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The trigemino-cardiac reflex (TCR) is a well 
established brain-stem reflex and commonly 
manifests as bradycardia, asystole, hypotension 
and / or apnea. This phenomenon was extensively 
explored in the recent past. However, the area related 
to its exact bio-physiological mechanism, neuro-
anatomical linkages, clinical implications, its role 
in non neurological events and future directions 
should need to be further investigated. Therefore, 
this present research topic on TCR would mainly 
focus on various aspects of TCR and present a 
comprehensive and exhaustive overview about 
a phenomena that gains more and more interest 
during the last few years. Our goal is to present 
models about the different aspects of the TCR to 
develop in-depth understanding of TCR.
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Editorial on the Research Topic

The Trigeminocardiac Reflex: Beyond the Diving Reflex

The trigeminocardiac reflex (TCR) is a well-described and also well-known brainstem reflex that
is extensively researched and reported in clinical neurosciences during the last nearly 20 years
(Schaller et al., 1999). During this time period, investigators have explored the physiological and/or
pathological, but also the neurobiological nature of this unique reflex (Schaller, 2004; Filis et al.,
2008; Schaller et al., 2008a, 2009b; Arasho et al., 2009; Meuwly et al., 2013; Lemaitre et al., 2015) as
well as its consequences on various surgical outcomes (Gharabaghi et al., 2006; Schaller et al., 2007,
2008b). In addition, albeit few animal experiments on the TCRmodels also provided its relationship
with cerebral hemodynamics and metabolism (Sandu et al., 2010; Lapi et al.; Buchholz et al.) and
included the concept of oxygen conserving reflex into the TCR (Schaller et al., 2009a). Currently, we
are in a new phase of the TCR research: We have to understand in which kind of diseases the TCR
might also play a role and howwe could utilize this information for developing future interventions
and treatment modalities (see for example, Cornelius et al., 2010). It is therefore the time to reflect
what we have achieved in the TCR research so far.

From the very beginning, the TCR was considered as the most powerful autonomous reflex
in humans and mammals. For a substantial time-span, the principal knowledge of the TCR was
especially and nearly exclusively related to a fundamental work written in 1999 that introduced
this reflex into various neurosurgical procedures, especially of the skull base (Schaller et al., 1999).
The scientific evidence of the reflex’s validity/reliability was provided on a causal relationship
basis, and the TCR arc was described based on the trigeminal and cardioinhibitory vagus nerves
as the afferent and efferent pathways respectively (Schaller et al., 1999). This initial case series
introduced, for the first time, an emergent TCR definition based on clinical, but also theoretical
consideration. Thereafter, the in the following years published case reports could focus mainly
on the differentiation between the peripheral and the central stimulation (Schaller et al., 2009b)
providing strong evidence that the peripheral triggered TCR (via the spinal nucleus of the
trigeminal nerve to the Kölliger-Fuse nucleus) is different from the TCR triggered by central
stimulation (via the nucleus of the solitary tract to the lateral parabrachial nucleus) or any
trigeminal stimulation in other locations (Chowdhury et al., 2014c). Also, interesting in this context
is the development of the spinal cardiac reflex (Chowdhury and Schaller, 2017). Only recently,
there could be found a more detail definition model of the TCR that included all these new findings
(Meuwly et al., 2015b; Meuwly et al.).

In-addition, it was also investigated whether other skull base operations (excluding vestibular
schwannomas) were accompanied by an intraoperative TCR occurrence: trans-sphenoidal surgery
(Schaller, 2005a) and during Janetta operations (Schaller, 2005b) could be identified as further
interventions aligned with a TCR. In these times, the issue of generalization of this already
existing fragmented TCR knowledge has appeared in the (scientific) medical literature with
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regularity. Further research for TCR in different skull base
approaches were forced to facilitate this generalization (Spiriev
et al., 2011a,b) also pointing out the eminent importance of
the TCR on the functional outcome after skull base surgery.
Focusing on hearing and tinnitus function in patients with
vestibular schwannoma has demonstrated the intraoperative
hypotension owing to the TCR occurrence to be a negative
prognostic factor for hearing preservation and postoperative
tinnitus (Schaller et al., 2008b). Similarly, few reports also
investigated various generally-based predisposing factors for
TCR occurrences (Chowdhury et al., 2014a,b). These factors
include hypercapnia, hypoxemia, light anesthesia, high resting
vagal tone in children, narcotics such a sufentanil and alfentanil,
preoperative β-blockers and calcium channel blockers (Meuwly
et al., 2015a).

In a further stage of the TCR research, few surrogate
models were developed to describe the better knowledge and
understanding about the TCR behavior (Meuwly et al., 2015a,b,
2016; Meuwly et al.). These are not only useful to define and
classify the TCR in a precise manner, but these also present
the standardized definition of the TCR for the clinical research
purposes. At this stage, the TCR phenomenon was also linked
with various other problems including sudden infant death

syndrome, sleep disorders (obstructive sleep apnea) and other
neurological disorders (Chowdhury and Schaller; Golanov et al.;
Singh et al.; Chowdhury and Schaller; Chowdhury et al.).
This information opened the gate for further research of the
TCR that was mainly highlighted during the intraoperative
period.

Importantly, now it is known that the TCR physiology is not
limited to surgical domain, its clinical implications are quite wide
and variable. These manifestations can be from trivial to fatal as
well as acute, sub-acute and even, chronic. In-addition, classical
symptoms may not be present especially in chronic form of the
TCR and make diagnosis even more challenging.

Therefore, the present research topic “The trigeminocardiac
reflex: Beyond the diving reflex” imparts a new understanding of
the TCR phenomenon and opens the gate for further research on
this unique reflex for better understanding various neurological
conditions and hopefully, would also assist in developing some
treatment/interventions treat such conditions.
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Sleep Disorders: is the Trigemino-
Cardiac Reflex a Missing Link?
Tumul Chowdhury1*, Barkha Bindu2, Gyaninder Pal Singh2 and Bernhard Schaller3

1 Department of Anesthesiology and Perioperative Medicine, University of Manitoba, Winnipeg, MB, Canada, 2 Department of 
Neuro-anaesthesiology and Critical Care, All India Institute of Medical Sciences, New Delhi, India, 3 Department of Research, 
University of Southampton, Southampton, UK

Trigeminal innervated areas in face, nasolacrimal, and nasal mucosa can produce a wide 
array of cardiorespiratory manifestations that include apnea, bradypnea, bradycardia, 
hypotension, and arrhythmias. This reflex is a well-known entity called “trigemino-cardiac 
reflex” (TCR). The role of TCR is investigated in various pathophysiological conditions 
especially in neurosurgical, but also skull base surgery procedures. Additionally, its signif-
icance in various sleep-related disorders has also been highlighted recently. Though, the 
role of diving reflex, a subtype of TCR, has been extensively investigated in sudden infant 
death syndrome. The data related to other sleep disorders including obstructive sleep 
apnea, bruxism is very limited and thus, this mini review aims to investigate the possible 
role and correlation of TCR in causing such sleep abnormalities.

Keywords: trigemino-cardiac reflex, sleep apnea, bruxism, bradycardia, diving reflex

inTRODUCTiOn

Sleep disorders are a common increasing health problem in today’s industrialized world and can 
have a significant impact on quality of life and of working. They commonly manifest as excessive 
daytime sleepiness, difficulty initiating or maintaining sleep, or abnormal movements, behaviors, 
and sensations occurring during sleep. Sleep bruxism, thought to be a more intense form of rhythmic 
masticatory muscle activity (RMMA), has a prevalence of about 8% (1). Sleep apnea syndrome affects 
up to 3–5% of the adult human population. Unfortunately, the majority of sleep disorders remain 
undiagnosed to a large extent. Young et al. in 1997 reported that 80–90% of adults with clinically 
significant sleep-disordered breathing remain undiagnosed (2).

In this regard, the role of the trigemino-cardiac reflex (TCR) is never extensively explored. The 
TCR is one of the most powerful autonomic reflexes of the body that helps reduce heart rate under 
challenging situations by acting as oxygen-conserving reflex (3–5). The trigeminal nerve can be 
stimulated anywhere along its course and causes sympathetic withdrawal and parasympathetic over 
activity through the vagus nerve resulting in bradycardia or even asystole, apnea, bradypnea, and 
hypotension. Various manifestations of the TCR include the naso-cardiac reflex, peripheral TCR, 
the diving reflex (DR), and the central TCR (6–10). Interestingly, DR, a subtype of TCR, has been 
hypothesized to have a role in sudden infant death syndrome (SIDS) (11) and the TCR is also linked 
to sleep disorders like sleep-related bruxism (SB) (12). It is reported that sudden microarousals (MA) 
occurring in the brain due to airway obstruction during sleep cause tachycardia, which stimulates 
RMMA and teeth grinding that activate the TCR resulting in bradycardia. The physiological basis 
and importance of conditions like sleep bruxism and obstructive sleep apnea (OSA) are still not 
completely understood. This is a narrative mini review and aims to provide facts and hypotheses that 
the TCR plays a central role in various sleep disorders.
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nORMAL SLeeP

About one-third of our lives are spent sleeping. Two types of 
sleep have been described: non-rapid eye movement (NREM) 
and rapid eye movement (REM). NREM further has four stages, 
1, 2, 3 and 4, representing a continuum of relative depth of sleep. 
NREM and REM cycle throughout the night. Normal individuals 
first enter sleep in NREM, which progresses through stages 1, 2, 3 
and 4, and then enter REM sleep. NREM sleep occupies 75–80% 
of sleep and REM sleep accounts for 20–25%. The average length 
of NREM–REM cycles is 70–100 min initially and later increases 
to 90–120  min as sleep progresses (13). The duration of REM 
sleep in each cycle increases as the night progresses.

The four stages of NREM sleep have characteristic brain 
physiology. Stage 1 accounts for 2–5% of total sleep and gets easily 
disrupted by loud noise. EEG waves in this stage show transi-
tion from alpha waves to low voltage, mixed frequency waves. 
Stage 2 accounts for 45–55% of total sleep and is characterized 
by low voltage, mixed frequency waves with sleep spindles and 
K-complexes. Stages 3 and 4, together called slow-wave sleep, are 
characterized by high voltage, slow wave activity. Stage 3 accounts 
for 3–8% and stage 4 for 10–15% of total sleep. Among all stages 
of NREM sleep, arousal threshold is highest for stage 4 (13). 
REM sleep is characterized by theta waves and slow alpha waves, 
muscle atonia, and bursts of REMs (13). Most of dreaming and 
memory consolidation occur during REM sleep (14).

Non-rapid eye movement and REM sleep vary considerably 
concerning physiological changes (15, 16). Broadly, brain activity, 
heart rate, blood pressure, cerebral blood flow, and respiration 
decrease during NREM and increase in REM sleep. Muscle tone 
is absent, and body temperature regulation is disturbed during 
REM sleep and sexual arousals occur more frequently in REM 
sleep. Airway resistance increases during both NREM and REM 
sleep, compared to wakefulness (17).

SLeeP DiSORDeRS

Around 90 different sleep disorders have been identified so far. 
The third edition of International Classification of Sleep Disorders 
(ICSD-3) classifies sleep disorders into seven major diagnostic 
sections—insomnia, sleep-related breathing disorders, central 
disorders of hypersomnolence, circadian rhythm sleep–wake 
disorders, parasomnias, sleep-related movement disorders, and 
other sleep disorders (18). The ICSD-3 classifies OSA as a sleep-
related breathing disorder while SB is classified as a sleep-related 
movement disorder. OSA, usually occurs due to mild to severe 
collapse of the airway (mainly obstruction by soft tissues) in up to 
9% of women and 24% of men (19, 20); while the RMMA is much 
more widespread and occurs in up to 60% of normal population, 
80% of these occurring in NREM sleep (21).

While insomnia is defined as sleep initiation or maintenance 
problem despite adequate circumstances to sleep and having 
daytime consequences, sleep-related breathing disorders include 
OSA, central sleep apnea syndromes, sleep-related hypoventilation 
disorders, and sleep-related hypoxemia disorder. The diagnosis 
of OSA in adults requires either presence of signs/symptoms or 
associated medical/psychiatric history coupled with five or more 

obstructive respiratory events per hour of sleep. Alternatively, 
OSA is also diagnosed based on ≥15 obstructive respiratory 
events per hour, even in the absence of associated symptoms or 
disorders (18). Central disorders of hypersomnolence are charac-
terized by excessive daytime sleepiness that cannot be attributed 
to another sleep disorder or abnormalities of circadian rhythm 
and is often caused by intrinsic CNS abnormalities that control 
the sleep–wake cycle. Circadian rhythm sleep–wake disorders are 
defined as a chronic or recurrent pattern of sleep–wake rhythm 
disruption lasting for at least 3 months. Parasomnias can be either 
NREM related or REM related and include conditions such as 
sleep walking, nightmare disorder, sleep enuresis, sleep-related 
hallucinations, etc. Sleep-related movement disorders are charac-
terized by simple, often stereotyped movements during sleep and 
include restless legs syndrome, periodic limb movement disorder, 
SB, benign sleep myoclonus of infancy, etc. SB refers to RMMA 
characterized by tooth grinding or clenching in sleep that lacks 
a definitive physiological purpose and is associated with intense 
sleep arousal activity (22). It is polysomnographically character-
ized by forceful, short (approximately 250  ms) rhythmic, or 
prolonged contractions of masticatory muscles (23).

The etiology of sleep disorders can be related to social, psy-
chological, and anatomical factors. Insomnia occurs because of a 
combination of biological, mental, and social factors, but, stress, 
old age, and female gender play a major role. OSA occurs due to 
frequent periods of collapse of the pharyngeal airway. This causes 
a reduction in oxygen saturation of blood leading to cortical and 
brainstem arousals. Risk factors for OSA include obesity, male sex, 
alcoholism, increasing age, etc., and it has been found to be asso-
ciated with higher incidence of hypertension, myocardial infarc-
tion, congestive heart failure, and diabetes (24–27). Narcolepsy 
and cataplexy have been found to be involved in the presence 
of HLA-DQB1*0602 haplotype and loss of hypocretin (orexin) 
producing neurons in the brain (28). The SIDS, a sudden death 
of infants less than a year old during sleep, is currently the third 
leading cause of death in infants in the United States (29). The 
exact cause is still not known but developmental abnormalities 
of the cardiorespiratory system are one of the proposed etiologies 
(30). SB can occur due to both central (involving brain neuro-
transmitters, basal ganglia, limbic system) (31) and peripheral 
(dental occlusion or other morphological features of jaw system) 
factors, with central factors being more important (32). Patients of 
sleep bruxism, a more intense form of RMMA, experience higher 
episodes of RMMA per hour than patients without bruxism (13). 
Three types of bruxism have been described: tooth grinding with 
friction sounds, tooth clenching, and tapping or jaw bracing (33).

LinKAGe OF TCR TO vARiOUS  
SLeeP DiSORDeRS

The TCR, as the most powerful autonomic reflex, is known to 
cause bradycardia and apnea. The resulting decrease in heart 
rate and apnea are the mechanisms through which the TCR can 
be implicated in causing various sleep disorders (Figure 1). In 
this regard, the role of peripheral TCR (DR) in causing SIDS 
has been investigated (6, 11). The rostral trigeminal sensory 
nuclear complex neurons convey information from orofacial 
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regions to the thalamus. Cairns et al. have reported suppression 
of these neurons during active sleep, the exact cause of which is 
not known, but, is speculated to contribute to maintaining the 
integrity of active sleep (34). Classical cardiorespiratory changes 
(bradycardia, apnea, and hypertension) associated with OSA are 
multifactorial; however, the role of peripheral TCR (DR) in caus-
ing such changes cannot be underestimated (35). Interestingly, 
the TCR can also be linked to both the causation as well as 

systemic manifestations of OSA. One of the key components of 
OSA is hypoxemia that itself acts as a potential risk factor for 
inciting the TCR. Also, hypoxemia is a known cause of sudden 
death in such patients; therefore may suggest the role of the TCR 
in victims of sudden death as well (35). Recently, the role of TCR 
is postulated for the phenomenon of sleep bruxism and thus, 
the TCR seems to cause a broad range of sleep disorders that are 
elaborated below in detail.

FiGURe 1 | Trigemino-cardiac reflex pathway and sleep disorders.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


10

Chowdhury et al. Sleep Disorders and TCR

Frontiers in Neurology | www.frontiersin.org February 2017 | Volume 8 | Article 63

SLeeP BRUXiSM

Heart rate remains stable during normal sleep when breathing 
is normal. However, when breathing becomes labored due to 
airway obstruction, the fall in oxygen content of blood causes 
the body to put extra effort to obtain oxygen, leading to MA 
of the brain. MA episodes are characterized by tachycardia, 
increased muscle tone, and increased brain activity, while the 
person remains asleep (36). Sleeping in the supine position 
also seems to affect the frequency of SB, probably because this 
position is associated with airway obstruction (37). Hypotheses 
postulated for RMMA–SB episodes include a need to increase 
salivary flow for lubrication during sleep, need to reduce heart 
rate during MA of the brain, and need to open the airway dur-
ing episodes of airway collapse (38, 39). Schames et al. in 2012 
discussed the physiology of SB and the TCR as a probable cause 
of SB. The authors have discussed how SB occurs as a result of 
tachycardia during MA and then stimulates a vagal response 
(12). SB has been reported to be secondary to MA of the brain 
earlier by Kato et al. in 2001 (40). A sequence of physiological 
changes starting with increased respiratory rate, followed by 
increased EEG activity and an increase in heart rate has been 
described to occur just before an RMMA episode (41). Schames 
et  al. proposed that tachycardia occurs due to brain MA and 
probably causes an RMMA–SB episode. Whereas, masticatory 
movements stimulate the TCR and result in bradycardia, teeth 
contact occurring during SB serves as an even stronger stimulus 
for the TCR resulting in more profound bradycardia than RMMA 
alone (12). Thus, RMMA–SB episodes have been proposed to 
be an auto-regulatory process occurring during sleep with TCR 
playing a central role in SB. The fact that partial masticatory 
movements, as in the submaximal opening of mouth by a spring 
device, causes prolonged reduction of blood pressure and heart 
rate has been substantiated by Brunelli et al. (42).

Chase et  al. identified neurons in the medullary reticular 
formation to be responsible for the postsynaptic inhibition of 
trigeminal motor neurons during active sleep, causing atonia 
of masseter muscles (43). Another report by Gastaldo et  al. 
suggests the presence of a group of interneurons that modulate 
the trigeminal motor system. Alteration in the excitability of this 
group of interneurons could increase the firing probability in 
trigeminal motor neurons during sleep arousals leading to exces-
sive jaw muscle contractions, as seen in SB (44).

Though the physiology of SB is not exactly known, this above-
mentioned available knowledge does point toward the TCR play-
ing an important role in its pathogenesis, but, will need further 
confirmatory evidence in implicating TCR definitively.

OSA, CenTRAL SLeeP APneA, SUDDen 
DeATH, AnD SiDS

Noradrenergic cells in the brainstem are known to project to 
trigeminal motoneurons which control soft palate muscles, and 
their discharge activity has been positively correlated with sleep 
state-dependent changes in muscle tone (45). Schwarz et al. in 
2008 demonstrated that noradrenaline plays a modulatory role 
in potentiating glutamate-dependent synaptic transmission (46). 

