in peripheral biofluids (saliva, blood,
plasma, serum, and urine) and are thus easy to obtain with no substantial health risks.
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4.4 Neurophysiological Studies
4.4.1 Electrophysiological Studies
Parkinsonian aberrations such as rigidity have also been correlated with impairments in beta
oscillations [40]. Therefore, it is important to explore changes in the beta activity, as markers of
potentially relevant effects of DBS on the pathophysiology of PD. We included six
electrophysiological studies [39, 42, 45, 47, 48, 50] that investigated Local Field Potentials (LFPs)
focusing on beta burst activity. None of these studies found significant results suggesting a
potential disease-modifying effect of DBS. Giannicola et al. [42] investigated potential diseasemodifying patterns but did not observe any differences in the beta activity between acute and
hyper-chronic patients with PD treated with DBS. Other studies reported only a temporary
beneficial effect on the beta activity, pointing out that a decrease in the beta burst activity was
associated with improved motor symptoms in patients with PD [39, 43, 45, 47, 50, 51].
The remaining studies [38, 40, 41, 44, 46, 49] examined different cortical regions and waves,
reporting only transient positive effects on motor symptoms after stimulation.
4.4.2 Neuroimaging Studies
The use of neuroimaging techniques such as PET or MRI is an accessible method to measure the
efficacy of DBS and identify the possible physiological changes in the brain of treated patients.
Most of the neuroimaging studies included in this review had explored different cerebral
pathways to assess a potential neurophysiological effect of DBS. Four studies [53, 56, 57, 63]
investigated the potential of DBS to affect the progression of the disease through possible
neuroprotective effects. None of these studies reported any significant results. Lokkegaard et al.
[57] compared patients that had undergone DBS to those that were only treated with
pharmacological intervention, and observed a decrease in the binding of dopamine transporters in
the striatum before and after intervention in both groups, suggesting a nigrostriatal neuronal
degeneration.
Two further studies [53, 56] investigated a potential disease-modifying effect of DBS but did
not report any significant results. Ge et al. [53] examined PD-related metabolic covariance
patterns (PDRP) after STN-DBS surgery but did not find any significant differences at 12 months of
follow-up compared to baseline. Hilker et al. [56], found a significant decrease in the uptake of
striatal 18F-dopa in PD subjects, thus revealing a decline in dopaminergic function even in PD
subjects that were effectively treated with STN stimulation.
On the other hand, one study [63] observed a correlation between the clinical outcomes,
specifically an improvement in tremor and depressive symptoms, along with a decrease in VMAT2
(vesicular monoamine transporter 2) in the striatum, associative striatum, and extra-striatum.
Since a decrease in VMAT2 has been associated with increased dopamine [70], the authors
proposed that DBS might be related to an increase in dopaminergic activity. However, this study
followed up PD patients only once after DBS; thus, the authors were not able to report other
relevant results during the subsequent months.
The remaining nine studies [52, 54, 55, 58-60, 61, 62, 64] also investigated several biomarkers
but did not report any potential disease-modifying effect. However, two studies [54, 59] examined
different biological aspects and reported some interesting findings. One study [54] suggested that
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the improvements induced by DBS in PD symptoms could be due to an interaction between the
cerebellum and the putamen, while the second study [59] suggested that pontine glutamine (Glx)
and basal ganglia Glutamate (Glu) levels were potentially significant predictors of the efficacy of
DBS, indicating a role of glutamatergic neurotransmission in the therapeutic mechanism of DBS.
5. Discussion
In this systematic review, we summarized the available evidence on several biological and
physiological processes that were associated with DBS in human participants with PD. The main
objective was to understand if these processes could be connected to a potential diseasemodifying effect.
Only three studies [28, 30, 32] reported significant results, suggesting a potential diseasemodifying effect of DBS. All these studies examined post-mortem brain tissue. Specifically, Mallach
et al. [28] reported that DBS might have a role in inhibiting or reversing the decrease in
mitochondrial volume, as well as the number of dopaminergic striatal neurons, caused by disease
progression. The authors explained that this could be associated with the possible effect of DBS in
inhibiting STN, which would subsequently inhibit the glutamate excitotoxicity in the SNpc [28].
Furthermore, the possible long-term consequences of decreased glutamate excitotoxicity would
be the loss of calcium-dependent mitochondrial fragmentation, increased mitochondrial volume,
and decreased neuronal death [28].
Furthermore, Pienaar et al. [30] suggested an association between STN-DBS and an
improvement of microvascular markers. The authors observed a dramatic increase in VEGF, a
neurotrophic protein produced by vascular endothelial cells, which may stimulate vasculogenesis
and angiogenesis. Therefore, these results indicated that STN-DBS could reverse the extent of
vascular pathology in PD by stimulating the survival, proliferation, and migration of vascular
endothelial cells. The third study [32] reported an effect of DBS in increasing the cellular plasticity
in the brain, suggesting that the effects of surgery might affect a wider area than that directly
surrounding the location of the electrode. The authors observed a higher number of SVZ precursor
cells (lateral ventricle and third ventricle) in the brains of patients who had undergone DBS
compared to those of healthy controls and subjects who did not undergo surgery. The results
revealed an increased proliferation of neural precursor cells in the brains of human participants
after DBS surgery and electrical stimulation [32]. These results were consistent with those
obtained from a study that suggested that STN-DBS might cause a neurotrophic mechanism of
neuroprotection by specifically increasing the levels of BDNF [17]. According to this hypothesis,
the release of BDNF could be induced by electrical stimulation, thus explaining why high-frequency
stimulation in neuronal cultures appeared to cause an increase in the release of BDNF [71]. All
these studies were conducted using small sample sizes; thus, despite reporting some significant
results, the studies were not strong enough to support a significant effect of DBS in preventing the
progression of PD.
Moreover, the study by Wang et al. [33] reported a potential neuroprotective effect of DBS in
patients with PD. The authors suggested that tetranectin could be involved in this mechanism by
increasing the levels of dopamine and decreasing the accumulation of abnormal proteins.
Similarly, a previous study by Wang et al. [72] reported reduced levels of tetranectin in patients
with PD compared to HC, with further evidence suggesting a role of this protein in the degradation
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of misfolded proteins [73]. Thus, the observation of higher levels of tetranectin after DBS could
suggest the neuroprotective effect of surgery. However, the exact role of this protein in PD has
not yet been clarified, and further studies are required.
However, most of the included studies did not support the disease-modifying hypothesis.
Particularly, three studies [29, 42, 57] compared participants that had undergone DBS with those
that were only pharmacologically treated and reported no differences between the two groups in
terms of disease progression. Only a few studies [29, 56, 57, 63] have investigated the typical
pathobiological and pathophysiological hallmarks of PD. As mentioned before, the typical
hallmarks of PD are often associated with the aggregation of α-synuclein and dopaminergic
degeneration in SNpc and other basal ganglia structures [74]. However, most of the included
studies examined different biological and physiological biomarkers. Overall, the biological and
neurophysiological aspects covered by the included studies were highly heterogeneous. Few
studies focused on similar biological and neurophysiological aspects. For example, the included
neurophysiological studies adopted the same procedures (such as PET and MER) but examined
different neurophysiological aspects and pathways. Similarly, although the four epigenetic studies
had the same study design and population, they investigated different epigenetic variables. This
heterogeneity in the biological and physiological aspects prevented a direct comparison of studies
and limited the reliability of the results in suggesting any significant disease-modifying effect
associated with DBS.
A further limitation of the reliability of results in suggesting a potential disease-modifying effect
of DBS was that 60.4% of the studies had a follow-up of ≤1 year, while 67.4% of the studies
observed patients only once after DBS.
Overall, our review reports a significant effect of STN-DBS only during the ON phase, thus
suggesting that the effect might be limited and transient. Some of the included neurophysiological
studies have reported that the observed metabolic and physiological changes almost completely
disappeared during the OFF phase, again indicating the functional and temporary effects of DBS,
consistent with the relapse of severe Parkinsonism in the OFF phase of DBS. Moreover, substantial
improvements in the UPDRS scores were observed after surgery, only during the ON phase.
However, it is worth highlighting that, although 55.8% of the studies did not specify the
adopted diagnostic criteria, most of them observed late-stage patients with PD about ten years
after diagnosis. The recruitment of late-stage patients with PD could be another factor that may
partially explain the lack of significant results suggesting a potential disease-modifying effect of
DBS. Most of the loss of putaminal denervation occurs within four years after the diagnosis [75].
Thus, assessment of a potential disease-modifying effect in a PD patient in whom the
dopaminergic striatal innervation has been lost long back might be inappropriate [76].
Dysfunction and degeneration of the nigrostriatal system begin long before the diagnosis of PD.
It has been estimated that, by the time of onset of motor symptoms and subsequent diagnosis,
the patients have already lost half of the striatal dopamine content, along with 30% of the nigral
dopamine neurons [75]. A study by Kordower and colleagues [76] demonstrated that patients
reached the diagnosis stage when 50% of the putaminal denervation had already occurred and
that this denervation progressed to an approximately 90% loss within four years after diagnosis.
These results suggest that enrolling a population with an advanced stage of the disease might be
inappropriate when investigating the potential neuroprotective effects of specific interventions
[76]. Several preclinical studies support a potential disease-modifying effect of DBS. Some studies
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on rats have reported that the use of STN-DBS immediately after the administration of 6hydroxydopamine (6-OHDA) doubled the number of remaining tyrosine hydroxylase immunoreactive neurons in the SNpc [77], and the activation of STN-DBS at 1 or 2 weeks after the
administration of 6-OHDA protected the remaining SNpc neurons from further degeneration [78,
79]. Similar results were observed in primate models of PD using STN-DBS just before or six days
after the administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [16].
These findings suggest that to explore the potential disease-modifying effects of DBS, studies
should enroll patients with milder symptoms and whose neural circuitry and physiology may still
respond to DBS. Based on these criteria, a study [80] reported that DBS was superior to medical
therapy alone during early-stage PD, before the appearance of severely debilitating motor
complications, suggesting that neurostimulation may be a potential therapy for patients in an
early stage of the disease. It must be highlighted that DBS is expensive compared to conventional
medical therapy, which, apart from being a non-invasive intervention, facilitates an excellent
control of symptoms [81]. However, available evidence on the long-term benefits of DBS is
insufficient to support the initiation of DBS at an early stage of the disease. Moreover, despite
significant technological progress, stereotactic surgery still has a combined risk of permanent
morbidity or mortality of 1–3%, depending on the surgical center and caseload volume [81].
However, as observed in some of the included articles, DBS has been shown to cause substantial
improvements in the health-related quality of life, as well as maintain the improvements in
symptoms [82]. Moreover, considering that the risks related to surgery are lower in younger
subjects with lower brain atrophy and fewer comorbidities, as well as the fact that younger
patients have been reported to benefit the most from the intervention [83], DBS might be
considered as a feasible treatment option at an earlier stage of the disease.
Due to several limitations of the included literature, the obtained evidence was inconclusive in
identifying a potential disease-modifying effect of DBS. Nevertheless, three post-mortem studies
have suggested a potential neuroprotective effect of DBS, which justifies further high-quality
epidemiological studies enrolling a larger number of subjects to assess if and how this surgical
procedure can modify the course of the disease. Specifically, studies should adopt a more suitable
design, focusing on the appropriate selection and recruitment of participants based on
homogeneous, validated, and standardized diagnostic criteria, as well as adopting an adequate
duration of follow-up, including a sufficient number of observations.
Currently available preclinical literature suggests that STN-DBS could mediate neuroprotection
at an early stage of the disease. Based on this premise, carrying out further prospective clinical
trials examining the course of PD in early-stage patients could be useful.
Further research should focus on expanding our understanding of the biological and
physiological changes in the brain caused by either disease progression or chronic electrical
stimulation. Current research on the biological and neurophysiological aspects involved in DBS is
still widely heterogeneous. Therefore, it could be crucial to reach a consensus on the most
appropriate and reliable biomarkers to assess the efficacy of DBS.
Since PD is a highly complex disease, it is unlikely that a single biomarker will be sufficient.
Rather, a panel of established and standardized biomarkers covering a range of metabolic and
physiologic processes, including genetic, neuroimaging, and metabolic markers, would be helpful.
We believe that such a result could be useful in supporting neurosurgeons and neurologists in
assessing the efficacy of DBS, both in clinical practice and in a research setting.
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6. Conclusions
This paper aimed at systematically reviewing the biological and physiological effects of DBS in
human patients with PD, focusing on its potential disease-modifying features. The reviewed
studies investigated a set of widely heterogeneous and complex biological and neurophysiological
aspects, and only a few studies specifically investigated the potential neuroprotective and diseasemodifying effects of DBS. Most of the included studies did not support the disease-modifying
hypothesis, showing transient biological and neurophysiological effects. All the included studies
had some methodological limitations, mostly related to study design and patient recruitment. We
believe that identifying a panel of common biomarkers and criteria might be crucial to
characterize the features of PD better and assess the potential of DBS to modify the course of the
disease.
Author Contributions
F.S.: data collection and analysis, writing of the manuscript. G.R.: data collection, drafting of the
manuscript. L.T.: data collection, drafting of the manuscript. G.S.: data collection. F.T.: data
collection. G.R.: data collection. E.L.: methodology, drafting of the manuscript. M.C. (Massimo
Corbo): revising the manuscript critically for important intellectual content. M.C. (Marco Canevelli):
drafting and revising of the manuscript. N.V.: conception of the study, revising of the manuscript.
P.P.: data collection, drafting and revising of the manuscript.
Funding
This work did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.
Competing Interests
The authors have declared that no competing interests exist.
References
1.
2.
3.
4.
5.

6.
7.

Kalia LV, Lang AE. Parkinson's disease. Lancet. 2015; 386: 896-912.
Jakobs M, Lee DJ, Lozano AM. Modifying the progression of Alzheimer's and Parkinson's
disease with deep brain stimulation. Neuropharmacology. 2020; 171: 107860.
Dexter DT, Jenner P. Parkinson disease: From pathology to molecular disease mechanisms.
Free Radic Biol Med. 2013; 62: 132-144.
Benabid AL. Deep brain stimulation for Parkinson's disease. Curr Opin Neurobiol. 2003; 13:
696-706.
Bejjani BP, Damier P, Arnulf I, Thivard L, Bonnet AM, Dormont D, et al. Transient acute
depression induced by high-frequency deep-brain stimulation. N Engl J Med. 1999; 340: 14761480.
Kumar R, Lozano AM, Sime E, Halket E, Lang AE. Comparative effects of unilateral and bilateral
subthalamic nucleus deep brain stimulation. Neurology. 1999; 53: 561-566.
Thobois S, Mertens P, Guenot M, Hermier M, Mollion H, Bouvard M, et al. Subthalamic
Page 142/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102097

8.

9.

10.

11.
12.
13.
14.

15.
16.

17.

18.
19.

20.
21.

22.

23.

nucleus stimulation in Parkinson's disease: Clinical evaluation of 18 patients. J Neurol. 2002;
249: 529-534.
Berney A, Vingerhoets F, Perrin A, Guex P, Villemure JG, Burkhard PR, et al. Effect on mood of
subthalamic DBS for Parkinson's disease: A consecutive series of 24 patients. Neurology. 2002;
59: 1427-1429.
St George RJ, Carlson-Kuhta P, Burchiel KJ, Hogarth P, Frank N, Horak FB. The effects of
subthalamic and pallidal deep brain stimulation on postural responses in patients with
Parkinson disease. J Neurosurg. 2012; 116: 1347-1356.
Chastan N, Westby GW, Yelnik J, Bardinet E, Do MC, Agid Y, et al. Effects of nigral stimulation
on locomotion and postural stability in patients with Parkinson's disease. Brain. 2009; 132:
172-184.
Hashimoto T, Elder CM, Okun MS, Patrick SK, Vitek JL. Stimulation of the subthalamic nucleus
changes the firing pattern of pallidal neurons. J Neurosci. 2003; 23: 1916-1923.
Kalia SK, Sankar T, Lozano AM. Deep brain stimulation for Parkinson's disease and other
movement disorders. Curr Opin Neurol. 2013; 26: 374-380.
Dong J, Cui Y, Li S, Le W. Current pharmaceutical treatments and alternative therapies of
Parkinson's disease. Curr Neuropharmacol. 2016; 14: 339-355.
Limousin P, Pollak P, Benazzouz A, Hoffmann D, Le Bas JF, Broussolle E, et al. Effect of
parkinsonian signs and symptoms of bilateral subthalamic nucleus stimulation. Lancet. 1995;
345: 91-95.
Ashkan K, Rogers P, Bergman H, Ughratdar I. Insights into the mechanisms of deep brain
stimulation. Nat Rev Neurol. 2017; 13: 548-554.
Wallace BA, Ashkan K, Heise CE, Foote KD, Torres N, Mitrofanis J, et al. Survival of midbrain
dopaminergic cells after lesion or deep brain stimulation of the subthalamic nucleus in MPTPtreated monkeys. Brain. 2007; 130: 2129-2145.
Spieles-Engemann AL, Steece-Collier K, Behbehani MM, Collier TJ, Wohlgenant SL, Kemp CJ, et
al. Subthalamic nucleus stimulation increases brain derived neurotrophic factor in the
nigrostriatal system and primary motor cortex. J Parkinsons Dis. 2011; 1: 123-136.
Rodriguez MC, Obeso JA, Olanow CW. Subthalamic nucleus-mediated excitotoxicity in
Parkinson's disease: A target for neuroprotection. Ann Neurol. 1998; 44: S175-S188.
Tagliati M, Martin C, Alterman R. Lack of motor symptoms progression in Parkinson's disease
patients with long-term bilateral subthalamic deep brain stimulation. Int J Neurosci. 2010;
120: 717-723.
Higgins JP, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, et al. The Cochrane
Collaboration's tool for assessing risk of bias in randomised trials. BMJ. 2011; 343: d5928.
Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gøtzsche PC, Ioannidis JP, et al. The PRISMA
statement for reporting systematic reviews and meta-analyses of studies that evaluate
healthcare interventions: Explanation and elaboration. BMJ. 2009; 339: b2700.
Constantinescu R, Holmberg B, Rosengren L, Corneliusson O, Johnels B, Zetterberg H. Light
subunit of neurofilament triplet protein in the cerebrospinal fluid after subthalamic nucleus
stimulation for Parkinson's disease. Acta Neurol Scand. 2011; 124: 206-210.
Constantinescu R, Blennow K, Rosengren L, Eriksson B, Gudmundsdottir T, Jansson Y, et al.
Cerebrospinal fluid protein markers in PD patients after DBS-STN surgery-A retrospective
analysis of patients that underwent surgery between 1993 and 2001. Clin Neurol Neurosurg.
Page 143/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102097

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

2018; 174: 174-179.
Dong W, Qiu C, Gong D, Jiang X, Liu W, Liu W, et al. Proteomics and bioinformatics approaches
for the identification of plasma biomarkers to detect Parkinson's disease. Exp Ther Med. 2019;
18: 2833-2842.
Guimarães J, Vieira-Coelho MA, Moura E, Afonso J, Rosas MJ, Vaz R, et al. Urinary profile of
catecholamines and metabolites in Parkinson patients with deep brain stimulation. Eur J
Neurol. 2014; 21: 353-356.
Kwiatek-Majkusiak J, Geremek M, Koziorowski D, Tomasiuk R, Szlufik S, Friedman A. Higher
serum levels of pro-hepcidin in patients with Parkinson's disease treated with deep brain
stimulation. Neurosci Lett. 2018; 684: 205-209.
Kwiatek-Majkusiak J, Geremek M, Koziorowski D, Tomasiuk R, Szlufik S, Friedman A. Serum
levels of hepcidin and interleukin 6 in Parkinson's disease. Acta Neurobiol Exp. 2020; 80: 297304.
Mallach A, Weinert M, Arthur J, Gveric D, Tierney TS, Alavian KN. Post mortem examination of
Parkinson's disease brains suggests decline in mitochondrial biomass, reversed by deep brain
stimulation of subthalamic nucleus. FASEB J. 2019; 33: 6957-6961.
Pal GD, Ouyang B, Serrano G, Shill HA, Goetz C, Stebbins G, et al. Comparison of
neuropathology in Parkinson's disease subjects with and without deep brain stimulation. Mov
Disord. 2017; 32: 274-277.
Pienaar IS, Lee CH, Elson JL, McGuinness L, Gentleman SM, Kalaria RN, et al. Deep-brain
stimulation associates with improved microvascular integrity in the subthalamic nucleus in
Parkinson's disease. Neurobiol Dis. 2015; 74: 392-405.
Seifried C, Boehncke S, Heinzmann J, Baudrexel S, Weise L, Gasser T, et al. Diurnal variation of
hypothalamic function and chronic subthalamic nucleus stimulation in Parkinson's disease.
Neuroendocrinology. 2013; 97: 283-290.
Vedam-Mai V, Gardner B, Okun MS, Siebzehnrubl FA, Kam M, Aponso P, et al. Increased
precursor cell proliferation after deep brain stimulation for Parkinson's disease: A human
study. PLoS ONE. 2014; 9: e88770.
Wang ES, Yao HB, Chen YH, Wang G, Gao WW, Sun YR, et al. Proteomic analysis of the
cerebrospinal fluid of Parkinson's disease patients pre- and post-deep brain stimulation. Cell
Physiol Biochem. 2013; 31: 625-637.
Soreq L, Bergman H, Goll Y, Greenberg DS, Israel Z, Soreq H. Deep brain stimulation induces
rapidly reversible transcript changes in Parkinson's leucocytes. J Cell Mol Med. 2012; 16: 14961507.
Soreq L, Salomonis N, Bronstein M, Greenberg DS, Israel Z, Bergman H, et al. Small RNA
sequencing-microarray analyses in Parkinson leukocytes reveal deep brain stimulation-induced
splicing changes that classify brain region transcriptomes. Front Mol Neurosci. 2013; 6: 10.
Soreq L, Bergman H, Israel Z, Soreq H. Deep brain stimulation modulates nonsense-mediated
RNA decay in Parkinson's patients’ leukocytes. BMC Genom. 2013; 14: 478.
Soreq L, Guffanti A, Salomonis N, Simchovitz A, Israel Z, Bergman H, et al. Long non-coding
RNA and alternative splicing modulations in Parkinson's leukocytes identified by RNA
sequencing. PLoS Comput Biol. 2014; 10: e1003517.
Airaksinen K, Butorina A, Pekkonen E, Nurminen J, Taulu S, Ahonen A, et al. Somatomotor mu
rhythm amplitude correlates with rigidity during deep brain stimulation in Parkinsonian
Page 144/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102097

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

patients. Clin Neurophysiol. 2012; 123: 2010-2017.
Anidi C, O'Day JJ, Anderson RW, Afzal MF, Syrkin-Nikolau J, Velisar A, et al. Neuromodulation
targets pathological not physiological beta bursts during gait in Parkinson's disease. Neurobiol
Dis. 2018; 120: 107-117.
Däuper J, Peschel T, Schrader C, Kohlmetz C, Joppich G, Nager W, et al. Effects of subthalamic
nucleus (STN) stimulation on motor cortex excitability. Neurology. 2002; 59: 700-706.
Fraix V, Pollak P, Vercueil L, Benabid AL, Mauguière F. Effects of subthalamic nucleus
stimulation on motor cortex excitability in Parkinson’s disease. Clin Neurophysiol. 2008; 119:
2513-2518.
Giannicola G, Rosa M, Servello D, Menghetti C, Carrabba G, Pacchetti C, et al. Subthalamic
local field potentials after seven-year deep brain stimulation in Parkinson's disease. Exp
Neurol. 2012; 237: 312-317.
Gulberti A, Moll CK, Hamel W, Buhmann C, Koeppen JA, Boelmans K, et al. Predictive timing
functions of cortical beta oscillations are impaired in Parkinson's disease and influenced by LDOPA and deep brain stimulation of the subthalamic nucleus. Neuroimage Clin. 2015; 9: 436449.
Jech R, Růzicka E, Urgosík D, Serranová T, Volfová M, Nováková O, et al. Deep brain stimulation
of the subthalamic nucleus affects resting EEG and visual evoked potentials in Parkinson's
disease. Clin Neurophysiol. 2006; 117: 1017-1028.
Michmizos KP, Frangou P, Stathis P, Sakas D, Nikita KS. Beta-band frequency peaks inside the
subthalamic nucleus as a biomarker for motor improvement after deep brain stimulation in
Parkinson's disease. IEEE J Biomed Health Inform. 2015; 19: 174-180.
Pierantozzi M, Mazzone P, Bassi A, Rossini PM, Peppe A, Altibrandi MG, et al. The effect of
deep brain stimulation on the frontal N30 component of somatosensory evoked potentials in
advanced Parkinson's disease patients. Clin Neurophysiol. 1999; 110: 1700-1707.
Ray NJ, Jenkinson N, Wang S, Holland, P, Brittain JS, Joint C, et al. T. Local field potential beta
activity in the subthalamic nucleus of patients with Parkinson’s disease is associated with
improvements in bradykinesia after dopamine and deep brain stimulation. Exp Neurol. 2008;
213: 108-113.
Rosa M, Giannicola G, Servello D, Marceglia S, Pacchetti C, Porta M, et al. Subthalamic local
field beta oscillations during ongoing deep brain stimulation in Parkinson's disease in
hyperacute and chronic phases. Neurosignals. 2011; 19: 151-162.
Sinclair NC, McDermott HJ, Bulluss KJ, Fallon JB, Perera T, Xu SS, et al. Subthalamic nucleus
deep brain stimulation evokes resonant neural activity. Ann Neurol. 2018; 83: 1027-1031.
Trager MH, Koop MM, Velisar A, Blumenfeld Z, Nikolau JS, Quinn EJ, et al. Subthalamic beta
oscillations are attenuated after withdrawal of chronic high frequency neurostimulation in
Parkinson's disease. Neurobiol Dis. 2016; 96: 22-30.
Weiss D, Klotz R, Govindan RB, Scholten M, Naros G, Ramos-Murguialday A, et al. Subthalamic
stimulation modulates cortical motor network activity and synchronization in Parkinson’s
disease. Brain. 2015; 138: 679-693.
Dong W, Qiu C, Jiang X, Shen B, Zhang L, Liu W, et al. Can the executive control network be
used to diagnose Parkinson's disease and as an efficacy indicator of deep brain stimulation?
Parkinsons Dis. 2020; 2020: 6348102.
Ge J, Wang M, Lin W, Wu P, Guan Y, Zhang H, et al. Metabolic network as an objective
Page 145/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102097

