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Abstract

The connotation of “nausea” has changed across several millennia. The medical term “nausea’ is
derived from the classical Greek terms vavtia and vavoia, which designated the signs and
symptoms of seasickness. In classical texts, nausea referred to a wide range of perceptions and
actions, including lethargy and disengagement, headache (migraine), and anorexia, with an
awareness that vomiting was imminent only when the condition was severe. However, some recent
articles have limited the definition to the sensations that immediately precede emesis. Defining
nausea is complicated by the fact that it has many triggers, and can build-up slowly or rapidly,
such that the prodromal signs and symptoms can vary. In particular, disengagement responses
referred to as the “sopite syndrome” are typically present only when emetic stimuli are moderately
provocative, and do not quickly culminate in vomiting or disengagement from the triggering event.
This review considers how the definition of “nausea” has evolved over time, and summarizes the
physiological changes that occur prior to vomiting that may be indicative of nausea. Also
described are differences in the perception of nausea, as well as the accompanying physiological
responses, that occur with varying stimuli. This information is synthesized to provide an
operational definition of nausea.

Keywords

nausea; vomiting; emesis; sopite syndrome; seasickness

Send Correspondence To: Bill Yates, Ph.D., Department of Otolaryngology, University of Pittsburgh School of Medicine, 110 Eye and
Ear Institute, Pittsburgh, PA 15213 USA, Phone: 1-412-647-9614, byates@pitt.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Balaban and Yates Page 2

1. Introduction

Although the expulsion of gastric contents through vomiting is easy to recognize, the
sequelae of physiological responses that precede this response are less clear-cut. Money
divided the physiological events associated with vomiting into two categories: stomach-
emptying responses and stress responses (Money, 1970; Money et al., 1996). The latter term
has mainly been used to describe responses such as cold-sweating (Cheung et al., 2011;
Hemingway, 1944; Nobel et al., 2012; Sclocco et al., 2015) and pallor (Cassano et al., 1989;
Kolev et al., 1997) that often occur following exposure to emetic stimuli, which are mediated
through the sympathetic nervous system (Hammam et al., 2012). However, other
physiological changes may be associated with the pre-emetic stress response, including
alterations in heart rate variability (Doweck et al., 1997; Kim et al., 2011; Kim et al., 2005)
and a release of vasopressin from the posterior pituitary (Fisher et al., 1982; Robertson,
1976; Rowe et al., 1979; Sorensen et al., 1985). Along with these physiological responses
are a number of perceptions with accompanying behavioral changes (Graybiel et al., 1968;
Muth et al., 1996), including an awareness that stomach emptying is imminent, loss of
appetite (Farmer et al., 2015; Heer et al., 2006; Hiura et al., 2012; Lackner, 2014; Sanger et
al., 2013), anxiety and foreboding (Coelho et al., 2015; Fox et al., 1988; Lackner, 2014;
Tarbell et al., 2014), as well as lethargy and disinterest in engaging in routine activities
(Graybiel et al., 1976; Lackner, 2014; Lawson et al., 1998; Matsangas et al., 2014; Van
Ombergen et al., 2015). The latter disengagement responses were first documented by
Graybiel (Graybiel et al., 1976), and later described by others, who referred to them as the
“sopite syndrome” (Graybiel et al., 1976; Lackner, 2014; Lawson et al., 1998; Matsangas et
al., 2014; Van Ombergen et al., 2015).

Nausea is the term that is commonly-used to describe an awareness that vomiting is
imminent. However, individuals often experience nausea without vomiting (Horn, 2014;
Lackner, 2014). Moreover, individuals describe nausea in various ways (Graybiel et al.,
1968; Muth et al., 1996), in accordance with the wide range of perceptions that can occur
prior to vomiting. For example, over 30 definitions of nausea were provided in a recent book
on the topic (Stern et al., 2011).