The same authors in 2010 reported that noradrenaline could not 
trigger motoneuron excitability on its own; instead, it acts to 
facilitate glutamatergic motor excitation. The glutamatergic drive 
is reported to be minimal during REM sleep causing the atonia of 
REM sleep (47), the reason why drugs that increase noradrenergic 
neurotransmission have had limited success in increasing muscle 
tone during REM sleep (48). Schwarz and Peever propose that 
drugs that boost glutamate receptor function in conjunction with 
noradrenergic agents could be successful in counteracting sleep-
related motor suppression, such as that underlying OSA (49). So, 
the trigeminal system seems to have a role in OSA as well, but 
whether the TCR is involved or not, needs to be explored.

The naso-trigeminal reflex, a form of peripheral TCR, is 
known to be a protective response for the upper airways from 
noxious substances. Dutschmann and Herbert in 1999 tested the 
hypothesis that stimulation of sensory trigeminal afferents might 
contribute to REM sleep apnea. They reported that injection of 
carbachol (mixed agonist for nicotinic and muscarinic acetyl-
choline receptors) into pontine reticular nuclei of anesthetized 
rats causes marked potentiation of ethmoidal nerve induced 
respiratory depression and induces REM sleep like respiratory 
suppression, even apnea in some cases. The authors speculated 
that activation of sensory trigeminal afferents during REM sleep 
could easily trigger centrally mediated apneas and cause patho-
logical conditions like REM sleep apnea or SIDS (50). An increase 
in upper airway resistance and increased nasal discharge, as seen 
in allergic rhinitis and rhino sinusitis, have been found respon-
sible for disordered breathing in sleep and MA (51). Tobacco 
smoke causes congestion and increased nasal airflow resistance. 
Trigeminal neurons can be activated by mast cell mediators and 
may contribute to sneezing and itching (52). Trigeminal fibers to 
the central nervous system convey the sensation of nasal pruritus. 
The stimulation of nasal trigeminal receptors by factors such as 
nasal congestion, nasal discharge, or smoke might activate the 
TCR and may cause sleep disorders. Allergic rhinitis is known to 
cause neuronal hyper-responsiveness of upper airways to stimuli 
that activate nasal afferents (53). Nasal inhalation of particulate 
material or rubbing of inferior turbinate has been shown to cause 
bronchoconstriction and cardio-depression, through stimula-
tion of trigeminal afferents and activation of TCR (54). A similar 
response to nasal congestion or nasal discharge by activation of 
TCR or DR may be caused in allergic rhinitis. Lavie et al. have 
suggested that increased upper airway resistance and nasal 
discharge seen in allergic rhinitis cause disordered breathing in 
sleep and MA (up to 10 times more than in normal controls) (51). 
Whether these MA episodes are associated with higher incidence 
of SB in patients of allergic rhinitis needs to be established. Cook 
et al. observed an exaggerated response to cold stimulus applied 
on face (simulating DR) in people with non-eosinophilic non-
allergic rhinitis (NENAR) as compared to normal individuals 
(55). There was a significant increase in airway resistance in 
patients of NENAR due to increase in parasympathetic tone 
[autonomic control of nasal vasculature (56)] but not in normal 
individuals. Here, the afferent is mediated by the trigeminal 
nerve while the efferent limb is parasympathetic. This study 
observed an exaggerated DR or TCR in individuals with NENAR 
and thus there may be a possible association of nasal discharge 
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or congestion and sleep disorders linked through TCR in such 
individuals. This needs to be explored further. It is well known 
that OSA may occur in patients with rhinitis and therefore, sleep 
disorders like OSA or SB might be linked via activation of TCR 
by nasal congestion/discharge or inflammatory triggers. Further 
research in this direction is warranted.

Heiser et  al. have demonstrated that trigeminal stimulation 
during sleep leads to arousals in a dose- and time-dependent 
manner (57, 58). Several authors have shown earlier that failure 
to arouse from sleep could be the causative factor for SIDS. 
Decreased spontaneous arousals during sleep in SIDS victims 
compared with control infants has been described (59, 60), and 
has been attributed to the possible immaturity of the autonomic 
nervous system as shown by Tuladhar et al. in their study, where 
they examined heart rate responses to arousing and non-arousing 
trigeminal stimuli (61). Tuladhar et al. in 2005 also reported that 
the bradycardia occurring in response to non-arousing stimula-
tion of the trigeminal nerve is present in infants up to 6 months 
of age and is stronger when sleeping in the supine position and 
the NREM (quiet sleep) sleep stage (62).

It is a well-established fact that the autonomic nervous sys-
tem plays a critical role in the pathogenesis of various cardiac 
arrhythmias (63, 64). For example, atrial fibrillation reportedly has 
an association with an imbalance between the sympathetic and 
parasympathetic supply of the heart (65). Similarly, ventricular 
fibrillation has been shown to be initiated by sympathetic stimula-
tion, especially in an ischemic heart (66). Though sinus arrhythmia 
is considered physiological during sleep and bradyarrhythmias 
also can occur due to increased vagal activity (67), especially dur-
ing NREM sleep, the increased sympathetic drive at the end of 
sleep can cause adverse events during awakening from sleep (68). 
Sudden cardiac death occurring due to ventricular arrhythmias, 
especially ventricular fibrillation, carries a mortality rate of up to 
250,000–450,000 per year in the United States (69). OSA-associated 
hypoxemia results in bradycardia and increased peripheral 
sympathetic activity resulting in vasoconstriction (70), the same 
response that occurs during DR. A direct relationship between 
the severity of OSA and the risk of sudden cardiac death at night 
has been proposed, probably due to greater number of nocturnal 
ischemic events in these patients (71). In a recent study on more 
than 10,000 sleep study of patients, 78% were found to have sleep 
apnea and during the follow-up of 15 years, they found that 142 

(2%) had sudden cardiac arrest, either fatal or resuscitated (72). 
Though there is no direct linking evidence between the TCR and 
sudden cardiac death, the amount of influence that the autonomic 
system exerts on the heart, manifesting either as arrhythmias or 
as OSA-induced bradycardia and hypertension, does suggest the 
possibility of the TCR playing a role in sudden death as well.

Based on these reports, the TCR does seem to have a role in 
various sleep disorders, either due to altered noradrenergic or 
glutamatergic control, or in the form of naso-trigeminal reflex, 
or as a result of the immaturity of the autonomic nervous system. 
It underlines again that the TCR is one of the most important 
phenomenologies in (clinical) neuroscience.

LiMiTATiOn

This review is not a systematic review. It is more hypothetical 
in nature and is aimed to postulate the role of TCR in various 
sleep disorders so that future research could be directed on this 
important topic.

COnCLUSiOn

The pathophysiology of sleep disorders like OSA, SB, SD, and 
SIDS is not entirely understood at this time. Various hypotheses 
have been proposed for each of these conditions. The TCR might 
be playing a protective role in the case of sleep bruxism, while an 
exaggerated form of this reflex could be responsible for SD and 
SIDS. Based on available literature and exemplary cases, the TCR 
can be thought of as also playing an important role in various 
sleep disorders, though further evidence is warranted before it 
can be definitively implicated.
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The trigemino-cardiac reflex (TCR) is a brainstem reflex that manifests as adverse 
cardiorespiratory events upon the stimulation of sensory branches of the fifth cranial nerve. 
This reflex is mainly investigated in different neurosurgical procedures and intervention. 
This reflex is commonly considered as an acute and mild physiological response. On the 
other hand, more devastating and chronic nature of this reflex is largely underreported 
and unknown. Therefore, this article aims to provide the comprehensive understanding 
of the chronic form of TCR, its manifestations, and management by literature search. 
Also, this paper would certainly impart a better diagnosis and understanding of TCR 
phenomenon by knowing the relatively less common form of a chronic TCR. This will 
help thousands and thousands of patients who are still in the phase of diagnosis and are 
suffering from vague symptoms related to this reflex.

Keywords: trigemino-cardiac reflex, bradycardia, chronic, management, diagnosis

inTRODUCTiOn

The trigemino-cardiac reflex (TCR) is a well-established neurogenic reflex that is mainly investigated 
in neurosurgical patients (1–6). This unique brainstem reflex is incited by the stimulation of the 
fifth nerve and produces adverse cardiorespiratory changes including bradycardia, asystole, and 
apnea. Interestingly, the TCR phenomenon reported in the literature mainly reveals the acute as 
well as transient nature of this reflex that is considered as a mild physiological response in most 
of the cases (3, 6). Also, the general management of such situations is the removal of stimuli (3, 
6, 7). This relatively high prevalence of detection of the TCR occurrences and the relatively often 
benign course of the phenomenon is owing to the pre-, peri-, and postoperative presence of the 
anesthetists (1–9).

However, the chronic nature of TCR event is largely underestimated and underreported in the 
current literature. This may be partly due to the persistent yet vague nature of symptoms (opposite 
to the acute TCR episode) that make the diagnosis very difficult. An extrapolation of the prevalence 
from acute to chronic cases suggests that there might also be a substantial number of chronic cases 
(10). Therefore, this article aims to provide the comprehensive understanding of the chronic form 
of TCR, its manifestations, and management by literature search. Also, this paper would certainly 
impart a better diagnosis and understanding of TCR phenomenon by knowing the relatively less 
common form of a chronic TCR.

MeTHOD

We searched PubMed for following terms in various combination including (“prolonged” OR 
“chronic” OR “persistent” OR “delayed”) AND (“oculocardiac reflex” OR “trigeminal cardiac reflex” 
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TABLe 1 | Cases of chronic trigemino-cardiac reflex.

S no. Age/gender injury/procedure Hemodynamics Duration Management Outcome

1 82/M MVD of V CN Bradycardia, cardiac arrest Several days Temporary pacemaker Improved
Radiofrequency ablation

2 13/M Orbital fracture Bradycardia 29 h Surgery Improved
3 12/M Orbital fracture Bradycardia 72 h Surgery Improved
4 17/M Foreign body and globe perforation Bradycardia 48 h Temporary pacemaker Surgery Improved
5 Adult/M Orbital fracture Bradycardia 1 month Surgery Improved
6 56/M Foreign body in orbit Bradycardia 40 years Surgery Improved

SN, serial number; MVD of V CN, microvascular decompression of fifth cranial nerve; M, male.
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OR “trigeminocardiac reflex”) from January 1, 1970, to August 
31, 2016.

Definition of Chronic TCR/OCR
Two criteria define chronic TCR. First, TCR/OCR should be 
explained by the classic definition of this reflex as defined by 
our previous work (9). The TCR is defined as the sudden onset 
of parasympathetic dysrhythmia, sympathetic hypotension, 
apnea, or gastric hypermotility during stimulation of any of 
the sensory branches of the trigeminal nerve. A TCR should 
include a decrease in heart rate (HR) and mean arterial blood 
pressure of more than 20% as compared with baseline values 
before application of the stimulus and should coincide with the 
surgical manipulation at or around any branches of the trigeminal 
nerve (9).

Second, chronicity is defined as any TCR/OCR episodes that 
persisted at least 1  day before or after the surgery or the first 
insult.

Peripheral and Central TCR
OCR and maxilla–mandibular (MCR) TCRs are categorized as 
peripheral TCR, and any TCR episode due to the stimulation of 
the fifth nerve pathway beyond the Gasserian ganglion is consid-
ered as the central TCR.

inclusion
The papers that clearly defined TCR or OCR or MCR as the cause 
of cardiorespiratory changes were included. All the patients irre-
spective of age and sex were included. Those papers regardless 
of the type that has been entirely written in the English language 
were included. All the relevant cross references were also care-
fully screened. Pediatric age is defined as the age of less than 
18 years.

exclusion Criteria
The TCR/OCR episodes that occurred only during the surgical 
manipulation or within 24 h of surgical stimulation or primary 
insult were considered as acute TCR and excluded.

ReSULTS

Total of 140 articles were searched through applying the terms. 
Out of 140, 93 articles met the language and human subject 
restrictions. Out of 93, only 6 articles finally met the inclusion 
criteria and further reviewed. Total of six patients included in the 

final analysis (Table 1). Out of six, 50% were pediatric patients. 
Strikingly, all the six reported patients were male. Further 
analysis revealed that the five out of six patients were related 
to peripheral TCR group and remaining one showed central 
TCR phenomenon. The timing of presentation of the chronic 
TCR varied from 29 h to several years. The description of cases 
is given below.

The Central TCR Case
This was an octogenarian male patient who underwent a 
microvascular decompression for a trigeminal neuralgia and 
developed multiple episodes of bradycardia in postoperative 
period, and these intermittent adverse cardiovascular changes 
persisted for several days (11). This patient also developed 
an event of cardiac arrest and was resuscitated with chest 
compressions. He was further managed with a temporary 
pacemaker. Notably, his cardiovascular perturbations coin-
cided with episodes of facial pain. Eventually, he underwent 
a radiofrequency ablation of fifth nerve and all his cardiovas-
cular and pain related symptoms improved. Strikingly, there 
were no episodes of such hemodynamics disturbances in the 
intraoperative period.

The Peripheral TCR Cases
There were five patients with reported chronic peripheral TCR. 
In the first case, a 13-year-old boy had an orbit medial wall 
blowout fracture and presented with worsening of nausea and 
bradycardia 29 h of first insult (12). These symptoms coincided 
with gazing on rightward direction. An emergency operation 
was performed, and symptoms got improved after that. In the 
second case, a 12-year-old boy presented with nausea/vomiting 
and bradycardia (56/min) that intermittently persisted for 72 h 
after the initial injury (13). He was diagnosed as a case of orbit 
medial wall blowout fracture. Same day operation was done, and 
patient’s all symptoms as well as the HR got normalized (68/
min). In the third case, a 17-year-old male victim of a gunshot 
at orbit (globe perforation with a foreign body) developed severe 
bradycardia 48  h after globe perforation repair and persisted 
for 6 days when a temporary pacemaker was put and eventu-
ally foreign body was removed (14). Hemodynamic symptoms 
reverted to normal. In the fourth case, an adult patient who 
had an orbital floor fracture showed symptoms of nausea, 
dizziness, bradycardia, sleep disturbances after 1  month of 
the initial insult (15). He also underwent an operation, and 
his symptoms got improved. In the fifth case, a 56-year-old 
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male war victim presented with features of nausea, vomiting, 
dyspnea, and bradycardia, 40  years (evisceration was done) 
after the primary insult (16). At this time, CT scan revealed 
foreign body in orbit and removed surgically, that completely 
resolved the symptoms.

DiSCUSSiOn

The TCR is one of the most investigated brainstem reflexes that 
manifests commonly as adverse hemodynamic changes during 
the stimulation of any of the sensory branch of the trigeminal 
nerve. This phenomenon has been reported in various surgi-
cal conditions as well as in neurosurgical interventions and 
mainly illustrates the acute nature of this reflex that persists 
during the surgical and other chemical/physical/electrical 
stimuli (1–10). The afferent nerve fibers carry the stimulus 
via the trigeminal nerve and efferent fibers through the vagus 
nerve. The TCR is broadly classified as the peripheral and the 
central type depending upon the stimulation of anatomical 
location. Depending upon the three sensory divisions of the 
trigeminal nerve, the peripheral type is further divided into 
OCR and MCR (9). After reviewing the literature, one can 
infer that the TCR is a mild transient physiological response 
and gets abolished after the removal of the inciting stimulus. 
However, as mentioned in the above-described cases, it can 
be clearly seen that this phenomenon also has a chronic type 
and that has far more impact in overall symptomatology and 
clinical decision-making. We have now gone outside the OR 
and open the window from a strict cause-effect relationship 
within a few seconds to a wider variance of reactions (10, 
17). Our previous definition work is based on acute cases. 
We have to look now if these works are also available for the 
chronic cases. Another point is the connection of chronic TCR 
to the oxygen-conserving reflex (8). Again, we have no cases 
of cerebral ischemia undermining a strong correlation between 
these two phenomena.

Trigemino-cardiac reflex versus vasovagal: the vasovagal 
response (VVR) can also be postulated as the one of the mecha-
nisms responsible for the similar autonomic manifestations. This 
reflex mainly controlled through two pathways (18). One is the 
central VVR that involves cortico-hypothalmic and medullary 
cardiac centers and second is the peripheral VVR that included 
heart directly. The VVR is commonly incited by intense emotion, 
prolonged standing, instrumentation, and severe pain responses 
(18, 19). This is a transient phenomenon, which improves 
quickly on lying down, and is usually found in healthy individu-
als. In described cases, none of the above mentioned inciting 
factors were present exclusively. In addition, these autonomic 
manifestations were improved after the surgical interventions, 
thereby, clearly describes the cause-effect relationship of TCR 
phenomenon.

There are three significant findings in this review about 
chronic TCR (11–16). First, the peripheral TCR was the com-
monest type, and the OCR was the most common subtype 
associated with the chronic form of TCR. Whether or not 

the ophthalmic division of the fifth nerve is more prone to 
the chronic form of TCR is a matter of further investigation. 
However, considering the present findings of this review, it 
seems plausible. Also, the first branch of the fifth nerve is also 
the shortest and pure sensory branch that may be a factor of 
more incidence of peripheral TCR episodes. Second, besides 
bradycardia, nausea was the commonest presenting symptom. 
It is apparent that because of vague symptoms (nausea, vomit-
ing, etc.), the diagnosing the chronic TCR is very challenging. 
Therefore, it could be another reason for the underreported 
incidence of chronic TCR cases. Therefore, we want to emphasize 
here that the TCR should also be included in the differential 
diagnosis of the patient, if he/she presents with vague symptoms 
such as nausea, vomiting, dizziness, etc. and had a history of 
injury (even trivial) including eye, orbit, or any other structure 
supplied by the fifth nerve. Thirdly, in all the cases, the surgery 
was the definitive cure for all the symptoms related to the TCR. 
This important finding suggests that the chronic form of TCR 
seems more like a pathological rather than a physiological 
entity, and has a negative impact on the overall health of the 
patient. Here, it should be noted that the indication of surgery/
intervention was mainly due to the on-going symptoms rather 
than an absolute pathological or surgical cause. Therefore, for 
the entire medical community, it is imperative to understand 
the phenomenon of chronic TCR that is not limited to any 
particular specialty. This will help thousands and thousands of 
patients who are still in the phase of diagnosis and are suffering 
from those vague symptoms daily.

LiMiTATiOn

In the paucity of substantial evidence, these case reports should 
only be interpreted as an informative tool for understanding the 
concept of chronic TCR. These cases do exhibit a sound cause 
and effect relationship and therefore support our hypothesis. All 
cases were found in males. It may be a simple reflection of injury 
pattern that is more common in the male gender (20). Whether 
or not peripheral TCR is common in males is a matter of further 
research.