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.
67.
68.

biomarker in monitoring deep brain stimulation for Parkinson's disease: A longitudinal study.
EJNMMI Res. 2020; 10: 131.
Hanssen H, Steinhardt J, Münchau A, Al-Zubaidi A, Tzvi E, Heldmann M, et al. Cerebello-striatal
interaction mediates effects of subthalamic nucleus deep brain stimulation in Parkinson's
disease. Parkinsonism Relat Disord. 2019; 67: 99-104.
Hilker R, Voges J, Weisenbach S, Kalbe E, Burghaus L, Ghaemi M, et al. Subthalamic nucleus
stimulation restores glucose metabolism in associative and limbic cortices and in cerebellum:
Evidence from a FDG-PET study in advanced Parkinson's disease. J Cereb Blood Flow Metab.
2004; 24: 7-16.
Hilker R, Portman AT, Voges J, Staal MJ, Burghaus L, van Laar T, et al. Disease progression
continues in patients with advanced Parkinson's disease and effective subthalamic nucleus
stimulation. J Neurol Neurosurg Psychiatry. 2005; 76: 1217-1221.
Lokkegaard A, Werdelin LM, Regeur L, Karlsborg M, Jensen SR, Brødsgaard E, et al. Dopamine
transporter imaging and the effects of deep brain stimulation in patients with Parkinson's
disease. Eur J Nucl Med Mol Imaging. 2007; 34: 508-516.
Mubeen AM, Ardekani B, Tagliati M, Alterman R, Dhawan V, Eidelberg D, et al. Global and
multi-focal changes in cerebral blood flow during subthalamic nucleus stimulation in
Parkinson's disease. J Cereb Blood Flow Metab. 2018; 38: 697-705.
O'Gorman Tuura RL, Baumann CR, Baumann-Vogel H. Neurotransmitter activity is linked to
outcome following subthalamic deep brain stimulation in Parkinson's disease. Parkinsonism
Relat Disord. 2018; 50: 54-60.
Palard-Novello X, Drapier S, Bonnet A, Girard A, Robert G, Houvenaghel JF, et al. Deep brain
stimulation of the internal globus pallidus does not affect the limbic circuit in patients with
Parkinson's disease: A PET study. J Neurol. 2021; 268: 701-706.
Péron J, Le Jeune F, Haegelen C, Dondaine T, Drapier D, Sauleau P, et al. Subthalamic nucleus
stimulation affects theory of mind network: A pet study in Parkinson's disease. PLoS ONE.
2010; 5: e9919.
Sidtis JJ, Tagliati M, Alterman R, Sidtis D, Dhawan V, Eidelberg D. Therapeutic high-frequency
stimulation of the subthalamic nucleus in Parkinson's disease produces global increases in
cerebral blood flow. J Cereb Blood Flow Metab. 2012; 32: 41-49.
Smith GS, Mills KA, Pontone GM, Anderson WS, Perepezko KM, Brasic J, et al. Effect of STN DBS
on vesicular monoamine transporter 2 and glucose metabolism in Parkinson's disease.
Parkinsonism Relat Disord. 2019; 64: 235-241.
Vassal F, Dilly D, Boutet C, Bertholon F, Charier D, Pommier B. White matter tracts involved by
deep brain stimulation of the subthalamic nucleus in Parkinson's disease: A connectivity study
based on preoperative diffusion tensor imaging tractography. Br J Neurosurg. 2020; 34: 187195.
Gibb WR, Lees AJ. A comparison of clinical and pathological features of young- and old-onset
Parkinson's disease. Neurology. 1988; 38: 1402-1406.
Hoehn MM, Yahr MD. Parkinsonism: Onset, progression and mortality. Neurology. 1967; 17:
427-442.
Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel W, et al. MDS clinical diagnostic
criteria for Parkinson's disease. Mov Disord. 2015; 30: 1591-1601.
Nagatsu T, Sawada M. Inflammatory process in Parkinson's disease: Role for cytokines. Curr
Page 146/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102097

69.

70.

71.
72.

73.

74.

75.
76.
77.

78.
79.

80.

81.
82.
83.

Pharm Des. 2005; 11: 999-1016.
Thompson JA, Lanctin D, Ince NF, Abosch A. Clinical implications of local field potentials for
understanding and treating movement disorders. Stereotact Funct Neurosurg. 2014; 92: 251263.
Boileau I, Rusjan P, Houle S, Wilkins D, Tong J, Selby P, et al. Increased vesicular monoamine
transporter binding during early abstinence in human methamphetamine users: Is VMAT2 a
stable dopamine neuron biomarker? J Neurosci. 2008; 28: 9850-9856.
Hartmann M, Heumann R, Lessmann V. Synaptic secretion of BDNF after high-frequency
stimulation of glutamatergic synapses. EMBO J. 2001; 20: 5887-5897.
Wang ES, Sun Y, Guo JG, Gao X, Hu JW, Zhou L, et al. Tetranectin and apolipoprotein A-I in
cerebrospinal fluid as potential biomarkers for Parkinson's disease. Acta Neurol Scand. 2010;
122: 350-359.
Dietzmann K, von Bossanyi P, Krause D, Wittig H, Mawrin C, Kirches E. Expression of the
plasminogen activator system and the inhibitors PAI-1 and PAI-2 in posttraumatic lesions of
the CNS and brain injuries following dramatic circulatory arrests: An immunohistochemical
study. Pathol Res Pract. 2000; 196: 15-21.
Mugge L, Krafcik B, Pontasch G, Alnemari A, Neimat J, Gaudin D. A review of biomarkers use in
Parkinson with deep brain stimulation: A successful past promising a bright future. World
Neurosurg. 2019; 123: 197-207.
Cheng HC, Ulane CM, Burke RE. Clinical progression in Parkinson disease and the neurobiology
of axons. Ann Neurol. 2010; 67: 715-725.
Kordower JH, Olanow CW, Dodiya HB, Chu Y, Beach TG, Adler CH, et al. Disease duration and
the integrity of the nigrostriatal system in Parkinson’s disease. Brain. 2013; 136: 2419-2431.
Maesawa S, Kaneoke Y, Kajita Y, Usui N, Misawa N, Nakayama A, et al. Long-term stimulation of
the subthalamic nucleus in hemiparkinsonian rats: Neuroprotection of dopaminergic neurons.
J Neurosurg. 2004; 100: 679-687.
Temel Y, Visser-Vandewalle V, Kaplan S, Kozan R, Daemen MA, Blokland A, et al. Protection of
nigral cell death by bilateral subthalamic nucleus stimulation. Brain Res. 2006; 1120: 100-105.
Harnack D, Meissner W, Jira JA, Winter C, Morgenstern R, Kupsch A. Placebo-controlled
chronic high-frequency stimulation of the subthalamic nucleus preserves dopaminergic nigral
neurons in a rat model of progressive Parkinsonism. Exp Neurol 2008; 210: 257-260.
Schuepbach WM, Rau J, Knudsen K, Volkmann J, Krack P, Timmermann L, et al.
Neurostimulation for Parkinson's disease with early motor complications. N Engl J Med. 2013;
368: 610-622.
Limousin P, Foltynie T. Long-term outcomes of deep brain stimulation in Parkinson disease. Nat
Rev Neurol. 2019; 15: 234-242.
Malek N. Deep brain stimulation in Parkinson's disease. Neurol India. 2019; 67: 968-978.
Williams A, Gill S, Varma T, Jenkinson C, Quinn N, Mitchell R, et al. Deep brain stimulation plus
best medical therapy versus best medical therapy alone for advanced Parkinson's disease (PD
SURG trial): A randomised, open-label trial. Lancet Neurol. 2010; 9: 581-591.

Page 147/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102097

Enjoy OBM Neurobiology by:
1.
2.
3.
4.

Submitting a manuscript
Joining volunteer reviewer bank
Joining Editorial Board
Guest editing a special issue

For more details, please visit:

OBM Neurobiology

http://www.lidsen.com/journals/neurobiology

Page 148/246

Open Access

OBM Neurobiology

Original Research

Ocular Pressure-Volume Relationship and Ganglion Cell Death in
Glaucoma
Ji-Jie Pang *, Samuel M. Wu
Department of Ophthalmology, Baylor College of Medicine, One Baylor Plaza, NC 205, Houston,
Texas; E-Mails: jpang@bcm.edu; swu@bcm.edu
* Correspondence: Ji-Jie Pang; E-Mail: jpang@bcm.edu
Academic Editor: Bart Ellenbroek
Special Issue:
OBM Neurobiology
2021, volume 5, issue 2
doi:10.21926/obm.neurobiol.2102098

Received: November 24, 2020
Accepted: April 30, 2021
Published: May 20,2021

Abstract
We studied how GC death in glaucoma related to the intraocular pressure (IOP), eyeball
volume (VS) and elasticity (volumetric KS and tensile ES), and eyeball volume-pressure
relation. Glaucomatous GC loss was studied in DBA/2J (D2) mice with wild-type mice as
controls. GCs were retrogradely identified and observed with a confocal microscope. The
elasticity calculation was also done on published data from patients treated by a gas bubble
injection in the vitreous cavity. The GC population in D2 mice (1.5- to 14-month-old) was
negatively correlated with following factors: VS (p = 0.0003), age (p = 0.0026) and IOP (but p
= 0.0966). As indicated by average values, adult D2 mice (6 months) suffered significant GC
loss, low KS and ES, and universal expansion of VS with normal IOP. KS and ES in the patients
were also lower upon prolonged eyeball expansion compared to acute expansion. Based on
the results and presumptions of a closed and continuous eyeball space (thereby ΔV S  ΔVW,
ΔVW-the change in the aqueous humor amount), we deduced equations on the ocular
volume-pressure relationship: ΔIOP = KS*ΔVW/VS or ΔIOP = (2/3)*[1/(1-)]*(H/R)*ES*ΔVW/VS
(, Poisson’s ratio taken as 0.5; R, the curvature radius; and H, the shell thickness). Under
normal atmospheric pressure, IOP of 10~50 mmHg contributed only 1.2~6.6% of the
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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pressure opposing the retina and eyeball shell. We conclude: 1) A disturbance of ocular
volume-pressure homeostasis, mediated primarily by low KS and ES, expanded VS, and large
ΔVW, is correlated with GC death in glaucoma and 2) D2 mice with GC loss and normal IOP
may serve as animal models for human normal-tension glaucoma.
Keywords
Ocular pressure-volume; ganglion cell death; glaucoma

1. Description of the Paper
We revealed a perturbation of ocular pressure-volume homeostasis (low elasticity, eyeball
expansion and the accumulation of aqueous humor) correlated with GC death in normal-tension
glaucoma mice. Ocular pressure-volume relation was addressed for the first time by modification
of bulk and Young’s modulus.
2. Introduction
Glaucoma is a serious blinding ocular disease, which is characterized by retinal ganglion cell (GC)
death [1-8]. It has been known as unpreventable and incurable, because vision loss is often the
early detectable symptom and neurons usually do not regenerate. It is very important to treat the
disease before GCs die, but due to limited understanding of the exact mechanism of GC death,
currently there is no effective approach for diagnosis and treatment of the disease in its subclinical
stage [9, 10].
Glaucoma usually affects one eye earlier and more severely than the other. Sometimes it
affects only one eye, especially in patients with so-called normal or low-tension glaucoma (NTG or
LTG) [11]. Age, race and genetics are some known risk factors for glaucoma [12, 13]; but they are
less accountable for monocular cases of the disease. Intraocular pressure (IOP) is a long-known
risk factor for glaucoma; However, GC death is not always associated with elevated IOP [14]. Some
patients may have ocular hypertension without vision loss; and vision loss may occur for patients
with NTG. Von Graefe described NTG condition as early as 1857. It consists of typical
glaucomatous disc and field changes, an open angle and pressures within the statistically normal
range. So far, fewer known mechanisms may clearly explain vision loss in NTG [11, 15]. IOP
asymmetry in patients with NTG is reported to be unrelated to visual field asymmetry [16]. NTG
raised a fundamental question regarding the causal relationship between pressure and the disc
and field changes. Ischemia was reported to be responsible for the optic nerve damage in NTG
patients who suffered migraine [17], shock, blood loss, low blood pressure and optic disc
hemorrhages [18]. Yet, the data on ocular blood flow in NTG are still highly conflicting [15, 19].
The circulation of the aqueous humor has been studied previously, and many critical data have
been obtained on normal and glaucoma patients [20]. A quantitative relation between IOP level
and the amount of aqueous humor is still absent, however, which leaves it a question whether IOP
is solely dependent on aqueous humor. Additionally, it is possible that the physical interaction
between the eyeball shell and the eyeball contents also influence IOP. This interaction is
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important for maintaining the eyeball’s physical homeostasis, but how it relates to glaucoma [7,
13, 19, 21-24] is still unknown.
The behavior of spherical shells has been an important topic in physics and mathematics. The
eyeball wall resembles a closed spherical shell; and its behavior is not clearly understood in
glaucoma. The eyeball shell is elastic and the tensile elasticity of the sclera, cornea and choroidal
complex have been studied previously in vivo or on tissue strips in the human and pig [25-27], and
it ranges from 2.45 x104 to 2.9 x106 N/m2. For elastic materials, the elasticity largely determines
the relationship between force and length or pressure and volume. The elastic eyeball shell is
constantly exposed to IOP and atmospheric pressure (ATM). Thus, the retina, a thin layer of soft
neural tissue attached to the inside of the eyeball shell, is inevitably subjected to changes in the
eyeball’s physical environment. However, despite the great attention on IOP in glaucoma studies,
most physical properties of the eyeball (e.g. the volumetric elasticity of the eyeball-KS, tensile
elasticity of the shell-ES, eyeball volume-VS and the relation among IOP, KS, ES, VS and the volume
of aqueous humor (VW)) have not been previously examined in glaucoma. Consequently, it is
unclear what role they play in GC death in glaucoma. The current report intends to fill this blank.
3. Materials and Methods
3.1 Animals
The animals used in this study were DBA/2J (D2) and C57BL/6J (B6) mice purchased from
Jackson Laboratory (Bar Harbor, ME, USA). The D2 mouse develops glaucoma associated with iris
stromal atrophy and iris pigment dispersion phenotypes. Genetic studies defined two separate loci
that contribute to the overall phenotype in the DBA/2J mouse, ipd and isa. Either mutations in a
homozygous state contributes to glaucoma. The mice were 1.5- to 14-month-old males and
females. All procedures used in this study followed the NIH and ARVO animal care guidelines as
well as the relevant requirements of the Baylor College of Medicine Animal Care and Use
Committee. All mice were dark-adapted for 1~2 hours prior to the experiment. Animals were
anesthetized with an intra-peritoneal injection of ketamine (200 mg/kg) and xylazine (10 mg/kg).
The eyes were enucleated after animals were deeply anesthetized. Animals were sacrificed by
over-dose of the anesthesia thereafter.
The mice were divided into two experimental groups by age, the young group <6 months and
adult group 6 months. We randomly selected healthy mice at desired ages for the experiment
without IOP preference. IOP was routinely measured with a tonometer in the deep anesthetized
condition before enucleation. It was classified as normal (<13 mmHg), moderately high (13 to 16
mmHg) and high (>16 mmHg). The pathological alterations in adult D2 mice were evaluated by
comparing to those in young D2 mice, while those of young D2 mice were evaluated by comparing
to age-matched young wild-type mice. The adult wild-type mouse was not used as control for the
adult D2 mouse, considering that they can develop age-related disease, including glaucoma, as the
adult D2 mouse.
3.2 Retrograde Labeling of GCs and Immunocytological Staining
Freshly dissected whole retinas were used for retrograde labeling. Previously established
techniques were precisely followed [28]. Briefly, a mixture of neurobiotin, a gap-junctionPage 151/246
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permeable dye (NB, MW 322.85, Vector Laboratories, CA), and Lucifer yellow, a less permeable
dye (LY, MW 457.24, Sigma, MO) [29-31], were used for the labeling. Eyeballs with an attached
optic nerve stump were chosen for retrograde labeling. First, the nerve stump was dipped into a
small drop (3μl) of a cocktail that contained 3% LY and 8% NB in the internal solution [32] for 20
minutes. Afterwards, the eyeball was thoroughly rinsed with oxygenated Ames’ medium (Sigma)
to remove the extra dye. Then the eyeball was dissected under infrared illumination. The eyecup
with intact retina and sclera tissue was transferred into fresh oxygenated Ames’ medium and kept
at room temperature for 40 minutes under a 10 min-dark/10 min-light cycle. The medium that
retinas were incubated in was replaced every few minutes by fresh medium during the labeling.
Following the light cycle, the whole retinas were rinsed and fixed in darkness in 4%
paraformaldehyde (Electron Microscopy Sciences, PA) and 0.05 % glutaraldehyde (Sigma) in
phosphate buffer (D-PBS, Invitrogen, CA), pH 7.4, for 30-45 min in room temperature. The retinas
were blocked with 10% donkey serum (Jackson Immunoresearch) in TBS (D-PBS with 0.5% Triton
o
X-100 (Sigma) and 0.1% NaN3 (Sigma)) for 2 hours at room temperature or at 4 C overnight to
reduce nonspecific labeling. Afterwards, the retrogradely filled whole retinas were incubated in
Cy3 or Cy5-conjugated streptavidin (1:200, Jackson Immunoresearch, PA) in 3% normal donkey
o
serum-TBS for 1 day at 4 C.
Some retinas were subsequently cut into 40 m-thick vertical sections with a vibratome. The
whole-mounted retinas or free-floating sections were incubated in primary antibodies in the
o
presence of 3% donkey serum-TBS for 3-5 days at 4 C. Controls lacking primary antibodies were
also processed. Following several rinses, the slices and whole retinas were then transferred into
Cy3- and/or Cy5- conjugated secondary antibodies (1:200, Jackson Immunoresearch) and/or Alexa
Fluor 488-conjugated secondary antibodies (1:200, Molecular Probes, CA), in 3% normal donkey
o
serum-TBS solution in 4 C overnight. After extensive rinses, the slices and whole retinas were
coverslipped. Two small pieces of filter paper (180 m thick, MF-membrane filters, Millipore, MA,
USA) were mounted beside whole retinas to prevent them from being over-flattened. A
fluorescent nuclear dye, TO-PRO-3 (1: 3000, Molecular probes, Eugene, OR) was used to visualize
nuclei in retinas. It was used together with secondary antibodies.
The preparations were observed with a laser scanning confocal microscope (LSM 510, Carl Zeiss,
Germany). Images were further processed in Adobe Photoshop v9.0.2. For better clarity, some
images were presented in black and white, in which fluorescent signals were in black against a
bright background (Figure 1ii-1iv).
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Figure 1 Eyeball expansion and GC loss in the adult DBA/2J mouse retina. Front-view
images of freshly dissected intact eyeballs at the coronal plane were taken under a
dissecting microscope (i), in which the bright background surrounds the eyeballs. The
two eyeballs belong to the same mouse (A-left and B-right). The left eye has a
deformed pupil and a larger volume (Ai); and the right eye has a smaller volume (Bi).
Both eyeballs possess a large cornea. Retinas were retrogradely labeled by Lucifer
yellow and neurobiotin (black). Confocal micrographs focused on the GCL are taken
from the whole mounted retinas, including the central retina (ii) and the peripheral
retina (iii). Whole retinal images (iv) were composed from individual confocal
micrographs with Photoshop software. GC density in the smaller eyeball is nearly
normal (Biv). GCs in the larger eyeball are largely lost (Aiv); yet in a large fan-shaped
region (asterisk) GCs maintain a low density that is nearly even from the central to the
peripheral retina (insert). This indicates that GC loss in glaucoma is related to eyeball
volume, and some subtypes of GCs are less vulnerable in glaucoma. GC-ganglion cell;
GCL-GC layer; Scale bar: 3 mm in i, 20 μm in ii and iii and 500 μm in iv.
3.3 Data Analysis
All data are presented as mean  standard error of the mean. The difference between data
groups was analyzed by two-tail student t-test. Correlations among data groups were analyzed
with Microsoft Excel 2000 and Sigma Plot 11.2. KS was estimated by volumetric stress versus
volumetric strain (bulk modulus) [33]:
𝐾𝑆 = 𝛥𝐼𝑂𝑃/(𝛥𝑉𝑠 /𝑉𝑠 )

(1)
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where ΔIOP (N/m2) and ΔVS were calculated as current measurements minus the minimum values
observed, which were 16.5 μl for VS and 6.5 mmHg for IOP in the D2 mouse and 17.1 μl and 7
mmHg in the wild-type mouse. KS was used, assuming the aqueous humor volume was fully
adjusted and stable. KS is theoretically primarily determined by the tensile, shear, bulk modulus of
the eyeball shell while the bulk modulus of water and the eyeball content is constant, yet the
relationship of these variables in a closed thin-wall shell is still absent to our best knowledge. Thus,
KS calculation here was simplified by taking the eyeball as a single unit. E S calculation refers to a
previous equation [25]:
𝐸𝑠 = (3/2) ∗ (1 − ) ∗ (𝑅/𝐻) ∗ 𝛥𝐼𝑂𝑃/(𝛥𝑉𝑠 /𝑉𝑠 ) = 0.75 ∗ (𝑅/𝐻) ∗ 𝛥𝐼𝑂𝑃/(𝛥𝑉𝑠 /𝑉𝑠 )

(2)

where Poisson’s ratio () is taken as 0.5 [25], R is the curvature radius, and H is the shell thickness.
KS and ES are also calculated by using the difference of the average IOP of the young and adult
mouse (as ΔIOP) and the difference of average VS (as ΔVS) in Equation (1) and (2), which are
termed KSM and ESM, respectively.
VS was measured in two ways, either by emerging them into a graduated tube filled with Ames
medium and reading the eyeball volume directly, or by measuring eyeballs in photos and
calculating their volume with the following equation:
𝑉𝑠 = (4/3) ∗ 𝜋 ∗ 𝑅𝑜 3

(3)

𝑅𝑜 = [(3 ∗ 𝑉𝑠 )/(4𝜋)]1/3

(4)

where Ro is the outer radius of the eyeball. The thickness of the eyeball shell is termed H (adopted
50 μm for the wild-type mouse and 33μm for the D2 mouse) [34]. Hence, the inner surface radius
(Ri) of the eyeball is:
𝑅𝑖 = 𝑅𝑜 − 𝐻

(5)

The anterior of the eye is covered by the cornea. The retina lines the inner surface of the
posterior portion of the eyeball. Given the height of the spherical cap of the cornea (Z C), the height
of the spherical cap that retina covers (ZR), the depth of the eyeball (dz, = 2Ro), H<<dz, then the
coverage of the retina in the inner surface of the eyeball can be described by α:
𝛼𝑍𝑅 /𝑑𝑧 (𝑑𝑧 − 𝑍𝐶 )/𝑑𝑧 = 1 − 𝑍𝐶 /𝑑𝑧

(6)

and the coverage of the cornea can be estimated by β:
𝛽𝑍𝐶 /𝑑𝑧 1 − 𝛼

(7)

The volume of the cornea spherical cap (VC) is calculated for estimation of the space of the
anterior chamber:
𝑉𝐶 = (1/3) ∗ 𝜋 ∗ (𝑍𝐶 − 𝐻)2 ∗ (3𝑅𝑖 − 𝑍𝐶 + 𝐻)

(8)

where (ZC-H) represents the inner height of the cornea spherical cap. In the GCL, GCs are usually
arranged in a single layer. The total number of GCs were obtained either by counting all GCs or by
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appropriate sampling from peripheral and central retina [28]. The total retinal area was directly
measured on whole retina images composed by individual confocal micrographs with Photoshop
software.
4. Results
We first characterized physical properties of the eyeball and retina for quantifying the physical
disturbance. Then, we investigated the relationship between the retinal pathology and the
physical disturbance in D2 mice and further compared D2 mice with wild-type mice to determine
how the presence and absence of physical disturbance affected the retinal pathology in D2 mice.
As indicated by average values, adult DBA/2J mice suffered significant GC loss, low KS and ES and
large VS with normal IOP (Figure 1 and Figure 2). Vs expanded homogeneously. The GC population
was negatively correlated with following factors: VS (p = 0.0003), age (p = 0.0026) and IOP (but p =
0.0966). Wild-type mice, on the other hand, showed different physical properties without RGC loss.
The results are detailed in the following sections.