Nausea and emesis have a number of etiologies, including motion-related signals that
deviate from those expected, administration of toxins, exposure to radiation, migraine,
gastrointestinal disease, pregnancy (hormonal changes), and even psychological stimuli
(e.g., stress and extreme emotional reactions, as well as classically conditioned smell and
taste aversions) (Feyer et al., 2014; Hederos, 1992; Heer et al., 2006; Horn et al., 2014;
Kenward et al., 2015; Matthews et al., 2014; Olden et al., 2005; Singh et al., 2016; Sugino et
al., 2015; Wiesmann et al., 2015; Yates et al., 2014). There is some evidence that the
prodromal signs and symptoms preceding vomiting can vary depending on the emetic
trigger. For example, the sopite syndrome has mainly been associated with motion sickness
(Graybiel et al., 1976; Lackner, 2014; Lawson et al., 1998; Matsangas et al., 2014; Van
Ombergen et al., 2015). In some cases, prodromal signs and symptoms build-up slowly and
have a long duration; in others, vomiting occurs suddenly after an emetic stimulus, such that
prodromal signs and symptoms are of short duration (Katelaris et al., 1989; Kovacic et al.,
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2014; Lackner, 2014; Metz et al., 2007; Olden et al., 2005). These complexities have
confounded the description of nausea in the literature.

Since nausea is a perception, a verbal report of a patient is required to ascertain if they are
nauseated. However, it is often desirable to establish whether nausea is present, or if
vomiting is likely, in individuals who cannot report their sensations (e.g., pediatric and
postoperative patients) as well as animal subjects used in experiments to develop anti-nausea
agents. This review provides historical perspectives on the definition of “nausea,” as well as
a summary of the physiological changes that occur prior to vomiting that may be indicative
of nausea. Also described are differences in the description of nausea, as well as the
accompanying physiological responses, that occur with varying stimuli. This information is
synthesized to provide an operational definition of nausea.

2. Historical Perspectives on Nausea: Cross-Cultural Insights into a

Definition?

The definition of the sensation (or symptom) of nausea has its roots in ancient medicine.
Historical perspectives on “nausea” are broader than contemporary definitions, which often
classify nausea as a precursor or predisposing factor for vomiting. For example, Dorland’s
Illustrated Medical Dictionary (1988) defines nausea as: “an unpleasant sensation, vaguely
referred to the epigastrium and abdomen, and often culminating in vomiting.” Similarly, an
earlier dictionary defined nausea simply as “tendency to vomit; sickness at the stomach”
(Dorland, 1929). There are more expansive original meanings of “nausea,” though, that
provide a conceptually richer context for understanding this sensation, its perceptual
dimensions, its time course, and potential underlying biological mechanisms.

After experiencing a bout of seasickness, the American classics scholar John Carew Rolfe
published a comprehensive guide to Greek and Latin references about seasickness (Rolfe,
1904). His publication provides a useful and comprehensive summary of the usage of the
word ‘nausea’ and related terms in classical texts. The medical term ‘nausea’ is derived from
the classical Greek terms vavtia and vavova, which designated the signs and symptoms
of seasickness. The term was adopted in Latin as the loan words nausea, nausiaand nautea,
which designate manifestations of seasickness or, more figuratively, mean “a qualm” (Lewis
and Short, 1879) or “a sense of queasiness.” In fact, the definition encompassed the
symptom clusters for early motion sickness that have been termed the ‘sopite syndrome’
(Graybiel et al., 1976; Lackner, 2014; Lawson et al., 1998; Matsangas et al., 2014):
excessive drowsiness, lassitude, lethargy, degraded ability to concentrate on tasks,
disinclination for mental or physical work and signs of mild depression.