COnCLUSiOn

The chronic form of TCR is an underreported entity and certainly 
has a substantial impact on the patient health. With the knowledge 
of the chronic TCR, we can be certainly able to diagnose more 
and more patients and impart better management in such cases. 
Further research is warranted to elucidate the exact mechanism 
of chronic TCR.
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Sudden infant death syndrome (SIDS) is an unexplained death in infants, which usually 
occurs during sleep. The cause of SIDS remains unknown and multifactorial. In this 
regard, the diving reflex (DR), a peripheral subtype of trigeminocardiac reflex (TCR), is 
also hypothesized as one of the possible mechanisms for this condition. The TCR is a 
well-established neurogenic reflex that manifests as bradycardia, hypotension, apnea, 
and gastric hypermotility. The TCR shares many similarities with the DR, which is a 
significant physiological adaptation to withstand hypoxia during apnea in many animal 
species including humans in clinical manifestation and mechanism of action. The DR 
is characterized by breath holding (apnea), bradycardia, and vasoconstriction, leading 
to increase in blood pressure. Several studies have described congenital anomalies of 
autonomic nervous system in the pathogenesis of SIDS such as hypoplasia, delayed 
neuronal maturation, or decreased neuronal density of arcuate nucleus, hypoplasia, and 
neuronal immaturity of the hypoglossal nucleus. The abnormalities of autonomic nervous 
system in SIDS may explain the role of TCR in this syndrome involving sympathetic and 
parasympathetic nervous system. We reviewed the available literature to identify the 
role of TCR in the etiopathogenesis of SIDS and the pathways and cellular mechanism 
involved in it. This synthesis will help to update our knowledge and improve our 
understanding about this mysterious, yet common condition and will open the door for 
further research in this field.

Keywords: sudden infant death syndrome, trigeminocardiac reflex, diving reflex, oxygen-conserving reflex, 
bradycardia, asystole, smoking, prenatal nicotine exposure

inTRODUCTiOn

Sudden infant death syndrome (SIDS) is defined as the sudden unexplained death of a seemingly 
healthy child less than 1 year of age, usually during sleep. For the diagnosis of SIDS, the death should 
remain unexplained even after the autopsy, investigation of mortality scene, and review of clinical 
history (1). SIDS remains a leading cause of death in infants between ages of 1 month and 1 year. 
The incidence of SIDS varies between regions and among racial and ethnic subgroups (2, 3). It is a 
multifactorial disorder, the cause of which is still not fully elucidated. The exact cause of death in 
SIDS remains unclear; however, the exaggeration of parasympathetic activity and cardiorespiratory 
response to hypoxia has been suggested as a possible underlying mechanism (4–9). In addition, 
postnatal age, gestational age at birth, and level of arousability are also linked with SIDS (10, 11).

http://www.frontiersin.org/Neurology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2016.00221&domain=pdf&date_stamp=2016-12-05
http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/editorialboard
http://www.frontiersin.org/Neurology/editorialboard
https://doi.org/10.3389/fneur.2016.00221
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:tumulthunder@gmail.com
https://doi.org/10.3389/fneur.2016.00221
http://www.frontiersin.org/Journal/10.3389/fneur.2016.00221/abstract
http://www.frontiersin.org/Journal/10.3389/fneur.2016.00221/abstract
http://www.frontiersin.org/Journal/10.3389/fneur.2016.00221/abstract
http://loop.frontiersin.org/people/246612
http://loop.frontiersin.org/people/96928


FiGURe 1 | The trigeminocardiac reflex pathway.

19

Singh et al. TCR and SIDS

Frontiers in Neurology | www.frontiersin.org December 2016 | Volume 7 | Article 221

Infants who succumb to SIDS typically experience a severe 
bradycardia, which is the most shared and predictive event in 
infants monitored for life-threatening incidents (12, 13). It may 
be preceded or is accompanied by centrally mediated apnea. Such 
abnormal and exaggerated response to sensory trigeminal nerve 
stimulation has also been implicated in the etiopathogenesis of 
SIDS (14, 15).

Stimulation of trigeminal nerve leads to consecutive reflex 
bradycardia, hypotension, apnea, and gastric hypermotility, 
commonly known as the trigeminocardiac reflex (TCR). This 
reflex is most often transient, but sometimes may be pronounced 
and sustainable, particularly, in infants. The diving reflex (DR) (a 
subtype of TCR) is triggered as a result of stimulation of one of the 
sensory branches of the trigeminal nerve and leads to inhibition 
of cardiorespiratory center, thereby causes bradycardia and apnea 
(16–19). An exaggerated response to hypoxia (i.e., augmented 
TCR response) causing lethal bradycardia and apnea can be 
accused of sudden death in the victims of SIDS. In this article, we 
reviewed the available literature on SIDS to identify the evidence 
and explore the role of TCR in the pathogenesis of SIDS.

TRiGeMinOCARDiAC ReFLeX

Trigeminocardiac reflex has been classified into various subtypes 
including central, peripheral, and ganglionic TCR (17, 20–24). 
The central TCR is triggered by the stimulation of the intracranial 
part of trigeminal nerve proximal to Gasserian ganglion, and the 
peripheral TCR is triggered by the stimulation of the ophthalmic, 
maxillary, or mandibular branches of trigeminal nerve (25–30). 
TCR triggered due to the direct stimulation of Gasserian ganglion 
is classified as a separate entity (19).

PATHwAY OF TCR

The branches of the trigeminal nerve, Gasserian ganglion, the 
sensory nucleus of the trigeminal nerve forms the afferent path-
way of the reflex (26, 31–33) (Figure 1). The short internuncial 
nerve fibers of the reticular formation connect the afferent 
pathway to the efferent pathway, which is predominantly formed 
by the parasympathetic neurons of the dorsal motor nucleus of 
the vagus nerve and nucleus ambiguus (19). Animal studies have 
shown the involvement of several other brainstem nuclei in the 
TCR pathway, which includes trigeminal nucleus caudalis, para-
trigeminal nucleus, parabrachial nucleus, rostral ventrolateral 
medulla oblongata, and dorsal medullary reticular field (34–36). 
Also, various subtypes of TCR show a difference in their reflex 
arc. While peripherally originated TCR is relayed via the spinal 
nucleus of the trigeminal nerve to the Kölliker–Fuse nucleus, 
the centrally originated TCR is conveyed via the nucleus of the 
solitary tract to the lateral parabrachial nucleus (35).

Activation of the sympathetic nervous system has been impli-
cated for the other less common manifestations of TCR, such as 
tachycardia and hypertension, which are seen in some subtypes 
of TCR. Studies have revealed that stimulation of the anterior 
ethmoidal nerve in the nasal mucosa (peripheral TCR) may 
simultaneously activate the sympathetic and vagal responses. This 
may result in parasympathetically mediated bradycardia along 

with sympathetically mediated peripheral vasoconstriction and 
hypertension (37, 38). In contrast to this, the centrally stimulated 
TCR manifests as bradycardia and hypotension due to activation 
of cardioinhibitory vagal response, whereas the ganglionic TCR 
is clinically present as either increase or decrease in heart rate 
(bradycardia/tachycardia) and blood pressure (hypotension/
hypertension) (39). These varied presentations of TCR are due 
to co-activation of parasympathetic and sympathetic nervous 
system (39).

DivinG ReFLeX AS A SUBTYPe OF TCR

The DR is a powerful autonomic reflex that manifests as the reflex 
bradycardia, apnea, peripheral vasoconstriction, and hyperten-
sion triggered by submersion of a face in cold water through 
branches of the trigeminal nerve (40). Both TCR and DR are phy-
logenetically oxygen-conserving reflexes, and researchers reveal 
a similar reflex arch in both (41). Thus, DR appears to be another 
subtype of TCR (39). The difference between DR and peripheral 
TCR shows different effect on blood pressure. Although periph-
eral TCR causes normotension or hypotension, DR leads to 
hypertension. This is due to intense peripheral vasoconstriction 
caused by more strong sympathetic stimulation during DR than 
during peripheral TCR (42). This reflex also persists in humans 
and is probably inherited from diving birds and amphibians (18, 
32, 43–45). It is particularly prominent in infants and manifests 
as severe bradycardia upon a single submersion of the face in the 
water (46, 47). Activation of this reflex due to the stimulation of 
sensory trigeminal fibers over the face and nasal mucosa causes 
apnea, a sudden drop in heart rate (due to parasympathetic 
activation), and a gradual increase in blood pressure as a result of 
peripheral vasoconstriction (due to increase in sympathetic tone) 
(44, 45). Also, there is a contraction of spleen releasing erythro-
cytes in the circulation (48, 49). Thus, the blood flow is redirected 
to vital organs (the brain and the heart) from the periphery and 
visceral organs. The heart rate is reduced, thereby lowering O2 
requirement of myocardium and the blood flow to the brain is 
increased without an increase in the cerebral metabolic oxygen 
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demand. Thus, DR is a protective oxygen-conserving reflex 
(18,  32, 44, 45). However, an exaggerated response that results 
in profound bradycardia can sometimes prove harmful or even 
fatal (14, 15, 50) and is often said to be associated with sudden 
death in infants.

ROLe OF TCR in SUDDen inFAnT 
DeATH SYnDROMe

Sudden infant death syndrome is the leading cause of death in the 
postneonatal period (12, 13, 51, 52). The exaggeration of para-
sympathetic activity and cardiorespiratory response to hypoxia 
has been suggested as the possible mechanism for these events 
(4–9). Similarly, trigeminal air-stream stimulation (TAS) model 
also showed that the TAS may induce apnea and bradycardia in 
premature infants (53). In infants monitored for apparent life-
threatening events, severe bradycardia was the most prevalent 
and predictive event seen in infants who succumbed to SIDS (12, 
13, 54), and hypoxia is a frequent event that precedes death in 
infants of SIDS (55).

Interestingly, the laryngeal chemo-reflex (LCR), a protective 
mechanism, causes closure of the glottis, coughing, and apnea 
during aspiration of the fluid into larynx/trachea and, therefore, 
has also postulated as one of the causes of SIDS (56, 57). On the 
other hand, DR, a subtype of TCR, has also been implicated to 
have a role in SIDS (14, 15, 58). The TCR is regulated by many 
brainstem nuclei and endogenously modulated by many neu-
rotransmitters, the important one being serotonergic (5-HT), 
cholinergic (ACh), and nicotinergic (42, 59). Abnormalities in 
the modulation of these neurotransmitters along with defect 
in brainstem nuclei maturation may lead to exaggerated TCR 
response. Therefore, we summarize pieces of evidence in four 
hypotheses.

Serotonergic Hypothesis
Abnormalities of serotonergic neurons have been observed in 
victims of SIDS (60–67). These victims had a higher number of 
5-HT neurons in the medulla and cerebrospinal fluid (68, 69). 
Also, these medullary 5-HT neurons have been proposed to act 
as central respiratory chemoreceptors that are involved in the 
facilitation of respiration in response to hypoxic episode and 
generation of respiratory rhythm (70–73). These observations 
suggest that medullary 5-HT dysfunction may result in loss 
of respiratory and autonomic response to hypoxia and hyper-
carbia leading to sudden death in SIDS victims during sleep. 
Interestingly, the 5-HT1A-binding density was more reduced in 
males compared to females’ SIDS victims, which also explains 
why males are more vulnerable to SIDS (68, 74). Notably, these 
conditions (hypoxia, hypercarbia, and male gender) are also 
common risk factors for inciting the TCR. In animal experiment 
models, investigators have shown that the serotonin modulation 
is linked with TCR mechanism that further explains the possible 
role of TCR in SIDS (42, 75).

Cholinergic Hypothesis
The decrease in cholinergic receptors density, as well as binding 
dysfunction of cholinergic receptors, has also been implicated 

as a risk factor for SIDS. Investigators have found a reduction in 
some choline acetyltransferase (ChAT) neurons as well as their 
binding capacities in hypoglossal nucleus and dorsal motor 
nucleus of vagus in SIDS cases (76–84). Also, hypoplasia of the 
arcuate nucleus has also been observed in these infants (76, 
85, 86). These findings suggest a specific defect in cholinergic 
neurons in the brainstem of SIDS infants, which could cause 
abnormal control of cardiovascular and respiratory functions 
in these babies and contribute to the etiology of SIDS (76). They 
observed that cholinergic neurons endogenously inhibit the 
excitatory glutamatergic transmission to parasympathetic car-
diac vagal neurons in response to trigeminal nerve stimulation 
via mAChRs. Neostigmine (an acetylcholinesterase inhibitor) 
significantly inhibited, whereas atropine (muscarinic receptor 
antagonist) enhanced this transmission, thus demonstrating 
the role of muscarinic (m4 type mACh) receptors. A decreased 
cholinergic activity could result in reduced inhibition of excita-
tory neurotransmission to cardiac vagal neurons in response 
to trigeminal nerve stimulation and thus an exaggerated TCR 
response in SIDS infants (59). Cholinergic receptors also play 
a significant role in sleep-dependent changes. The cholinergic 
neurotransmission in the brainstem is an important integral 
component of rapid eyeball movement sleep generation (87, 
88). Change in cholinergic receptor activity is associated with 
potentiation of TCR and trigeminally evoked respiratory 
suppression (89) as well as with altered sleep–awake cycles in 
infants both of which are also seen in victims of SIDS. Studies 
have identified incomplete and less frequent arousal from sleep 
in response to hypoxia in SIDS victims. Kato et al. studied the 
characteristics of arousal from sleep in 16 infants who were 
being monitored for some days or weeks before they died of 
SIDS. The polygraphic sleep recordings of these infants were 
compared with those of matched control infants. The result of 
this study showed significantly fewer cortical arousal (complete 
arousal) in an infant who eventually died of SIDS later than 
in the control infants. Victims of SIDS had more frequent and 
longer duration of subcortical arousal (incomplete arousal) 
than controls. This study suggested an incomplete arousal pro-
cess from sleep in infants who succumb to SIDS (90). Sensory 
stimulation of the trigeminal nerve during REM sleep has been 
shown to cause REM sleep-associated respiratory failures in 
SIDS infants (89, 91).

nicotine Hypothesis (Mixed Model)
Prenatal exposure of the fetus to nicotine alters the density and 
binding capacity of serotonin and cholinergic receptors (61, 63, 
68, 80, 81, 92, 93) and is one of the major risk factors contribut-
ing to SIDS (94, 95). Gorini et  al. used a rat model to study 
the effects of prenatal nicotine exposure in the offsprings of 
the mothers who were exposed to clinically significant nicotine 
levels during gestation (75). The results of this study showed an 
exaggerated TCR response in animals exposed to nicotine dur-
ing the prenatal period. They observed that prenatal exposure to 
nicotine significantly facilitates excitatory glutamatergic neuro-
transmission to cardiac vagal neurons in the nucleus ambiguus 
upon stimulation of trigeminal sensory afferents compared to 
their unexposed counterparts. The prenatal nicotine exposure 
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also enhanced the endogenous serotonergic facilitation of TCR. 
All these effects thus lead to heightened TCR response (75). 
Also, a reduction in the number and function of AChRs has 
also been found in infants exposed to prenatal nicotine. Fetal 
exposure to nicotine suppresses mRNA expression and thus 
decreases brainstem mAChR binding. This again contributes 
to exaggeration of TCR by reduced inhibition of cardiac vagal 
neurons. Exposure to nicotine during the prenatal period 
facilitates modulation of inhibitory and excitatory pathways 
to the vagal nucleus in response to hypoxia or hypercapnia 
(96, 97). Prenatal exposure to nicotine decreases inhibitory 
GABAergic signals to the vagal nucleus during hypoxia (98) as 
well as hypercapnia (99). This decreased inhibitory GABAergic 
inputs to vagal nucleus cause increase in vagal activity to heart, 
thereby causing severe and sometimes lethal bradycardia in 
these animals (100–102). These findings suggest the likely 
cellular mechanism that causes an exaggerated response and 
pronounced bradycardia in victims of SIDS. Fetal exposure to 
nicotine also causes dysfunction of brainstem monoaminergic 
pathway. It leads to downregulation of 5-HT receptors and 
enhancing the risk of death due to SIDS (85). Prenatal nicotine 
exposure modulates 5-HT receptors in areas of brainstem 
regulating cardiorespiratory function that results in exagger-
ated TCR response and lethal outcome (75, 103).

Other Hypotheses
Frequent developmental abnormalities in the brain stem, 
particularly in the arcuate nucleus, have been identified in 
SIDS (85, 86, 104–106). The arcuate nucleus is an important 
cardiorespiratory center in the medulla and hypoplasia of this 
nucleus has been detected in over 50% of infants dying of SIDS 
(105). Alterations in another brainstem nucleus have also been 
demonstrated (85, 107–112). Some of these nuclei (e.g., nucleus 

ambiguus, parabrachial nucleus) also participate in the reflex arc 
of TCR (40, 42). Besides, Lavezzi et al. observed an association 
between tobacco use and decreased in the functional activity 
of trigeminal nucleus that can trigger sudden death in babies 
(108). On the other hand, SIDS may occur due to a lack of 
sufficient development and plasticity of glutamatergic synapses 
(insufficient glutamate signaling) in the mesencephalic nucleus 
of the trigeminal nerve and reticular formation of the brainstem 
(113). All these findings thus suggest the role of developmental 
defects (i.e., neuronal deficiency and immaturity) in the brain-
stem nuclei regulating cardiorespiratory and other autonomic 
function in infants who die of SIDS. Therefore, the TCR may 
be a missing link in the etiopathogenesis of this subgroup of 
patients as well.

COnCLUSiOn

Serotonergic or/and cholinergic dysfunction in the brainstem 
autonomic nuclei causes an exaggerated TCR response and thus 
culminates in sudden intense bradycardia, apnea, and death 
and, therefore, can be linked with the etiopathogenesis of SIDS. 
However, whether the exaggerated TCR response is the cause in 
all cases of SIDS is a subject for future research.
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Trigemino-cardiac reflex (TCR) is a well-established phenomenon that is mainly reported 
in the various surgical specialties. However, the role of this unique reflex is entirely 
unknown in other medicine domains. Therefore, the present mini-review aims to explore 
the role of TCR in such unusual cases and also highlights the importance of case reports 
for knowledge creation in such context.

Keywords: trigemino-cardiac reflex, asystole, death, brainstem reflex

inTRODUCTiOn

In the last 20 years, there has been a substantial interest among the neuroscientists about the unique 
brainstem reflex, known as “trigemino-cardiac reflex” (TCR). This reflex is usually incited by the 
stimulation of the fifth nerve along its entire course, anywhere from the peripheral division to the 
central connections (1–5). Interestingly, the occurrence of the TCR episodes is not only limited 
to neurosurgical procedures/interventions but also explored and reported in various other non-
neurosurgical procedures including ocular surgeries, oral–facial–maxillary surgeries, dental proce-
dures, dermatological surgeries, etc. (1–12). In general, irrespective of the nature of the surgery, the 
common manifestation of the TCR remains almost similar that include bradycardia, hypotension, 
apnea, and/or gastric hypermotility. In addition to the usual association of the TCR to various surgi-
cal procedures in the vicinity of the trigeminal nerve, there are only very few reports that do highlight 
the unusual as well as the catastrophic nature of the TCR in non-surgical conditions, and further 
expands the knowledge and understanding of TCR in other domains of medicine. Such reports 
underline the connection from the TCR to the dive reflex or sudden infant death syndrome. From 
the extensive surgical/interventional reports, however, one might assume that such non-surgical 
cases might be underreported. Therefore, the present mini-review aims to explore the role of TCR 
in such unusual cases and also highlights the importance of case reports for knowledge creation in 
such context.