Figure 2 Loss of GCs and total neurons in the GCL in the adult D2 mouse (C) compared
with the young D2 mouse (B) and young wild-type B6 mouse (A). Confocal micrographs
from flat-mounted retinas are retrogradely labeled by NB for GCs (green, upper panels)
and stained by TO-PRO-3 for the nuclei of all neurons (red, middle panels). Bottom
panels: merged images of the red and green channels. A: A retina from a 5-month-old
B6 mouse with normal IOP. B: A retina from a 4-month-old D2 mouse with normal IOP.
The retinas in A and B have a similar density of GCs and total neurons in the GCL. C: A
retina from a 10-month-old D2 mouse with eyeball expansion and normal IOP, where
retrogradely labeled GCs and axon bundles are largely diminished and TO-PRO-3
reveals fewer neurons in the GCL. B6: C57BL/6J; D2: DBA/2J; normal IOP: <13 mmHg;
expanded eyeball: volume >30 μl; GC: ganglion cell; GCL: GC layer; NB: neurobiotin;
IOP: intraocular pressure; scale bar for all panels: 20 μm.
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4.1 Retrogradely Identified GCs and Total Neurons in the GCL were Reduced in the Adult D2
Mouse and Negatively Correlated with the Eyeball Depth (dz), Width (dx) and Height (dy), VS, and
Age
We used retrograde labeling for identification of retinal GCs [28]. Retrogradely labeled retinas
were further stained with the nuclear dye TO-PRO-3 to reveal total neurons in the GCL. GCs and
total neurons were counted in the GC soma plane, where nuclei of Müller cells and astrocytes
were not present [28]. The TO-PRO-3 stained nuclei, excluding irregular-shaped intensively stained
nuclei of microglial cells and endothelial cell nuclei of retinal blood vessels [28], were counted as
total neurons. Retinal GCs were usually evenly labeled over the entire retina, but sometimes GC
somas in the peripheral retinal were labeled more brightly than those in the central retina
probably due to their large soma size and presumably thicker axons. In the D2 mouse, GC density
was often reduced together with the density of TO-PRO-3-labeled nuclei (Figure 2), which
indicated a real GC loss. The number of GCs was calculated separately from healthy and damaged
retinal areas by GC density * the area size.
In the wild-type mouse (3~14 months), in agreement with our previous report [28], the GC
population was ranged between 40000 and 60000 cells (n = 13), averaging 50420  1825 cells per
retina. The total neurons in the GCL ranged from 105,000 to 125,000 cells per retina, averaging
111991  2513 cells. GCs were nearly 44.4%  1.8% of the total neurons in the GCL. Within the
observed life span, the total number of retrogradely labeled GCs and the number of total neurons
did not change with age for the wild-type mouse (Figure 3).
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Figure 3 GC population is negatively correlated to Vs in the D2 mouse retina. Scatter
plots show a negative correlation between GC counts with Vs (p<0.001) or IOP (but p =
0.096) (A), age-correlated increase of Vs (p<0.001) and IOP (p = 0.045) (B) and agecorrelated reduction of GC population (p = 0.005) in the D2 mouse (C). GC counts do
not significantly change in the wild-type mouse (C). Vs-eyeball volume; IOP-intraocular
pressure; B6-C57BL/6J; D2-DBA/2J.
In the D2 mouse, the neuron populations (GCs and total neurons) in the GCL were negatively
correlated with following factors (in the order of statistical significance of the correlation
coefficient): dz>ZC>dx/dy>VS>age>IOP (Figure 1, Figure3, Table 1, Table2, and Table 3). By contrast,
the GC population was positively correlated with IOP (p = 0.025) and VS (p = 0.047) in the wildtype
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mouse. This suggested a harmful passive expansion of the eyeball and retina in the adult D2
mouse and normal growth in the wild-type mouse.
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Table 1A Simultaneous measurement of IOP and the volume and elasticity of eyeballs.
Strain

age,
mean

s.e.m

B6
D2
D2

months
5.9
3.6
9.0

0.6
0.3
0.6

B6
D2
D2

4.4
3.6
9.0

0.3
0.3
0.6

B6
D2
D2

4.4
3.6
10.8

0.3
0.3
0.3

B6
D2
D2

4.4
3.6
10.8

0.3
0.3
0.3

mean

IOP (mmHg)
12.45
8.77
11.67
VS(μL)
22.43
21.84
30.49
KS(N/m2)
3269.97
1022.93
913.47
ES(N/m2)
85767.23
38156.51
40101.08

s.e.m

n

p
B6:D2 3.6M

0.82
0.38
0.77

30
22
42

6.37E-04

1.09
0.63
1.09

13
20
38

0.620

B6:D2
9.0M

D2 3.6:
9.0 M

0.439

0.010

1.02E-06

KSM(N/m2)
670.83
250.77
134.76

12
19
38

8.80E-04

8983.07
9843.84
5912.27

12
18
37

0.014

0.679
973.83
ESM(N/m2)
0.023

0.859
43091.98
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Table 1B Simultaneous survey of GCs, ACs and total neurons in the GCL.
Strain

age, mean

s.e.m

B6
D2
D2

months
3.4
3.3
10.7

0.4
0.6
0.7

B6
D2
D2

3.4
3.3
10.7

0.4
0.6
0.7

B6
D2
D2

3.4
3.3
10.7

0.4
0.6
0.7

cells, mean

s.e.m

GCs
49374
2211
39005
8874
18024
5568
displaced ACs
62326
2955
69588
4459
51838
2871
Total neurons in the GCL
113223
4340
101503
10808
67783
6116

n

p
B6:D2 3.3M

6
7
12

0.326

4
4
10

0.863

4
4
10

0.476

Cell loss, %
D2 3.3:
10.7 M
0.049
53.8%
0.006
25.5%
0.025
33.2%

Note: IOP: intraocular pressure. VS: eyeball volume. KS: volumetric elasticity of the eyeball. ES: tensile elasticity of the eyeball shell. KSM and ESM: the
volumetric and tensile elasticity calculated based on the difference of average IOP and the difference of average volume of the two age groups of D2
mice. B6: C57BL/6J. D2: DBA/2J. GCs-ganglion cells. ACs: amacrine cells. The data show a significant low elasticity and eyeball expansion in the D2
mouse (1A). GCs and total neurons were surveyed simultaneously on the same animals. A significant loss of GCs and ACs are evident in adult D2 mice
(1B).
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Table 2 Measurement of eyeball 3D dimensions in the wild-type and D2 mouse.
Strain

age, mean

s.e.m

B6
D2
D2

months
4.4
3.6
10.8

0.3
0.3
0.3

B6
D2
D2

4.4
3.6
10.8

0.3
0.3
0.3

B6
D2
D2

4.4
3.6
10.8

0.3
0.3
0.3

B6
D2
D2

4.4
3.6
9.0

0.3
0.3
0.6

mean

dxdy (mm)
3.47
3.38
3.89
ZC (mm)
1.33
1.22
1.41
dz (mm)
3.47
3.53
3.91
Ro (mm)
1.75
1.74
1.95

s.e.m

n

p
B6:D2
3.6M

B6:D2
10.8M

D2 3.6: 10.8M

0.07
0.09
0.05

11
6
25

0.576

7.52E-05

0.03
0.11
0.04

11
6
24

0.247

0.06
0.08
0.04

11
6
18

0.443

4.13E-04

0.03
0.02
0.02

12
18
37

0.511

8.73E-12

0.207

0.059

dx: dy: dz
1:1:1
1:1:1.044
1:1:1.005
VC (μl)
6.60
5.81
8.79

Note: dx, dy and dz: the width, height and depth of the eyeball, respectively. ZC: the height of the cornea spherical cap. VC: the inner volume of cornea
spherical cap for estimation of anterior chamber space. Ro: outer radius of the eyeball. B6: C57BL/6J. D2: DBA/2J. The data reveal a nearly perfect
spherical shape in eyeballs of wild-type and D2 mice and the universal expansion in the adult D2 mouse.
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Table 3 Factors correlated with neuron counts in the GCL in the D2 mouse.
n(retina)
GC counts
t value
P value
Total neuron counts
t value
p value

age

IOP

dx, dy

ZC

dz

Vs

12

-0.7478
0.0052

-0.5016
0.0966

-0.8270
0.0009

-0.9264
＜0.0001

-0.9080
＜0.0001

-0.8411
0.0006

7

-0.8655
0.0118

-0.5546
0.1959

-0.8025
0.0297

-0.9254
0.0028

-0.9664
0.0004

-0.8072
0.0282

Note: dx, dy and dz: the width, height and depth of the eyeball, respectively. ZC: the height of the cornea spherical cap. GC: ganglion cell. GCL-GC layer.
IOP: intraocular pressure. Table indicates a close correlation between neuron populations (including GCs and total neurons in the GCL) and the
eyeball 3D expansion. The statistical significance of correlation coefficients is dz>ZC>dx/dy>VS>age>IOP.
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In the adult D2 mouse, the GC population and the total neurons in the GCL were largely
reduced, although the extent varied among individual mice. In young D2 mice, neuron populations
were close to those in wild type mice. Displaced ACs in the GCL, estimated by subtracing GCs from
total neurons in the GCL, was significantly reduced in the adult D2 mouse (Figure 2 and Table 1).
GC loss in the D2 mouse usually presented as irregular areas with fewer or no GCs. In young D2
mice, such areas were usually small and observed frequently in the peripheral retina. In adult D2
mouse retinas, damaged areas were larger. Between 4 and 9 months of age, damaged areas might
cover fan-shaped sectors, half of the retina, or the entire retina. At around 1 year of age some
retinas were nearly absent of any GCs and axonal bundles. See Figure 1.
4.2 Significant Eyeball Expansion was Observed in Adult D2 Mice with Normal IOP
The average IOP in adult D2 mice was not significantly different from the wild-type mice,
though IOP in the young D2 mice was lower (Table 1). IOP in wild-type mice did not clearly change
with age (p = 0.237, n = 30). An age-related increase was observed in IOP (p = 0.045 and n = 64)
and VS (p<0.0001, n = 57) in the D2 mouse and VS (p<0.0001, n = 18) in the wild-type mouse.
VS was not correlated with IOP in the wild-type mouse (p = 0.223, n = 15); but VS positively
correlated to IOP in the D2 mouse (p = 0.007, n = 57). The average VS in the adult D2 mouse was
significantly larger compared with the young D2 mouse and the wild-type mouse (Figure 1, Figure
3 and Table 1). The average expansion rate, estimated by the difference of the average volume
versus the difference of the average age between the young and the adult mouse, was 0.87 μl or 4%
increase per month for the wild-type mouse and 1.91 μl or 9% increase per month for the D2
mouse. The moderate expansion in wild-type mice did not cause GC loss and thereby was
recognized as physiological growth. This indicates that eyeball expansion below 4% per month
might be acceptable or adaptable for retinal neurons and ocular tissue. However, extensive
expansion, as seen in the adult D2 mouse, could be a serious challenge for normal visual function.
4.3 Eyeballs Possessed a Nearly Perfect Spherical Shape and Expanded Universally in Adult D2
Mice
Eyeballs in the adult D2 mouse usually showed a small and irregular pupil, enlarged cornea area,
larger anterior chamber angle, and iris depigmentation. To precisely measure eyeball volume and
the elasticity, we studied the physical shape of eyeballs (Figure 4). We measured their volumes
directly and/or on photos in vitro (direct measurement). Accurate front-view (coronal plane) and
side-view pictures of eyeballs (sagittal plane) were taken under dissection microscope. For better
ZC measurement in side-view pictures, eyeballs were oriented in such a position so that the edge
of the cornea looked like a straight line (Figure 4 and Figure 5).
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Figure 4 Eyeball dimensions in the wild-type and D2 mouse. Front-view (left panels)
and side-view (right panels) images of eyeballs from the wild-type mouse (A, 5-monthold with normal IOP) and the D2 mouse (B, 4-month-old with normal IOP; C, 10month-old with high IOP and eyeball expansion and D, 10-month-old with normal IOP
and eyeball expansion) were taken under an infrared illuminated dissecting
microscope. Eyeballs are encircled by the bright background illumination. Bars
superimposed on the eyeballs denote their diameters. For better comparison, the bars
are also listed together beneath the images with the same order, the width (dx) in the
left and the depth (dz) in the right. The data indicates that the mouse eyeball possesses
a nearly perfect spherical shape. Eyeballs in adult D2 mice (C and D) have a large
volume, large cornea but smaller pupil. Arrows show the edge of the cornea, where a
shallow indentation is visible in the young mouse but nearly disappeared in the adult
D2 mouse. D2-DBA/2J; B6-C57BL/6J; normal IOP- <13 mmHg; high IOP- >16 mmHg;
expanded eyeball-volume >30 μl.
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Figure 5 Terms for Eyeball measurements.
The height, width and depth of the eyeball (dx, dy and dz) in young D2 mice were not
significantly different from those in wild type mice. They were significantly bigger in adult D2 mice,
however (Table 2). The eyeballs in adult D2 mice were slightly elongated but did not show
significant age-related progressive development. The dx: dy: dz ratio calculated based on direct
measurements in vitro was 1: 1: 1 in the wild-type mouse, 1: 1: 1.044 in the young D2 mouse and
1: 1: 1.005 in the adult D2 mouse. ZC was slightly larger in the adult D2 mouse than the young D2
and wild-type mouse, but the difference was not statistically significant (p = 0.059 and 0.207,
respectively) (Table 2). The data indicated that the eyeball was almost perfectly spherical in the
mouse and that the eyeball expanded universally in the adult D2 mouse. It further suggested that
the pressure inside the eyeball was nearly homogeneous.
Because of the spherical shape, the eyeball volume can also be estimated by measuring the arc
of the anterior spherical cap. This is applicable on living animals by taking side-view pictures of the
eye (non-invasive measurement). A circle overlapping the cap provides a radius for calculation of
the eyeball volume. Given the height (HC) and the width (WC) of the arc, the radius of the circle or
eyeball can be calculated by:
𝑅𝑜 = 𝐻𝐶 /2 + 𝑊𝐶 2 /(8𝐻𝐶 )

(9)

We used both direct and non-invasive approaches to measure eyeball size on some animals
and compared the results. Due to the slight elongation of the eyeball in the adult D2 mouse, V S
estimated by non-invasive measurement was slightly smaller (0.5-4%) than that obtained from
direct measurement. It indicated that the non-invasive approach was useful for revealing a VS
change of 5% or more. Since there was a shallow indentation at the sclerocorneal junction (though
it was less obvious in adult D2 mice than in the young ones), to get a better result from noninvasive measurement, the side-view images of the eyeballs require to expose the anterior eye
beyond the cornea. This non-invasive approach is potentially applicable in human patients.
The side-view images of the eyeballs were also used to examine the height of the cornea
spherical cap (ZC) in order to estimate the space of the anterior chamber and the coverage of
retina. The β value (average ZC/average dz) was 38% in the wild-type mouse, 35% in the young D2
mouse and 36% in the adult D2 mouse, and it was not correlated with age. Similarly, the α value
(1-ZC)/dz ratio was not significantly different between the D2 (near 65%) and the wild-type mouse
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(62%). The data suggested that the eyeball enlargement in the adult D2 mouse was nearly
proportional and caused nearly universal enlargement of the eyeball, the anterior chamber, and
the retinal area.
Additionally, using the average ZC and Ri in Equation (8), the anterior chamber space (including
the space occupied by iris, lens and ciliary body) was calculated as 6.6μl in the wild-type mouse,
which is nearly 20% larger than the total volume of the aqueous humor directly measured in wildtype mice (4~6μl, n = 4). The chamber spaces were estimated to be 5.8μl and 8.8μl for the young
and adult D2 mouse, respectively.
4.4 Lower Eyeball Elasticity in D2 Mice Resembled Human Patients with Prolonged Eyeball
Expansion
Equation (1) and (2) were used to calculation of KS and ES, respectively The Ro/H ratio was 34.89
 0.55 (n = 13) in wild-type mice with H = 50 μm [34]. It was 52.37  0.54 (n = 19) and 59.14  0.46
(n = 37) in young and adult D2 mice, respectively, with H = 33 μm [34]. KS and ES were significantly
lower in young and adult D2 mice compared to B6 mice, and KS and ES were very close to KSM and
ESM in the adult D2 mouse (Table 1), respectively. The data supports a reliable calculation and
indicates that D2 mice generally possess a weaker eyeball wall than the wild-type mice.
Previously, patients with a gas bubble injected in vitreous cavity were studied during air flight
[35]. Ascending (acute reduction of ATM) and cruising (keeping a high altitude and a low ATM for
tens of minutes) phases of the flight were reported to cause distinctive shifts of IOP. Using their
data and assuming a VS of 4.96 ml, vitreous space of 4ml, ATM of 760mmHg and gas bubbles
obeying Boyle’s law, we calculated that their average ES in vivo was 1.8 x 105 N/m2 during cruising
phase (n=6). This value was comparable to ES in the wild-type mouse (0.7 x 105 N/m2) during longterm physical eyeball expansion. On the same patients, KS at peak IOP during ascending was
calculated to be 1.2 x 107 N/m2. R/H ratio used for the ES calculation was 10 with the thickness of
sclera being taken as H [25, 36, 37]. Such non-invasive artificial modulation of IOP and VS was
performed on living patients in a relative shorter period of time, yet a lower elasticity was
revealed for the chronic eyeball expansion (cruising phase), in line with the data in the D2 mouse.
4.5 Ocular Pressure-Volume Relation
Assuming the volume change of the eyeball content (ΔVS) was dominated by the change of the
aqueous humor amount (ΔVW) for the intact eyeball, then ΔVSΔVW. Combining this with
Equations (1) and (2), it was further deduced that:
ΔIOP = 𝐾𝑠 ∗ 𝛥𝑉𝑤 /𝑉𝑠

(10)

or
𝛥𝐼𝑂𝑃 = (2/3) ∗ [1/(1 − 𝑣)] ∗ (𝐻/𝑅) ∗ 𝐸𝑠 ∗ 𝛥𝑉𝑤 /𝑉𝑠
= 1.33 ∗ (𝐻/𝑅) ∗ 𝐸𝑠 ∗ 𝛥𝑉𝑤 /𝑉𝑠

(11)

then ES can be expressed as a function of KS by substitution in Equation (2),
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𝐸𝑠 = (3/2) ∗ (1 − 𝑣) ∗ (𝑅/𝐻) ∗ 𝐾𝑠 = 0.75 ∗ (𝑅/𝐻) ∗ 𝐾𝑠

(12)

Equations (10) and (11) show that the alteration of IOP is related to at least three factors:
positively correlated with the elasticity and negatively correlated with the accumulation of
aqueous humor relative to the eyeball volume. Thus, even if aqueous humor increases, a decrease
of KS and an increase of VS may buffer IOP change or mask IOP elevation. The equations explain
well why certain glaucoma patients and D2 mice with assumed accumulation of aqueous humor
did not show elevation of IOP. It was also in alignment with the concept that the accumulation of
aqueous humor is an important factor for IOP elevation. The fact that the glaucoma D2 mouse had
lower KS and ES, bigger VS, larger ΔVW, but a normal IOP level was also fully accounted for by the
equations, supporting the validity of the model.
Moreover, pressure is exerted under physiological conditions against both sides of the eyeball
shell and the retina. The outside pressure (Pout, inward) and inside pressure (Pin, outward) have to
be balanced, i.e. Pin = Pout. For the eyeball shell and the retina, Pout = ATM + PS (PS, the restoring
pressure of the expanded eyeball shell) and Pin=ATM + IOP (Pin, presumably contributed primarily
by the restoring pressure of the compressed eyeball contents and blood pressure). Thus the total
radical stress [38] on the eyeball shell and retina is about rr = (1/2) * (2ATM + 2IOP). According to
Young’s modulus, the radial elasticity of the eyeball shell EH = rr /H, and the strain (H, ΔH/H,
pressure-related thickness change relative to the original thickness of the eyeball shell) can be
calculated as:
ΔH/H = (1/2) ∗ (2ATM + 2IOP)/EH = (ATM + IOP)/EH

(13)

Similarly, the radial elasticity of the retina Eh = rr /h, and the strain (h, Δh/h, pressure-related
thickness change relative to the original thickness of the retina) can be calculated by:
Δh/h = (1/2) ∗ (2ATM + 2IOP)/Eh = (ATM + IOP)/Eh

(14)

Equations (13) and (14) express that the opposing-shell forces would theoretically cause
thinning of the eyeball shell and the retina; and the strain is negatively correlated with the
elasticity and positively correlated with the pressure. Clinical IOP levels typically range between
10~50 mmHg, which is nearly 1.2%~6.6% of ATM (760 mmHg). Thus, IOP represents only a small
portion of the pressure that the retina is exposed to, hence, the IOP level has a relatively weak
effect on the strain of the eyeball shell and retina. This calculation is consistent with a previous
report that the eyeball wall is not significantly thinner in older D2 mice compared to 5-month-old
D2 mice [34], though the former tends to develop higher IOP than the latter [39]. The permeability
of the eyeball shell to gases and water was not clear and not included in the equations.
5. Discussion
5.1 A Multi-Factor-Meditated Perturbation of Ocular Pressure-Volume Homeostasis Leads to GC
Death in NTG and Other Glaucoma Patients
NTG is characterized by GC death and normal IOP [11, 15, 16]. Currently, there is no animal
model reported for NTG, and the cause of GC death in NTG is not clear. D2 mice that develop IOP
Page 166/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102098

elevation have been widely used as glaucoma animal model for human secondary angle-closure
glaucoma [11, 15, 16]. Although the ocular pathology in the animal is identified as an inherited
disorder [39], nearly half of the inbred animals do not show IOP elevation. GC population and
retinal structure in the D2 mice with normal IOP have not been systematically examined
previously [4, 5, 40, 41]. In this paper, we reported that GC death in the D2 mouse retina could
occur without IOP elevation, in agreement with previous findings in NTG [11, 15, 16] and a result
from the D2 mouse [42]. The D2 mouse with GC loss but normal IOP resembles human NTG and
thus can be considered as an animal model for NTG.
Meanwhile, our data provide novel mechanisms that may mediate GC death in the NTG and
other glaucoma patients: low KS/ES  VS expansion (increase of ΔVW) → retinal damage. All of the
above four factors were observed in the adult D2 mouse. Retinal volume is calculated as area *
thickness, thus universal eyeball expansion predicts an expansion of the retinal area (x-y
expansion) and reduction of the thickness (z-compression), which may directly cause damage on
retinal GCs. Since IOP represents only a small portion of the pressure that the retina endures (see
results), retinal expansion is likely an important factor mediating GC loss in glaucoma, especially
NTG. Furthermore, this chain reaction may not be restricted to NTG. It could be effective for other
types of glaucoma patients if VS, ES or KS is altered.
The data and Equations (10) and (11) indicated a reciprocal causal relation among IOP, KS/ES,
ΔVw and VS. The interactions can directly alter retinal structure with or without changes in IOP.
This multi-factor pressure-volume model is applicable for NTG and other types of glaucoma, as
NTG appears to be a special case when IOP does not change due to a decrease of K S/ES and
increases of ΔVW and VS. Increased ΔVW causing elevation of IOP that was observed in glaucoma
patients is reconcilable with the model, if KS is assumed to be constant or reduces moderately and
ΔVW/VS increases significantly. To our knowledge, this model is the first model for the pressurevolume homeostasis in the eye.
We did not monitor IOP history. All mice were tested in daytime and under similar
experimental conditions. The age-corrected IOP elevation in the D2 mouse was similar to previous
reports [4, 39, 40, 42]. But the IOP level that we observed in the adult D2 mouse was close to that
in the wild-type mouse. Similar to our results, in a previous physiological study in D2 mice (2~10
months) showed an IOP level below that in the wild type mouse [42]. It is possible that we missed
certain IOP peak that a mouse may have for a short period of time, especially during nighttime.
However, the IOP measured during nighttime in the mouse and human is only about 3 mmHg
higher than during daytime [43, 44], and this difference is expected to be reduced in our results
due to the 1~2 hours of dark-adaptation before IOP measurement. We chose D2 mice for the
experiments without IOP preference, which might account for the normal IOP level in our results.
5.2 Low Elasticity of the Eyeball Shell could Possibly Initiate Glaucoma
The lowered elasticity of the eyeball shell could be more vulnerable to the stretch caused by
the accumulation of aqueous humor. In humans, ES was 2.45x104 N/m2 measured in cornea in vivo
[27], 6.0 x 105 N/m2 in strips of choroidal complex and 1.8~2.9 x 10 6 N/m2 in sclera strips [26]. In
pigs, ES was reported to be 0.5~2.4 x 105 N/m and 1.5~8.3x105 N/m for the cornea and sclera,
respectively, in freshly isolated intact eyeballs [25]. Taking H as the sclera thickness and thereby
the R/H ratio around 10, 52-59, and 35 in the human [25], D2 mouse, and control mouse,
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respectively [34] (our data), ES that we estimated in the mouse and human was in line with these
previous findings.
In the D2 mouse, GC loss was highly correlated with eyeball expansion, while the latter may be
contributed, at least partially, by the low ES/KS. Eyeball enlargement was nearly proportional,
indicating expansion of anterior chamber and accumulation of aqueous humor in the D2 mouse,
whether primarily or not. This volume change is expected to cause further consequences, e.g.
damage to the trabecular meshwork, blood vessels and astrocytes, ischemia and hypoxia,
inflammation and immune reaction, etc. Furthermore, in our data, a low ES/KS was present in
young D2 mice, in which the retinas were just starting to lose GCs. This data and Equations (10)
and (11), in conjunction with the clinical finding of eyeball enlargement in childhood glaucoma,
demonstrate that low eyeball elasticity is related to multiple symptoms of glaucoma in the D2
mouse, and it is likely an initiative factor for glaucoma. The low ES/KS is presumably a function
primarily of the sclera, but its biological basis is still to be discovered.
A precise measurement of physiological ES/KS of eyeballs needs stable physical conditions, and
the pressure and volume changes need to be perfectly repeatable and controlled and measured
without interferences. We examined ES/KS from intact living eyeballs without artificial
manipulation of IOP and VS. Hence our data is not affected by artificial damages (due to manually
altering IOP and VS), the instantaneous modulation of aqueous humor generation and drainage
(due to acute alteration of IOP or VS) and the loss of physical environments (due to isolation of
tissue pieces). However, our ES/KS may be influenced by tissue growth and chronic adaptation. H is
a parameter that is subjective to these two influential factors. We have included H in E S calculation
but H is not significantly different between the elder and 5-month-old D2 mice [34]. To further
minimize the influence of the two factors, we used age-matched wild-type mice as controls for
young D2 mice, which are assumed to share a similar growth rate and adaptation mechanism. A
low elasticity was revealed in the young D2 mouse, and the adult D2 mouse exhibited similar
elasticity. Additionally, eyeballs in living human subjects, whose VS and IOP were altered by
noninvasive approaches in a relatively shorter period of time (tens of minutes), showed lower
elasticity upon chronic expansion compared to acute expansion. Therefore, the low elasticity in
the D2 mouse was believed to be genuine.
Eyeballs are expected to be imperfectly elastic. Thus, KS reported here generally presents the
resistance of the eyeball to a volume change upon a universal pressure, instead of a capability to
recover to its original size after IOP is restored. Because the volume of an intact eyeball was hard
to alter manually and frequently without damaging the eyeball, the elastic limitation was not
determined.
5.3 Mouse Eyeballs Possess Universal Inner Pressure and Expand Homogeneously in the D2
Mouse
The anterior chamber volume could be enlarged in glaucoma due to accumulation of aqueous
humor or eyeball expansion. Such enlargement can be reflected by increased height of the cornea
spherical cap or by a shallower indentation at the sclerocorneal junction in this mouse model.
However, it has not been reported whether the pressure inside the eyeball is homogenous; and
correspondingly it is not certain whether an increase of aqueous humor causes universal eyeball
expansion or only partially enlargement restricted to the anterior portion of the eye in glaucoma.
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The eyeball encloses a continuous cavity with an elastic shell, and its contents are primarily
composed of water (i.e. 99.9% for aqueous humor, 99% for vitreous humor and 75% for the lens).
Because of this structure and the great bulk modulus of water (KW, 2.15 * 109 N/m2), theoretically
the pressure among the eyeball compartments should be balanced. In accordance with this
expectation, we found that eyeballs in the control mouse maintained a nearly perfect spherical
shape and that in adult D2 mice, the eyeballs were expanded significantly but only elongated very
moderately. The data supported that the pressure was nearly homogenous inside the eyeball, at
least for the mouse, and eyeball expansion was homogeneous in the D2 mouse.
5.4 VS, Eyeball Elasticity, and Aqueous Humor Share the Responsibility on IOP Modulation
Accumulation of aqueous humor has long been believed to result in elevation of IOP, yet it has
not been studied how the compressibility of the aqueous humor and the size of the buffering
space influence the outcome [20].
The large KW gives water a well-known reputation of being non-compressible, and the aqueous
humor is composed of 99.9% of water, it is expected to have a bulk modulus near water. Based on
KW, a moderate pressure of 770~810 mmHg (ATM 760 mmHg plus IOP 10-50 mmHg) will cause a
volume compression of aqueous humor as little as 0.000048%~0.000050% [ΔVW/VW = (ATM +
IOP)/ KW]. Thus, under clinical IOP levels, additional aqueous humor requires additional space, a
space near 99.9999% of its uncompressed volume.
Due to the extremely low compressibility and the fluctuation [45-50] of aqueous humor, special
mechanisms are required to stabilize IOP. Modulation of aqueous humor circulation is a wellknown mechanism for it. Yet it is not necessarily the only mechanism. Given normal eyeball
volume in human is about 6.5 ml and the thickness of the sclera is 1mm [36, 37], the inner space
of the eyeball is calculated to be 4.96 ml. Assuming that the eyeball shell is not expandable and all
eyeball contents are composed of water, every 1 l of an extra amount of aqueous humor would
elevate IOP for 500 mmHg for an eyeball of 4.96 ml. Yet, this hypothetic elevation of IOP never
happens despite that the aqueous humor may fluctuate around 1 l [45-50]. This may be
attributed to the elasticity of the eyeball shell and the involvement of the entire ocular space. For
the 29-day-old mouse, the eyeball inner space that we calculated based on a previous report was
near 14.13 μl, and aqueous humor was approximately 1.98 μl [51]. In our data, the eyeball volume
in the mouse was about 5 times the aqueous humor volume. Since VS is about 16 times the
chamber volume in the human and 5~7 times for the mouse, additional aqueous humor would
cause a relatively moderate IOP elevation if its volume is buffered by V S instead of the chamber
space. The trade-off, however, is retinal expansion and neuronal damage if VS changes too
dramatically. In our data, eyeball enlargement below 1μl/ month (4%) was tolerated and above
1.9μl per month (10%) was intolerable for GCs.
The volume change of the eyeball shell (ΔVS) can be passively caused by an extra amount of
aqueous humor (ΔVW). It may also be initiated by changes in eyeball elasticity (KS/ES). It is still
unclear how KS/ES is modulated and whether muscles atrophy and dysfunction of the nervous
system play any role in retinal GC death in glaucoma. However, muscles on the eyeball wall (e.g.
ciliary muscle) are likely able to alter VS and KS/ES and make them modulated by the nervous
system. The ciliary body extends from the ora serrata of the retina to the outer edge of the iris and
the sclerocorneal junction [52]. It forms a 3mm band on the outer surface of the choroid between
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the anterior and posterior of the eyeball wall in the human, and it is innervated by the nervous
system. Due to the orientation, its contraction and relaxation may alter Vs and KS/ES. Hence the
ciliary muscle appears to be able to serve as a critical ocular space and pressure modulator,
besides its other roles. Studies on VS and KS/ES modulation are expected to lead to establishment
of novel glaucoma treatments.
In summary, the first animal model resembling human normal-tension glaucoma and a noninvasive approach for measurement of VS and the ocular elasticity were reported. A multi-factormeditated perturbation of ocular pressure-volume homeostasis is revealed to be a novel potential
mechanism to initiate the ganglion cell death in normal-tension glaucoma and other glaucoma
patients. Due to the pathological variety of D2 eyes and NTG patients, only a part of D2 retinas
could be considered as NTG model, and this study established some primary criteria for this
purpose. We defined the relation of those physical factors by the modified bulk modulus and
Young’s modulus. To our knowledge, this is the first model to address the ocular pressure-volume
relation. The equation could be rearranged in the following 6 forms:
I: ΔIOP = KS*ΔVW/VS
II: ΔIOP = 1.33*(H/R)*ES*ΔVW/VS
III: VS = KS*ΔVW/ΔIOP
IV: VS = 1.33*(H/R)*ES*ΔVW/ΔIOP
V: ΔVW/VS = ΔIOP/KS
VI: ΔVW/VS = ΔIOP/[1.33*(H/R)*ES]
Equation I and II state that IOP alteration is positively correlated with the elasticity and the
volume fluctuation of the aqueous humor relative to the eyeball volume; Equation III and IV state
that the eyeball volume is positively correlated with the elasticity and the volume fluctuation of
the aqueous humor relative to the IOP change; and Equations V and VI state that the eyeball
expansion rate is negatively correlated with the eyeball elasticity and positively correlated with
the IOP elevation. As IOP contributes only a small portion of the pressure that retina exposes to,
eyeball expansion and low elasticity are likely more important factors mediating GC loss in
glaucoma, especially in NTG.
Abbreviation list
VS: eyeball volume
ΔVS: changes in VS
VW: the volume of aqueous humor
ΔVW: changes in VW
IOP: intraocular pressure
ΔIOP: changes in IOP
KS and KSM: bulk modulus of the eyeball
KW: bulk modulus of water
ES and ESM: Young’s modulus of the eyeball shell
: Poisson’s ratio
H: the thickness of the eyeball shell
Ri or Ro: inner or outer radius of the eyeball
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dx, dy and dz: the width, height and depth of the eyeball, respectively
ZC: height of the cornea spherical cap
ZR: height of the spherical cap that the retina covers
VC: volume of the cornea spherical cap
α: coverage of the retina in the eyeball
β: coverage of the cornea on the eyeball
ATM: atmospheric pressure
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Abstract
The complete spectrum of neuropsychiatric effects of SARS-CoV-2 acute respiratory distress
syndrome has yet to be fully appreciated, particularly in intubated patients. Manifestations
including delirium and catatonia need to be considered in intubated COVID-19 patients.
Medications known to exhibit neuroprotective effects, like valproate, can assist in agitation
related to sedative withdrawal during extubation. This case series reports on the
management of agitation, delirium, and catatonia in COVID-19 patients during and after
extubation efforts. We present three cases in which Psychiatry was consulted for agitation in
intubated COVID-19 patients. These patients were managed for severe agitation during
weaning from extubation as well as for subsequent psychiatric challenges, including
catatonia.Patient 1: 26-year-old female with bipolar I with psychotic features who was
admitted for acute hypoxic respiratory failure from COVID-19 pneumonia. After an
emergency C-section at 31 weeks’ gestation, she was intubated for 9 days and started on
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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valproate 250 mg BID for agitation. She was extubated successfully and discharged home.
Patient 2: 42-year-old female with bipolar I and PTSD who was intubated following COVID19-related acute hypoxic respiratory failure. She received valproate 250mg BID and was
extubated successfully. She became catatonic when home quetiapine was resumed and
recovered following quetiapine discontinuation and lorazepam. She was discharged on
valproic acid and alprazolam. Patient 3: 23-year-old female with bipolar I with psychotic
features who was admitted for COVID-19 acute hypoxic respiratory failure and intubated.
She received valproate 250 mg BID and was extubated successfully. She became catatonic
when risperidone was re-initiated, but recovered following risperidone discontinuation and
addition of lorazepam, gabapentin, and duloxetine. Quetiapine was added before discharge.
Valproate was effective for managing delirium and agitation during extubation, as evidenced
by normalizing Richmond Agitation and Sedation Scale scores. Additionally, valproate aided
in managing catatonia post-extubation. This case series reports on the management of
agitation in COVID-19 patients during extubation efforts with valproate sodium, due to its
ability to manage delirium and catatonia. Valproate is known to exhibit neuroprotective
effects, which possibly explains successful management of agitation during the extubation
process.
Keywords
COVID-19; catatonia; delirium; valproic acid; extubation; neuroinflammation

1. Background
As the COVID-19 pandemic continues to cause significant global mortality and morbidity, the
complete spectrum of neuropsychiatric effects of SARS-CoV-2 acute respiratory distress syndrome
has yet to be fully appreciated. Neuropsychiatric complications have been reported and
neuroinflammation has been mechanistically implicated in COVID-19 [1, 2]. Medications known to
exhibit neuroprotective effects, such as valproate, could contribute to successful management [3].
This case series reports on the management of concurrent delirium and catatonia in COVID-19
patients before, during, and after extubation. In the discussion, we argue that valproate sodium
showed success in these settings and was an appropriate choice throughout care due to its ability
to manage both delirium and catatonia. The first documented case of catatonia and co-ocurring
delirium in a COVID-19 patient also saw a favorable response to repeated doses of lorazepam [4].
However, benzodiazepines are known to worsen delirium so this may not be a sufficient therapy
to treat both processes [5]. As these patients were intubated secondary to COVID-19 pneumonia,
the progression of psychiatric disease was at times difficult to evaluate. If the patients were having
catatonia (alone or concurrently with delirium), antipsychotics may have worsened their status.
On the other hand, valproic acid did not carry the risk of worsening the catatonia.
Moreover, dexamethasone and sedatives were used in these cases due to complex medical and
psychiatric histories, and hospital courses complicated by COVID-19. Systemic dexamethasone has
known neuropsychiatric side effects, which most commonly present as hypomania or euphoria,
but also include mood, sleep, and behavioral disturbances such as agitation, or psychosis and
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delirium in severe cases [5, 6]. A meta-analysis found that mild-moderate dexamethasone
reactions can occur in up to 28% of patients, while severe reactions can occur in 6% of patients [6].
A myriad of other medications--including, but not limited to, sedatives like benzodiazepines,
opioids, anesthetics, antihistamines, and anticholinergics--can also induce psychotic symptoms [5].
Furthermore, it has been proposed that neuroinflammation from COVID-19 leads to increased
risk of delirium and catatonia [7]. There have been reports of COVID-19 patients who develop
catatonia, as well as suggestions that catatonia remains underdiagnosed in COVID-19 patients due
to medical complexity and limited psychiatric and physical exams [8, 9, 10]. As exemplified by the
patients in this case series and explored in the discussion, there is possible increased risk of
catatonia in COVID-19 patients. Additionally, a study of critically ill patients has shown that an
increased number of signs of catatonia in a patient were associated with a greater likelihood of
concurrent delirium [11]. The pathophysiology of COVID-19 and its consequences on the central
nervous system (CNS) may provide an explanation for increased risk of the aforementioned
neuropsychiatric findings. In patients with COVID-19, there is an infiltration of monocytes and
neutrophils into the CNS that leads to disruption and increased permeability of the blood-brain
barrier (BBB) [7]. This inflammatory response may lead to poorer neurological outcomes, including
onset of delirium or agitation. One theory is that increased oxidative stress caused by COVID-19
leads to infection and immune responses such as endothelial transfer, cytokine storm, and BBB
breakdown. In addition to dysregulation, stress hormones of the hypothalamus can cause
encephalopathy, manifesting as agitation, sleep-wake cycle disturbances, abulia, and motor
disorders [7]. Both the robust immune response and the neuropsychiatric side effects of
corticosteroids (used in Case 3) and sedatives (used in Case 1, 2, and 3) increased the likelihood
that the patients in this case series could simultaneously experience catatonia and delirium during
the course of their illness [7]. In addition to the neuroinflammatory hypothesis, there are several
other possible mechanisms that could have led or contributed to delirium and/or catatonia in
COVID-19 patients, including environmental factors (e.g., ICU setting), iatrogenic contributors (e.g,
sedating medications), and social isolation status (e.g., prohibited family visitation).
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2. Case Studies (Table 1)
Table 1 Overview of three cases with highlighted similarities. Details are in the body of report.

REASON
FOR
ADMIT

PSYCH HX
HOME
PSYCH
MEDS
WHY
PSYCH
CONSULT
PSYCH
HOSPITAL
COURSE

Case 1
Case 2
(26y F, G1P0 31w preg.)
(42y F)
• Arrived to Labor & Delivery
with SOB
• Later admitted to MICU
COVID pneumonia & acute
due to COVID pneumonia & hypoxic respiratory failure
acute hypoxic respiratory
failure
•

Bipolar disorder with
psychotic features
•

Lithium 600 mg PO BID
• Paliperidone palmitate
monthly injection 234 mg
• Initial: Patient refused
lithium
• Later (Day 9): Agitation
during extubation
• Patient initially managed
on lithium, lorazepam, and
risperidone
• Day 5: Intubated, sedated
• Day 6: C-section
• Day 6 to 9: RASS scores

Bipolar disorder I
Post-traumatic stress disorder
Quetiapine 400 mg/day
Alprazolam 2mg BID

Case 3
(23y F)
Admitted to OSH due to cardiac arrest
after drug overdose
Transferred to Loyola MICU after
complications (COVID-related acute
hypoxic respiratory failure, CLI, renal
failure)
Bipolar disorder with psychotic
features
Polysubstance use disorder
Paliperidone 546 mg/1.75mL IM LAI
every 3 months
Risperidone 2mg BID PO PRN

Agitation in setting of extubation, Management of agitation in setting of
delirium; psychiatric medication
lowering sedation & challenges with
management
extubation
•

Days 1 and 2: RASS scores from
-4 to +2. Held home quetiapine.
Haloperidol for agitation. CIWA-B
protocol.
• Day 3: RASS score +3. Given
Lorazepam due to CIWA-B.

Day 10 (at Loyola): Until now, RASS
scores were -3 to +2 during attempted
extubation. Started valproic acid for
agitation. Avoided APs due to unclear
history of last AP LAI.
Day 11: Increased valproic acid.

Comments &
Similarities
COVID +:
All
Acute hypoxic
respiratory failure:
All
Bipolar disorder: All

Home APs: All

Agitation during
extubation: All
Valproate for
agitation:
All
•

Valproate during
extubation:
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from -3 to -1 while on
lithium, lorazepam, and
risperidone. Haloperidol PRN
added for agitation.
• Day 10 to 13: RASS scores
from -1 to +2. Discontinued
haloperidol and lorazepam
(respiratory concerns).
Started valproate sodium for
agitation
• Day 14: Extubated after 2
valproate doses. RASS scores
from -1 to 0. Discontinued
risperidone.
• Day 15: Discontinued
valproate after 2 final doses.
RASS score stabilized at 0.
Discharged home on lithium
and paliperidone palmitate
administration.

Haloperidol IV and lorazepam
PRN for agitation.
• Day 4: Haloperidol stopped due
to prolonged QTc. Started
valproate sodium.
• Days 5-8: Continued valproate
as RASS scores from +2 to -1,
stabilized to 0.
• Day 6: Extubated after 3
valproate sodium doses.
Switched to valproic acid until
Day 10, then stopped.
• Day 11: Quetiapine restarted.
Subsequent fever (100.4 F),
tachycardia (140), drooling,
staring, shuffled gait;
discontinued quetiapine.
Restarted valproic acid and
started lorazepam for 5 days.
• Day 17: Catatonia resolved.
Valproic acid continued.
Quetiapine discontinued.
Lorazepam weaned off, patient
discharged with home
alprazolam and Depakote.

Patient self extubated. RASS scores
from 0 to +1. Started risperidone for
bipolar disorder.
Day 12-15: Continued valproic acid
and risperidone.
Day 16: Discontinued valproic acid due
to surgical site bleeding and labs (low
Hgb).
Day 17: Outpatient psych confirmed
home paliperidone LAI and
risperidone. Held paliperidone LAI
because of long-acting effects and
potential recovery time. Held
risperidone due to signs of possible
NMS.
Day 18: Pt had cogwheel rigidity and
catatonia. Started trial of lorazepam
for catatonia.
Day 19 to 24: Concern for febrile
catatonia. Increased lorazepam.
Long-term Course: Patient being
weaned off diazepam. Gabapentin and
duloxetine added. Added quetiapine
before discharge.

All
•

Catatonia after restarting home APs:
Cases 2 & 3
• Lorazepam used for
catatonia: Cases 2 &
3
• Valproate for
catatonia:
Case 2
•

Gabapentin for
catatonia:
Case 3

SOB = shortness of breath; MICU = medical intensive care unit; OSH = outside hospital; CLI = chronic limb ischemia; LAI = long acting injectable; AP =
antipsychotic; CIWA-B = Clinical Institute Withdrawal Assessment for Benzodiazepines; NMS = neuroleptic malignant syndrome
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2.1 Case 1
Case 1 concerns a 26-year-old pregnant female at 31 weeks gestation, with a history of bipolar
disorder with psychotic features, treated with lithium 600 mg PO twice daily and a paliperidone
long-acting injectable (LAI) 234 mg monthly. The patient was previously on Valproic acid for
bipolar disorder, but this medication was discontinued, when she became pregnant, due to
concerns for teratogenicity. She presented to the emergency department with cough and
shortness of breath and was subsequently admitted to the Medical Intensive Care Unit for
continued management of COVID pneumonia and acute hypoxic respiratory failure. She was then
admitted to the Labor and Delivery unit for continued fetal monitoring.
Psychiatry consult services were utilized when the patient refused to take her lithium regimen.
The psychiatry team provided psychoeducation, and after expressing understanding, she resumed
her daily lithium for bipolar disorder, risperidone for psychosis, and lorazepam and haloperidol
PRN for agitation. On day 5, she was initially placed on a nonrebreather, due to oxygen
desaturation, but because of a lack of response, she was subsequently intubated. The patient then
delivered her infant on day 6 via cesarean delivery. RAAS scores ranged from -3 to -1 days 6
through 9. On day 9, she began displaying signs of agitation with efforts at extubation, as
evidenced by Richmond Agitation and Sedation Scale (RASS) scores ranging from -1 to +2.
Psychiatry was then consulted for managing agitation in the setting of attempted extubation. Up
to this point in her hospitalization, the patient received one dose of IV lorazepam 2 mg PRN and
multiple PO doses, totaling 34 mg; however, her lack of response compelled the team to switch
therapy to Valproate to help manage agitation. Therefore, she was started on valproate sodium
250 mg BID IV and an additional 250 mg PRN for continued agitation, from days 10 to 13. By day
14, the patient’s RASS scores improved to 0, and she was successfully extubated. Two scheduled
doses of Valproate Sodium IV were administered to the patient on day 15 and then discontinued,
as RASS scores remained at 0.
Lorazepam was discontinued due to the risk of respiratory depression, from oversedation with
benzodiazepine therapy, in the setting of recovering COVID pneumonia. She was discharged on
her home dose regimen of lithium and paliperidone for bipolar disorder.
2.2 Case 2
Case 2 concerns a 42-year-old female, with a history of bipolar disorder and post-traumatic
stress disorder, who was similarly admitted for COVID pneumonia and acute hypoxic respiratory
failure, requiring intubation. Her home regimen included quetiapine 400 mg and alprazolam 2 mg
BID. The primary team consulted psychiatry for agitation in the setting of attempted extubation
and delirium.
Initial management included holding home quetiapine, given the patient’s acute hypoxia, her
waxing and waning mental status, and the drug’s known effect of causing further sedation and
possible respiratory depression. The provider team also started the patient on haloperidol 2 mg IV
PRN for agitation on days 1 and 2. RASS scores were tracked during this time and ranged from -4
to +2. By day 3, the patient’s upper limit RASS score had increased to +3, she was given lorazepam
PRN for benzodiazepine withdrawal per Clinical Institute Withdrawal Assessment-Benzodiazepines
(CIWA-B) (8 mg total PRN doses), and haloperidol 4 mg IV therapy was initiated. Because of
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haloperidol's risk of prolonging the QTc interval, EKG monitoring was ordered, and the report
subsequently showed a prolonged QTc interval (507 ms). Therefore, haloperidol was discontinued
on day 4, to avoid further QTc prolongation and possible torsades arrhythmia in the patient. On
day 5, valproate sodium IV 250 mg BID scheduled dosing and valproate sodium IV 250 mg PRN
therapy was started, as a safer alternative to help manage patient agitation, without the risk of
cardiotoxicity. During this time period, her RASS scores ranged from +2 to -1 and subsequently
normalized to 0. She was successfully extubated, with continued valproate sodium dosing.
Valproate sodium IV was switched to oral formulation for 4 days, before being discontinued.
Patient 2 resumed her antipsychotic therapy with quetiapine on day 11 and subsequently
developed fever (100.4 F) and tachycardia and demonstrated drooling and shuffling gait on exam.
While extrapyramidal effects of quetiapine were strongly considered as a likely etiology, the
psychiatry team was also concerned for catatonia, given the acuity and because this phenomenon
can also cause autonomic derangements, including fever and tachycardia. Antipsychotic therapy
was immediately discontinued, to reduce the risk of worsening symptoms of EPS versus febrile
catatonia. The patient was restarted on valproic acid 250 mg PO BID, and lorazepam 1 mg TID and
benztropine 1 mg TID were also initiated as part of therapy. Clinical symptoms improved by day 17,
and the acute response to lorazepam and resolution of her autonomic signs, shuffling gait, and
drooling supported febrile catatonia as the likely etiology. Valproic acid therapy was continued,
and lorazepam was titrated downward. Upon discharge, the patient resumed home regimens of
alprazolam and continued valproic acid, a switch from previous quetiapine, to help manage
bipolar disorder.
2.3 Case 3
Case 3 describes a 23-year-old female, with a history of bipolar disorder with psychotic features
and polysubstance abuse. She presented to our facility from an outside hospital, following cardiac
arrest from illicit drug overdose. Home regimens included a paliperidone long acting injectable
(LAI) every 3 months, and she was hospitalized just prior to her next scheduled dose.
Early during her hospital course, she developed acute kidney injury and acute limb ischemia,
likely secondary to hypoperfusion from cardiac arrest. Unfortunately, the severity of limb ischemia
required left lower extremity amputation, necessitating transfer to our hospital, to provide further
resources pertinent to the procedure. Additionally, she also tested positive for COVID-19 and
subsequently developed acute hypoxic respiratory failure, requiring intubation. The primary team
consulted psychiatry for management of agitation in the setting of unsuccessful extubation
attempts. RASS scores were trended and ranged from -3 to +2 during attempts. Initial
management included oral valproic acid 250 mg BID and 250 mg PRN. Although IV valproate
sodium therapy was the preferred formulation, due to its benefit of rapidity of action, a supply
shortage required improvisation with the oral formulation. During her admission at our hospital,
our team attempted to rectify home medication doses for her bipolar disorder, including her
antipsychotic regimen. Because the patient was unable to confidently provide us her home
regimen and dose, and no details were noted in the electronic medical record, our team contacted
the outpatient community clinic, where she received treatment. The clinical staff were able to
verify her paliperidone regimen and due dates. On day 11, the patient’s valproic acid regimen was
increased to 250 mg at AM, 500 mg at PM, and 250 mg BID PRN. This same day, the patient selfPage 181/246
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extubated, while RASS scores had stabilized to 0 on scheduled valproate sodium IV therapy.
Valproate sodium was maintained on an adjusted regimen to assist with any recurrent signs of
agitation, despite improved RASS scores. The patient was then started on risperidone 1 mg BID for
management of her bipolar disorder, as she was unable to receive her paliperidone LAI during her
hospitalization. On day 16, valproate sodium was discontinued, because the patient’s labs noted
thrombocytopenia and decreased hemoglobin, causing concern for possible surgical site bleeding.
Following discontinuation of valproate sodium, the patient began displaying fever and
tachycardia, as well as cogwheel rigidity of the upper extremities. These symptoms and autonomic
signs raised concern for febrile catatonia. To reduce the risk of worsening catatonia, risperidone
therapy was discontinued. The patient was then started on a lorazepam 0.5 mg STAT trial,
followed by a scheduled dosing of 1 mg PO twice daily and 1 mg at bedtime for catatonia. While
higher titrated doses can further potentiate resolving catatonia symptoms, we maintained the
patient at low doses of lorazepam, given her resolving COVID hypoxia and to reduce the risk of
respiratory depression. The patient’s catatonia symptoms appeared to partially respond to
lorazepam; rigidity and fever resolved. However, tachycardia persisted. Several management
modifications were made, including starting gabapentin and duloxetine. The rationale for adding
this treatment was due to the patient’s reported postoperative neuropathic pain, following
amputation, and the reported therapeutic benefits of gabapentin and duloxetine. Gabapentin 900
mg TID (eventually titrated downward to 600 mg BID) PO and duloxetine 60 mg PO daily were thus
added, and the patient’s vital monitoring noted resolution of her tachycardia. The patient was
then discharged on quetiapine for continued management of her bipolar disorder, before her next
scheduled LAI dosing.
3. Discussion of Significance
In all three cases, psychiatry was consulted for management of delirium and agitation in the
setting of extubation. Typically, management in these conditions includes antipsychotics. In Case 1,
valproic acid was restarted, following delivery and with resolved concerns among providers for
teratogenicity, along with antipsychotics. In Case 2, the patient was switched to valproate sodium
after haloperidol was discontinued due to prolonged QTc intervals. In Case 3, valproic acid was
given for agitation because of unclear information prior to extubation about the timing and type
of the patient’s home LAI antipsychotic. In all cases, valproate successfully managed agitation and
delirium, as well as aided successful extubation.
In Cases 2 and 3, antipsychotic rechallenge was started after extubation for continued home
regimen and standard therapy treatment of delirium and bipolar disorder. Subsequently, both
cases developed catatonia, and antipsychotic medications were discontinued. In Case 2, valproate
sodium was restarted. Valproate sodium could not be restarted in Case 3 due to surgical site
bleeding. Catatonia was successfully managed and resolved in both cases, using lorazepam in Case
2 and lorazepam, diazepam, and gabapentin in Case 3.
The catatonia that resulted from antipsychotic rechallenge, along with the success of valproate
sodium during agitation and delirium management in the setting of extubation, supports valproate
sodium as an appropriate choice for these patients in managing delirium and catatonia.
Additionally, the catatonia that resulted from antipsychotic rechallenge means further research on
psychiatric management standards of COVID positive patients may be needed. At the time of
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writing, there have been few reported cases of catatonia in COVID patients [8, 9]. However, it has
also been suggested that catatonia has been underdiagnosed in COVID patients due to limited
physical exams, limited psychiatric evaluation, and the severity with which these patients present
in general [10]. Cases 2 and 3 had clear signs of catatonia (e.g., tachycardia, fever, staring,
cogwheel rigidity) and responded to standard catatonia treatments (e.g., lorazepam) and broad
management (e.g., addition of gabapentin in Case 3). In Case 3, gabapentin and duloxetine were
added due to their effects on neuropathic pain for the patient’s post-amputation pain. An
increased gabapentin dose was associated with the patient’s improvement in pain symptoms,
likely responsible for the resolution of tachycardia that has previously persisted despite
improvement in the catatonia symptoms. Gabapentin has previously been reported as a
treatment for catatonia and is proposed to improve catatonia via its glutamate antagonist
properties [12, 13]. Further research into gabapentin’s effects in aiding treatment of COVID
catatonia may be warranted.
Moreover, the possibility that the patients in these cases had signs of catatonia, in addition to
their diagnosed delirium, as they approached time of extubation must be considered. It is possible
that a diagnosis of catatonia in medically complicated, isolated patients with COVID-19 respiratory
failure could be missed. As antipsychotics are typically used for delirium and extubation-related
agitation, it is possible that giving antipsychotics alone during this time would have worsened
catatonia in an already complicated scenario of extubating a COVID-19 patient. It is worth
considering that valproate use in these cases may have managed or prevented catatonia during
extubation, in addition to managing delirium and agitation. In Cases 2 and 3, date of antipsychotic
rechallenge closely followed date of valproic acid discontinuation. This opens the possibility that
catatonia actually re-emerged as antipsychotics were restarted and valproate was no longer
suppressing catatonia. The use of valproic acid in successful management of catatonia has been
previously reported in case studies [14, 15].
As previously mentioned, the neuroinflammatory response of the CNS to COVID-19 infection, in
particular the neutrophilic and monocytic infiltration that leads to disruption of the blood-brain
barrier, may explain the poor neurological outcomes and delirium seen in COVID patients [7]. All
three cases presented had evidence of oxidative stress caused by the SARS-CoV-2 virus
peripherally (e.g., acute hypoxic respiratory failure) and centrally (e.g., agitation as a result of
encephalopathy). Additionally, previous literature has shown that dexamethasone (used in Case 3)
can cause neuropsychiatric complications after extubation due to its sedative and
neuroinflammatory effects [6]. Data from a retrospective cohort study suggests that valproate
sodium has been associated with reduced agitation and delirium among critically ill adults in the
intensive care unit [16]. Several case series also reported improvement in ICU agitation or delirium
with the use of valproate sodium [17, 18, 19]. Valproate has been suggested as an option for the
managing delirium in critically ill patients due to its proposed biochemical mechanism, which
provides anti-inflammatory and antioxidant effects [16, 20]. Valproic acid, a well-established and
versatile antiepileptic drug, is known to have anti-inflammatory and antioxidative effects, and has
been characterized as a neuroprotective drug based on evidence that it is beneficial in reducing
neuronal death, balancing abnormal brain excitability, mitigating neurodegenerative events such
as oxidative stress and protein oxidation induced by excitotoxicity, and regulating gene
transcription through inhibition of histone deacetylases (HDACs) induced by ischemia,
neuroinflammation, neurological deficits. [19, 22]. A case series on treatment of delirium and
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agitation in Bickerstaff encephalitis, which did not respond to standard management of
neuroleptic agents but improved with valproic acid, also posits valproic acid’s anti-inflammatory
properties as a possible reason for improvement of symptoms, noting previous reports of its utility
for delirium and agitation, including in traumatic brain injury [19].Valproate sodium therapy also
provides the benefit of intravenous administration, making it a good candidate for management in
the setting of extubation [21]. Given valproate’s proposed mechanism, flexibility in administration
route, and shown efficacy in the literature, we believe this case series complements current
literature by showing valproate efficacy in management of agitation and delirium in COVID-19
patients. While not proposing that valproate is the new treatment standard for scenarios such as
these, this case series highlights the usefulness of valproate in patients with COVID-19 who
present with agitation during extubation, delirium that is difficult to manage in the context of
COVID-19 related medication contraindications, and when catatonia and delirium are difficult to
differentiate.
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Abstract
Information processing speed (Reaction time, RT) to a single administration of the Trails A
and Trails B components of the Trail Making Test (TMT) is used in the assessment of brain
and behavioural functional integrity across the lifespan in both clinical and research contexts.
Although the clinical utility of such single trial-related and thus rapidly gained results, is
recognised, it is possible that its administration as a single trial only, precludes its ability to
provide a more in-depth and thus relevant representation of functional integrity per se, and
it does not allow a range of ability to be examined. Because outcome from a single trial can
be susceptible to the influence of spurious and extraneous effects we examined how, within
a single testing session, RT varied with respect to the administration of four trials of both
Trails A and B of the TMT, and how the effects may be associated with anxiety and selfconsciousness. We examined how RT varied with respect to the administration of four trials
of the Trail making test and compared the performance over each of these trials with that of
the first trial. Between the third and fourth trial, questionnaires on anxiety and self© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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consciousness were administered. This paradigm was tested with fifty five younger adults
(age range eighteen - thirty years). Our results indicated that repeating both Trails A and B of
the TMT, administering the tests over four trials, revealed a significantly disproportionately
slowed information processing speed (RT) to the first compared to consecutive trials, with
the effect greatest for the more difficult or resource-demanding Trails B test. There were no
significant correlations between change in information processing speed and anxiety or selfconsciousness. The first of the four trials represents the only trial typically performed in the
clinical application of this test. Our finding that the time to complete one single trial can be
significantly slower compared to the response to additional trials, indicates that an
individuals’ information processing speed can appear much slower than their actual ability.
Such findings can be expected to be of particular relevance to the future use of this test
clinically when an individual’s performance is measured and judged with respect to possible
diagnosis, and in future research when group-level TMT performance is compared between
younger and older adults for example.
Keywords
Trail making test; reaction time; information processing speed; practice effects; selfconsciousness; anxiety