MeTHOD

Definition of the TCR
The TCR is defined here as the sudden onset of parasympathetic dysrhythmia, hypotension, apnea, 
or gastric hypermotility during stimulation of any of the sensory branches of the trigeminal nerve. 
A TCR should include a decrease in heart rate (HR) and mean arterial blood pressure (MABP) of 
more than 20% as compared with baseline values before application of the stimulus and coincide 
with the surgical manipulation at or around any branches of the trigeminal nerve (7).
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TABLe 1 | Unusual cases of trigemino-cardiac reflex.

S. no. Age/gender Procedure Hemodynamics Outcome

1 65/M Nasal packing Bradycardia, apnea, 
hypotension

Died

2 69/M Nasal packing Dyspnea, bradycardia, 
pulseless electrical activity

Died

3 58/M Suicidal fire Cardiac arrest Died
4 Elderly/F Homicide Cardiac arrest Died
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Review of Literature
We have searched terms including “trigemino-cardiac reflex,” 
“trigeminal-cardiac reflex,” “oculocardiac reflex (OCR)” in 
various search engines including PubMed, Google, EMBASE, 
and SCOPUS from January 1, 1970 to August 1, 2016. All cross 
references are also carefully reviewed.

Inclusion Criteria
Articles that clearly described TCR or OCR as a cause of hemody-
namic/respiratory changes as defined above in any age group and 
either of the sexes in human subjects was included. All the papers 
irrespective of the type and language were also included in this 
review (Table 1). Episodes of TCR or OCR that were followed by 
surgery or other neuro-interventions were also included.

Exclusion Criteria
Patients with prior history of cardiac disease, b-blockers, other 
medications prone to cause bradycardia, and TCR or OCR epi-
sodes occurring during any surgical or interventional procedures 
were excluded. Chronic TCR appearance was excluded. Injury or 
inciting events that predisposed the TCR or the OCR episodes and 
reported in three or more than three papers were also excluded.

ReSULTS

Out of all the screened papers, only four articles met the stringent 
inclusion and exclusion criteria (13–16). Out of these four, two 
cases (50%) report epistaxis and two (50%) forensic investigations 
(Table 1). All the four patients died because of cardiac arrest. Out 
of the four patients mentioned in these reports, three (75%) were 
male of 56–69 years of age and one (25%) was elderly (age not 
mentioned) female.

First two papers highlighted that epistaxis was a presenting 
symptom, and the nasal packing was done to control the nasal 
bleeding in both the patients (13, 14). After the nasal packing, the 
first patient (65/M) developed bradycardia, a decrease in oxygen 
saturation (50%), and hypotension after 15  min, whereas the 
second patient (69/M) first showed respiratory distress (oxygen 
saturation 76%) followed by bradycardia. Both the patients were 
managed by endotracheal intubation and advanced cardiac life 
support (ACLS). Unfortunately, both the patients could not be 
revived back and died. Strikingly, nasal packs were not removed 
during the resuscitation phase in both the patients. Other two 
papers reported the forensic involvement (15, 16). Here, the first 
forensic report, a 58-year-old male with a history of depression 
presented with a suicidal fire case. Interestingly, in the first 

instance, the external examination and other forensic evaluation 
reports directed the cause of death as one of the mechanisms 
related to burn; however, in the absence of obvious pathological 
findings of burn, subsequent internal examination, and toxico-
logical analysis ruled out the usual mechanisms and postulated 
the neurogenic mechanism (TCR). The second case, a violent 
stabbing on the elderly female led to bilateral ocular injuries 
and multiple facial and neck injuries. Interestingly, at the first 
instance, it appeared that the cause of death was head and neck 
injuries. However, subsequent investigations revealed no obvious 
cause and thus suspected OCR (a peripheral TCR) as the cause 
of this demise.

DiSCUSSiOn

Trigemino-cardiac reflex is an interesting phenomenon that 
hitherto has primarily been focused on different surgical pro-
cedures including neurosurgical/neuro-interventions, dental, 
oral–facial–maxillary, and ocular surgeries in which upon 
the stimulation of the trigeminal nerve along its entire course 
predisposes the cardiorespiratory and gastric symptoms. These 
include negative chronotropic from mild (bradycardia) to severe 
(asystole) changes, bradypnea, apnea, and gastric hypermotility 
(1–12). Although the mechanism of the TCR is very complex 
but generally accepted mechanism includes that following the 
stimulation of the any sensory branch of the trigeminal nerve, 
signals are carried to the sensory nucleus of the trigeminal nerve 
via the Gasserian ganglion. This afferent pathway continues along 
the short internuncial nerve fibers in the reticular formation to 
connect with the efferent pathway in the motor nucleus of the 
vagus nerve. These terminate in the cardiac ganglia from which 
the postganglionic fibers are sent to the conductive system, 
leading to autonomic changes that usually manifest as a negative 
chronotropy (5, 17). So far, extensive investigations have been 
done to extract the role of TCR in various surgical procedures, 
neuro-interventions, different manifestations (cardiorespiratory 
changes), various definitions, and effect on outcome; however, 
the TCR in the majority of the reported literature seems a mild 
manifestation that is usually transient in nature (1–12).

Strikingly, after reviewing these above four papers, it seems 
clear that the TCR phenomenon is not merely limited to the 
surgical domain. Instead, it can have deleterious effects in other 
non-surgical specialties or procedures. The two cases of nasal 
packing induced severe cardiorespiratory disturbances clearly 
highlighted that the TCR episodes could result in fatal outcome. 
It worth to be mentioned that a fatal outcome is rarely described 
during surgery/intervention; if this is a publication bias or a 
characteristic phenomenon of the non-surgical cases. Notably, 
the nasal packs in both the cases were not removed during these 
events (13, 14). Whether or not, the outcome could have been dif-
ferent if these nasal packs would have been taken out is a matter 
of further research in animal models. However, as per the classical 
definition of the TCR, the removal of the nasal pack could have 
been aborted the TCR and related deleterious effect. These two 
cases certainly show the paramount importance of knowledge 
and recognition of TCR episodes in such a common scenario. On 
the other hand, the two other papers related to forensic pathology 
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did reveal the importance of this unique brain stem reflex for 
the scenarios in which there were lack substantial evidence or 
clues. In the homicidal fire case, the thermal stimulation on 
the face incited the TCR and thus patient sudden cardiac arrest 
(15). Similarly, in the second case, the penetrating injuries in 
eyes and orbits triggered the OCR, a peripheral subtype of TCR 
and resulted in the sudden death of the patient (16). Whether or 
not, sudden death in such cases (where forensic investigations, 
autopsy, and toxicological analysis do not reveal apparent cause) 
could be due to TCR/OCR is a matter of further research.

In all four cases, there was a clear cause-and-effect relation-
ship. On the one side, this is evidence of a TCR, and the stimula-
tion of the trigeminal root, on the other hand, this represents 
as well as confirms the afferent pathway of the TCR. If just one 
such observational case does not fit completely with the initial 
proposition, the hypothesis should be considered generally not 
valid and therefore should be revised or even rejected. This was 
not the case with our hypothesis of the existence of the TCR in 
non-surgical case reports and demonstrates that – besides the 
qualitative method of triangulation – the ongoing description of 
similar cases about a specific topic has importance not only for 
clinical practice but also for the scientific community (18, 19). 
However, after reviewing these non-surgical cases, the TCR phe-
nomenon would certainly add the list of differential diagnoses 
in such situations. Also, this review also justifies that the case 

reports can also provide substantial knowledge and understand-
ing of such phenomenon like the TCR. Our previous work also 
supports this notion that the case reports can have extraordinary 
significance for the elucidation of the rarer yet clinically relevant 
phenomenon, such as TCR.

Our work has some limitations. We have only found four cases, 
so that this case series does not impart the complete and more 
specific knowledge of TCR in such cases. However, the trend is so 
strong (hundreds of surgical cases without any fatal outcome and 
four of the four cases with fatal outcome) that we should think 
about an adaption of our previous model of the TCR. This is also 
the second principal limitation that we cannot yet explain this 
differential behavior in a meta-context.

In conclusion, this review shows that the existence of the 
TCR episodes can also occur in non-surgical as well as simple 
maneuvers and can lead to devastating complications including 
death. Therefore, this review further opens the understanding of 
the TCR phenomenon in various medicine domains as well.
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The trigeminal nerve and heart are strongly related through somato-autonomic nervous 
reflexes that induce rapid changes in cardiovascular function. Several trigeminal reflexes 
have been described, but the diving and trigeminocardiac reflexes are the most studied. 
The heart is a target organ dually innervated by the sympathetic and parasympathetic 
systems. Thus, how cardiac function is regulated during the trigeminal reflexes is the 
result of the combination of an increased parasympathetic response and increased, 
decreased, or unaltered sympathetic activity. Various hemodynamic changes occur as 
a consequence of these alterations in autonomic tone. Often in the oxygen-conserving 
physiological reflexes such as the diving reflex, sympathetic/parasympathetic co-activa-
tion reduces the heart rate and either maintains or increases blood pressure. Conversely, 
in the trigeminocardiac reflex, bradycardia and hypotension due to parasympathetic 
activation and sympathetic inactivation tend to be observed. These sudden cardiac 
innervation disturbances may promote the generation of arrhythmias or myocardial 
ischemia during surgeries in the trigeminal territory. However, the function and mecha-
nisms involved in the trigeminal reflexes remain to be fully elucidated. The current review 
provides a brief update and analysis of the features of these reflexes, with special focus 
on how the autonomic nervous system interacts with cardiovascular function.

Keywords: trigeminocardiac reflex, diving reflex, heart, arrhythmia, myocardial ischemia

inTRODUCTiOn

Physiological or pathological stimulation of the trigeminal nerve can trigger sudden cardiovascular 
disturbances with the characteristic features of a nervous reflex (1). Although these trigeminal reflexes 
have been thoroughly described in numerous clinical–surgical situations, their physiological and 
pathophysiological mechanisms, as well as their functional significance, have not been elucidated. 
In 1908, Aschner (2) and Dagnini (3) described a severe reduction in heart rate as a consequence of 
eyeball compression (4). In 1975, Kumada et al. described the trigeminal depressor response in an 
experimental animal model (5). They observed that stimulation of one of the trigeminal branches 
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or its nuclear sensitive complex triggered a reflex that induced 
cardiovascular symptoms including a sharp reduction of heart 
rate, hypotension, apnea, and gastric hypermotility (6, 7). In 1988, 
Shelly and Church suggested the term “trigeminocardiac reflex” 
(8), and in 1991, Lang et al. used the term trigeminocardiac reflex 
to describe intense reflex bradycardia observed in three patients 
undergoing maxillofacial surgeries (9). In later years, Schaller 
and colleagues (10, 11) first published the occurrence of a central 
reflex in humans during cerebellopontine angle and brainstem 
surgeries and merged these peripheral and central responses into 
a single autonomic reflex, which is now generally accepted as the 
trigeminocardiac reflex.

These reflexes represent somato-autonomic responses where 
the trigeminal nerve is the afferent pathway, the vagus and sympa-
thetic nerves are the efferent pathways, and numerous brainstem 
nuclei serve as integration centers (12). Although these reflexes 
share certain anatomical structures, the stimuli by which they 
are triggered and the responses they elicit are not necessarily 
equal. The trigeminal reflexes can be triggered by stimuli sensed 
by thermoreceptors in the facial skin (diving reflex) (13), nasal 
mucosa (nasopharyngeal reflex) (14), and eyeball (oculocardiac 
reflex) (4, 15). They can also be activated by direct stimulation of 
some trigeminal branches and the trigeminal nuclear complex of 
the brainstem (trigeminocardiac reflex) (16).

TRiGeMinOCARDiAC ReFLeX

The trigeminocardiac reflex is a brainstem reflex that has been 
demonstrated both clinically and experimentally (17). Schaller 
et al. defined the reflex from a clinical point of view as hypo-
tension with a 20% drop in mean arterial blood pressure and 
bradycardia lower than 60  beats/min in response to surgical 
manipulation of the trigeminal nerve trunk or disturbances 
in the territory of one of its branches. This concept was 
later redefined by including autonomic symptoms such as a 
decrease in cardiovascular function less than 20%. This new 
trigeminocardiac reflex definition is even more inclusive for 
clinical studies (12). In severe instances, this response can 
sometimes lead to asystole. They can be classified into two 
subtypes, depending on which sensory territory is stimulated: 
the central trigeminocardiac reflex (ganglion to nucleus) and 
the peripheral trigeminocardiac reflex (peripheral divisions 
to ganglion). The peripheral trigeminocardiac reflex can be 
further subdivided into ophthalmocardiac and maxilloman-
dibulocardiac reflexes (16).

In anesthetized rabbits, trigeminal system stimulation 
reduced heart rate by 13%, mean arterial pressure by 36%, total 
peripheral vascular resistance by 35%, and cardiac output by a 
comparatively modest 5%, whereas stroke volume increased by 
6% (7). Bilateral vagal section does not reverse hypotension and 
only partially reverses the decrease in heart rate. This experi-
ment demonstrates that hypotension is independent of heart 
rate reduction and occurs as a result of vasodilation induced by 
the sustained decrease in peripheral vascular sympathetic tone. 
In contrast, heart rate reduction occurs via a combination of 
parasympathetic activation and sympathetic inhibition. Using a 
different experimental model in rabbits breathing spontaneously, 

Kumada et  al. (6) studied the respiratory effects of electrical 
stimulation of the spinal trigeminal tract and its nuclei. In this 
research, a biphasic response could be observed: low frequency 
and low intensity stimulation produced tachypnea, whereas 
a slightly more intense stimulation led to expiratory apnea. 
On the other hand, gastric hypermotility as a consequence 
of increased vagal tone was also observed, thus constituting 
itself as an actual trigeminovagal reflex (6) (Figure 1). Based 
on hemodynamic analysis, the trigeminocardiac reflex behaves 
in a similar manner to the baroreceptor reflexes, in which 
bradycardia and reduced systemic blood pressure can also be 
observed as a consequence of vagal activation and sympathetic 
inhibition (7). As a variant of the trigeminocardiac reflex, the 
oculocardiac reflex generates the same synergistic sympa-
thetic/parasympathetic output and produces bradycardia and 
 hypotension (Table 1).

DivinG ReFLeX

Oxygen deprivation, even for brief periods of time, can be highly 
detrimental. However, many species, such as diving birds, mam-
mals, and even human beings, have adapted to withstand hypoxia 
or anoxia for longer periods (18). One of the most important 
physiological adaptations that allow these animals to withstand 
the lack of oxygen during apnea is the diving reflex (13). Facial 
submersion in water rapidly triggers a heart rate reduction by 
vagal activation, an increase in blood pressure by sympathetic 
hyperactivity, and apnea. In humans, the autonomic response 
can often be intense: the heart rate can drop to 20–30 beats/min, 
and the increased peripheral vascular resistance can raise blood 
pressure to critical levels. This is not observed in other species 
that are specialized in the art of diving because they are able 
to maintain blood pressure within physiological ranges despite 
increased sympathetic tone.

An important modulator of autonomic activity during diving 
is apnea, which can result by two different mechanisms. First, 
apnea can occur voluntarily; in this situation, a person con-
sciously inhibits the respiratory centers via a centrally induced 
pathway. An example is simple breath holding. Second, apnea 
can occur in a reflexive manner following stimulation of cold 
receptors in the facial skin, eyes, and nasal cavity. At the same 
time, changes in pulmonary volumes due to apnea can modify 
the autonomic tone, leading to cardiovascular changes (13). 
Apnea alone is sufficient to trigger the diving response; however, 
a greater response is seen when coupled with stimulation of 
facial cold receptors, as with face immersion. This particularly 
intense cardiovascular reflex response manifests itself as a conse-
quence of both facial stimulation and apnea. Fagius and Sundlöf 
studied sympathetic activity in the peroneal nerve and skin of 
patients after cold water submersion and reported differences 
in autonomic regulation between muscle and cutaneous blood 
flow. They observed increased activity of the nerves innervating 
muscle vessels, accompanied by 30–50% reduction in blood flow 
as a consequence of higher peripheral vascular resistance (19). 
However, they also found decreased sympathetic conductivity 
toward the cutaneous vascular beds, which have a larger role in 
thermoregulation and sweating. Increased sympathetic tone in 
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FiGURe 1 | Schematic illustration of the autonomic neural pathways and effectors activated as a consequence of trigeminal nerve stimulation. 
Protection reflexes like the diving, the nasopharyngeal, or the oculocardiac reflex involve simultaneous co-activation of both autonomic limbs (blue symbols). The 
trigeminocardiac reflex induces a strong depressor response by a reciprocal activation of the parasympathetic system and an inhibition of the sympathetic system 
(red symbols).

TABLe 1 | Summary of the principal characteristics of the trigeminal reflex subtypes.

Trigeminal reflex Triggered by efferent pathway Arterial 
pressure

Heart 
rate

Gastric 
motility

Splenic 
contraction

Peripheral 
vascular 

tone

Breathing

Trigeminocardiac reflex Direct stimulation of the trigeminal 
nerve

Parasympathetic ↑ ↓ ↓ ↑ ? ↓ Apnea
Sympathetic ↓

Diving reflex Thermoreceptors in the facial skin Parasympathetic ↑ ↑ ↓ – ↑ ↑ Apnea
Sympathetic ↑

Nasopharyngeal reflex Nasal mucosa irritation Parasympathetic ↑ = ↓ – ↑ ↑ Apnea
Sympathetic ↑

Oculocardiac reflex Physical stimulation of the eye or 
adnexa

Parasympathetic ↑ ↓ ↓ ↑ ? ↓ Apnea
Sympathetic ↑

?, Not known.
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the splanchnic vessels and splenic capsule was also observed (18). 
The contraction of the spleen provides an additional blood volume 
that aids in stabilizing blood pressure despite the decreased heart 
rate. Since contraction of the spleen also increases hematocrit and 

hemoglobin circulating in the blood, it would be expected that 
oxygen transport would also be enhanced.

The diving reflex in human beings can be modified by many 
factors, but the most important are water temperature, oxygen 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


31

Buchholz et al. Cardiovascular Autonomic Regulation in Trigeminal Reflexes

Frontiers in Neurology | www.frontiersin.org February 2017 | Volume 8 | Article 52

tension in the arterial blood, and emotional factors (20). Previous 
studies showed a clear inverse relationship between the tempera-
ture of the water in which the face is immersed and the magnitude 
of the diving bradycardia. Interestingly, there may not be a similar 
close dependence on temperature for the reduction in limb 
blood flow. With respect to blood oxygen, diving bradycardia 
is increased if subjects have been breath holding or exercising 
immediately before performing apnea with face immersion. Such 
observations suggest the possibility that a reduction in the arterial 
oxygen tension potentiates the diving reflex. Finally, higher brain 
functions have profound effects on the development of the diving 
reflex in humans. When subjects are distracted, diving bradycar-
dia fails to occur despite the face being under water. On the other 
hand, fear can powerfully accentuate the diving response.