1. Introduction
The trail making test (TMT) [1-3] is a one-trial, time-pressured neuropsychological test widely
used to assess executive function-related information processing speed (reaction time, RT) across
the lifespan. It is used as part of the assessment, diagnosis and monitoring of many clinical
conditions, particularly those related to older age such as dementia, and is applied to functional
assessments such as those related to driving ability [4]. In brief, Trails A of the TMT requires the
participant to draw a continuous line joining a series of circled numbers in ascending order on a
sheet of paper. Trails B, a task of greater difficulty and resource demand, entails the drawing of a
continuous line joining a series of both circled numbers and letters alternately in ascending
numerical and alphabetical order. For both sections, participants are instructed to perform the
task as quickly but as accurately as possible, with test outcome the time taken (in seconds) for
completion.
Whilst recognising the clinical utility of such a single trial (which allows results to be gained
rapidly), and the fact that its single trial use has been validated, there are disadvantages to this
approach. For example, the output from one trial of any test can be susceptible to spurious and
extraneous effects, which if not taken into account, can mean that it fails to represent true
performance. A one-trial test also precludes the examination of the functional integrity of other
aspects of information processing such as practice effects which in turn can influence or reflect
performance at cognitive, behavioural and neuropsychological levels [5]. Although it is well known
that practice effects can influence neurocognitive assessment over both single test sessions and
longitudinal studies and therefore need to be taken into account in [6-11], their potential for
useful markers of cognitive decline and progression to dementia [7-9, 12, 13] is less well
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investigated. As there is evidence to suggest some degree of improvement in TMT performance
with practice [14-16] and that TMT-B performance can be enhanced due to prior TMT-A exposure
[17, 18], the clinical usefulness of the TMT may be enhanced by a multi-trial approach, even during
a single test session. Furthermore, as we describe below, administering more than one trial in a
given testing session may also reveal the contribution to the information processing speed (RT)
measure of potential spurious effects related to the use of a single trial.
Under typical administrative conditions, following a short practice trial consisting of a very
small section of the whole test, the A and B sections of the TMT are administered as two single
trials. It has been noticed by the authors with respect to both clinical and research application,
that some individuals performing the TMT appear hesitant, or very slow in moving off from the
starting point once instructed to do so (and having started timing), despite the prior practice
session. We suggest that this means that the outcome of the single TMT test may contain a
hesitancy effect that may affect the test’s ability to fully reflect a person’s functionality. This may
be of particular relevance when information processing speed derived from the TMT is used as a
component in the diagnosis of dementia and mild cognitive impairment), with disproportionate
slowing (compared to healthy ageing for example) indicative of disease.
This hesitancy effect resembles the objectively measurable phenomenon called the ‘first
response hesitancy effect’ found in some studies of sequential multi-trial processing [19-21], in
which the response to the first in a sequence of test components can be significantly slowed
compared to subsequent responses. This is an effect capable of significantly influencing
information RT outcome in research studies [21] and appears related, at least in part, to set-up
time for registering a new visual layout, response preparation, strategy development and natural
variation in such components [19-21]. It may be the case that a similar effect occurs in response to
the single trial (essentially a ‘first trial’) of Trails A and B resulting in an outcome measure that
includes an extraneous hesitancy component that results in a slower information processing speed
compared to that obtained if further trials had been administered, over which the effect is known
to disperse [19-21]. The first response hesitancy effect that can have a significant detrimental
effect upon information processing speed derived from a single trial of a test, yet this effect is not
taken into account in either the analysis or the interpretation of TMT data. The fact that the TMT
result is based only on a single, or first test, means that it may reveal more about hesitancy than
speed of information processing per se and failure to take the potential influence of such effects
into account possibly results in the misrepresentation of an individual’s actual level of function.
Furthermore, a single trial measure of a behaviour as complex as information processing speed,
precludes the measurement of potentially important clinical information related to an individual’s
range of performance during a given period of time; a behaviour which like longer-term practice
effects, may also be indicative of the functional integrity of underlying brain processes. Failure to
take account of this effect may result in the determination of person’s information processing
speed performance as significantly slower (poorer) than it actually is, i.e., potentially causing poor
performance to be mis-attributed to pathological change for example. In this study we administer
4 trials of the TMT to young adults to determine if within a single session, giving more trials over a
short period of time may influence the outcome of such a test. This will help to determine
whether as is current clinical practice, the first or single measure, only should be used as the
marker of the functional integrity of an individual’s executive function-related information
processing speed.
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In the authors’ experience, after completion of the TMT it is common for some individuals to
spontaneously report that they had felt self-conscious and anxious about performing in front of
the test administrator. This anecdotal evidence is backed up by empirical data showing some
evidence that self-consciousness, especially related to being watched, can modulate performance
on cognitive tests [22-26]. It is possible that such anxiety and self-consciousness may contribute to
the hesitancy sometimes observed at the beginning of the Trails A and B components of the TMT,
thus whether TMT RT is correlated with anxiety and self-consciousness across the four trials is also
examined.
1.1 Study Aims
The main aim of this study is to investigate how, within a single research session lasting no
longer than thirty minutes (thus mimicking a typical clinical testing visit and one in which the
potential for fatigue effects is minimized), information processing speed outcome may change
with respect to the administration of four trials of the TMT-A and TMT-B components of the TMT.
We hypothesize that there will be a ‘hesitancy effect’ in which the response to the first trial of
both Trails A and Trails B, is slower than that in response to subsequent trials. We examine these
effects in a group of healthy younger adults in order to examine performance in participants who
typically form the control group in ageing studies. It also acted as a proof of concept study which
would allow us to determine whether adding additional trials to the TMT paradigm might
increases its ability to provide information about the functional integrity of other aspects of
behavioral and brain processing, which may improve its clinical utility and its applicability to
testing throughout the lifespan and in clinical populations.
A further aim is to determine whether the potentially extraneous factors of self-consciousness
and anxiety are associated with any such hesitancy effect. Finally, we examine whether any
practice effect continues after a ‘task-filled’ interval between the 3rd and 4th trials in which the
questionnaires examining anxiety, and self-consciousness are administered.
2. Materials and Methods
2.1 Methods
2.1.1 Participants
The study involved a sample of 55 young adults recruited from the undergraduate student
population of Swansea University, between the ages of 18 and 30 years [mean 22.11 years; sd =
3.41, with 31 females and 24 males]. See Table 1 for demographic details. All participants were
right-handed and had no self-reported health or cognitive problems or substance or alcohol
dependency. All had self-reported normal or corrected-to-normal vision and hearing, and the
physical ability to perform the tasks. Participants were reminded to bring their reading glasses/
hearing aids if required. Appropriate vision, hearing and physical ability to perform the tests were
confirmed by the administration of practice trials. The study took place in a research testing room
within the Department of Psychology at Swansea University. Participants did not receive payment
for taking part. Ethical approval was granted by Swansea University Department of Psychology
Ethics Committee. All participants gave written informed consent.
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2.2 Materials
2.2.1 TMT and Questionnaire Administration and Procedure
The TMT was administered according to standard administration instructions [27]. Trails A,
requires participants to use a pen to connect a series of consecutively numbered circles that are
presented in a random pattern on a piece of paper, whereas Trails B requires the connection of a
series of circled numbers and letters alternately e.g. 1-A, 2-B, 3-C and so on. RT was indicated by
the time taken (in seconds) to complete the test (with the time taken to self-correct any error
included in the score). All participants completed four trials of the same version of the TMT (that
included both parts A and B) in total, with each trial containing both Trails A and Trails B, in that
order (according to normal practice [27]). No cut off-scores were used for data inclusion or
exclusion. The standard practice run (a truncated version of each task) was administered only
before the administration of the first trial. Participants completed 3 trials (of Trails A followed by
Trails B) with no break in between (except for the time taken to provide new test papers and reset the stop watch). On completion of the third trial of Trails A and B, participants were instructed
on how to complete the questionnaires described below and, upon completion, the fourth trial or
TMT-A and TMT-B was administered.
The researcher (who administered the tests and questionnaires) remained seated beside the
participant for the duration of the test session. Participants were not provided with feedback
about any aspect of their TMT or questionnaire-related performance. The questionnaires
measured anxiety in the two weeks prior to testing, (GAD-7) [28] and self-consciousness (selfreport Self-Consciousness Scale (SCS-R) including 3 components; private self-consciousness, public
self-consciousness and social self -consciousness [29]. See Table 1 for Questionnaire data.
We did not administer the anxiety and self-consciousness questionnaires at the beginning of
the research session, i.e., immediately before the commencement of the TMT task. This was in
order to preclude effects associated with the increased awareness of, and thoughts related to,
anxiety and self-consciousness that such questionnaires might induce, and which may have
influenced the first trial per se. Instead, the tests were administered between the third and fourth
trials. This paradigm meant that the information processing speed in response to the first trial
could be compared to that of the second and third trials in order to examine practice effects over
three trials in the absence of any effects related to the administration of the anxiety and selfconsciousness questionnaires. Although practice effects related to repeated testing over weeks,
months and years are well known, this paradigm allowed us to determine whether any practice
effects continued after an interval filled by the performance of a difference task, namely the two
questionnaires, within a single testing session. We recognise the possibility however that
administering these tests after the third trial may mean that anxiety and self-consciousness had
reduced as a result test familiarity which may in turn have influenced how participants filled in the
questionnaires, and also that completing the questionnaires at this point may have influenced
performance in response to the fourth trial of Trails A and B.
2.2.2 Data Analysis
For each participant, information processing speed (RT) across 4 trials of Trails A and Trails B of
the TMT was compared. For each participant, for each trial, the mean, median, IQR and range of
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RT was determined. The RT of the first trial was compared with each of the subsequent second,
third and fourth trials and changes in RT determined (see Table 2). Change in RT across the trials
was examined with respect to the data from the anxiety and self-consciousness questionnaires
(see Table 1). Descriptive and inferential statistical analysis were performed using parametric tests.
Independent t-tests were used to examine gender differences, analysis of variance was used to
examine the effects of practice across trials and correlational analysis was used to examine
information processing speed between trials and self-consciousness. All analyses were performed
using IBM SPSS statistics version 26.
3. Results
Table 1 Mean demographic and questionnaire data. Standard deviation in parenthesis.
Total
Number of participants
Gender (%)

55 (31 female/24 male)
56.36% Female

Age: mean

22.11 (3.41)

Age: range (years)
GAD-7 score (range 0 to 21)
SCS-R score: private (range 0 to 27)
SCS-R score: public (range 0 to 21)
SCS-R score: social anxiety (range 0 to 18)

18-30
6.85 (5.79)
15.45 (5.12)
14.33 (3.83)
9.47 (4.48)

Generalised anxiety disorder (GAD-7) [28].
Self-consciousness (self-report Self-Consciousness Scale (SCS-R) [29].

3.1 Gender Analysis of GAD-7 and SCS-R Data
Independent T-test analysis revealed that females were more publicly and socially selfconscious than males, t [-2.11, p = 0.039] and t [-3.09, p = 0.003] respectively, but there were no
other significant differences in gender with respect to age, GAD-7, and private SCS-R scores [all p
values > .05].

Figure 1 Group mean RT in seconds over 4 trials for Trails A.
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Figure 2 Group mean RT in seconds (Y axis) over 4 trials for Trails B.
Table 2 Group mean difference in reaction time (seconds) between Trial one and trials
two, three and four on the Trail Making test A and B.

Trails A

Mean
Median
Range
Minimum
Maximum
IQR

RT (Trials 1-2)
2.74
2.57
25.93
-7.99
17.94
4.71

Trails B

Mean
Median
Range
Minimum
Maximum
IQR =

7.93
8.17
65.14
-16.4
48.74
11.27

RT (Trials 1-3)
3.96
3.73
28.05
-8.68
19.37
6.71

RT (Trials 1-4)
6.33
6.3
24.74
-3.47
21.27
5.59

12.021
13.13
134.07
-34.24
99.83
15.97

18.53
15.76
99.98
-0.01
99.97
16.16

For Trails A, one way repeated measures analysis of variance (ANOVA) showed a significant
main effect of practice (F (3, 162) = 45.67, p < .001; ηp2=.458). Planned Post Hoc pairwise
comparisons revealed a significant improvement in RT (2.74 seconds) between trials 2 and 1 (p
< .001: 95% CI, lower = 1.068, upper = 4.42); a significant improvement in RT (3.94 seconds)
between trials 3 and 1 (p < .001: 95% CI, lower = 2.178, upper 5.71) and a significant improvement
in RT (6.33 seconds) between trials 4 and 1 (p < .001: 95% CI, lower = 4.581, upper 8.08). There
were no significant gender effects with respect to these results (all p values > .05).
Pearson Correlational analysis for all participants on difference in information processing speed
between Trial 1 and 2, between Trial 1 and Trial 3 and between Trial 1 and 4 and selfconsciousness revealed no significant relationships [all p values > .05] and similarly for anxiety [all
p values > .05]. Although, as noted previously, females were more publicly and socially selfconscious than males, additional correlation between self-consciousness and difference in RT
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across all trials, resulted in no significant correlation for either females and males (all pvalues > .05).
For Trails B, One-way repeated measures ANOVA revealed a significant main effect of practice
(F (1,54) = 58.67, p < .001; ηp2=.521). Post hoc pairwise comparisons (Bonferroni adjusted for
multiple comparisons) revealed a significant speeding of response (RT) for trial 2 compared to trial
1 (7.93 seconds faster) (p < 0.001, 95% confidence interval lower = 3.475, upper = 12.384); a
significant speeding of RT for Trial 3 compared to trial 1 (12.205 seconds faster) (p < .001) 95%
confidence interval lower = 5.387 upper = 19.023), and for trial 4 compared to trial 1 (p < .001]
(18.516 seconds faster, 95% confidence interval lower = 12.282 upper = 24.750). There were no
significant gender effects with respect to these results (all p values > .05).
Pearson Correlational analysis on difference in RT between Trial 1 and 2, between Trial 1 and
Trial 3 and between Trial 1 and 4 and anxiety revealed no significant relationships [all p
values > .05]. The same analysis for self -consciousness revealed only that Public selfconsciousness was significantly correlated with the change in RT between trial 1 and 4 (r = .038, p
= .038) i.e., a greater level of anxiety was associated with a greater degree of improvement
(speeding) in RT between the first and last trial. This relationship failed however to survive
Bonferroni correction (corrected for all three components of the self-consciousness scale and the
three trial components) [p > .05]. Although, as noted previously, females were more publicly and
socially self-conscious than males, additional correlation between self-consciousness and
difference in RT across all trials, resulted in no significant correlation for either females and males
(all p-values > .05).
4. Discussion
The aim of this study was to investigate how, in young adults, information processing speed (RT)
outcome may change across the administration of four trials of the TMT-A and TMT-B components
of the TMT. Specifically, we examined the potential existence of a hesitancy effect in response to
the first administration of both Trails A and Trails B, and whether such an effect might be
associated with an individual’s level of anxiety and/or self-consciousness.
As revealed in Figure 1, the time taken to complete the Trails A component of the TMT
improved significantly over successive trials compared to that obtained on the first trial, with the
greatest benefit, i.e., faster information processing speed, seen in response to the fourth trial. The
administration of even a second trial results in an average improvement in performance of 2.74
seconds; with a third trial facilitating an average improvement of 3.94 seconds, and a fourth an
average improvement of 6.33 seconds.
The time taken to complete the Trails B component of the TMT (see Figure 2) also improved
significantly over successive trials compared to that obtained on the first trial, with the greatest
benefit, i.e., faster information processing speed, seen in response to the fourth trial. The
administration of even a second trial results in an average improvement in performance of 7.93
seconds; with a third trial facilitating an average improvement of 12.02 seconds, and a fourth an
average improvement of 18.53 seconds.
Our results are in agreement with previous studies indicating some improvement in TMT
performance with practice but using different paradigms and time intervals to ours [14-18] and
shows that practice effects for the TMT can occur even within a short single test session. In the
Page 194/246