Physiologically, the diving reflex slows down oxygen uptake 
from the lungs and reduces the rate of arterial blood desaturation, 
slowing the depletion of both lung and blood oxygen stores. In 
addition, blood flow is redistributed so that the brain and heart 
are preferentially perfused. This reduces oxygen delivery to the 
peripheral capillary beds by stopping blood flow with intense 
vasoconstriction (18). Therefore, the diving reflex is one of the 
most powerful somato-autonomic reflexes of the organism, and 
it is an important life protection mechanism in naturally diving 
animals. As one might expect, the usual response in the human 
being, a terrestrial animal, is quantitatively less efficient than that 
seen in the natural divers.

nASOPHARYnGeAL ReFLeX

This is a well-demonstrated variation of the diving reflex, acti-
vated by stimulation of the nasal mucosa (14). The nasopharyn-
geal reflex can be activated by irritating gases, water, or electrical 
stimulation. The ethmoidal nerve plays an important role in this 
mechanism by innervating the nasal passages and external nares, 
and it is fundamental in protecting the upper airway (21, 22). 
Studies in dogs verified that nasal stimulation increases parasym-
pathetic vagal tone, which reduces heart rate and, consequently, 
cardiac output. Conversely, the nasopharyngeal reflex increases 
sympathetic tone, leading to greater peripheral vascular resistance 
(with the exception of carotid resistance), therefore maintain-
ing stable blood pressure values (23) (Table 1). The differential 
changes in vascular flow at the carotid level suggest blood flow 
redistribution to the brain. The aforementioned physiological 
features of the nasopharyngeal reflex demonstrate its role as a 
powerful oxygen-preserving reflex, similar to the diving reflex.

AnTAGOniSM AnD SYneRGiSM in 
SYMPATHeTiC/PARASYMPATHeTiC 
inTeRACTiOn

Although the trigeminal reflexes have many aspects in common 
(e.g., the anatomical substrate), their cardiovascular responses 
may differ depending on the sympathetic/parasympathetic 
interaction (24). As already mentioned, the diving reflex elicits 
strong synergistic co-activation of the sympathetic/parasympa-
thetic systems, allowing for heart rate reduction with concurrent 

maintenance or increase of peripheral arterial pressure (13, 14). 
On the other hand, the trigeminocardiac reflex is characterized 
by parasympathetic activation and sympathetic inhibition, 
which simultaneously reduce heart rate and blood pressure (6) 
(Figure 1; Table 1).

Some studies have clarified the factors that condition trigemi-
nal stimulation responses. First, the type of stimulus triggering 
the reflex should be taken into consideration. Pressor responses 
are frequently reported, indicating an increase in the peripheral 
sympathetic tone in response to physiological stimuli, such as 
irritation of the nasal mucous membrane (14) or stimulation of 
the thermal nerve endings of facial skin (25). Conversely, in surgi-
cal or experimental stimulations of the trigeminal nerve trunk in 
anesthetized patients, important reductions can be observed both 
in sympathetic tone and blood pressure (16). Stimulus intensity, 
frequency, and duration, as well as the type of afferent nervous 
fibers involved in the reflexogenic response, should also be taken 
into account.

The second aspect to consider is the administration of differ-
ent analgesics and anesthetics that may modulate the trigemi-
nal–vagal reflexes in variable and unpredictable ways (26–29). 
This is of particular importance for the trigeminocardiac reflex, 
since numerous studies reported autonomic reaction differences 
based on the use of these drugs (30). Therefore, anesthesia 
type and depth are important factors to consider in the clinical 
management of patients undergoing surgical interventions in the 
trigeminal territory who are at potential risk of cardiovascular 
depression (31–33).

The last aspect to consider is species differences. In diving 
animals such as seals, the diving reflex increases sympathetic tone 
and allows preservation of blood pressure within physiological 
ranges. In humans, however, the sympathetic response of the 
diving reflex is more intense and may increase blood pressure to 
critical values (30).

HeMODYnAMiC CHAnGeS DURinG 
TRiGeMinAL ReFLeXeS

Bradycardia and blood pressure modifications are the most 
evident hemodynamic changes induced by these reflexes. The 
sudden changes that occur in these reflexogenic adaptations 
may impact patients with cardiovascular disease, inducing 
severe and sometimes lethal complications. Various authors 
reported complications in patients with coronary disease, and 
severe arrhythmias such as asystole and ventricular fibrillations 
as a consequence of the trigeminocardiac reflex during neuro-
surgeries (34, 35). Although not experimentally demonstrated, 
coronary spasm might be a key factor in the pathophysiology 
of these complications. Cholinergic discharge in coronary 
arteries damaged by atherosclerosis could trigger paradoxical 
vasoconstriction. Also, the sympathetic co-activations that often 
occur due to trigeminal reflexes may produce vasospasm and 
decreased blood flow to the myocardium. This cardiac sympa-
thetic co-activation was studied by Nalivaiko et al. in rabbits via 
electrocardiogram, which confirmed the presence of profound 
co-activation during the nasopharyngeal reflex (36). Intense 
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changes in autonomic tone following trigeminal stimulation may 
engender electrical instabilities, which in turn may predispose 
patients to arrhythmias and imbalances between myocardial 
oxygen supply and demand.

We previously demonstrated that short-term vagal electro-
stimulation in rabbits can generate critical changes in myocardial 
oxygen consumption in the context of coronary ischemia and rep-
erfusion (37). It is interesting to consider that oxygen consumption 
may vary intensely, to the point of increasing or reducing infarct 
size depending on the sympathetic/parasympathetic interaction 
(38). When vagal activation antagonizes the sympathetic system, 
both infarct size and oxygen consumption are reduced. However, 
we observe an opposite situation when the sympathetic system 
is co-activated during vagus nerve stimulation. This shows how 
both divisions of the autonomic nervous system interaction is 
fundamental for correct interpretation of the trigeminal reflexes. 
Even though by definition a major vagal discharge is present, the 
sympathetic tone fluctuates between an increase and a decrease. 
It is therefore a critical variable to consider because it can develop 
numerous complications that may be catastrophic during medi-
cal interventions in the trigeminal nerve territory.

COnCLUSiOn

Stimulation of the trigeminal nerve or the territories innervated 
by its branches can trigger deep hemodynamic changes due to 
neurogenic somato-autonomic responses such as the diving and 
trigeminocardiac reflexes. Although they can act as extremely 
efficient oxygen-conserving reflexes, the sudden disturbances 

of cardiovascular autonomic tone can often generate electrical 
instabilities, predisposing to cardiac arrhythmias and myocardial 
ischemia. Differences in hemodynamic responses to trigeminal 
stimulation depend upon the antagonistic or synergistic interac-
tion of the sympathetic and parasympathetic systems. Future 
investigations will be needed to understand the molecular 
mechanisms and functional purposes of the trigeminal reflexes. 
This knowledge is of paramount importance for appropriate 
management of patients affected during surgeries in the trigemi-
nal territory.
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Diving response (DR) is a powerful integrative response targeted toward survival of the 
hypoxic/anoxic conditions. Being present in all animals and humans, it allows to survive 
adverse conditions like diving. Earlier, we discovered that forehead stimulation affords 
neuroprotective effect, decreasing infarction volume triggered by permanent occlusion of 
the middle cerebral artery in rats. We hypothesized that cold stimulation of the forehead 
induces DR in rats, which, in turn, exerts neuroprotection. We compared autonomic [AP, 
heart rate (HR), cerebral blood flow (CBF)] and EEG responses to the known DR-triggering 
stimulus, ammonia stimulation of the nasal mucosa, cold stimulation of the forehead, 
and cold stimulation of the glabrous skin of the tail base in anesthetized rats. Responses 
in AP, HR, CBF, and EEG to cold stimulation of the forehead and ammonia vapors instil-
lation into the nasal cavity were comparable and differed significantly from responses 
to the cold stimulation of the tail base. Excitotoxic lesion of the subthalamic vasodilator 
area (SVA), which is known to participate in CBF regulation and to afford neuroprotection 
upon excitation, failed to affect autonomic components of the DR evoked by forehead 
cold stimulation or nasal mucosa ammonia stimulation. We conclude that cold stimula-
tion of the forehead triggers physiological response comparable to the response evoked 
by ammonia vapor instillation into nasal cavity, which is considered as stimulus triggering 
protective DR. These observations may explain the neuroprotective effect of the forehead 
stimulation. Data demonstrate that SVA does not directly participate in the autonomic 
adjustments accompanying DR; however, it is involved in diving-evoked modulation of 
EEG. We suggest that forehead stimulation can be employed as a stimulus capable of 
triggering oxygen-conserving DR and can be used for neuroprotective therapy.

Keywords: diving response, nasal ammonia stimulation, forehead cold stimulation, autonomic parameters, 
neuroprotection, subthalamic vasodilator area, electroencephalography

inTrODUcTiOn

“Diving response” (DR) is a specialized integrative state of the organism targeted toward survival 
of potentially hypoxic/anoxic conditions, such as diving (1). Observed in diving animals, arche-
typal DR consists of the coordinated activation of at least three reflexes: simultaneous activation of 
parasympathetic and sympathetic systems and respiratory adjustments (2, 3). Activation of these 
reflexes leads, respectively, to bradycardia (4–10), peripheral vasoconstriction limiting blood supply 
to muscles and “non-critical” organs (2, 11–15), increase in arterial pressure (2, 16–18), and apnea 
(12, 18, 19).
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Diving response is initiated by the excitation of the  ophthalmic 
division of the trigeminal nerve (2), which innervates nasal 
mucosa, cornea, forehead, and cerebral dura mater (20, 21). 
Stimulation of the nasal mucosa by perfusion of water or ammo-
nia vapors through the nasal cavity triggers similar response 
(6, 22). Direct stimulation of the ethmoidal nerve branching 
from the ophthalmic division and innervating the nasal mucosa 
produces DR (23).

Autonomic component of the DR is mediated by the medul-
lary circuitry and preserved in decerebrated animals (12, 24). The 
afferents of the ethmoidal nerve project to the medullary dorsal 
horn neurons through the trigeminal ganglion. Medullary dorsal 
horn neurons issue multiple projections (25). Transsynaptical 
viral tracing of the ethmoidal nerve projections revealed fibers 
reaching nucleus tractus solitarii, rostral ventrolateral medulla 
(RVLM), lateral tegmental field, Kolliker Fuse nucleus, and 
superior salivatory nucleus (SSN) (1, 26). Sympathetic activation 
responsible for the pronounced peripheral vasoconstriction 
seems to be mediated by RVLM (27), which, among others, 
harbors neurons innervating preganglionic neurons of inter-
mediolateral column of the spinal cord and is critical for the 
control of sympathetic tone (28). Importantly, stimulation of 
RVLM produces metabolically independent increase in cerebral 
blood flow (CBF) (29, 30) and exerts some neuroprotection 
(Yamamoto and Golanov, unpublished observation). Projections 
of the medullary dorsal horn neurons receiving ethmoidal nerve 
afferents are observed in pre-Botzinger and trapezoid nuclei 
(31), which are known to participate in respiratory regulation 
(32–34) and may be involved in the apneic component of DR 
(1). DR-associated bradycardia most probably involves activation 
of parasympathetic preganglionic neurons of nucleus ambiguus, 
which receive projections from medullary dorsal horn neurons 
targeted by ethmoidal afferents (35).

Integral effect of DR is overall decreased oxygen consump-
tion and preservation of vital functioning of heart and brain 
during apneic period (17, 36–38). DR, an evolutionary ancient 
mechanism of survival of low-oxygen/anoxic conditions (39–41), 
presents in all animals (1) and exerts powerful protection against 
anoxic conditions (42). There are reports of humans who remained 
submerged under water for prolonged periods of time (over 1 h 
in some cases) and fully recovered afterward (43–46). Survival 
after near drowning does not depend on body temperature (45, 
47, 48), and the DR is suggested to be an important component 
of survival (49).

While stimulation of the ethmoidal nerve produces DR (23), 
its transection does not eliminate DR in rats, suggesting that 
other branches of the ophthalmic nerve are capable of triggering 
DR (50). In humans, dipping face into cold water is sufficient to 
initiate typical DR consisting of hypertension and bradycardia 
(2, 8, 10, 51, 52). In fact, it was suggested that stimulation of face 
cold receptors is vital for the “survival” DR response (53). These 
findings allowed us to hypothesize that forehead stimulation 
can be neuroprotective. In agreement with this hypothesis, we 
established that cold or electrical forehead stimulation exerts 
neuroprotective effects, decreasing the infarction volume induced 
by permanent middle cerebral artery occlusion in rats (54). We 
suggested that forehead stimulation is capable to trigger DR and 

accompanying activation of endogenous neuroprotective system 
(55). Non-invasive, simply applicable method of activation of the 
DR opens potential of using its protective properties in clinical 
settings.

The basic “tri-partite” components of the DR – hypertension, 
bradycardia, and apnea – seem to be mediated at the medullary 
level (1, 3, 27). However, this basic circuitry mediating autonomic 
component of the DR is also under control of suprabulbar struc-
tures (56). The suprabulbar components of the DR are not well 
investigated. Subthalamic vasodilator area (SVA) plays an impor-
tant role in the hypoxia-induced cerebral vasodilation and affords 
neuroprotection upon stimulation, as we established earlier 
(57, 58). We hypothesized that SVA may be involved in suprab-
ulbar regulatory mechanisms of DR. Here, we explored whether 
cold stimulation of the forehead triggers autonomic responses 
comparable to those induced by nasal mucosa stimulation with 
ammonia vapors as a “classic” model of DR and compared the 
responses to changes evoked by cold stimulation of the glabrous 
skin of tail base in anesthetized rats, and possible role of SVA in 
DR mechanisms.

MaTerials anD MeThODs

All experiments were performed in accord with NIH “Guide 
for the care and use of laboratory animals” and approved by the 
IACUC of the University of Mississippi Medical Center.

general Procedures
The methods were described in detail in our previous publica-
tions (58). In short, experiments were performed in adult male 
Sprague-Dawley rats (250–300  g), maintained in thermally 
controlled facilities with 12/12 h light cycle and ad libitum access 
to lab chow and water. Anesthesia was initiated in the induction 
chamber using 5% isoflurane and maintained during surgery at 
2–2.5%. All experiments were conducted under isoflurane level 
of 1.2–1.5% in mixture of 80% N2 and 20% O2. Both femoral 
arteries were cannulated to monitor arterial pressure and to 
sample blood for blood gasses. Animals were intubated and 
ventilated using mechanical ventilator at 50–60  strokes/min. 
Blood gasses were maintained at normal level (pH 7.46 ± 0.023; 
PaO2: 94.3 ± 1.1 mmHg; PaCO2: 34.2 ± 0.8 mmHg) (59). Body 
temperature was maintained at 37°C using feedback-controlled 
thermoblanket. Following instrumentation, animals were placed 
in the stereotaxic frame. The calvarium was exposed through 
the midline cut and the bone was thinned over the area of 
3  mm  ×  4  mm over the parietal cortex to place laser Doppler 
needle probe (Periflux PF3, Perymed). A stainless steel screw 
was inserted through the bone extradurally 0.5 mm rostral and 
1  mm lateral to bregma for EEG recording. Arterial pressure 
was recorded using strain-gauge pressure transducer. EEG was 
recorded monopolarly with the reference electrode placed in 
the muscle caudally to the midline cut. EEG signal was filtered 
at 0.1–100  Hz. Laser Doppler probe (0.45  mm diameter) was 
positioned over the thinned bone over the parietal cortex area 
avoiding visible large vessels, and drop of paraffin oil was placed 
under the probe to provide optical contact. The probe was left 
in place till the end of experiment. Regional CBF was recorded 
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with time constant of 0.2 s and expressed in arbitrary units. After 
placing the probe, cerebrovascular reactivity was assessed by 
adding CO2 to breathing mixture for ~2  min, which increased 
PaCO2 to ~50–60 mmHg. This maneuver triggered fast elevation 
of CBF by 60–90%. The test was repeated several times during 
the experiment. If reactivity was lost, animal was euthanized and 
excluded from the analysis.

cold stimulation
Animal forehead was shaved and small thermocouple was 
introduced under the skin at the rostral angle of the cut on the 
top of the head. To induce cold stimulation, 1,1-difluoroethane 
(“Canned Air”) was directly applied to the forehead skin for 
5  s. 1,1-difluoroethane is a volatile liquid with a boiling point 
of −25°C. Upon application, it immediately evaporated and 
decreased under-skin temperature to a minimum of ~12°C by 
15  s after the beginning of application. Temperature gradually 
returned to the baseline of 35.6°C in ~2 min. Identical stimula-
tion has been applied to the base of the tail. There are no known 
irritation effects of skin application of the 1,1-difluoroethane 
besides possible “frostbites,” when excessive amount is applied 
for extended period of time. We did not observe any residual 
skin effects, such as redness or edema, even after multiple short 
applications of 1,1-difluoroethane in our experiments.

ammonium application
To introduce ammonia vapors into the nasal cavity polyethylene 
catheter (PE-50) was introduce into the nasal cavity through the 
nares until it reached nasopharynx. Piece of cotton saturated 
with 50% solution of ammonia hydroxide was placed near the 
nostrils, and gentle suction was applied for 5  s to the external 
end of the nasal catheter to create a slightly negative pressure in 
the nasopharynx, allowing ammonia vapors to be sucked into the 
nasal cavity through the nares (3). Cotton ball was removed while 
suction was continued to evacuate ammonia hydroxide vapors 
from the nasal cavity. All tests were applied three times in each 
animal with the 10 min intervals.

excitotoxic lesion of subthalamic 
Vasodilatory area
The intrinsic neurons of the SVA were bilaterally destroyed with 
neurotoxin, ibotenic acid. Rats were anesthetized using face mask 
and placed in stereotaxic frame. Calvarium was exposed, and, 
through a burr hole, glass micropipette with the tip diameter of 
40–50  μm was inserted at 4.8  mm posterior and 1.5 lateral to 
bregma to the depth of 7.2 mm. Single injection of 3 nmol of IBO 
in 20 nl of phosphate buffered saline (PBS) was delivered. After 
injection pipette was kept in place for additional 5 min to avoid 
backflow. Symmetrical injection on the other side was performed. 
After wound closure and recovery from anesthesia, animals were 
kept in the home cage for 5 days before the experiment. Control 
animals received injection of PBS. As microinjections of PBS into 
SVA did not affect baseline or cooling and ammonia response the 
data obtained in this animals were pooled together with naïve 
animals.

histological Procedures
After euthanasia with carbon dioxide, brains were removed and 
frozen in isopentane and stored at −80°C until analysis. For 
histological analysis, brains were sectioned at 20  μm thickness 
at −20°C and stained with thionin. Lesioned sites were identified 
using anatomical brain atlas (60) (Figure 6).

Data collection and Processing
All data were digitized using ADInstruments digitizer and stored 
for further analysis. Data processing, including fast Fourier trans-
formation (FFT) of EEG, was performed using LabChart software 
package. Mean arterial pressure (MAP) was calculated according 
to the formula: 2/3 diastolic pressure  +  1/3 systolic pressure. 
Cerebrovascular resistance (CVR) was calculated as a ratio 
between MAP and CBF and expressed as percentage of change 
relative to the baseline. EEG was normalized as percentage of the 
total power in 0.1–15 Hz interval. For the study purposes, EEG 
rhythms were defined as follows: delta rhythm – 0.1–3.0 Hz; theta 
rhythm – 3.1–7.0  Hz; alpha rhythm 7.1–11.0  Hz; beta rhythm 
11.1–15 Hz. Data were expressed as mean ± SEM. For statisti-
cal analysis, t-test for independent and repeated measures and 
two-way repeated measures ANOVA with Bonferroni post  hoc 
multiple comparisons were used (SPSS). Differences were con-
sidered significant at p < 0.05.

resUlTs

In 12 animals, response to ammonia vapors passage through the 
nasal cavity has been analyzed. In response to ammonia vapor 
passage through the nasal cavity, MAP increased by 17.5 ± 3.3% 
(from 95.6 to 112.5 mmHg, p < 0.05) in 11 ± 1 s and returned to 
the baseline in 146 s (Figures 1A and 4A). The increase in MAP 
was accompanied by small and slow increase in heart rate (HR), 
reaching maximum of 1.7  ±  0.4% (from 359.6 to 365.3 beats/
min, p < 0.05) in 55 ± 4 s (Figures 1C and 4C). In parallel, CBF 
demonstrated robust increase by 22.8 ± 3.5% reached in 11 ± 1 s 
(p < 0.5, Figures 1 and 4B). Increase in CBF was accompanied 
by non-significant decrease in CVR by −6.6 ± 3.3% at 34 ± 5 s 
returning to the baseline in 80 s (Figures 1D and 4D). In response 
to intranasal ammonia vapor administration, power of EEG 
delta rhythm significantly decreased by 10.6 ± 5.1% (p < 0.05) 
compared with the background activity. At the same time, theta 
rhythm power increased by 7.2 ± 3.3% (p < 0.05), while alpha and 
beta rhythm did not change significantly (Figure 3).

In the same animals, response to the forehead cooling was 
tested. Five-second application of cold stimulus to the forehead 
triggered decrease of the subcutaneous temperature from 35°C to 
a minimum of 12°C reached in 19 s after the initiation of cooling 
and returned to the baseline by 157 s. In response to decreased 
forehead temperature MAP raised by 15.0 ± 2.1% (p < 0.05, from 
92.8 to 106.7  mmHg) in 7  s when subcutaneous temperature 
decreased to 16.7°C (Figures 1A and 4A). Increase in MAP was 
comparable to that observed in response to passage of ammonia 
(p > 0.05). In parallel, HR increased by 2.8 ± 0.5% (p < 0.05, from 
353.4 to 363.2 beats/min) reaching maximum at 23 s (Figures 1C 
and 4C). CBF started to increase within 2 s of the beginning of 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


FigUre 1 | averaged responses of mean arterial pressure [MaP (a)], cerebral blood flow [cBF (B)], heart rate (c), and cerebrovascular resistance 
[cVr (D)] to ammonia vapors instillation into the nose (green line), cold stimulation of the forehead (red line), and cold stimulation of the tail base 
(blue line) in naïve anesthetized artificially ventilated rats expressed as delta percent change compared with baseline (n = 12 animals, 36 tests of 
each modality).
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cooling and reached maximum of 16.8 ± 3.4% (p < 0.05) in 9 s. 
After insignificant increase at 10 s, CVR decreased significantly by 
5.5 ± 2.2% (p < 0.05) at 81 s (Figures 1D and 4D). All parameters 
returned to the baseline within 5 min. Forehead cooling did not 
affect EEG significantly (Figure 3).

Comparable 5-s cooling of the tail base triggered biphasic 
increase in MAP. First, fast increase reached 7.2 ±  2.5% in 6  s 
(from 92.3 ± 2.4 to 98.9 ± 4.1 mmHg, p < 0.05;) followed by the 
secondary delayed increase by 7.7 ± 2.6% (to 101.7 ± 3.5 mmHg, 
p < 0.05) at 90 s (Figures 1 and 4A). MAP returned to the baseline 
in 5 min. Increases in MAP response to tail base cooling was sig-
nificantly smaller than responses to ammonia passage or forehead 
cooling evoked responses. HR in response to tail base cooling 
was gradual, and, after fast initial increase, it continued to rise 
reaching maximum of 4.2 ± 1.8% (from 354.4 ± 5.7 to 370.0 ± 9.6 
beats/min, p < 0.05) by 120 s and returned to the baseline also 
in 5 min (Figures 1 and 4C). CBF increase likewise was biphasic: 
after peaking in 7 s by 9.8 ± 2.7% (p < 0.05), it continued to rise 
after the short decrease and reached 18.1 ± 3.1% (p < 0.05) by 

102 s and returned to the baseline in parallel with MAP (Figures 1 
and 4B). CVR also demonstrate biphasic changes similar to MAP 
and CBF, the first decrease of −7.0 ± 2.2% (non-significant, n.s.) 
in 16  s after the stimulus onset was followed by the secondary 
slightly deeper decrease by −8.1 ± 3.1% (p < 0.05) at 111 s. CVR 
returned to the baseline in parallel with CBF in 5 min (Figures 1 
and 4D). In response to tail base stimulation, delta rhythm was 
significantly depressed by 11.1 ± 3.2% (p < 0.05) and theta rhythm 
increased by 9.9 ± 4.4% (p < 0.05). Alpha and beta rhythm were 
not affected significantly (Figure 3).

effects of sVa lesions
In seven other animals, SVA was lesioned by intraparenchymal 
injection of ibotenic acid. Histological identification of the 
localization of lesion of subthalamic vasodilatory area estab-
lished gliosis in SVA and in the immediate vicinity, including 
mediate pole of zona incerta, prerubral nucleus, and field of Forel 
(Figure 6). Only animals that demonstrated gliosis in the SVA 
area were included in the analysis. Baseline absolute values of 
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FigUre 2 | comparison of changes (difference between percent of total power before and after stimulus) of eeg rhythms [(a) Delta rhythm, 
(B) Theta rhythm, (c) alpha rhythm, (D) Beta rhythm] expressed as change in percent of total power in response to nasal ammonia vapor instillation 
and forehead and tail cold stimulation in naïve (n = 12, green bars) and animals after the lesioning of the subthalamic vasodilator area (n = 7, red 
bars), *p < 0.05 significance of the amplitude of the response compared with the baseline, †p < 0.05, significance between response in naive and 
sVa-lesioned animals, error bars – seM.
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MAP were significantly (p  <  0.05) higher: 107.3  ±  4.0  mmHg 
in SVA-lesioned animals compared with 92.7  ±  3.1  mmHg in 
naïve animals. HR did not differ significantly between naïve and 
SVA-lesioned animals: 354.5  ±  8.1 beats/min and 360.1  ±  9.1 
beats/min, respectively. Baseline EEG was significantly affected 
by SVA lesion. Background delta rhythm power decreased 
by 18.2  ±  2.3%, alpha and beta rhythm powers increased by 
9.0 ± 2.4% and 6.7 ± 1.9%, respectively (p < 0.05), while theta 
rhythm power did not change significantly (Figure 5).

In SVA-lesioned animals, MAP change in response to 
ammonia passage through the nasal cavities was significantly 
(p < 0.05) facilitated compared with non-lesioned animals and 
reached 29.3 ± 4.2% (from 106.8 ± 3.9 to 138.5 ± 6.2 mmHg) 
with that comparable to non-lesioned animals latency of 10  s 
(Figures 3A and 4A). MAP returned to the baseline within 5 min. 
HR decreased within 4 s by 1.3 ± 0.6% (from 365.3 to 361.6 beats/
min). While the decrease was not significant compared with the 
baseline it differed significantly when compared with naïve ani-
mals, which demonstrated increase in HR (Figures 3C and 4C). 
CBF response was facilitated reaching 28.6 ±  6.1% (p <  0.05), 
which was not significantly different from the response in naïve 
animals. However, CBF returned to the baseline significantly 

faster than in naïve animals within 41  s (Figures  3B and 4B). 
Following SVA lesion, CVR demonstrated non-significant short 
increase of 5.3 ± 1.2% in 9 s (Figures 3D and 4D). In response 
to ammonia passage, only alpha rhythm was significantly sup-
pressed by 7.3 ± 1.2% (p < 0.05), while power of other rhythms 
did not reach level of significance (Figure 2).

In response to the forehead cooling in SVA-lesioned ani-
mals, MAP increased comparable to the response observed 
in naïve animals, but, like response to ammonia, was slightly 
higher and reached 20.2  ±  5.1% (p  <  0.05) (from 105.7  ±  3.6 
to 126.9  ±  4.2  mmHg) of baseline in 6  s and returned to the 
baseline in 24  s (Figures  3A and 4A). HR in response to the 
forehead stimulation increased in 6 s by 1.9 ± 0.8% (n.s.) (from 
355.61  ±  13.1 to 361.7  ±  10.8 beats/min) followed by second-
ary increase by 2.5 ±  1.0% (n.s.) (to 363.8 ±  9.5 beats/min) at 
40  s which also did not significantly differ from other stimuli 
and slowly returned to the baseline in 5  min (Figures  3C and 
4C). CBF, in response to stimulation, increased in 6 s in parallel 
to MAP, reaching 19.9  ±  4.5% with secondary increase up to 
36.2 ± 6.5% at 136 s and slowly returned to the baseline in 5 min 
(Figures  3B and 4B). CVR changes in SVA-lesioned animals 
were amplified compared with naïve animals. CVR in parallel 
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FigUre 3 | averaged responses of mean arterial pressure [MaP (a)], cerebral blood flow [cBF (B)], heart rate (c), and cerebrovascular resistance 
[cVr (D)], to ammonia vapors instillation into the nose (green line), cold stimulation of the forehead (red line), and cold stimulation of the tail base 
(blue line) in anesthetized artificially ventilated rats after the lesioning of the subthalamic vasodilator area (sVa) (n = 7 animals, 21 tests of each 
modality).
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with CBF increased acutely to 10.8 ± 3.4% (p < 0.05) by 8 s and 
decreased by −7.9 ± 2.6 (p < 0.05) at 32 s and further dropped 
to a minimum of −14.5 ± 4.5% at 140 s, returning to the baseline 
in 5 min (Figures 3D and 4D). Forehead cooling induced sup-
pression of theta rhythm by 6.4 ± 1.8% (p < 0.05), while other 
rhythms remained unchanged (Figure 2).

Response to tail base cold stimulation also was affected 
in SVA-lesioned animals. Increase in MAP was attenuated 
and changes were non-significant with the slight increase of 
2.3 ± 0.8% (from 107.6 ± 1.2 to 110.1 ± 5.3 mmHg) within 4 s, 
followed by drop and return to the baseline in 3 min (Figures 3A 
and 4A). HR increased by 1.9 ± 1.0% at 24 s (from 359.9 ± 9.3 
to 365.1  ±  9.6  beats/min), while not reaching significance 
compared with the background. However, it was significantly 
(p  <  0.05) less than in naïve animals (Figures  3C and 4C). 
CBF response also was attenuated. Initial peak of increase of 
6.8 ± 1.4% was reached in 12 s with the secondary increase at 

93 s to 16.8 ± % (p < 0.05), with gradual return to the baseline 
in 5  min (Figures  1, 2 and 4B). In parallel, CVR dropped to 
−8.1 ± % with the further decrease to −14.0 ± 3.5 (p < 0.05) in 
112 s and returned to the baseline in 5 min (Figure, 1, 2, 4D). 
Cold stimulation of the tail base failed to significantly modify 
EEG in SVA-lesioned animals (Figure 2).

DiscUssiOn

The Model
In our experiments, we explored whether cold stimulation of 
the forehead is capable to induce DR. We compared autonomic 
responses triggered by stimulation of the nasal mucosa with 
ammonia and by cold stimulation of the forehead or the glabrous 
skin of the tail base. Changes in AP and CBF evoked by ammonia 
vapors instillation into the nasal cavity or by cold stimulation 
of the forehead were similar. Both responses, however, differed 
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FigUre 4 | comparison of changes of the maximum amplitudes of early responses of mean arterial pressure [MaP (a)], cerebral blood flow  
[cBF (B)], heart rate [hr (c)], and cerebrovascular resistance [cVr (D)] in response to nasal ammonia vapor instillation and forehead and tail cold 
stimulation in naïve animals (n = 12, green bars) and animals after the lesioning of the subthalamic vasodilator area (n = 7, red bars), *p < 0.05, error 
bars – seM.

FigUre 5 | Power of eeg components expressed as percent of total power in naïve anesthetized artificially ventilated animals (n = 12, green line) 
and in anesthetized artificially ventilated animals after lesion of subthalamic vasodilator area (n = 7, red line), *p < 0.05 comparison between naïve 
and lesioned animals, error bars – seM.
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FigUre 6 | schematic presentation of areas lesioned by ibotenic acid injection based on the histological analysis. Level −4.8 mm from bregma (60). F, 
nucleus of the fields of Forel; Po, posterior thalamic nuclear group; PR, prerubral field; SNR, substantia nigra, reticular part; VPM, ventral posteromedial thalamic 
nucleus; ZID, zona incerta, dorsal part; ZIV, zona incerta, ventral part.

41

Golanov et al. Diving Response in Rats

Frontiers in Neurology | www.frontiersin.org September 2016 | Volume 7 | Article 157

significantly from those induced by cold stimulation of glabrous 
skin of the tail base.

It is generally accepted that stimulation of the nasal mucosa 
triggers DR (1, 61–63). The prototypic DR observed in marine 
animals can be reproduced in other animals, including birds 
and terrestrial animals. It consists of characteristic and unique 
triad: hypertension, bradycardia, and apnea, which result from 
the simultaneous coordinated activation of sympathetic and 
parasympathetic systems (1, 11, 12). Our experiments demon-
strated that MAP, HR, CBF, and CVR responses to the application 
of the stimuli of different modality, but within the zone inner-
vated by the trigeminal nerve, were comparable. At the same 
time, the stimuli of the same modality (cold) applied to areas 
innervated by different nerves, forehead and tale base, produced 
different responses. These observations suggest that activation 
of trigeminal system evokes autonomic responses, which differ 
from responses triggered from other areas. Along with that, some 
common features between tail and forehead cooling induced 
responses suggest the existence of shared mechanisms probably 
related to excitation of somatic cold receptors. Because nasal 
mucosa stimulation-induced response is considered archetypal 
DR, we suggest that forehead stimulation also triggers response, 
which is close if not identical to DR. This conjecture finds support 
in the observations that, in humans, cold face stimulation triggers 
autonomic changes, hypertension, and bradycardia, similar to the 
DR (2, 8, 10, 51, 52).

It is thought that cold stimulation of the ophthalmic branch 
of trigeminal nerve initiates DR (2). Cold stimulation of the 
forehead and ammonia nasal mucosal stimulation in our 
experiments triggered autonomic responses typical for the DR. 
However, we did not observe bradycardic component of the DR. 
The weak tachycardic response observed by us probably occurred 
due to artificial ventilation and isoflurane anesthesia. Lung infla-
tion attenuates bradycardia during DR (64), and isoflurane is 
capable of decreasing the parasympathetic cardiac drive (65). 
Simultaneous use of isoflurane in combination with mechanical 
ventilation in our experiments may negate bradycardic response. 
This speculation is supported by our observations of pronounced 
bradycardic responses accompanied by hypertension to electrical 
stimulation of the forehead in spontaneously respiring rats under 
isoflurane anesthesia (66, 67). These findings also indicated that 
apnea plays an important role in the bradycardic component of 
the DR (68). Overall, it is possible to conclude that forehead cold 
stimulation triggers autonomic response comparable to DR.

Studies of the mechanisms of the DR are complicated by the 
various problems related to difficulties of working with diving 
animals or use of voluntary or forced diving in terrestrial animals 
(9). Our model allows studying mechanisms of DR in laboratory 
conditions using various physiological approaches. Use of arti-
ficial ventilation provides advantages to explore the mechanism 
of the DR. First, it obviates heart–lung reflexes (69), which, 
while a part of the “normal” DR, complicate studies of central 
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mechanisms responsible for the initiation of the DR. Second, it 
allows to maintain normal partial pressure of blood gasses and 
avoids superimposition of chemoreflexes, which also complicate 
studies of the central mechanism of the DR. Our model of the 
DR using forehead cold stimulation offers advantages to dissect 
its central mechanisms.

changes in cerebral Blood Flow
It is generally assumed that blood flow to the brain increases dur-
ing the DR (11, 12). However, limited amount of data are avail-
able on the changes of CBF during the DR. Blood flow velocity 
in the middle cerebral artery in humans increases in response 
to face cold test (70, 71). Direct stimulation of nasociliary nerve 
triggers transient increase in CBF (72). Other studies failed to 
demonstrated changes in CBF related to trigeminal system 
activation (73, 74). In our model, ammonia nasal stimulation 
and cold forehead stimulation triggered robust increase in CBF, 
suggesting that trigeminal stimulation triggers increase in CBF 
independent of modality. The central mechanisms of the DR 
include activation of RVLM and nucleus tractus solitarius (NTS) 
(1). These structures are capable not only to regulate the activity 
of sympathetic and parasympathetic systems but also induce 
global neurogenic increase in CBF (75–77). Neurogenic origin 
of CBF increase is evidenced by the decrease in CVR because 
mechanisms of autoregulation maintain stable CBF in face of 
increased MAP by increasing CVR (78). It is conceivable that 
activation of RVLM also initiates increase in CBF as a part of 
the DR. However, limited decrease in CVR suggests that, in 
our model, neurogenic cerebrovasodilation is not the major 
component of CBF increase and results also from the increase in 
MAP mediated by excitation of locus coeruleus and Kolliker Fuse 
nuclei (18). This suggestion is further confirmed by the fact that 
lesion of SVA mediating RVLM-induced CBF increase (58) failed 
to do so in our experiments.

role of subthalamic Vasodilatory area
Autonomic components of the DR are mediated by the medullary 
circuitry (7, 12, 24) as the afferents of the trigeminal ophthalmic 
branch through the trigeminal ganglion project to NTS, RVLM, 
lateral tegmental field, Kolliker Fuse nucleus, and SSN (26, 31). 
Peripheral autonomic reflexes comprising DR (nasotrigeminal 
reflex) in traditional sense seem to be mediated by the medulla 
and spinal cord (3). However, this basic circuitry mediating auto-
nomic component of the DR is also under control of suprabulbar 
structures (56) and regulates brain activity, brain vasculature, 
and CBF. SVA activation triggers neurogenic metabolically 
independent increase in CBF evidenced by the decrease in CVR 
without affecting AP. It also participates in cerebrovasodilation 
induced by hypoxia (58). Moreover, stimulation of the SVA 
affords neuroprotection (57). We hypothesized that SVA may 
participate in the DR mechanisms. However, lesion of SVA did 
not reverse but augmented increase in MAP and CBF in response 
to stimulation of nasal mucosa or forehead. HR increase was 
suppressed (or unchanged in case of the forehead stimulation) 
and, in response to ammonia application, was even reversed 
becoming slightly bradycardic. Tail base responses, on the 

opposite, were suppressed. Interestingly, MAP increase evoked by 
tail base stimulation was also suppressed. Amplified decrease in 
delayed, secondary CVR in response to tail stimulation suggests 
increased neurogenic cerebrovasodilation in response to tail base 
stimulation following SVA lesion. To summarize, it is possible 
to suggest that SVA may attenuate sympathetic activation of the 
heart rate and somatically (tail) induced MAP. At the same time, 
trigeminally induced changes in AP seem to be potentiated, which 
explains amplified CBF response. Secondary delayed increase in 
CBF following forehead cold stimulation and after SVA lesion 
may relate to release of vasodilatory mediators, such as NO, or 
prostaglandins and requires further investigation. To conclude, 
it seems that SVA does not participate directly in trigeminal or 
somatosensory cerebrovasodilation, but rather modulates these 
responses. It is conceivable that MAP increase-related increase 
in CBF is sufficient to provide additional blood supply without 
neurogenic cerebrovasodilation, which is consistent with the 
DR-associated “centralization” of circulation. Whether SVA 
participates in DR-induced neuroprotection (66, 67) remains to 
be established.