OBM Neurobiology 2021; 5(2), doi:10.21926/obm.neurobiol.2102100

present study, for each trial, Trails A was always administered before Trails B. Despite the
potential, based on the work of Takeda, et al. [17], and Varjacic, et al. [18] for Trails B to be better
performed because of this; i.e., despite this potential benefit, we still saw a significant
improvement in trails B performance with increasing numbers of trials, indicating that repeated
performance of Trails B per se also contributed to its improved performance.
For both Trails A and Trails B, the pattern of results illustrates an effect analogous to the first
response hesitancy effect [19-21], in which the response to the first in a sequence of test
components can be significantly slowed compared to subsequent responses, and which can
significantly influence RT outcome in research studies across the lifespan [21]. This effect may be
related, at least in part, to set-up time for registering a new visual layout, response preparation,
strategy development and natural variation in such components as reported by [19] and [20] and
to the fact that individuals are adjusting to their environment and situation [30, 31].
Our results suggest that the short practice session before both Trails A and B does not remove
this hesitancy effect; instead it forms a component of the information processing speed outcome
of the single trial TMT test results. Arguably, the hesitancy effect in response to the first (or single)
TMT trial mimics the slowing effects of pathological change or ageing, meaning that performance
may be judged to be worse than it actually is; a potentially important factor when such a test is
commonly used in clinical trials.
In the introduction we suggested that effects such as anxiety and self-consciousness may also
be a contributory factor to the hesitancy effect. For Trails A however, the slowing in response to
the first compared to subsequent trials was not significantly associated with either general level of
anxiety or self-consciousness. Furthermore, neither the change in information processing speed
across trials and any association with these measurements and anxiety and self-consciousness,
varied with respect to gender. For Trails B, initial analysis indicated that higher levels of public selfconsciousness were related to a greater improvement in RT (but only between the last, i.e., the
fourth, and the first trials) with greater levels of self-consciousness associated with a larger
improvement in performance as the number of trials increases. This suggests that those who are
more self-conscious are slower to start with, i.e., in starting and/or performing the first trial, and
thus have greater potential for getting faster as the trials progress. Although this result is in accord
with previous studies showing some evidence of how self-consciousness can modulate
performance on cognitive tests [22-26] this effect failed to survive Bonferroni correction.
It is clear that for both Trails A and B, significant speeding of RT also occurred between trials
two and one and also between trials three and one. This means that practice-related speeding
effects were apparent before the administration of, and thus any potential contamination from,
the questionnaires, and indeed persisted and improved in response to trial four. This suggests a
robust practice effect and one which occurs even when a different task interrupts test trials.
Irrespective of causality (which our present study cannot determine), our results support the
idea that a single trial of both Trails A and Trails B, precludes the examination of additional
potentially important clinical information related to an individual’s range of performance and the
ability to improve with practice. Such an effect could lead to under-estimation of an individuals’
functional integrity both in terms of information processing speed and other processing
components and behaviours; important factors with respect to the use of the TMT in clinical
applications such as diagnosis and the determination of functional ability. This appears to be
particularly important with respect to the more difficult Trails B task as the magnitude of the
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practice effects, and thus the advantage of allowing multiple trials and therefore the disadvantage
of not doing so, being greater than those seen with respect to Trails A.
4.1 Individual Differences
From the data in Table 2, it is clear that for young adults there are individual differences in
changes in information processing speed (RT) between the first and subsequent trials, in terms of
minimum and maximum values and range. Indeed, examination of the data reveals that not
everyone improves linearly across all trials, with variation in the number of trials needed to evoke
an individual’s fastest response. The performance of some individuals remains almost constant,
whereas for others, performance varies between improvement and decline or declines gradually.
Some, but not all individuals who showed a large practice effect, had, compared to the group
mean value, a disproportionately slower response to the first trial. This indicates that the effect
was not simply a result of the greater potential for change. In terms of ceiling effects, others, for
whom practice had little or no effect, did not necessarily display a faster response to the first trial.
Although improvement with practice is a robust group mean effect, it is clear that individual
differences need to be taken into account. One method for examining such effects in greater
detail is to present trials until an individual’s asymptote is reached. Baseline information
processing speed, ceiling effects, the potential for change, and the number of trials required in
order for an individual to attain their best performance may all be important behavioral indicators
of functional integrity. It is of course possible that so-called practice effects also, at least in part,
reflect an individual’s ‘natural’ intraindividual variability across trials (a further measure of
functional integrity with raised variability associated with older adulthood and morbidity [32].
Such effects need to be jointly investigated in future studies.
5. Potential Limitations and Future Directions
A limitation of this study was the number of trials used to examine the practice effect. In future
we will examine these effects with respect to a greater number of trials; in particular in terms of
an individual’s asymptote, i.e., the number of trials required to reach maximum performance: a
potential behavioral marker of brain functional integrity which may have further clinical and
research application. Further studies would also include the measure of performance across the
lifespan and with respect to morbidity, and the potential clinical application of such tests. For
example, using repeated administrations of the TMT as a performance measure might help
individuals who fail performance cut-offs on first administration due to confounding variables but
who would benefit from multiple exposures (e.g. [33]). Further investigations will include the
examination of subcomponents of the information processing speed response, such as motorinitiation [34, 35], response caution, response bias and indeed how such factors may interact [36].
It is possible that the magnitude of the TMT-related hesitancy effect per se is related to
pathological change and the effects of ageing. This clearly needs further investigation as does the
determination of its diagnostic value with respect to clinical conditions, what constitutes clinically
meaningful results and how these vary with respect to the current one-trial TMT test, the number
of trials administered and with respect to various clinical and research contexts. Such knowledge
could also be useful in situations in which repeat testing, within a short time interval, is necessary
such as in the study of acute drug effects. The potential influence of anxiety and selfPage 196/246
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consciousness upon TMT performance also needs to be further examined with respect to ageing
and clinical conditions. The influence of such factors may have a greater role in older adults and in
clinical populations (especially neurodegenerative disease) when individuals might be more aware
of being tested for diagnostic/prognostic purposes and thus show higher levels of anxiety and selfconsciousness. It is also possible that individuals taking part in this study did not report cognitive
problems or substance or alcohol dependency. In future studies these and factors such as
medication, would be more formally investigated.
It is widely accepted that TMT outcome can vary with respect to person-related (e.g.
educational level and gender) and methodological factors (e.g. scoring methods and error analysis)
[37, 38]. Factors such as age and educational level tend to be taken into account by using
standardized scores [33, 39]. Nevertheless, it is increasingly apparent that TMT results can also be
significantly influenced by additional factors (e.g. perceived task difficulty) that are not currently
taken into account but which may in fact provide valuable additional data about brain integrity
and clinical status [38, 40-43]. It is also important therefore that future studies examine the
hesitancy and practice effects related to the TMT with respect to these other factors. It would be
interesting also to analyse the effects of repetitions in the context of the different outcome
measures of the TMT that are sometimes applied, e.g. TMTB/TMTA and TMTB-TMA.
6. Conclusions
This study revealed how increasing the number of trials of the TMT, for both Trails A and Trails
B from one to four trials can significantly influence the information processing speed outcome of
these tests. The similarity of the results to the first trial hesitancy effect shows that the results of a
single administration of the TMT test may not be fully indicative of a person’s actual or potential
information processing speed. Such findings may have implications regarding the interpretation of
such results in young adults, especially in clinical practice, with the possibility for some individuals
that a single trial outcome significantly under-represents actual performance. This, together with
the possibility that giving more trials also facilitates the measurement of other aspects of brain
processing, e.g. the ability to improve performance with practice, which may also be a marker of
brain and behavioural functionality; particularly in disease, leads us to suggest that it is time to
consider the administration of more than one trial of the TMT.
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Abstract
We describe our experience of setting up and evaluating a community-based multidisciplinary sleep service for children with neurodevelopmental disorders and psychosocial
vulnerabilities. Referrals are accepted for children (1-18 years of age) with persistent sleep
problems, and neurodevelopmental difficulties or significant psychosocial adversity, living in
two inner-city boroughs. Holistic sleep assessment involves 1-hour Paediatrician-led
consultation, often followed by Psychologist-led parent workshop, with follow-up
telephone/face-to-face contacts to support implementation of behavioural interventions.
Acceptability is measured through parent feedback; efficacy measured through Composite
Sleep Disturbance Index, Sleep Problem rating, and locally developed Burden Score.
Referrals for 354 children were received in the first two years. 99% of families report the
service met their child’s needs well/very well. Sleep studies were accessed for around a
quarter of children. Medical and social complexity was common, and more prevalent in
families who were less able to engage to completion of intervention (significant psychosocial
vulnerability in 43.4% of suboptimally engaged, versus 22.7% of engaged group). Clinical
outcome measure scores improved for a subset of families in whom data was available, who
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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had been able to engage in the intervention. There has been a high demand for our
community-based multi-disciplinary sleep service, with positive feedback from families.
Intervention has resulted in positive impacts on sleep outcome measures for those engaged.
There continue to be barriers to accessing intervention, and putting in place
recommendations, for some families which requires further evaluation and potential service
development. We believe the community-based multi-disciplinary model of this service
could be readily replicated in other localities to benefit sleep health on a wider scale.
Keywords
Sleep; neurodisability; neurodevelopment; children

1. Background
Sleep-related difficulties amongst children with neurodevelopmental disorders are extremely
common, affecting 60-80% of children with autism spectrum disorder (ASD), attention
deficit/hyperactivity disorder (ADHD), and other neurodevelopmental conditions [1-3]. Sleeprelated difficulties encountered in this group include difficulties with sleep initiation and
maintenance, circadian rhythm disturbances, and primary sleep disorders such as sleepdisordered breathing and restless legs syndrome/periodic limb movements in sleep [4]. Cooccurring mental health, neurodevelopmental, behavioural, and medical conditions can further
contribute to sleep disturbance, and can shape the recommendations and strategies needed to
address the reported sleep disturbance [4]. Sleep deprivation in children negatively impacts
mental health, behaviour, learning, immunity, healthy weight maintenance, growth, parental
mental health and family functioning, and is linked to increased use of physical chastisement [5-8].
Children presenting to Community Paediatricians in the United Kingdom include those at risk of
a range of neurodevelopmental disorders (e.g. ASD, ADHD, Intellectual Disabilities of various
aetiologies), physical and sensory disabilities, and social vulnerabilities. Sleep enquiry is a vital part
of a holistic developmental assessment for this vulnerable population but is often not asked about
[9], and therefore opportunities for intervention may be missed.
Two projects evaluating prevalence and impact of sleep-related difficulties in children with
neurodevelopmental disorders living in Lambeth and Southwark were undertaken in 2016,
including an informal survey of families attending the local Child Development Centre in Lambeth
[personal communication] and a qualitative study of Primary and Secondary special-needs school
populations in Southwark [10]. This project found that over 60% of participant children had
reported difficulties with sleep. Around two thirds of this cohort had Autistic Spectrum Disorder
(ASD) and we diagnose over 150 new children with ASD in each borough every year.
We approached our local commissioners with a business case to pilot a multidisciplinary,
community-based sleep service for children with neurodisability for 2 years. We argued that
providing local care for local children made clinical and economic sense. We had full support of
our local tertiary children’s sleep medicine service in the development and implementation of the
service, which is costed to include paediatrician, psychologist, and administrative support time,
with the aim of identifying and diagnosing sleep-related problems as early as possible, advising
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parents, prescribing medications where relevant (with shared care arrangements with General
Practitioners (GPs)), and running parent training workshops and professional teaching.
The service was designed at the outset to self-evaluate to monitor acceptability and efficacy by
recording both parent/client satisfaction and validated clinical outcome measures, and has
evolved to reflect areas where we felt the initial model could be improved.
We report our evaluation of the service over the first two years of running, which reflects a
clinical service rather than a research project, and discuss the utility of this model in the context of
our deprived inner-city populations. We believe the service model could be easily replicated and
adapted to meet the differing needs of populations in other localities.
2. Service Set-Up, Running, and Demographics
The service was designed to accept referrals for children (1 – 18 years) with GPs in either of the
two local boroughs served by Evelina London Community Children’s Services (Lambeth and
Southwark), with a neurodevelopmental or significant psychosocial vulnerability and persistent
sleep difficulty.
A preliminary analysis (Figure 1) was undertaken in August 2018 of the 223 referrals received at
that stage (Table 1).

Figure 1 Flow diagram of process of service evaluation.
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Table 1 Demographics of children referred April 2017 to July 2018 (n=223).
Gender:
Male:
Female:
Referral source:
Community Paediatrician:
School Nurse or Therapist:
GP:
CAMHS:
Education professional:
Hospital Paediatrician:

152 (68%)
71 (32%)
169 (76%)
15 (7%)
14 (6%)
13 (6%)
7 (3%)
5 (2%)

Twenty-three referrals were rejected; reasons for rejection included child not meeting referral
criteria of having neurodevelopmental/psychosocial difficulties, and sleep management best
undertaken by a different team (e.g. children already working closely with Child and Adolescent
Mental Health Services (CAMHS) on behaviour and sleep).
Age of children referred broadly reflects the ages of children usually referred to Community
Paediatric clinics, with most in the 2-10 year range (Figure S1).
Neurodevelopmental profile of children referred includes a high prevalence of autistic
spectrum condition (in >50%) and diagnostic complexity (25% having 3 or more significant
problems recorded; Figure 2).

Figure 2 Problems and diagnoses recorded for children at clinical assessment (N=200).
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The current clinical team consists of: Consultant Paediatrician 0.2 WTE (whole-time equivalent),
Specialty Doctor 0.3 WTE (combined in total delivering 10 doctor-led clinics/month), Band 8
Clinical Psychologist 0.4 WTE, Band 5 Assistant Psychologist 0.5 WTE and Band 4 Administrator 0.5
WTE. The current clinical composition reflects a slight expansion of the service following the pilot
two years, to meet demand, with an increase in doctor-led clinics from 8 per month to 10 per
month (with the aim of maintaining wait-times at no more than 3 months), and an increase in
Band 8 Psychologist time from 0.2 WTE to 0.4 WTE to provide intervention work to the large
number of families we determined required this part of the service.
2.1 Initial Assessment
A one-hour doctor-led (Consultant or Specialty Doctor) assessment aims to unpick the complex
interacting factors which often contribute to a child’s sleep difficulties. A proforma guides the
clinician through a holistic assessment of the child’s presentation, which in outline includes;
• Developmental profile, communication skills, mental and emotional wellbeing
• Medical problems (including asthma, eczema, constipation, obesity, restricted diet) that can
directly affect sleep
• Family context - including parents’ and siblings’ health, development and sleep patterns
• Bedroom environment – place of sleeping, bedroom/bed sharing, electronic devices, noise
and light levels
• Housing - crowding, safety, safeguarding issues including routine enquiry for domestic
violence
• Bedtime routines/practices - including differences between weekday/weekend
• A detailed description of the sleep disturbance and response to it - aiming to identify sleep
disorders (such as respiratory, parasomnias, circadian rhythm disturbances, restless leg
symptoms and potential neurological episodes), and where parental responses may be
modifiable in order to effect change.
• Specific enquiry about daytime sleepiness, napping, sleep attacks and symptoms associated
with narcolepsy (cataplexy, sleep paralysis and hypnagogic hallucinations)
• Behavioural factors causing, maintaining, and exacerbating sleep issues (using an A-B-C
approach to identify antecedents and consequences of behaviour)
• Parental beliefs, expectations, goals and what they have already tried
• Child/young person’s views on their sleep, and their goals for intervention, willingness to
engage and motivating factors
• Height and weight measurement where not previously available
• Physical examination as indicated
A formulation of the child’s sleep difficulties taking aetiological, maintaining and exacerbating
factors into account can then be discussed in the context of parental beliefs, goals and
expectations. Management plans, the need (or not) for further investigation (sleep studies or
blood tests), medication (usually melatonin), behavioural intervention, or a combination will be
agreed, alongside brief psychoeducation regarding sleep physiology and advice about behavioural
interventions. Where needed, the child may be referred to specialist services, for example to
Paediatric Neurology if red-flags for possible neurological episodes at night emerge, or to
Gastroenterology for management of problematic gastrointestinal symptoms.
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For a more detailed description of how to assess and manage children’s sleep difficulties see
Reynolds and Malow [4], Turnbull & Farquhar [11] and McDonald & Joseph [1].
2.2 Medical Intervention
Following initial assessment, some children are referred for sleep studies (Figure 3), where
concerns exist in relation to sleep-disordered breathing, unusual episodes during sleep, or more
detailed objective measures of sleep are required. These are undertaken at the local tertiary
children’s sleep medicine unit. Of a subset recorded (N=137), this included 20 (15%) referred for
cardiorespiratory sleep study, 8 (5.8%) for actigraphy, and 5 (3.6%) for polysomnography.

Figure 3 Pathway through the service.
Some children are recommended to have blood investigations, where concerns about Restless
Legs Syndrome or Periodic Limb Movements in Sleep exist, with the aim of identifying and
correcting iron deficiency (specifically low ferritin levels) [12-14]. This has been particularly
relevant within the group of children with restrictive feeding practices in the context of autism
spectrum disorder [15]. Of 21 sets of blood results reviewed, 8 children had ferritin levels in the
deficient range (<22mcg/L), and all 21 children tested had ferritin levels <50 mcg/L, the level
recommended to treat in the context of concerns for possible Restless Legs Syndrome [12]. A trial
of iron supplementation has been recommended where appropriate (very low ferritin levels
(<22mcg/L), or moderately low ferritin levels (22-50mcg/L) with accompanying symptoms
suggestive of Restless Legs Syndrome that appear to be impacting sleep).
Approximately a quarter of children we have seen were either already receiving, or were
prescribed melatonin medication as part of their package of intervention. Melatonin medication
has been shown to be helpful for improving sleep patterns in children with autism spectrum
disorders [16]. Our discussion with families includes a strong emphasis on the use of melatonin
alongside implementation of behavioural change, and that without concurrent optimisation of
sleep practices, melatonin use alone may be unsuccessful. We encourage use of melatonin
medication to help set new sleep practices in place, with the aim of withdrawing once improved
sleep patterns are established. Our practice has been to initiate melatonin medication at the
lowest efficacious dose, usually starting at 1-2mg at an agreed set time in the evening, increasing
if needed in weekly intervals, to a maximum of 6mg. If not effective at this dose, our practice is to
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recommend discontinuing rather than increasing further. Prescription of melatonin medication is
under a shared-care agreement with local GPs, with secondary care (our clinic) providing the initial
prescription and follow-up, and on-going prescription via the GP once established, and with
guidance for a break every 6-12 months to establish whether melatonin medication is still
required, and to maintain efficacy by reducing background levels.
Sleep diagnoses within our cohort have included behavioural insomnia of childhood (very
commonly sleep-onset association type, but also limit-setting type), bi-phasic sleep patterns,
delayed sleep-wake phase, and occasionally sleep-disordered breathing.
Only 2 patients assessed in the first 2 years were felt to require referral to the local tertiary
service for further assessment, advice, or a second opinion.
2.3 Psychology Intervention
Around half of the families we have seen have been directed into a psychologist-led
intervention following initial assessment, mostly accessed through a 3-hour parent workshop.
Workshops are offered every 8 weeks, with the location alternating between boroughs to
maximise accessibility and acceptability. During the first two years of the service, the maximum
wait-time for a workshop was 8 weeks. Each workshop was attended by a maximum of 10 sets of
parents. The workshop covers: psychoeducation about sleep physiology, control of sleep, how
sleep problems arise, and strategies to intervene; and moves on to consider specific situations and
form individualised plans for families.
Feedback from those who attended workshops was consistently positive. From a random
sample of 15 feedback forms, 14 rated the workshop “very good”; 1 rated “good”. All 15 forms
stated attendees would recommend the workshop to other parents, and that the workshop met
their needs.
Key take-home messages recorded on feedback forms included: use of sleep hygiene strategies
such as reducing screen time, increasing physical activity levels in the daytime, and having a
consistent bedtime. Suggested improvements for future workshops included: more unstructured
time for parents to discuss issues together, and more information related to specific issues such as
separation anxiety.
Following the workshop, weekly support is offered by telephone. These sessions follow a
manualised approach which could be adapted to suit the needs of the family, with a different
focus each week: consolidating psychoeducation, formulating current difficulties including working
on factors perpetuating sleep issues, motivational interviewing, troubleshooting, and
acknowledging and validating psychosocial stressors as barriers to progress.
Occasionally one-to-one, face-to-face intervention with the parent is preferable (e.g., an
interpreter is required, or parents’ learning or social vulnerabilities preclude attending a
workshop), or to facilitate direct work with adolescents. The decision to offer one-to-one
intervention is made jointly as a multidisciplinary team following initial assessment, or following
the workshop. Approximately 25% of families have required at least one individual session. These
sessions take place in the clinic setting; interpreters attend alongside families where necessary,
and after-school appointments are prioritised for young people. Where needed, the initial one-toone session focusses on the same content as the group workshops, with adaptations to suit the
needs of the family.
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3. Clinical Service Evaluation
3.1 Acceptability
Feedback forms are given at clinic assessment asking, “How well did the appointment meet
your / your child’s needs?”, and “How likely are you to recommend the service?” with free-text
additional comments.
Families rated the clinic assessment positively; 80% self-reporting as “very likely” to
recommend the service to others (19% “likely”), and 86% reporting their child’s needs were met
“very well” (13% “well”).
3.2 Efficacy
Outcome measures are scored at initial assessment and at completion of intervention,
including Composite Sleep Disturbance Index (CSDI; 12-point severity rating across 6 sleep-related
domains, with 5-point sleep dissatisfaction rating - higher scores indicating more problems), a
Problem severity rating (large/moderate, or small/no problem) from the work of Hiscock [17] and
a locally-developed Burden Score, rating perceived impact on carer/wider family and degree of
worry/anxiety about the child’s sleep (scored 0-6; higher score indicating greater impact; Table 2).
The CSDI has been used as a validated tool for measuring sleep disturbance in children in previous
studies [18, 19].
Table 2 Burden score.
Question

Response

Allocated score

Great impact
How much do your child’s sleep difficulties
Somewhat of an impact
impact on you as a parent?
No impact

2
1
0

Great impact
How much do your child’s sleep difficulties
Somewhat of an impact
impact on the family as a whole?
No impact

2
1
0

Often
Are you ever worried or anxious about your
Sometimes
child’s sleep?
Never

2
1
0

Detailed analysis of the first 164 children referred (April 2017 to end March 2018) was
undertaken for patient pathways and completed clinical outcome data (Figure 1). Due to time and
resource constraints the availability and timing of post-intervention outcome recording is variable.
Clinic Paediatricians (SH and JT) analysed patient records, categorising patients in terms of their
“engagement” with the service, and “success” in terms of parent-reported change in sleep,
conferring as necessary to resolve any unclear situations.
Patient pathway end-points:
• Engagement with the service:
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“Optimal engagement” = able to access and engage with the service and interventions
offered
o “Sub-optimal engagement” = partial engagement (e.g. inconsistent response to
prearranged contacts, inconsistent implementation of strategies), or non-engagement
leading to discharge from service before intervention complete
• Degree of success:
o Parent/young person report of complete/partial or no improvement
o Clinical outcome scores (repeat CSDI, Problem and Burden scores)
At the point of analysis 46% (59 out of 128 families seen and followed-up) had engaged with
intervention to successful discharge. A further 30% (39 out of 128) were receiving on-going
support/intervention. Decision to discharge was mutually agreed between clinician and family,
and could be at the point that:
• sleep had improved to an acceptable level for the family
• the family had confidence to continue to implement strategies without the need for ongoing
support
• clinician and family agreed there were persisting barriers to progress, or competing
priorities, meaning that it was agreed further improvement in sleep patterns was unlikely to
be achieved at that stage
Although we developed structured intervention pathways (initial design of assessment +/psychology-led workshop followed by up to 6 telephone contacts with psychologist), we found the
needs of children and families seen in the clinic varied greatly, with the minimum number of
contacts required being one (children seen once and discharged with advice), up to a maximum of
24 contacts (family experiencing significant psychosocial adversities and inconsistent
engagement). Actions included face to face contacts, attempted agreed phone contacts, and
successful phone contacts. The mean and median number of actions was 8 (Figure 4).
o

Figure 4 Number of team “actions” for patients (“action” defined as face to face
contacts and attempted or successful agreed telephone contacts).
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We reviewed records for complexities as follows:
- Safeguarding concerns (Child Protection Plan, Child in Need Plan, or Team Around
Child/Family in place)
- Significant housing factors (housing issues recorded in correspondence as significantly
impacting children’s sleep and interventions e.g. children sleeping in the lounge with siblings due
to overcrowding)
- Complex medical problems (e.g. child on overnight PEG feeding, complex epilepsy, complex
motor disorders)
Analysis found higher rates of complexity in the families who were less able to engage (43.4%
of sub-optimally engaged group, versus 22.7% of those fully engaged; (Figure 5).

Figure 5 Identified vulnerabilities in engaged (N=75) versus suboptimally engaged
(N=53) groups.
3.3 Clinical Outcome Score Evaluation
We analysed clinical outcome measure scores, available for 38 children, representing 64.4% of
the 59 who engaged to the point of discharge.
We categorised the 38 children into two groups:
1. Discharged with advice after initial assessment, contacted later for repeat outcome measures
(N=6)
2. Referred for, and engaged with, psychology intervention to point of discharge (N=32)
Analysis demonstrated overall improvements in all outcome measures in this subgroup [Table 3
and Figure 6].
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Figure 6 Change in clinical outcome measure scores for those engaged to point of
discharge (Advice only N=6; Intervention N=32; Overall N=38).
Table 3 Change in clinical outcome measure scores for those engaged to point of
discharge (N=38).
CSD
CSD index
dissatisfaction
(0-12)
(0-5)

%
rating
as
Burden
moderate
or
score (0-6)
large problem

Pre

Post

Pre

Post

Pre

Post

Pre

Post

8.0

5.4

4.3

2.4

92%

51%

4.3

2.1

Discharged with advice from
initial assessment, contacted 6.7
later for repeat data; N=6

6.3

3.5

2.7

83%

67%

3.2

2.7

Discharged
following
8.2
psychology intervention; N=32

5.3

4.5

2.4

94%

47%

4.5

2.0

Outcome Scores:

Overall

Clinical outcome measure change was greater for those who engaged in psychology
intervention, than those who were given advice at clinic appointment only and subsequently
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discharged (e.g. Composite Sleep Disturbance Index improved from average 8.2 to 5.3 in full
intervention group, versus 6.7 to 6.3 in advice-only group (max score 12)). This may reflect that
sleep problems identified at initial assessment were less severe and less burdensome in the group
discharged with advice-only, with lower Dissatisfaction, Problem and Burden scores reported by
parents at initial assessment in this group.
The group for whom clinical outcome score data was available was small compared to our
overall cohort, and therefore this data can only be interpreted with caution, however it is
encouraging that positive change was noted by those families that could engage with intervention
work, suggesting that such intervention is beneficial to those that took part. In particular, it was
encouraging that the number of families rating their child’s sleep pattern to be a “moderate or
large problem” fell from 94% of families at initial assessment, to 47% after intervention, as well as
seeing Burden scores reduce from an average 4.7 out of a maximum of 6.0, to 2.0 out of 6.0,
suggesting an important positive impact on families who had engaged.
Analysis of outcomes for those that were harder to reach, either due to non-uptake of
intervention, or disengagement, was not possible due to ethical considerations of contacting
families for follow-up data in the context of a clinical service rather than a research project. Future
planning of research in this area will help to understand the complexities involved, and may
suggest how better to serve this group of families and children in our area.
3.4 Case Examples
Referral: Z is a 3 year old girl with Smith-Magenis Syndrome, a condition known to be
associated with sleep-disturbance in 100% of cases. At time of referral she was known to have a
history of obstructive sleep apnoea, and was waking multiple times through the night, with
daytime behavioural challenges, and significant impact on parental wellbeing. Parents had English
as an additional language, were socially isolated following recent move to the UK, and were living
in one room of a shared house.
Assessment: concluded that the primary issue appeared to be one of sleep-onset association
disorder, with Z requiring a bottle of milk every time she woke to successfully settle back to sleep.
Repeat cardiorespiratory sleep study showed mild residual OSA and ENT referral was initiated due
to parental anxiety.
Intervention: A period of psychology intervention delivered one-to-one with an interpreter
helped to address feelings of parental guilt (in relation to the child’s neurodisability, move to the
UK, and social isolation), and through a combination of adapted Cognitive Behavioural Therapy
and motivational interviewing, the family made progress with withdrawing the milk at sleep-onset
time.
Impact: Following this intervention Z was sleeping through the night.
Referral: M is a 6-year-old girl with autism spectrum disorder with severe communication
impairment (non-verbal) and severe functional impairment. She has Avoidant Restrictive Food
Intake Disorder, constipation, reported allergies, eczema and hayfever. She is highly active,
described as “never sitting still”, and has outbursts of frustration-related aggressive behaviour. She
was referred to the Sleep Clinic for difficulties with both sleep initiation (taking hours to fall asleep)
and sleep maintenance (often awake for 1-2 hours during the night). She lives with both parents
and her brother, sharing a bedroom with her mother.
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Assessment: Following initial assessment, referrals were made to the CAMHS
Neurodevelopmental Service (behavioural intervention ongoing), Allergy Clinic (formal assessment
identified multiple food and environmental allergies), GP for eczema review, and blood tests were
requested.
Intervention: M was found to be iron deficient, with a ferritin of 13 mcg/L, and due to
symptoms of restlessness in sleep (legs “jumping” at night), a course of iron medication was
recommended. A trial of melatonin medication (Circadin 2mg) was suggested, alongside
behavioural recommendations including structured routines, visual schedules, increasing daytime
physical activity through groups accessible through the local authority Local Offer website, and use
of calming sensory toys (bubble machine).
Impact: At follow up her sleep onset had improved, but sleep maintenance remained an issue.
Parents attended the Psychoeducational Workshop, however due to complex family
circumstances, including illnesses, and competing priorities (such as M’s feeding issues, toileting
problems, and constipation), a joint decision was made to postpone further psychology support for
her sleep pattern until a more useful time in the future for the family.
4. Discussion
We have described our experience of setting-up, running and evaluating a community-based
multi-disciplinary sleep service for children with neurodevelopmental and social vulnerabilities.
The data represents a “real-time” clinic population, with significant complexity and high levels of
psychosocial vulnerability contributing to barriers to intervention, plus clinician factors such as
staff turnover and time pressures contributing to ability, for example, to collect outcome data.
Within these constraints we believe there are important conclusions that can be drawn from the
findings we have presented.
4.1 High Demand and Need for Holistic Assessment
There has been a high demand for a community-based sleep service for this population of
children. This is in keeping with reported prevalence data of sleep difficulties in children with
developmental challenges, and resultant impacts on both child and family.
Holistic assessment at initial clinic contact has received very positive feedback from families
and allows development of tailored recommendations to begin to address sleep-related problems,
which have often been long-standing and resistant to treatment at the point of referral. We
emphasise our belief that a one-hour initial assessment is necessary to fully understand the
complex interplay of factors that impact on children’s sleep, and begin to develop
recommendations that are achievable and support individual family circumstances.
4.2 Role of Medical Investigation
We have accessed sleep studies for around a quarter of patients assessed. Usually this has been
cardiorespiratory sleep studies to assess for sleep-disordered breathing, with polysomnography in
only 3.6% and actigraphy in 5.8% (e.g. when accurate documentation of sleep pattern through
history/sleep diaries was challenging or there was a need for objective evidence of sleep pattern,
e.g. children under Child Protection assessment). Having access to sleep studies has helped to
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allay anxieties around potential medical factors underlying sleep issues, increasing parental
confidence for putting behavioural recommendations into place. Support from the tertiary Evelina
London Children’s Sleep Medicine Department has been invaluable in provision and interpretation
of these investigations. We acknowledge that not all services may have direct access to sleep
laboratory investigations, however as the majority of studies have been related to concerns for
sleep-disordered breathing, assessment could be accessed as needed through usual established
clinical channels, such as Ear, Nose and Throat, or Respiratory services, where direct access is not
available.
4.3 Need for Tailored Intervention
Experience has taught us that each family situation must be approached with tailored
recommendations; suggestions that work for one family, may seem impossible to achieve for
another. Setting goals that are achievable is key to maintaining momentum for change, and small
steps are often needed (e.g. “start with 5 minutes outdoor activity, build up over days and weeks”).
There are differing models of “multi-disciplinary” sleep services already in existence, utilising sleep
practitioners, specialist nurses, occupational therapists, or psychologists - our experience has been
that families often have, or gain, a good understanding of the basic recommendations to improve
sleep health, however translating this into behavioural change in everyday lives has often been
the challenging part. It is in this scenario that we have found psychologically based support to be
particularly helpful, with specific benefit from motivational-interviewing to help support continued
working towards set goals.
We have found that support from other services is often needed – e.g. Social Care (respite),
CAMHS (behavioural support), Speech and Language Therapy (communication), Occupational
Therapy (e.g. battles during evening routines of teeth-brushing, washing, dressing), Dietician
(restricted dietary repertoires), Education (appropriate school placements), Housing (suboptimal
housing conditions). We truly believe in the value of a team approach to resolving sleep-related
problems, with the family as key team-members.
Around a quarter of patients received melatonin medication as part of the overall management
plan, which has always included elements of behavioural change. Our clinical practice is to discuss
with parents that melatonin without concurrent behavioural intervention is unlikely to be
effective in the long term, and therefore runs the risk of being labelled as another treatment that
failed, for families who have often tried multiple interventions in the past. Additionally, we aim to
use melatonin to help set new behavioural patterns in place, recommending a trial without
melatonin around every 6 months to see whether it is still needed, and to help maintain efficacy.
4.4 Importance of Acknowledging Barriers to Intervention
Medical and social complexity is common in our cohort. Safeguarding concerns are frequent
and housing problems common (subsequent separate analysis finding 48% of children seen
bedroom-shared, 28% bed-shared and 24% lived in housing conditions that the clinician felt were
likely to impact on sleep and success of intervention) [personal communication]. Nearly a quarter
of families seen were discharged after non-engagement with the service; within this group there
was a greater proportion of complexity and psychosocial adversity, with competing priorities for
families. Data related to engagement with sleep interventions for children is relatively scarce
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within the literature, however Elphick’s study [20] of a sleep intervention in vulnerable children,
documented a 30% withdrawal rate from the study, suggesting a not dissimilar rate to our
population. Acknowledging these factors and potential barriers to change is an important part of
formulating appropriate steps and recommendations for the individual child and family.
Access to additional resources may help to support this cohort, and future development of the
service hopes to target this.
4.5 Future Directions
Following the success of the pilot years of the service, we have secured recurrent funding to
continue, and are now into our 4th year of running, and continue to receive a high number of
referrals (>700 referrals received to date). The model of initial hour-long assessment, formulation
of recommendations, and tailored intervention works well for families who are able to engage.
Families experiencing a higher level of complexity and competing demands may benefit from
additional resources to help effect change, and this will be explored in future development of the
service.
The model we have developed we believe could be easily replicated in other community-based
services, with modifications to suit local needs. However in the absence of a specialised service we
would encourage all clinicians working with children with additional needs to have basic
knowledge and skills in enquiring about sleep health, and be able to give basic recommendations
towards improving sleep [Boxes 1 and 2], to help optimise outcomes in terms of developmental
and academic progress, health and wellbeing, and family functioning.
Box 1 Healthy sleep recommendations.
Healthy sleep can only occur if the child feels safe and secure in their bedroom environment –
address safeguarding concerns and other night-fears/anxieties
Have a set wake-up time, and set bed-time, kept as close as possible to the same time every day
Daylight exposure helps set the brain’s natural daily rhythm – walking to school where possible
can achieve early daylight exposure; open curtains, sit near to a window early in the day if outside
time is not possible
Have plenty of physical activity during the day, preferably outdoors
Avoid caffeine and sugar
Avoid electronic screens/devices in the evening period and overnight
Have a set wind-down routine in the half-hour before bed – involving books, audio-books, calming
music, simple interactive games, and avoiding screen-based activities
Always fall asleep in same place, and where child is expected to sleep for the rest of night
For children with communication impairments, develop a visual schedule for the evening and
bedtime, followed in the same way each day (for examples, see resources developed by the
Autism Treatment Network [3, 4])
Avoid “daytime” activities during the night-time period – e.g. coming out to living area, eating,
bathing, playing
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Box 2 Tips to help encourage independent sleep (helpful for sleep-onset association
disorders, where child requires parental presence, or other set conditions, in order to
fall asleep successfully).
Aim to increase child’s confidence for falling asleep alone in their own bed at the beginning of the
night
Use “Camping Out” method or similar to achieve this – parent distances themselves from child in
small steps, progressing every 3-5 nights to slightly further distance apart at point of sleep-onset
Limit-setting on fussing and stalling – prepare family that this requires persistence and
consistency, therefore need to feel prepared to take on challenge
Use of reward-charts where these can be understood by child
“Bed-time pass” for those children who come out of the room – can be used once during night,
but then relinquished to parent for rest of that night – keeps child in control, and increases
confidence for staying in bed/bedroom
Consider a visual clock to help children understand when it is time to get up (e.g. GroClock)
For children with communication impairments, develop a visual sign for night-time versus daytime to help reinforce staying in bedroom overnight
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Abstract
Anorexia Nervosa (AN) is a major health problem with one of the highest mortalities and
treatment costs of any psychiatric condition. Cognitive behavioural therapy (CBT) is
currently the most widely used treatment for AN in adults but provides remission rates ≤
50%. Treatment drop-out is exceedingly high and those that persevere with treatment often
relapse, causing increased risk of morbidity and mortality. There is an urgent need to find
new interventions, especially as there are no approved pharmacological treatments for AN.
Ideally, new treatments would target treatment-resistance and to decrease the chronicity
associated with the disorder. Over the past two decades, emerging research into classic
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conditions of the Creative Commons by Attribution License, which permits
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provided the original work is correctly cited.
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psychedelic
substances
(lysergic
diethylamide
acid
(LSD),
5-Methoxy-N,NDimethyltryptamine (5-MeO-DMT), N,N-Dimethyltryptamine (DMT) and psilocybin),
indicates that marked reductions in anxiety and depression-like symptoms, and lasting
improvement in mental health, can follow from one or two exposures to these psychedelic
substances. Anxiety and depression are the most prevalent co-morbid psychiatric symptoms
in AN. Here we suggest that classic psychedelics, particularly psilocybin, have the potential
to normalise dysfunctional neurobiological systems in AN and provide a novel treatment
intervention that is worthy of consideration, particularly for treatment-resistant patients.
Keywords
Anorexia nervosa; treatment-resistant; psilocybin; anxiety; depression; cognitive flexibility;
serotonin; psychotherapy