eeg activity
Limited data are available on the EEG changes accompanying 
DR. In seals, EEG was changing from alpha low voltage activ-
ity to prevalence of high voltage slow waves (79). Apnea alone 
does not produce significant changes in EEG (80). Trigeminal 
stimulation has been proposed to suppress seizure-like EEG 
synchronization (81, 82). In our experiments, ammonia nasal 
stimulation and tail base stimulation shifted power of EEG 
frequencies from delta to theta rhythms. Delta rhythm is gener-
ally associated with deep non-REM sleep and reflects decreased 
brain metabolic activity (83). Theta rhythm is observed in 
various conditions, including general anesthesia, attention, 
and activity (84). There seems to be two different types of theta 
rhythm. The first type has higher frequency, can be blocked with 
atropine, and relates to repeated voluntary behavior. The second 
type – atropine insensitive – is of lower frequency and relates 
to general anesthesia or behavioral immobility (85). It was 
demonstrated that orexin A, synthesized by neurons of lateral 
hypothalamus promotes wakefulness. Intracerebroventricular 
administration of orexin A leads to decrease in the power of 
delta rhythm and simultaneous increase in the power of theta 
rhythm (86). In our experiments, we observed shift from delta to 
theta rhythm in response to ammonia nasal stimulation and tail 
base stimulation. This observation suggests that these stimuli 
exert short arousal-like effect. Because of anesthesia, full arousal 
did not occur as evidenced by the lack of alpha desynchroniza-
tion. Intralaminar and midline thalamic nuclei participate in 
arousal processes (87). SVA is localized to the posterior midline 
subthalamic area. Stimulation of this functionally defined area 
triggers appearance of synchronized EEG activity (58). In our 
experiments, lesion of SVA significantly suppressed background 
delta and theta rhythm, while facilitating expression of alpha 
and beta rhythms. These observations suggest that SVA partici-
pates in the maintenance of the specific level of synchronization. 
At the same time, SVA lesion reversed EEG shift in response 
to stimuli: power of slow delta rhythm increased while power 
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of theta rhythm decreased in response to stimuli. These data 
suggest that SVA participates in the regulation of the synchro-
nization–desynchronization balance. Because lesion of SVA 
amplified synchronization responses, it seems that SVA is not 
the leading source of synchronization but rather is a modulator 
of other structures, which induce cortical synchronization.

cOnclUsiOn

Our experiments demonstrated similarities between ammonia-
induced and forehead cooling-induced response pattern of 
MAP and CBF. At the same time, these responses differed from 
somatically (tail base) cold-induced response. These observations 
suggest that activation of the ophthalmic branch of the trigeminal 
nerve triggers specific physiological changes compatible with 
the pattern of “classic” DR observed in animals and humans. 
Experiments with the lesion of SVA demonstrated that, while 
SVA does not mediate trigeminal of somatically induced cer-
ebrovasodilation, it modulates these responses and participates 
in EEG changes accompanying DR. Further investigations of the 
role of SVA and other elements of endogenous neuroprotective 
system in DR related neuroprotection are granted.

Diving response directed toward survival of the anoxic peri-
ods “is the most powerful and enigmatic reflex” (1). Activation 
of “oxygen conserving” DR may have beneficial effects in various 
conditions, such as obstructive sleep apnea, stroke, TBI, and hem-
orrhagic shock. Our recent experiments indicate that forehead 
stimulation, indeed, affords neuroprotection following ischemic 
stroke (54) and traumatic brain injury (66, 67). The present study 
demonstrates that forehead stimulation triggers response compa-
rable to DR. Further understanding of this complex phenomenon 
will allow the development of new therapeutic approaches for the 
various pathologies.
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Background: The trigeminocardiac reflex (TCR) is defined as sudden onset of parasym-
pathetic dysrhythmias including hemodynamic irregularities, apnea, and gastric hyper-
motility during stimulation of sensory branches of the trigeminal nerve. Since the first 
description of the TCR in 1999, there is an ongoing discussion about a more emergent 
clinical definition. In this work, the author worked out an approach to such an improved 
definition.

Methods: In this study, a grounded theory approach was used. Literature about TCR 
was systematically identified through PubMed (MEDLINE), EMBASE (Ovid SP), and ISI 
Web of Sciences databases from 1/2005 until 8/2015. TCR was defined as a drop of 
heart rate (HR) below 60 bpm or 20% to the baseline. A grounded theory approach 
was used to analyze and interpret the data through a synthesis by the researcher’s 
perspectives, values, and positions.

Results: Out of the included studies, the authors formed available data to an update of 
the understanding of changes in hemodynamic parameters (HR and blood pressure) in 
a TCR. According to this update, an HR deceleration should be a constant observation 
to identify a TCR episode while a drop in blood pressure should probably not being fixed 
to a certain percentage of decrease.

Conclusion: The here presented working definition improves our understanding of the 
TCR. It leads the way to a new understanding of the TCR for a proper clinical definition.

Keywords: reflex, trigeminocardiac, trigeminocardiac reflex, reflex, oculocardiac

inTRODUCTiOn

The trigeminocardiac reflex (TCR) is a phylogenetic old reflex that manifests as sudden onset of 
changes in hemodynamic parameters, such as heart rate (HR) and mean arterial blood pressure 
(MABP), but also apnea and gastric hypermotility during stimulation of any branches of the 
trigeminal nerve. First observed by Kratschmer in 1870 (1) the peripheral variant of the TCR was 
establishment as Aschner–Dagnini reflex (and later known as oculocardiac reflex) by Aschner 
and Dagnini in the year 1908 (2). The other pioneers of this field include Kumada and colleagues 
(described trigeminal-depression response) (3), Shelly and Church (coined the term TCR), both 
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working on animal models. The senior author first described 
and established the central TCR manifestation in humans during 
surgery in the cerebellopontine angle in the year 1999 (4). These 
authors showed a relevant drop of more than 20% in MABP and 
HR after central stimulation of the trigeminal nerve in 14 out of 
125 patients (11%) who underwent tumor surgery in the cerebel-
lopontine angle. In this work, it is given a structured explanation 
and a relatively simple, but emergent definition of the TCR, 
therefore, working out—for the first time—the basis to compare 
further studies (4). Schaller and colleagues also examined the 
TCR in various clinical variants during the following years 
(5–23) and developed the nowadays-established classification 
between the peripheral, central, and ganglion subtype of TCR 
(24). In this structured classification, the generally best-known 
oculocardiac reflex is included as a peripheral subtype of the 
TCR. Since the publication of these first articles in 1999, the bet-
ter and better-examined phenomenon gained increased interest 
in neurosurgery and neuroanesthesia, demonstrating in the still 
gaining number of publications. However, since the first day of 
research, there does still exist now different new variants of the 
clinical definition of the TCR as these were all developed on an 
emergent basis during the last nearly 20 years. Now as more and 
more papers are describing the various clinical subtypes as well 
as a underestimated chronic subform of TCR, it is imperative 
to look for a more detailed definition of TCR again on a more 
systematic approach and to close this gap in the literature. The 
aim of this work is to develop, by the help of a grounded theory 
approach, a working clinical definition that is applicable to all 
subtypes of TCR.

MeTHODOLOGY

To gain a better definition of the TCR, a grounded theory 
approach was used. Wolfswinkel et  al. reported about the 
practical appliance of the grounded theory approach advanced 
by Strauss and Corbin (25, 26) in the methodical reviewing 
literature (27) as it is found in the growing number of literature 
on TCR. They described, “applying grounded theory aims to 
point to well-rooted and fruitful new links between variables” 
(p. 2). To gain such more “fruitful new links between variables” 
we choose the grounded theory literature review method since 
our objective was to close the gap in the literature and find out 
a more balanced definition of the TCR that includes all newly 
found TCR subtypes.

We considered four key issues, namely, sampling, creativity, 
reflexivity, and precision, as pointed out by Cutcliffe (28) to 
be fundamental to the use of grounded theory as a research 
method. However, to create the grounded theory literature 
review method, the five stage process that Wolfswinkel et al. (27) 
proposed was adopted: “define,” “search,” “select” (as all three 
covered by the literature research) “analyze” and “present” (as 
both presented in the Section “Result”).

Literature Research
The authors conducted a systematic literature research in 
PubMed (MEDLINE), EMBASE (Ovid SP), and ISI Web of 
Sciences databases from 1/2005 until 8/2015. Search terms 

included “Trigeminocardiac reflex,” “Trigemino-cardiac 
reflex,” “Trigeminal depressor response,” and “Oculocardiac 
reflex.” All pub lications were included, and reference lists of all 
included articles were reviewed to identify additional relevant 
articles.

Definition of the TCR
We defined the occurrence of a TCR episode for the non-
restrictive purpose of this study as bradycardia; a drop of HR 
below of 60/min or 20% or more from the baseline and/or 
asystole. Further, a TCR had to occur in a clinical setting dur-
ing the surgery and fulfill at least one of the major criteria for 
a TCR as earlier defined by the authors (plausibility or revers-
ibility) (4, 24). There is a strong need for a detailed description 
and comprehensible cause–effect relationship (4, 24), for every 
included case. But for the retrospective design of this study 
and to consider the different clinical manifestation of the TCR 
subtypes, hypotension, thus a drop of RR below 90/60 mmHg, 
70 mmHg MABP, respectively, was an optional criterion and not 
required for inclusion.

Additional sample inclusion criteria beyond the time limits 
and search terms already mentioned included type of article, 
age, and language: case report or a case series with patients’ age 
from 1 to 99 years old and that are published in English, German, 
or French. We included all articles that reported a TCR in a  
clinical setting during surgery as defined earlier. If there was 
no link to a full-text version available, we tried to contact 
the author directly; if not successful, we excluded the article.  
All TCR cases were checked for double publication.

The primary search revealed 486 studies. After having used the 
inclusion criteria on the primary search result, a total of 45 studies 
remained to be included in this study.

Grounded Theory
The constructivist grounded theory approach was used (29). 
Data used through the evaluation process were mainly col-
lected in the literature research. Further opinion leader’s ideas 
and researchers own thinking concepts, developed through 
working since years in this field, were gathered. Through the 
whole working process, we noted our ideas, impressions, and 
concepts in a study diary. The collected data underwent an 
open, axial, and selective coding process. Out of this process 
results a model that is developed through a seesaw change 
between concrete data and a model level, between inductive 
and deductive thought and between open, axial, and selective 
codes. Data are therefore co-constructed and colored by the 
researcher’s perspectives, values, and positions. This position 
takes a middle ground between the realist and postmodernist 
positions by assuming an “obdurate reality” at the same time as 
it assumes multiple realities and multiple perspectives on these 
realities (30).

We have therefore performed the literature review as described 
earlier. The literature review was completed with summarizing 
the inadequacies of theoretical frameworks to explain what is 
going on in the proposed area of study. Then, there was a need of 
seeking new bodies of literature previously not explored to close 
the gaps.
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Covered Topics
The principal goal of this research was to close the literature 
gap and to create a working definition that leads to an updated 
model of TCR definition. It includes all newly described sub-
types and new knowledge to the physiological background of  
this model.

ReSULTS

The emerging results based on this grounded theory approach 
are presented in the following separated by the different topics 
covered.

The Reflex Arc of the TCR—A Unique 
entity
The TCR is triggered by physical and/or chemical stimulation of 
any of the nerve endings of branches of the fifth cranial nerve. 
After activation of sensory fibers, the afferent signal is transmit-
ted through the Gasserian ganglion to the sensory nucleus of the 
trigeminal nerve, located on the floor of the fourth ventricle. The 
link between the afferent and efferent pathway form small inter-
nuncial fibers of the reticular formation; they connect the sensory 
nucleus of cranial nerve V with the efferent premotor neurons, 
located primarily in the nucleus ambiguous and the dorsal 
motor nucleus of vagus nerve (31). Completing this pathway, the 
activation of cardioinhibitory parasympathetic vagal neurons  
(5, 32) leads to the clinical manifestation. The connection 
between afferent and efferent fibers is presumably fully located 
in the brainstem as experimental studies with decerebrated 
animals showed a likewise trigeminocardiac potential (5, 33). 
However, in regard to the afferent pathway, there exist marked 
differences in subtypes of TCR, which lead to different reflex 
arcs. The peripherally stimulated TCR is related primarily via 
the spinal nucleus of the trigeminal nerve to the Köliker–Fuse 
nucleus, whereas the centrally stimulated TCR is conveyed 
via the nucleus of the solitary tract to the lateral parabrachial 
nucleus (31, 34). Previous studies showed, for the peripheral 
subtype (see below), a co-activation of the parasympathetic 
and sympathetic nervous system (35). These findings lead to a 
model where co-activation results in (sympathetically mediated) 
normo-/hypertension and (parasympathetically mediated) 
bradycardia. In this model, in a central subtype is no or at least less 
strong activation of the sympathetically nerve system (23, 24).  
This phenomenon explains the classic clinical manifestation, 
described in 1999 by the senior author (4). It seems that a 
defect interaction of neurons might play a principal role to be 
prone to the TCR (36) as it was already suggested in case of the  
SIDS (37).

Updated Categorization of TCR  
Leading to a new working Definition
As an update to the classic categorization that divides the TCR 
into central, peripheral, and ganglion subtype (24), the updated 
categories of the TCR are still based on the trigger point’s location 
(23). But a trigger point central to the Gasserian ganglion is now 

subdivided into a central TCR and a brainstem TCR. De Jong 
et al. showed in animal studies that injection of noradrenaline 
bilateral of the brainstem, thus the area of nucleus tractus soli-
tarii, results in a decrease of MABP and HR of anesthetized rats 
(38). It was also seen that the effect of injected noradrenaline 
was prevented by a previous injection of the α-adrenergic block-
ing agent phentolamine, at the same site. The authors, therefore, 
suggested an inhibitory role of α-adrenoceptors in the nucleus 
tractus solitarii in the central control of MABP. Further, in 
clinical settings, there are reports about patients with brainstem 
trauma suggesting that variances in MABP intervals require 
an intact brainstem, whereas low frequency ~0.06  ±  0.02  Hz 
BP rhythms may be preserved by sympathetic spinal circuitry 
(39–41). This hypothesis remains one of the black spots in TCR 
research, as, from a clinical point of view, such changes in the 
brainstem must be present in the TCR case, but it has never 
been proven.

Likewise, peripheral TCR has also shown a new category, fur-
thermore peripheral, as the classic TCR. The latest research has 
shown similar reflex arches between TCR and diving reflex (DR) 
(37). The DR, another phylogenic old brainstem reflex, initiates 
breath holding, slowing down of HR, decreased cardiac output, 
peripheral vasoconstriction, and increased MABP (5, 42). Same 
as the TCR, the DR is often seen in newborns causing a decrease 
in HR (5–51%) by single facial submersion (43, 44). The DR is 
triggered by sensory input on the trigeminal nerve and therefore 
considered as a subgroup of the TCR. In contrast to the TCR, 
the DR manifests clinically, next to apnea and bradycardia, as 
hypertension due to a sympathetic vasoconstriction. These find-
ings support the new working definition where a more peripheral 
trigger point of the trigeminal nerve around its course, results 
in a stronger activation of the sympathetic nervous system and 
therefore clinically presents as bradycardia with hypertension 
(24) or apnea (45).

The Spinal-Cardiac Reflex (SCR)—A New 
Phenomenon in the TCR Classification Scheme
Chowdhury and Schaller (46) recently described, for the first 
time, the existence of an SCR during direct or indirect manipu-
lation of the spinal dura during spinal surgery. The mechani-
cal stretch of the spinal dura with its intrinsic and extrinsic 
innervation was considered the most potent provoking factor in 
inciting this reflex. As in every reflex, also this SCR has a thresh-
old from which it will be triggered, explaining that not every 
dural manipulation leads to a reflex response. However, such 
vasovagal reactions are also a substantial part of the manifesta-
tion of either pain/fear/other emotional factors and/or decrease 
in the venous return due to any reason. The usual manifestation 
of vasovagal includes bradycardia (parasympathetic activation) 
and/or hypotension (sympathetic inhibition). In clinical prac-
tice, SCR—another potential subgroup of the TCR—caused by 
acute distension of the dura mater (innervated by V1) other 
than surgical manipulation, e.g., after aneurysm rupture, can 
play an important role on the high mortality manifesting early 
after SAH (42, 47, 48). Based on several observations, it seems 
that sudden decrease of venous return can activate such path-
way (49, 50).
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The Definition Criteria for TCR
Trigeminocardiac reflex is commonly defined as a sudden drop in 
HR and MABP of more than 20% as compared with the baseline 
values (4). Some articles examined the TCR with less restrictive 
definitions and asked of an observed reflex accompanied by 
10% change in HR and MABP to the baseline (51). As a result 
of the ongoing discussion about the clinical definition of the 
TCR, according to a cause–effect relationship, our author group 
showed in previous research (4, 52) four definition criteria that 
allow identifying a sudden change in the hemodynamic param-
eter as TCR (24). We, therefore, defined two major (plausibility 
and reversibility) and two minor (repetition and prevention) cri-
teria. An estimated TCR event should fulfill these two principal 
criteria, but not all the criteria must/can always be required to 
confirm a TCR. However, the more criteria are present; the more 
confirmed is a TCR. On the one hand, plausibility requires the 
event as a direct result of a physical or chemical manipulation 
(stimulation) of the trigeminal nerve or its peripheral branches. 
There has to be a direct link in time and action between stimula-
tion and reaction (hemodynamic changes, apnea, and gastric 
hypermotility). On the other hand, reversibility describes that 
cease of the inducing stimulus should result in termination of the 
TCR event. However, in a clinical setting, there are some reports 
about continuing asystole after ceasing of manipulation that 
required cardiopulmonary reanimation maybe in a matter of a 
“point of no return” phenomenon (53). According to the minor 
criteria, a repetition of the stimulus should provoke the reflex 
each time, as a matter of ethics, this criterion cannot be evalu-
ated in every TCR case in daily practice but is observed under 
some circumstances (19, 54). As seen in practice, a lighter and 
tender manipulation of the fifth cranial nerve can either prevent 
the occurrence of a TCR or result in less severe symptoms, what 
is, therefore, the most important preventing procedure. Other, 
not absolute methods include blocking of the nerve by local 
anesthetics or prior administration of anticholinergic drugs. It is 
important to understand that the minor criteria are no absolute 
criteria because neither repetition nor prevention can be fully 
guaranteed neither from a clinical nor a pathophysiological 
point of view.

Clinical example
The following clinical case is already published (21) but under-
lines that our new working definition improves the description  
of the phenomenon TCR.