1. The History and Resurgence of Classic Psychedelics in Medicine
Classic psychedelics are a subset of hallucinogenic drugs that have historically been used to
induce altered states of consciousness. Pharmacologically, they share the property of having
agonist (or partial agonist) effects on the serotonin (5-hydroxytryptamine (5-HT)) 5HT2 receptor.
Classic psychedelics include the tryptamine derivatives (lysergic diethylamide acid (LSD); N,NDimethyltryptamine (DMT, the active ingredient in the ayahuasca brew); 5-Methoxy-N,NDimethyltryptamine (5-MeO-DMT) and psilocybin) and the phenethylamine derivative, mescaline.
Psilocybin and mescaline have been used as sacraments since ancient times dating back to 8600BC
[1, 2]. Shamanic ceremonial use of psilocybin, mescaline, 5-MeO-DMT and ayahuasca remain
documented today among many indigenous groups through South-Central America [1, 3, 4].
Scientific landmarks over the past few decades involving classic psychedelic drugs include the
following:
1950s-1966: Psychedelics were first investigated for treatment of mental health problems and
approximately 2000 clinical papers were published on LSD, psilocybin and mescaline [5]. However
political concerns over widespread recreational use led to imposition of regulatory obstacles and a
hiatus in research for 24 years.
1990s: Dr. Rick Strassman began conducting human research on DMT. A case study described a
34-year-old man finding relief from his obsessive-compulsive symptoms after ingesting psilocybincontaining mushrooms [5, 6].
2006-2008: Moreno and Delgado reported that psilocybin is well-tolerated and induces
impressive reductions in symptoms in patients with refractory obsessive-compulsive disorder
(OCD). Johns Hopkins University described positive effects in the treatment of personality disorder,
maintained at 14-month follow-up [7, 8].
2010-Present: The past decade has seen a significant surge in interest on the use of classic
psychedelics, particular LSD and psilocybin, in treatment-refractory mental health conditions.
Efficacy has been demonstrated in (mostly small) studies of depression, anxiety disorders and
substance misuse. In 2014 the first doctor is legally authorised to administer LSD-assisted grouptherapy to patients in Switzerland [9].
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Recent clinical trials have mostly focused on psilocybin due to its shorter duration of action (4–
6 h) compared to LSD (8–12 h) and its lower potency than LSD. In addition, LSD accrued an
unfortunate and arguably undeserved reputation in the 1960s for causing prolonged psychosis in
recreational users. Cohen (1960) reported a 0.08% risk of a psychotic reaction lasting more than
48 hours, although he stated that “in the clinical setting LSD is overwhelmingly safe and effective”
[5].
Psilocybin is considered the classic psychedelic with the least risk of adverse events with no risk
of prolonged psychosis in a clinical setting [10, 11]. It has recently gained FDA designation as a
“breakthrough therapy” for both treatment-resistant depression (TRD) and major depressive
disorder (MDD). Emerging evidence of significant benefits for mental health has supported
decriminalisation and legalisation for therapeutic use in Oregon, United States (November 2020).
Of all the classic psychedelics, psilocybin is likely to have the greatest potential for international
approval as a therapeutic agent.
This review will therefore primarily focus on the medical use and therapeutic potential of
psilocybin in treating anorexia nervosa (AN). This is not to deny the positive therapeutic effects
obtained with LSD [12, 13], 5-MeO-DMT [14-16] and DMT/ayahuasca [17] and likely common
benefits within this group of pharmacologically-similar hallucinogens.
2. The Effects of Psilocybin
Psilocybin (4-phosphoryloxy-N,N-dimethyltryptamine) is a psychoactive alkaloid present in
more than 100 mushroom species worldwide. It was first isolated from Mexican mushrooms in
1959 by Albert Hofmann [18], the same chemist who had previously discovered the psychedelic
properties of LSD in 1943 [19]. As with LSD, the Sandoz drug company, Hofmann’s employer,
marketed and distributed purified psilocybin as an experimental therapeutic drug to be used by
psychiatrists in assisting their patients. LSD has approximately 100-fold greater potency than
psilocybin in terms of effective doses (e.g. 100-200 µg versus 15-30 mg typical doses) [19].
Psilocybin is metabolised in vivo through dephosphorylation to the active metabolite psilocin
(4-hydroxy-dimethyltryptamine) (Figure 1) [20]. Psilocin has significant affinity for the serotonin
receptors 5-HT2A, 5-HT2C and 5-HT1A [19, 21]. Following oral administration, the onset of
psychoactive effects begins at 20-40 minutes, with peak effects experienced after 60–90 minutes
and an overall duration of 4–6 hours [22].
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Figure 1 Chemical structure of psilocybin, psilocin, the neurotransmitter serotonin,
DMT and LSD. All molecules belong to the tryptamine family, defined by an indole
(fused benzene and pyrrole ring and a 2-aminoethyl group at the third carbon).
There have been numerous laboratory studies involving the controlled administration of
psilocybin to human volunteers. A recent review of some such studies [23] characterises low to
high doses of psilocybin as involving a range from 2 mg (low) to 28 mg (high). Other studies have
used doses up to 0.6 mg/kg psilocybin (i.e. 45 mg to a person who weighs 75 kg) [24, 25].
Acutely, psilocybin increases spirituality [7, 8, 26-28], emotional empathy [29, 30], creative
thinking [30, 31], optimism, happiness, mindfulness [32], insightfulness [33], motivation [34],
memory recovery [35], acceptance of, and connectedness to, others [35, 36], and induces ego
dissolution/personality change (i.e. collapse of rigidified identity) [37] and emotional breakthrough
experiences [38].
The emotional breakthroughs during the acute psilocybin experience may be therapeutically
relevant to the treatment of refractory clinical conditions such as TRD [34]. Participants report
increased open-mindedness and psychological/cognitive flexibility, readiness to try and engage in
new activities and improved ability to dismantle rigid habitual mental templates [34]. This can
result in long-term salutary effects on mental health. Enhancements in emotional empathy,
openness and connectedness may increase trust between patient and therapist giving psilocybin
therapeutic utility as an adjunct during psychotherapy sessions. Notably, such openness in the
therapeutic setting appears to be a tremendous challenge for many individuals with AN.
The phenomenon of a “bad trip” or “psychedelic crisis” is part of psychedelic folklore and
described by many writers, and in case reports and clinical studies [39, 40]. This refers to
overwhelming and often terrifying experiences that individuals can sometimes experience on
classic psychedelics, including LSD and psilocybin [41]. In a recent survey of nearly 2000 people
having “challenging experiences” with psilocybin (i.e. a “bad trip”) during illicit use, 11% noted
that the experience occurred in a context that put themselves or others at risk [41]. A year later,
7.6% had sought treatment for enduring psychological symptoms arising from the experience [41].
This underscores the imperative that therapeutic interventions involving psilocybin should best
occur in a carefully controlled environment with medical assistance at hand.
This review will argue that psilocybin is safe to use in individuals with severe and refractory
psychiatric conditions when under careful medical supervision and has the potential to provide a
dramatic alleviation of complex psychological symptoms in a way that might provide a muchneeded therapeutic breakthrough in AN.
3. Anorexia Nervosa
Eating disorders (ED) such as anorexia nervosa (AN), bulimia nervosa and binge eating disorder
affect over 9% of the population worldwide, predominantly women [42]. According to the
Diagnostic and Statistical Manual of Mental Disorders [43], AN is characterised by a severe
pathological fear and anxiety around food, food intake, and body weight. People with AN regularly
engage in persistent ritualistic behaviours to restrict energy intake and therefore prevent weight
gain [43]. Evidence also suggests abnormalities in reward systems, however the relevance to
symptoms in AN and perpetuation of the illness remains unsure [44]. Such behaviours interfere
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with the healthy physiological function of the individual, further perpetuating chronic food refusal
and deprivation, often leading to devastating physical symptoms.
Along with substance use disorders, AN has the highest treatment costs and mortality of any
psychiatric illness [45]. It has a standardised mortality ratio of 5.86 [46], with mortality arising
from malnutrition and suicide. A large proportion of patients develop severe and enduring AN (>7
years) [47], around 30% have an illness duration greater than 15 years, and only 31% reach
recovery after 9 years [48]. Approximately 2-4% individuals with AN do not recover and
experience life-long persistence of the illness [48]. AN in adulthood is considered one of the most
difficult psychiatric conditions to manage and treat [49].
4. Treatment Approaches for AN
There have been very few recent advances in the effective treatment of AN. Attempts to
challenge the underlying psychopathology of eating disorders can often be highly distressing and
confronting for individuals with AN. As treatment progresses, a greater intensity of fear and
anxiety around weight gain can develop that contributes to high relapse rates [50, 51]. Although
increases in body mass index (BMI) can often be noted at the end of treatment, up to 50% of
patients relapse, or prematurely drop-out from treatment. This underscores the challenges faced
by therapists in trying to implement lasting change in patients with AN.
Motivation to change, which is sorely lacking in individuals with refractory AN, is an important
predictor of treatment response [52] and relapse prevention [53]. Increasing and maintaining
motivation to recover throughout treatment contributes to positive long-term outcomes.
Emotional avoidance and denial/lack of insight of illness and its severity is highly common during
the acute phases of the illness and contributes significantly to treatment-resistance [54]. Current
psychotherapies appear to often lack the power to effectively target and change such rigidified
belief symptoms.
4.1 Cognitive Behavioural Therapies
Cognitive behavioural therapy (CBT) is the most widely used treatment for adults with eating
disorders. CBT involves identifying and challenging distorted cognitions, maladaptive patterns, as
well as reducing negative emotions and feelings about food, eating, body shape and weight to
induce weight gain and weight restoration [55].
A multitude of modified CBT and psychotherapy programs have been developed including CBTAN [55], CBT-E [56], MANTRA and SSCM [57]. However, remission rates are often low, typically
between 17-50% [51, 55, 58-60] with drop-out rates high, up to 50% [59]. Given the modest
efficacy of CBT for treating AN in adults there is clearly an urgent need to improve upon currently
available therapies.
4.2 Pharmacological Interventions
There are no currently available pharmacological treatment options with demonstrated efficacy
in remitting AN. Available pharmacological treatments are generally inadequate and some are
associated with significant safety concerns [61]. Trials of various atypical antipsychotics (e.g.
aripiprazole [62, 63] and olanzapine [64, 65]) and antidepressants (e.g. sertraline [66], citalopram
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[67], fluoxetine [68, 69], mirtazapine [66], bupropion [61]) have demonstrated only limited
efficacy in increasing BMI, stabilising weight, or reducing anxious, depressive and obsessivecompulsive symptoms [70, 71].
Novel approaches that have been trialled include the use of the neuropeptide oxytocin [72, 73]
which can modulate food consumption, social cognition, and anxiety [72, 73]. There was no
evidence, however, of significant weight gain in AN following intranasal oxytocin, although it may
reduce the stress response in anticipation of food [73] and attenuate attentional vigilance to food,
eating and body shape [72].
The main psychoactive constituent of cannabis (Δ9-tetrahydrocannabinol (THC)) has welldocumented appetite stimulatory effects and a range of potential medical applications [74]. In a
randomized controlled trial, pharmaceutical THC capsules (Dronabinol) administered over four
weeks produced a greater increase in average weight in AN patients (0.73 kg) than placebo in
combination with standard psychotherapy [61, 75].
Psychedelic-assisted psychotherapy is of significant interest as a novel intervention for AN
although evidence is highly preliminary at present. Renelli and colleagues reported qualitative
evidence of reduction or cessation of eating disorder (ED) and co-morbid symptoms following
consumption of ayahuasca. Individuals quote the experience as a “bottom-up approach that is
very much really rewiring things” and “I think it’s just a deeper recovery. It just goes deeper, it gets
to the root of why it developed in the first place” [76].
John Hopkins University (NCT04052568), Imperial College London (NCT04505189) and the
University of California (NCT04661514) have received approval to conduct phase 1 open-label
clinical trials for psilocybin treatment of AN (results pending). These trials are supported by the
aforementioned observations that psychedelics can increase motivation, insightfulness [33] and
decrease emotional avoidance [35], all important predictors of treatment response in AN.
5. Psilocybin Effects in Psychiatric Conditions Co-Morbid with AN
AN frequently appears alongside psychiatric conditions such as anxiety and depressive
disorders, substance use disorder (SUD), post-traumatic stress disorder (PTSD), and autism
spectrum disorder (ASD). These co-morbidities, particularly anxiety disorders, contribute to the
overall psychopathology of AN, exacerbating treatment-resistance, chronicity and mortality. The
current literature on psilocybin therapy documents a spectrum of trans-diagnostic effects, with
preliminary supportive evidence across a wide range of psychiatric disorders, asserting potential
for treating an illness with a variety of co-morbidities such as AN.
5.1 Anxiety Disorders
Anxiety contributes significantly to the psychopathology of AN with pathological anxiety a
major barrier to weight gain. Indeed, some believe AN is best classed as an anxiety disorder [77,
78]. The most common co-morbid anxiety disorders in AN are OCD and social phobia, which carry
co-occurring estimates as high as 69%–88.2% [79-84]. Anxious avoidance and obsession with food,
weight gain and eating are fundamental drivers of illness and the features most often associated
with treatment resistance [78]. Severity of anxiety and anxious phenotypes predict greater illness
morbidity and often differentiate patients who remit from those who do not [85, 86]. Furthermore,
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childhood anxiety predicts increased caloric restriction, greater ED psychopathology and a lower
BMI during acute phases of the illness [87, 88].
In 9 patients with refractory OCD, Moreno et al. (2006) reported reductions of 23-100% of
obsessive-compulsive symptoms following psilocybin [89] that lasted far beyond the short
pharmacological half-life of the drug itself. Two small-scale, double-blind, placebo-controlled
clinical trials are now ongoing in the United States to further evaluate psilocybin effects in OCD
patients at the University of Arizona (NCT03300947) and Yale University (NCT03356483).
Anxiolytic effects by psilocybin have also been demonstrated in individuals with a lifethreatening cancer diagnosis. Ross et al. (2016) reported an immediate and lasting anxiolytic
response in 29 individuals. At 6.5-month follow up 60–80% of participants continued to meet
criteria for clinically significant anxiolytic responses. Fifteen participants agreed to participate in a
4.5 year follow up and 70-80% continued to meet criteria for a significant anxiolytic response at
that timepoint [28]. Grob et al. (2011) demonstrated significant anxiolytic responses in 12 subjects
with advanced cancer at 1 and 3-months post-psilocybin [90]. Similarly, Griffiths et al. (2016)
reported clinically significant anxiolytic effects in 51 cancer patients in a randomised, double-blind,
cross-over trial. At 6-months follow-up 83% maintained clinically significant anxiolytic responses
and 57% were in remission [91].
The evidence that psilocybin induces lasting amelioration of anxiety symptoms may hold
particular promise in the treatment of AN. Decreasing the anxious avoidance of food-related
stimuli and weight gain will likely assist the individual throughout treatment and long-term
recovery.
5.2 Fear, Trauma and PTSD
The anxiety and fear seen in AN towards food and body weight gain has been further
elucidated in neuroimaging studies. These portray activation of fear-related circuits by foodrelated stimuli, including the amygdala, in AN patients relative to healthy controls [92]. Intense
fear is a key component in PTSD, an anxiety disorder that onsets following traumatic experiences.
There are higher rates of PTSD in individuals with AN than the general population, with prevalence
rates variously estimated at 10% [93], 13.7% [94]and 23.1% [95]. Trauma is known to be a risk
factor in the development of eating-related psychopathology, most often sexually-related traumas
that are present prior to onset of AN [94].
Functional magnetic resonance imaging (fMRI) studies indicate that psilocybin reduces
neuronal activity in the amygdala and hippocampus, regions that process fear and threat-related
stimuli and that interface with the prefrontal cortex during emotional processing of negative facial
expressions [96-98]. Such effects are also reported in studies of evoked potentials using
electroencephalogram (EEG) recordings [99, 100].
Modulation of the neural response to fear-inducing stimuli by psilocybin is also seen in
preclinical models. Mice injected with low doses of psilocybin exhibited facilitated extinction of
classically conditioned fear responses [101]. This provides presumptive evidence that psilocybin
might facilitate the extinction of trauma-related cues and memories in humans.
Significant reductions in PTSD symptoms were obtained with the classic psychedelic 5-MeODMT when administered to U.S. Special Operations Forces Veterans diagnosed with traumarelated psychological and cognitive impairment [14]. An increase in psychological flexibility
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measured by The Acceptance and Action Questionnaire II (AAQ-II) was strongly associated with
reductions of PTSD symptoms in these patients [14].
Helping AN patients to process the traumatic memories that contribute to AN onset, as well as
their extreme fear associated with food and weight gain, would clearly be of long-term benefit.
Emotional detachment and inability to re-experience trauma memories may benefit from the
increase in emotional empathy [30] and memory consolidation effects induced by psilocybin [35,
36].
5.3 Depressive Disorders, Suicidal Ideation and Suicide
Major depressive disorder (MDD) is often co-morbid with AN with a lifetime prevalence of 50–
75% of individuals with AN [102]. Suicide is a leading cause of mortality in AN [102] with patients
having an 18.1 times higher risk of dying from suicide than the general population [45].
Approximately 80% of individuals with AN who attempted suicide reported that their worst suicide
attempt occurred during an episode of MDD [102, 103]. Suicidal ideation and severe depression
contribute to high rates of relapse during treatment [102].
Psilocybin produces remarkably rapid and sustained antidepressant effects in both MDD and
TRD. An open-label feasibility study examined psilocybin effects in 12 patients with TRD [104]. At
1-week post exposure, 67% experienced clinically significant antidepressant effects and 58% met
criteria for complete remission. At 3 months, antidepressant effects were maintained and 42%
were still in remission. Patient reports noted “The reset switch had been pressed so everything
could run properly; I felt my brain was rebooted; I had the mental agility to overcome problems”.
At 6 months follow-up [105] six patients reported continued significant improvements - “It was a
change of state, to be stuck in that place of rumination and to be able to move out. It reconfigures
you somehow.” [35]. Another open label study of twenty participants with TRD found that 47%
(n=9) maintained clinically significant antidepressant responses at 5 weeks post-psilocybin [106].
In participants with MDD, Davis et al. (2020) reported clinically significant reductions in
depression. At 1-week post exposure 67% experienced clinically significant antidepressant effects
and 58% were in remission. At 4-weeks 71% maintained antidepressant effects and 54%
maintained remission [106]. Very recently, Carhart-Harris et al. (2021) conducted a randomized,
controlled trial, comparing psilocybin with the standard antidepressant escitalopram in 57 patients
with MDD. Results showed that just 2 doses of psilocybin were just as effective as a 6-week course
of escitalopram. A clinically significant antidepressant effect was reported in 70% of those
allocated in the psilocybin group, compared to 47% with escitalopram and remission occurred in
57% and 28%, participants respectively [107].
Significant long-term reductions in depressive symptoms have additionally been reported in
patients with a life-threatening terminal disease diagnosis [91, 108]. Significant and large
reductions in suicidal ideation and depression have also been reported with 5-MeO-DMT
treatment for trauma-related psychological and cognitive impairment [14].
Spirituality appears to protect against suicidal ideation [109, 110] and increased spirituality may
be one mechanism through which psilocybin acts to improve mood and reduce suicidality [7].
Hendricks and colleagues, in a population study, reported that psychedelic use was associated
with reduced suicidal ideation, psychological distress and past year suicide attempts [111].
Similarly, Carhart-Harris et al. (2018) reported reduced suicidal ideation at 6 months follow-up in
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TRD patients treated with psilocybin [105]. Zeifman et al. (2020) found that individuals with mild
to very severe depression had significant reductions in suicidal ideation 4 weeks following
psilocybin [36].
Six clinical trials involving psilocybin treatment in depressive disorders are currently ongoing in
the United States, United Kingdom and Europe (NCT03866174; NCT03429075; NCT03715127;
NCT03181529; NCT03554174; NCT03380442).
The promising evidence of psilocybin’s therapeutic use in depressive disorders, as well as
comparable, if not superior, efficacy compared to standard antidepressants, indicates the
potential of psilocybin to ameliorate one of the most prevalent co-morbidities seen in AN, namely
depression, and to protect against suicidality.
5.4 Addiction and Substance Use Disorders
The compulsive self-starvation seen in AN that persists despite obvious self-harm, and the
strong resistance to recovery, are characteristics that are somewhat reminiscent of addictions and
substance use disorders (SUDs). In animal models, food deprivation increases the reinforcing
effects of drugs of abuse (e.g. cocaine, opioids) suggesting commonality of mechanism [112, 113].
Food restriction also promotes excessive voluntary wheel running in rodents in the so-called
“activity-based anorexia” model, leading to catastrophic weight loss and death, even when food
access is restored [114].
Abuse of cocaine, sedatives, cannabis, heroin, and amphetamines are common in AN [115] and
severity of caloric restriction is a significant predictor of psychostimulant use [116]. Around 27% of
individuals with AN have a co-morbid SUD [116] with alcohol use/dependence and tobacco use
the most common [115, 116]. AN sometimes precedes a SUD, with functional use of a drug that
reduces appetite (e.g. nicotine, cocaine, amphetamine) in order to enhance weight loss [117].
Psilocybin is of increasing interest in the treatment of SUDs: in a single-group proof-of-concept
study alcohol-dependent patients showed decreased drinking behaviours for 8 months after one
or two psilocybin sessions [118, 119]. In another study, 80% of long-term heavy tobacco smokers
demonstrated abstinence from smoking 6 months after two psilocybin doses [120]. Clinical trials
are currently ongoing for treatment of cocaine use disorder (NCT02037126) and opioid use
disorder (NCT04161066) in the United States.
The emerging efficacy of psilocybin in treating SUDs speaks to possible efficacy in psychiatric
disorders with abnormal reward circuits, with possible lasting reductions in repetitive, compulsive,
inflexible and obsessional elements present in AN. Additionally, psilocybin may directly reduce the
harmful substance abuse habits that are co-morbid in many patients with the disorder.
5.5 Autism Spectrum Disorder
Autism spectrum disorders (ASD) are present in 23% of AN patients and the prognosis for AN is
often worse when ASD co-occurs [121]. There are many common features between AN and ASD,
particularly cognitive rigidity, heightened fear and obsessive-compulsive ritualistic behaviours
[122]. Psilocybin impairs recognition of fearful faces [99] and increases emotional empathy and
connectedness to others, which are impaired in both ASD and AN. Although there have been no
human trials, a recent preclinical study reported that psilocybin rescues sociability deficits in a
mouse model of ASD [123]. Furthermore, between 1959 and 1974, 91 autistic schizophrenic
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children between the ages of 6 and 10 were given low to moderate doses of LSD over extended
periods of time [124, 125]. While clearly a controversial intervention, the children developed
improved speech behaviour (“many seemed to comprehend speech for the first time or were able
to communicate their needs”), increased emotional responsiveness to their peers (“They
participated with increasing eagerness in motility play with adults and other children”), increased
positive mood, as well as decreases in compulsive ritualistic behaviour [124]. Such reports suggest
potential of classic psychedelics, including psilocybin, to ameliorate ASD symptoms in AN.
5.6 Limitations and Significance of Outlined Studies
Studies conducted to date with psilocybin in the areas of mental health and addiction medicine
are mostly case reports, open-label feasibility and crossover trials, with very few high quality
randomised double-blind controlled trials. Existing studies are prone to bias as a result of limited
blinding and the frequent absence of a control group meaning that there is no objective
delineation of psychedelic-induced effects. Replication of effects in larger, more rigorous, more
carefully controlled studies would have significant implications for public health and clinical
practice. A recent meta-analysis on classic psychedelic treatment in mood and depressive
disorders concluded that despite the absence of high quality clinical trials, effects sizes remained
impressive for both acute and long-term outcomes [126]. So, despite clear limitations, there is
sufficient evidence to propose that psilocybin therapy might well provide an alternative treatment
modality for many intractable mental health conditions that are unresponsive to conventional
treatment, including AN. The large randomised controlled double-blinded trials that are ongoing
for OCD (NCT03356483), cocaine use disorder (NCT02037126) and depressive disorders
(NCT03866174; NCT03429075; NCT03715127; NCT03554174; NCT03380442) should help to
further clarify the current picture.
6. Psilocybin and the Neurobiology of AN
The neural mechanisms underlying the lasting therapeutic efficacy of classic psychedelics in
mental health conditions are still a matter of substantial uncertainty, although an increasing
number of sophisticated brain imaging studies and other neurobiological investigations are being
conducted. At the same time, the acute pharmacological actions of psychedelics on brain
serotonergic systems including effects on the 5-HT2A receptors, the key psychedelic target, are
increasingly well understood. Effects of psychedelic drugs on neurotrophic growth factors and
neuroplasticity are also of substantial current research interest.
6.1 Serotonin
Serotonin (5-HT), an indoleamine neurotransmitter, is synthesized from the dietary amino acid
tryptophan. There are more than 14 subtypes of 5-HT receptors which are regionally distributed
throughout the brain and body with a wide range of functional correlates (Figure 2). The 5-HT
system is implicated in appetite, mood, pain, emotion, motor function, sleep, cognition, and
autonomic and neuroendocrine function [127].
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Figure 2 Psilocybin may induce pseudo-hallucinations by altering neurotransmission in
corticostriato-thalamo-cortical loops. The capacity of psilocybin to modulate the
default mode network (DMN) and executive control network (ECN) may underlie its
lasting effects on cognitive flexibility. The DMN and ECN are major hubs that overlap
with the ascending 5-HT pathways that are directly affected by classic psychedelics
which target 5-HT2A receptors richly distributed across the cortical regions where 5-HT
terminals are located.
Across many decades of preclinical and clinical research, the pharmacology of 5-HT receptors
has been widely investigated in relation to obsessional behaviours, anxiety, impulse control,
inhibition, attention, mood and feeding behaviour. Many prescription drugs target aspects of this
complex serotonergic system including antidepressants, anxiolytics, antipsychotics, analgesics,
anti-emetics, anticonvulsant, appetite suppressant and anti-migraine drugs. Serotonergic
dysfunction has been reported in many disorders including depression [128], anxiety and neurosis
[129], borderline personality disorder, completed suicide [129, 130] and AN [131].
Of the 14 different 5-HT receptors, it is the 5-HT2A receptor that is responsible for the
psychedelic effects [132]. It is the primary target of all the classic psychedelic hallucinogens such
as LSD, psilocybin and mescaline, as well as the synthetic 2C families of psychedelics [133].
Interestingly, although classic psychedelics bind with high affinity to serotonin 5-HT2A receptors,
closely related 5-HT2A receptor agonists such as the ergot derivatives (the fungi from which LSD is
derived), lisuride and ergotamine, are not necessarily hallucinogenic in humans [134]. Instead,
these non-psychedelic 5-HT2A receptor agonists have therapeutic effects in the treatment of
migraines and Parkinson’s disease [134]. Further, the 5-MeO-DMT derivative, 6-MeO-isoDMT, is a
5-HT2A agonist with reduced hallucinogenic effects, while maintaining the neuroplastic effects
observed with 5-MeO-DMT [135].
A key location for 5-HT2A receptors is on the apical dendrites of cortical pyramidal neurons. This
location allows extensive modulation of the corticostriato-thalamo-cortical (CSTC) feedback loop
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by 5-HT2A agonists and antagonists. The CTSC loops are major networks involving the prefrontal
cortex, striatum, nucleus accumbens and thalamus (Figure 2) [136, 137]. The modulation of
thalamocortical transmission can lead to sensory alterations known as pseudo-hallucinations [23,
138, 139]. Sensory effects include vivid internal and external imagery, illusions, visual-auditory
synesthesia as well as distortions in olfactory, gustatory and tactile senses [19]. Pseudohallucinations are distinct from ‘true’ hallucinations, with the latter commonly and incorrectly
used to describe the psychedelic state. A true hallucination describes an alteration in perception
without a stimulus being present and a convincing reality of the experience [140]. True
hallucinations are not induced by typical dosages of classic psychedelics, although are sometimes
present with extremely high doses. Pseudo-hallucinations compromise vivid imagery (e.g.
kaleidoscope patterns), illusions (a misinterpretation of a stimulus e.g. a crack interpreted as a
snake) and visual-auditory synaesthesia (e.g. music evoking visual experiences) [138]. The extent
of psilocybin-induced 5-HT2A receptor occupancy and plasma psilocin concentrations correlate
with subjective ratings of the intensity of pseudo-hallucinations [141].
Psychiatric disorders such as OCD [142], MDD [143] and AN [144] display specific abnormalities
in 5-HT signalling, and can be associated with polymorphisms of the 5-HT2A promoter (-1438G/A).
Historically, depression and suicidality have also been associated with increased density of
postsynaptic 5-HT2A receptors [145]. Some brain imaging studies have identified dysregulation 5HT activity in frontal, cingulate, temporal, and parietal cortical regions in AN [146]. Reductions in
dietary tryptophan can decrease anxiety and elevate mood in individuals with AN, suggesting
serotonergic dysfunction [146]. Positron emission tomography (PET) studies have illustrated
alterations in 5-HT1A and 5-HT2A receptor and 5-HT transporter density in AN [147]. Some of these
alterations may be a direct consequence of sustained malnutrition/starvation, reversing when
weight is restored [131, 146]. Importantly, 5-HT receptors are widely expressed in brain regions
that regulate satiety, food intake and control of eating rate [148] while dysregulation of serotonin
pathways in limbic structures (hippocampus, hypothalamus, amygdala, thalamus) appear to
contribute to anxiety, behavioural inhibition, body image distortions, mood and impulse control in
AN [131, 146].
It can be hypothesized then that the effects of psilocybin on 5-HT2A (as well as 5-HT1A and 5HT2C) receptors may in some way help to normalise the serotonergic system producing
antidepressant and anxiolytic effects that might rescue many maladaptive mechanisms and
behaviours that perpetuate illnesses such as AN [149].
6.2 Brain Imaging Studies and Cognitive Flexibility
The acute psychedelic state induces mystical-type experiences, emotional breakthroughs,
openness, ego dissolution, feelings of unity and transcendence of time and space. fMRI studies
[150, 151] have examined the neural correlates of these experiences with results painting a rather
complex picture. The psychedelic states generally provide a greater repertoire of activated and
connected brain states than is observed in normal waking consciousness (explained below).
Increased brain connectivity, associated with increased cognitive flexibility [150], is hypothesised
to ‘reset’ and normalise the brain, prompting significant positive changes in behaviour and longterm improvements on mental health [7, 8, 26, 37, 91, 152].
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Cognitive flexibility involves the ability to adapt cognitive processing such as the capacity to
rapidly switch thinking between multiple concepts [153]. It is an executive function that allows
adaptation to and learning from a change in environmental contingencies and to overcome
habitual and repetitive rigidified thoughts. Cognitive inflexibility is a key phenotype in AN and
contributes to severe anxiety, obsessiveness, impulsive and compulsive behaviours to control
weight and food consumption [154-156]. Such behaviours include fixations on calorie-counting,
focus on intense exercises as well as restraint in emotional expression, severe anxiety, social
introversion, body image disturbances, and obsessions related to perfectionism, symmetry,
exactness, and order [122, 146, 156]. These habits often persist after recovery [146, 155, 156] and
cognitive inflexibility has been demonstrated in healthy sisters of AN patients [157] implying
further etiological relevance. Cognitive rigidity in AN decreases engagement to treatment that
aims to dismantle rigidified beliefs that perpetuate the illness [54, 122, 156, 158].
The insula, a brain region that plays a critical role in switching between the salience network,
executive control network (ECN) and default mode network (DMN) (Figure 2), known as the
‘connector hubs’ [159]. The ECN is important for the integration of sensory and memory
information, regulation of cognition and behaviour as well as cognitive flexibility [153]. The DMN is
characterised by self-referential activity, and is particularly active at resting state [160] whereas
the salience network is believed to be important for self-awareness, higher cognition and egovitality [161].
fMRI studies show that psilocybin decreases brain activity in the salience network, ECN and
DMN [150, 151, 162, 163]. By ‘switching off’ these connector hubs, connectivity is thought to
increase between them allowing for increasingly fluid modes of cognition throughout the brain [38,
150, 151, 163, 164]. This wider repertoire of connectivity may allow individuals an opportunity to
make changes in their personal life and outlook that were previously not possible [34, 104, 105].
An increase in cognitive flexibility constitutes a major psychological mechanism causing
psilocybin’s therapeutic effects [28, 34, 35, 37, 38, 104-106, 151, 165]. This increased connectivity
across brain networks, which is maintained at 1-week and 1-month post-psilocybin, is consistent
with the positive psychological effects, indicating enhanced brain plasticity [166].
Increased cognitive flexibility may well be central to psilocybin’s anti-depressant and anxiolytic
effects [167], and have potential to reduce suicidality, treatment-resistance and relapse in AN
[168]. This therapeutic window induced by psilocybin may help individuals with AN to address and
dismantle severely rigidified thought patterns that drive the illness, reducing maladaptive eatingrelated and co-morbid behaviours.
6.3 Brain Plasticity and Neurotrophic Factors
Change in cognitive flexibility is one example of the broader concept of neuroplasticity,
referring to the fundamental ability of the brain to reorganise its structure and connections in
response to environmental stimuli and internal neurodevelopmental sequences. This property
underpins learning and memory, brain development, homeostasis and recovery from brain
damage. Neuroplastic changes include the formation of new neurons (neurogenesis), the
formation of new neuronal connections during development, and cortical reorganisation.
Central to neuroplasticity are growth factors including brain derived neurotrophic factor (BDNF)
and glial cell line-derived neurotrophic factor (GDNF). These are important for survival and
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function of neurons and to brain plasticity, and are widely implicated in reward processing and
learning and memory [169]. BDNF also regulates energy homeostasis, food intake, satiety, weight
maintenance [170-172] and exhibits antidepressant effects [173].
There is evidence that neuroplasticity is impaired in AN and this may correlate with cognitive
inflexibility. Reductions in grey and white matter volumes have been identified AN [146, 174-176].
BDNF gene polymorphisms are associated with AN patients [177, 178] as well as low levels of
BDNF itself [175, 179, 180]. Reduced levels of both GDNF and BDNF are also found in patients with
anxiety disorders [181], mood disorders [182, 183] and in SUD [169, 184].
In vitro and in vivo evidence suggests that classic psychedelics are capable of increasing
concentrations of neurotrophic factors such as BDNF and GDNF [185-187] and that this may
correlate with changes in brain plasticity and the long-term antidepressant, anxiolytic and antiaddiction effects reported with psilocybin. The remarkable ability of psilocybin to promote lasting
changes in mood and cognition, long after the drug has been eliminated from the body, is
consistent with long-term changes in brain plasticity [166].
7. Safety of Psilocybin
Access to psilocybin is highly restricted in most countries. It is typically illegal to produce, own
or supply psilocybin and the drug is often classified in a way that implies it has no medical value
and a high risk of abuse. This contrasts with the majority of scientific and clinical evidence
suggesting that psilocybin is in generally safe and actually has a very low risk of abuse [111, 188,
189]. No overdose-related deaths have been reported from classic psychedelics and psilocybin has
a very high safety and low risk profile in a clinical settings, with reasonable safety even in
unsupervised naturalistic settings [190]. An analysis of harms conducted by Nutt et al. (2010)
ranked psilocybin one of the least harmful recreational and prescription drugs both in terms of
harm to self and harm to others [10].
There is no evidence of physical dependence on psilocybin (as shown by withdrawal symptoms)
and the drug is typically not rewarding in animal models of addiction [189]. Tolerance to psilocybin
builds up rapidly thus further reducing the potential to be used regularly and abused [188]. The
metabolites of psilocybin/psilocin exhibit low toxicity and do not accumulate in the body [20, 24].
Psilocin is largely excreted after 3 hours, completely eliminated after 24 hours with a half-life of
2.5-3 hours [22, 24].
Psilocybin and other classic psychedelics have sometimes been thought to provide a model of
psychosis. Even when individuals are having an overall positive drug experience with psychedelics,
they can show increased delusional thinking, cognitive disorganisation and paranoia, all of which
are hallmarks of a psychotic state. However, actual psychosis usually involves a lack of insight into
the condition and this is not represented in the psychedelic state [5, 140]. Further, there is no
well-established link between psilocybin use and the lasting induction of psychosis, and there is no
link with induction of depression, anxiety disorders or suicidal ideation [11, 111, 191]. Such
hazards are further prevented in clinical trials by the strict exclusion of individuals with current
schizophrenia spectrum or bipolar disorders as well as their first- and second-degree relations.
Physiological changes including transient increases in heart rate and blood pressure are
common with psychedelics, although such changes do not occur at hazardous levels in clinical
trials [188]. To ensure patient safety, blood pressure and heart rate are continuously measured
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during a psilocybin dosing session and individuals who are not medically stable, especially those
with compromised cardiovascular function, are strictly excluded from trials [188].
Common psychological adverse effects noted in clinical trials include transient anxiety, fear,
nausea, paranoia and post-treatment headaches. Griffiths et al. (2011) conducted a study with
varying ascending and descending dose of psilocybin. One particular patient experienced
sustained anxiety at 30 mg/70 kg and described it as one of the worst experiences of her life. This
patient, however, continued with the study and eventually fulfilled criteria for a complete mystical
experience. One month post-dosing she retrospectively rated the experience as the single most
personally meaningful and spiritual of her life [26]. During this study, multiple patients reported
high levels of fear, anxiety and paranoia. However, no volunteers rated the experience as having
decreased their sense of well-being or life-satisfaction [26], with 83% rating it the most, or
amongst the top five, spiritually significant experiences of their lifetime. Interestingly this
increased to 94% at 14-month follow up. Most volunteers reported the challenging experiences as
in fact being incredibly effective and having long term benefits [26]. A patient with an eating
disorder reported following an ayahuasca session “I had a really, really tough experience but I’m
so grateful because I feel 10 times lighter. And that doesn’t have to do with just my body image,
it’s emotionally, it’s like that stuff that I couldn’t get to, that I can’t touch with other methods”
[76].
Similarly, as noted above, a recent survey (N=1993) uncovered many users who experienced
psychological difficulties or challenging experiences following the ingestion of psilocybin
mushrooms. While a substantial percentage encountered lasting difficulties, at least 84% stated
that they actually benefitted from the challenging experience [41].
Given that risks of adverse events heighten as dosage increases, there is increasing interest in
the idea of microdosing (the use of ultra-low doses of psychedelics). Recent studies suggest
increasing creativity, optimism, cognitive functioning, emotional balance, physical stamina as well
as decreasing social anxiety and depressive symptoms with such low doses [192, 193]. A key
question is whether a fully-fledged psychedelic experience is required for the effective treatment
of refractory psychiatric conditions. Hutten et al. (2019) suggest that lower doses have less
efficacy in treating mental health problems such as anxiety and depression relative to regular
larger psychedelic doses. Griffiths et al. (2016) reported that higher doses had increased efficacy
for reduction of depressive and anxiety symptoms compared to low doses. At 5 weeks post
psilocybin exposure, 92% compared to 35% had clinically significant improvements in depression
scores while 76% compared to 24% had improved anxiety scores.
Ultimately, preparation, support and integration (PSI) (before, during and post psychedelic
session), appropriate supervision (psychiatrist/ psychologist/ trained therapist, physician) and ‘set
and setting’ should be always adhered to in a clinical setting that ensure the safety of patients
during and after a psychedelic therapy session.
8. Conclusions and Future Research
The current review argues that psilocybin is a safe intervention when administered in a
carefully controlled clinical setting and has notable therapeutic potential in a range of severe
refractory psychiatric illnesses. The unique rapidity and long-term durability of psilocybin’s effects
in studies to date indicates much-needed novel, rapid-acting and potentially cost-effective
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enhancement to current approaches. The use of psilocybin as an adjunct to current psychotherapy
treatment modalities in AN is a particularly attractive proposition. The neurobiological and
behavioural phenotype of AN, specifically with respect to co-occurring diagnoses, serotonergic
dysfunction, and deficits in cognitive flexibility and neuroplasticity, provides strong impetus to the
application of psilocybin treatment to this intractable condition.
Accordingly, Imperial College (London), John Hopkins University (Baltimore) and the University
of California (San Diego) have recently approved phase 1 clinical trials to examine safety and
efficacy of psilocybin in AN. They are small, uncontrolled, non-blinded open-label trials with
adjunctive use of psilocybin alongside short-term standard psychotherapies. Clearly, despite the
inherent difficulty involving in designing proper placebo-controlled double-blind clinical trials with
a psychedelic substance, such trials are necessary to strengthen our knowledge and to support
future evidence-based clinical practice. Future studies will be required to answer key questions as
follows:
Can psilocybin, when used as an adjunct to psychological interventions, increase treatment
acceptance, improve post-treatment remission rates and decrease dropout and relapse rates in
treatment-refractory AN?
Can psilocybin, when used as an adjunct to psychological interventions, reduce AN
psychopathology and symptoms of co-morbid conditions?
Can psilocybin, when used as an adjunct to psychological interventions, promote weight gain
and recovery?
Although this paper has predominantly focused on psilocybin and AN, classic psychedelics
including LSD, DMT, 5-MeO-DMT and mescaline warrant further exploration for therapeutic use in
AN. The therapeutic efficacy of psychedelics in other related eating-disorders including atypicalAN, bulimia nervosa and binge eating disorder is also worthy of future investigation.
9. Methodology
Literature searches for this paper included using search terms relevant to classic psychedelics
and eating disorders, such as “psilocybin” AND (depression* OR anxiety* OR substance abuse
disorders* OR PTSD* OR autism spectrum disorder* OR neuroplasticity* OR safety* OR eating
disorders*), “anorexia nervosa” AND (psychotherapy* OR pharmacological treatments* OR
cognitive flexibility* OR serotonin* OR co-morbidities* OR treatment-resistant*). Peer-reviewed
papers of original research, reviews, case-reports and studies on animal models were all included.
The literature included in this review was received through searches of databases such as PubMed,
ScienceDirect, SpringerLink and Elsevier.
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