An otherwise healthy young patient suffered from a trauma 
on the left eye and developed upper gaze diplopia. A computed 
tomography scan revealed a fracture of the left-sided orbital 
floor and minimal soft tissue entrapment. At that time, the 
patient was managed conservatively. After 1 month, the patient 
complained of several episodes of dizziness while looking up, 
palpitations, and having left-sided chest pain. Holter monitor-
ing showed normal sinus rhythm but had multiple premature 
ventricular complexes. Stress electrocardiography and echocar-
diography also revealed no abnormality. The patient also started 
to experience slowing of his pulse rate during sleep and rest.  
On examination, his resting HR and blood pressure (awake) were 
60 bpm and 130/80 mmHg, respectively, and reduced to 50 bpm 

and 100/60 mmHg, respectively, during sleep. The patient also 
complained of several episodes of interrupted sleep due to the 
sudden fluctuation of HR and MABP. These symptoms became 
progressively worse and after a few months, the patient was oper-
ated on for the left-sided fractures of the orbital floor. A couple 
of days after surgery, the patient’s cardiovascular symptoms 
improved dramatically.

Interpretation
From the clinical course, the here described case of an orbital 
fracture represents a clear TCR. However, based on the strict 
definition criteria of 1999 (4) (20% decrease of HR and MABP; 
cause–effect relationship), a TCR cannot be diagnosed as noctur-
nal sleep is characterized by a (physiological) prolonged blood 
pressure decrease. With the more flexible working definition  
(two major and two minor criteria), a TCR can be diagnosed as 
three (plausibility, reversibility, and repetition) out of four criteria 
are fulfilled.

DiSCUSSiOn

The grounded theory approach has led to several important  
new insights into the definition of the TCR.

A new working Definition is needed
Regarding new findings in categorization and definition criteria, 
but also with the more and more diverse TCR-related phenom-
ena (46, 55–57), it was evident, that the hitherto established 
definition of a strict 20% drop in HR and MABP was not suitable 
for all TCR types anymore. Current research leads to a more 
flexible working definition that is better adaptable to the now 
newly existent different TCR subtypes (22, 23, 31, 58, 59) and has 
helped to close this important gap in the literature.

The Role of HR—Updated
As seen in previous studies, a change in HR at TCR manifestation 
is described as deceleration in all subgroup of TCR except some 
reports about a TCR from the Ganglion subtype. No matter in 
which anatomical location the trigeminal nerve is stimulated, 
the vagal signal will lead to a slowdown of HR rarely resulting in 
asystole (22, 60–62). Pathophysiologically, this manifestation is 
explainable by a strong activation of the parasympathetic nervous 
system. Cardioinhibitory fibers that form the efferent part of the 
reflex arc (see above) connect the motor nucleus of the vagus 
nerve to the myocardium (61). These fibers have their main influ-
ence on the atrioventricular nodes and not on the ventricles and 
therefore a chronotropic effect. An activation of the vagal nerve, 
the cardioinhibitory fibers respectively, conduct an overbalance 
of the parasympathetic—over the sympathetic nervous system. 
As a result, the autonomic nervous system loses its ability to 
react to changes in MABP in a proper way to ensure the ejection 
volume for a sufficient distribution of blood. At this point, the 
TCR can also become symptomatic in conscious patients. These 
symptoms are mostly seen in the chronic manifestation of the 
TCR (21, 24, 63). According to the actual doctrine, a change in 
HR, a deceleration respectively, should be a constant observation 
to identify a TCR episode.
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The Role of MABP—Updated
In an episode of TCR, the MABP is mostly known affected with 
hypotension. It has been seen that the anatomical location of 
stimulation around the course of the fifth cranial nerve has 
major influence if the MABP is increasing or decreasing (24).  
It seems like the more peripheral a stimulation of the trigeminal 
nerve, the more increasing and in return, the more central, the 
more decreasing is the MABP in a TCR episode (24). Highest 
blood pressures were observed in the DR as a—probably—very 
peripheral variant of the TCR (23, 37). In the DR, which is 
triggered by immersion of the head into the cold water, an 
obligatory increase of MABP (combined with an oxygen econo-
mizing bradycardia) is observed. The intensity of hemodynamic 
changes is proportionally changing with an increase of stimuli 
(e.g., water temperature) (37). Transforming these observations 
of MABP to defined criteria, a drop in MABP as criteria for 
TCR should probably not being fixed to a certain percentage of 
decrease (on the contrary to the accepted definition criteria of 
20% decrease in HR and MABP). Moreover, should the iden-
tification of a TCR result out of a flexible surrogate definition 
model that includes all subtypes of TCR.

With the previous definition, often-reported hypertension in 
peripheral TRC cases forced those clinical presentations not to 
be considered as TCR although they fulfilled the major defini-
tion criteria (plausibility and reversibility). Further research 
with an accurate evaluation of changes in parameters during 
TCR episodes is needed to evaluate the here presented hypoth-
eses that a drop in MABP is only facultative and it is required 
to develop a new working definition that is applicable in clinical 
and research setting.

The Limitation of a new Surrogate Model
A model that is based on hemodynamic changes as HR and 
MABP is limited in the diagnostic reliability. A new, more flex-
ible model includes all TCR episodes that fulfill the conservative 
inclusion criteria of a 20% drop of HR and MABP. With the 
adaption to the subtypes with less hypotension (e.g., peripheral 
and DR), new episodes will and can be identified and declared as 
TCR. This is, mostly from a clinical point of view, necessary for 
atypical but not less severe hemodynamic changes. The detection 
of slight manifestation of TCR, which resembles physiological 
changes in MABP/HR caused by changes in patients’ position, 
pain reactions, or drugs side-effects, is still a delicate challenge. 
A model that includes more cases shows automatically more 
false-positive episodes that are wrongly declared as TCR, while a 
strict model, on the other hand, risks excluding slight manifesta-
tion of TCR and thus underestimate the real number of TCR.  
A required change of 20% in HR seems from a clinical and 
research point of view still reasonable. If the here presented 
hypotheses can be proven in a systematic research, hypotension 
will further be a criterion to help to identify a potential TCR case 
but will not be a fundamental phenomenon.

A working definition always covers only a part of the reality, 
and the here presented attempt is no exception. Shortly, this 
working definition also needs to be proven in a clinical setting 
and, if necessary, adjusted to further findings. The main ques-
tions that have to be answered, if the here presented working 

definition is conceptually valid, i.e., do they share the different 
TCR symptoms as seen in various clinical settings and are they 
sufficiently reliable to allow consistent translational research.  
As developed from statistical studies, our model is more useful 
for a case series as for a single case. A single case is always compli-
cated to put into a working definition; even the current definition 
does not exclude it.

Practical Application of the Model
In daily practice, a TCR episode can cause severe bradycardia up 
to asystole and hypotension. Several reports of repetitive TCR in 
patients lead to the assumption that a more powerful trigger on the 
trigeminal nerve causes more noticeable hemodynamic changes 
(37, 54, 64, 65). As an only tender contact with the trigeminal 
nerve is one of the recommendations to prevent a TCR (31, 52), a 
diagnostic tool for upcoming, slight TCR episodes is essential. An 
early detection of TCR cases can help the anesthesiologist to warn 
the surgeon of probably more severe changes in hemodynamic 
parameters. The here presented working definition represents the 
basis of a new thinking model that contributes detecting TCR 
cases in daily practice. It separates TCR cases from another brady-
cardic phenomenon with other origins, also needing an entirely 
different treatment. In such a context, the current model has not 
only a great importance to refine further clinical studies but also 
to improve the treatment of our patients directly.

view to the Future
The definition of the TCR is in a continual process. Further 
research about the hemodynamic changes related to the subtypes 
is necessary to develop and prove a surrogate definition model 
for clinical and research setting. As a prominent part of the 
nowadays knowledge results from analyses of case reports (66), 
further reports and meta-analyses have major priority to have 
further insights into the behavior of the TCR. There is a need for 
continuous flexibility in definition models, in this case, according 
to the location of the trigger point and the resulting subgroup  
that helped to explain further details of the TCR.

Conclusion
By a grounded theory approach, the here presented working 
definition improves our understanding of the TCR; either in 
research as also in clinics. However, like every assumption, it 
cannot explain the whole phenomenon. But, the here presented 
model is a significant step to more detailed and precise under-
standing of the TCR.
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The stimulation of some facial regions is known to trigger the trigemino-cardiac

reflex: the main stimulus is represented by the contact of the face with water. This

phenomenon called diving reflex induces a set of reactions in the cardiovascular and

respiratory systems occurring in all mammals, especially marine (whales, seals). During

the immersion of the face in the water, the main responses are aimed at reducing the

oxygen consumption of the organism. Accordingly reduction in heart rate, peripheral

vasoconstriction, blood pooling in certain organs, especially the heart, and brain and

an increase in blood pressure have been reported. Moreover, the speed and intensity

of the reflex is inversely proportional to the temperature of the water: more cold the

water, more reactions as described are strong. In the case of deep diving an additional

effect, such as blood deviation, has been reported: the blood is sequestered within the

lungs, to compensate for the increase in the external pressure, preventing them from

collapsing. The trigeminal-cardiac reflex is not just confined to the diving reflex; recently

it has been shown that a brief proprioceptive stimulation (10 min) by jaw extension in rats

produces interesting effects both at systemic and cerebral levels, reducing the arterial

blood pressure, and vasodilating the pial arterioles. The arteriolar dilation is associated

with rhythmic diameter changes characterized by an increase in the endothelial activity.

Fascinating the stimulation of trigeminal nerve is able to activate the nitric oxide release by

vascular endothelial cells. Therefore, the aim of this review was to highlight the effects due

to trigeminal cardiac reflex induced by a simple mandibular extension. Opposite effects,

such as hypotension, and modulation of cerebral arteriolar tone, were observed, when

these responses were compared to those elicited by the diving reflex.

Keywords: trigeminal cardiac reflex, mandibular extension, pial arterioles, vasomotion, brain

INTRODUCTION

In recent years several clinical studies allowed one to assert that the trigeminal cardiac reflex
(TCR) is a clinical phenomenon characterized by hemodynamic perturbations, such as reduction in
arterial hypotension, bradycardia, respiratory (apnea), and gastric changes (hypermobility). These
effects are triggered by stimulation of any branch of the fifth cranial nerve along its course (Kumada
et al., 1975, 1977; Schaller et al., 1999; Schaller, 2004, 2005; Schaller et al., 2009a).

It has been suggested that the TCR is due to sensory nerve endings of the trigeminal nerve.
The neuronal signals, originated by these endings, are conducted to the sensory nucleus of the
trigeminal nerve, via the Gasserian ganglion, forming the afferent pathway of the reflex arc (White
and McRitchie, 1973; Schaller et al., 1999).
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This afferent pathway continues along the short internuncial
nerve fibers in the reticular formation to connect with the
efferent pathway in the motor nucleus of the vagus nerve. Several
lines of experimental evidence demonstrate that trigeminally
induced cardiovascular reflexes could be mediated initially in
the trigeminal nucleus caudalis. Subsequently, the parabrachial
nucleus, the rostral ventrolateral medulla oblongata, the dorsal
medullary reticular field, and the paratrigeminal nucleus are
involved in animal models (White and McRitchie, 1973; Schaller
et al., 1999). Because the TCR involves all these structures, it was
interesting to evaluate the effects exerted by TCR on the cerebral
circulation, because hypotension, and bradycardia could induce
cerebral blood flow reduction.

Experimental studies, carried out in rabbits, indicate that TCR
represents an expression of a central neurogenic reflex leading
to rapid cerebrovascular vasodilation, generated by excitation
of oxygen-sensitive neurons in the rostral ventrolateral medulla
oblongata (Campbell et al., 1994; Ichinohe et al., 1997; Sires et al.,
1998; Schaller, 2004). However, these data have been detected
only in the cortex. According to this physiological response,
the adjustments of the systemic and cerebral circulations
can divert blood to the brain or increase cerebral blood
flow.

Several clinical observations indicate that TCR causes changes
in cerebral cortex blood flow (White and McRitchie, 1973;
Loewinger et al., 1987; Bainton et al., 1990; Kosaka et al., 2000;
Burnstine, 2002; Schaller et al., 2007, 2009b). No data, however,
have been reported about the influence of TCR on the cerebral
blood flow in the short and long term follow up period after the
reflex beginning.

TCR EFFECT’S ON CEREBRAL BLOOD

FLOW

It is known that TCR occurs during both the peripheral and the
central manipulations of the trigeminal nerve (Schaller, 2007).
Brunelli et al. showed that a brief proprioceptive stimulation
(10min) by jaw extension causes hypotension and bradycardia
in humans (Brunelli et al., 2012).

Successively, Lapi et al. demonstrated that a single mandibular
extension (ME), consisting in a submaximal rat mouth opening
for 10 min by means of a dilator, is accompanied by an
unusually prolonged reduction (about 3 h) of heart rate (HR)
and mean arterial blood pressure (MABP) (Lapi et al., 2013,
2014a). This effect was found to be associated with a characteristic
and prolonged modulation of cerebral arteriolar tone. At
first, vasoconstriction concomitant with the ME stimulus was
observed; successively, a prolonged vasodilation occurred, lasting
for 3 h, during the entire experimental observation period (Lapi
et al., 2013).

Although many aspects related to the underlying mechanisms
remain to be explained, some of them are now clear. On
one hand, it has been shown that these effects are abolished
when the three peripheral trigeminal branches are bilaterally
cut, indicating that they may be included among the so-called
trigemino-cardiac reflexes (Lapi et al., 2013). These results are

in agreement with the studies by Kumada and Schaller who
observed that trigeminal nerve stimulations are accompanied by
(brief) hypotensive and bradycardic responses in anesthetized
rabbits and in humans during neurosurgical intervention,
respectively (Kumada et al., 1977; Schaller, 2004; Schaller et al.,
2007).

Furthermore, it was observed that these effects depend on
the ME stimulation length, i.e., less prolonged and pronounced,
when the ME lasted 5 min compared to 10min stimulation.
Finally, it has been shown that the initial brief vasoconstriction
response involves an opioid-receptor mediated mechanism,
because this response is abolished by the opioid-receptor
antagonist naloxone. The subsequent prolonged vasodilation
involves a nitric oxide mediated mechanism, because it
was blunted by the nitric oxide synthase inhibitor (L-NG-
Nitroarginine methyl ester: L-NAME) (Lapi et al., 2014b). A
subsequent in vitro study, carried out by Lapi and coworkers,
showed an increase in the neuronal nitric oxide synthase (nNOS)
expression during and after ME, unable to result in vasodilation
during ME. However, an increase in the endothelial nitric oxide
synthase (eNOS) expression, 2 h after ME, was demonstrated.

TCR EFFECT’S ON CEREBRAL

ARTERIOLAR TONE MODULATION

It is interesting to note that the arterioles display rhythmic
variations in diameter, termed vasomotion, triggered by smooth
muscle cells; however, the endothelium is able to play a
modulatory role on vessel tone (Bertuglia et al., 1999). Analyzing
the arteriolar diameter changes on 30min long-term tracings
under baseline conditions and after ME, it was possible to
enhance the resolution of the low-frequency components,
according to Stefanovska’s results in humans (Stefanovska
et al., 1999). The frequency components around 1.0, 0.3,
0.1, 0.04 Hz have been related to the heart rate, respiration,
intrinsic myogenic activity of vascular smooth muscle cells and
neurogenic activity on the vessel wall, respectively. Moreover, the
frequency component in the range 0.0095–0.021 Hz appears to
be modulated by the vascular endothelium (Kvernmo et al., 1999;
D’Addio et al., 2013).

The results by Lapi et al. demonstrate the pial arterioles
undergo rhythmic diameter changes in sham-operated rats. In
30min recordings six frequency components were detected:
(1) ULF (endothelial activity NO-independent) 0.005–0.0095Hz,
(2) VLF (endothelial activity NO-dependent): 0.0095–0.021
Hz, (3) ILF (neurogenic activity): 0.021–0.052Hz, (4) LF
(myogenic activity): 0.052–0.145Hz, (5) HF (respiratory activity):
0.145–2.00 Hz and (6) VHF (heart beat): 2.500–4.000 Hz
(Lapi et al., 2014a). This pattern was detected during the
whole observation time (over 3 h), while MABP (125 ±

10 mmHg) and HR (330 ± 25 bpm) remained unchanged
(Figure 1A).

In rats submitted to 10min ME, under baseline conditions
MABP was 130 ± 15mmHg, HR was 325 ± 30 bpm (p =

NS vs. sham operated rats) and rhythmic arteriolar oscillations
were not different compared to those observed in sham operated
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FIGURE 1 | Effects of mandibular extension on rhythmic diameter changes in pial arterioles (mean diameter: 30.0 ± 2.5µm). Rats subjected to ME, the

rhythmic diameter changes (left) and the main corresponding frequency components (right), expressed as percent normalized power spectral density (PSD: µm2/Hz)

were measured in baseline conditions (A) and during vasodilation (B). ME caused a significant increase of the ULF and VLF frequency components and a decrease of

VHF component. ULF, ultra low frequency component; VLF, very low frequency component; ILF, intermediate frequency components; LF, low frequency component;

HF, high frequency component ;VHF, very high frequency component. *Significantly different from the baseline value.

rats (Lapi et al., 2014a). After ME, MAP, and HR decreased
by 20.5 ± 1.2 and 23.0 ± 0.8% of baseline, respectively;
conversely, the amplitude of the first and second frequency
components increased: ULF by 7.0 ± 1.5% and VHF by 8.0 ±

2.0% of baseline (Figure 1B). Concomitantly, the other frequency
components decreased compared with those detected under
baseline conditions. These effects lasted up to 3 h after ME (Lapi
et al., 2013).

Therefore, a brief (10min) and passive ME causes a significant
and prolonged decrease in MABP and HR, accompanied by
an increase in pial arteriolar diameter according to previously
reported data (Lapi et al., 2013). Vasodilation is characterized
by an increase in the spectral density of the lowest frequencies
related to endothelial activity, ULF and VLF (ranges: 0.005–
0.0095Hz and 0.0095–0.021Hz, respectively).

ME appears to affect the mechanisms involved in the
regulation of pial arteriolar tone for long time, likely facilitating
the perfusion of cerebral tissue through a modulation of the
rhythmic arteriolar diameter changes.

Up to day, the mechanisms whereby ME is accompanied
by a prolonged reduction in blood pressure and heart rate
remain uncertain. However, ME-induced hypotension may fall
into the category of the so-called trigemino-cardiac reflexes

extensively reviewed by Schaller (Schaller, 2007). TCR has been
proposed to represent the expression of a neuroprotective central
neurogenic reflex leading to rapid cerebrovascular vasodilatation
in response to facial and nasal mucosal stimulation, such as
during diving. Moreover, the reflex may be of potential relevance
in brain injury states (Schaller, 2004). Finally, TCR induced
by ME as well as the systemic responses, related to activation
of vagal efferent discharge, affect the mechanisms involved in
the regulation of pial arteriolar tone, increasing the endothelial
activity, and facilitating the redistribution of cerebral blood flow
supply.

In conclusion, these deep insights into cerebral
hemodynamics changes during TCR could stimulate clinical
trials and could suggest the development of suitable non-invasive
devices, useful in the treatment of disease with impaired cerebral
arteriolar tone.
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