IClassical references to nausea were obtained from classical medical texts used in earlier publications (e.g, Balaban and Jacob,2001;
Balaban, Erlen and Siderits (eds), 7he Skilful Physician, Harwood Academic 1997; Balaban, Erlen and Siderits (eds), The Ladies’
Dispensatory, Routedge:New York, 2003); from a keyword search of Perseus Project database (http://www.perseus.tufts.edu/hopper/),
from bibliographic references cited by recent secondary sources in the humanities (e.g., Rolfe, 1904), reference works such as R.J.
Cunliffe’s A Lexicon of the Homeric Dialect (1963) and from citations in references obtained from key word search of 7he /ndex-
Catalogue of the Library of the Surgeon-General’s Office through the IndexCat database (https://www.nlm.nih.gov/hmd/indexcat/).
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The contextual richness of this definition can be appreciated from a passage from a letter
(Epistle 53, 15t century CE) written by the Roman philosopher Lucius Seneca (Seneca,
1917) about a bout of seasickness:

“Peius autem vexabar, quam ut mihi periculum succurreret. Nausia enim me segnis
haec et sine exitu torquebat, quae bilem movet nec effundit.”

I was suffering too grievously to think of the danger, since a sluggish seasickness
[Nausia] which brought no relief was racking me, the sort that upsets the liver
without clearing it. (p 353-354)

The meaning of the reference to ‘upsetting the liver [bilem)’, the seat of the bile, can be
appreciated in the context of a passage from Aretzus of Cappadocia (15t-2"d century CE)
regarding treatment of cholera (Adams, 1856):

“But if all the remains of the food have been discharged downwards, and if bile be
evacuated, and if there still be bilious vomiting, retchings, and nausea, uneasiness
and loss of strength, we must give two or three cupfuls (cyathi) of cold water, as an
astringent of the belly, to stop the reflux, and in order to cool the burning stomach;
and this is to be repeatedly done when what even has been drunk is vomited.”

The descriptions of the development of seasickness in monographs from the latter half of the
19™ and early 20t centuries (Beard, 1881; Byrne, 1912; Chapman, 1864; Liveing, 1873;
Skinner, 1894) provide a context for understanding the evolution of the demarcation of
symptom clusters associated with the original term ‘nausea’. Skinner’s (Skinner, 1894)
description is reasonably comprehensive: “extreme prostration of the patient; asthenia and
feeling of great weakness, which render the seasick incapable of making the least exertion
and which oblige them to keep abed days and even weeks; the vertigo, the terrible feeling of
instability, as if all were about to disappear into a great abyss; the cephalagia, mostly frontal,
often temporal, sometimes in general; the sensation of heaviness in the head, the constriction
of the temples; the feeling of malaise, of indefinable torture; and lastly, the insomnia...” He
added digestive system features that included anorexia (“one of the earliest symptoms that
announce the approach of seasickness™), nausea (which could progress to vomiting) and
constipation, which he attributed to gastrointestinal paresis. These features appear all to have
been encompassed by the Greek terms vavtia and vavora.

An understanding of the descriptive domain of the perceptual phenomenon of ‘nausea’ can
be inferred directly from the consideration of usage and context of associated words in
classical and more recent texts. The term ‘nausea’ has been used to denote both a disorder
(diagnosis of seasickness) and a symptom (or symptom cluster) associated with other
disorders. This pattern also appeared for terms for vertigo, such as ‘ vertigine’, dinos,
scotomatikos and skotodininos (Balaban et al., 2001). Hence, one must ask whether the term
nausea denoted seasickness explicitly or whether it denoted the appearance of a * cluster of
signs and symptoms of seasickness’as a component of other primary disorders.

Three of Spencer’s translated short passages from the 15t-century CE medical treatise De
Medlicina (Celsus, 1935) are representative of the use of nausea to denote “the symptoms
and signs associated with seasickness” in classical texts. Noteworthy features include the
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relationship to digestive status of the stomach contents and the therapeutic value of either
spontaneous or induced vomiting.

“He too who on a voyage is troubled by seasickness /nausea], if he has vomited out
a quantity of bile, should fast or take very little food. If he has spewed out sour
phlegm, he may take food notwithstanding, but lighter than usual; if he has nausea
[more properly, seasickness] without vomiting, he should either fast, or after food
excite a vomit.”2

“For if the meal has been larger than can be digested, it is not well to risk its
corruption; and if it has already become corrupted, nothing is more to the purpose
than to eject it by whatever way its expulsion is first possible. When, therefore,
there are bitter eructations, with pain and weight over the heart, recourse should be
had at once to a vomit, which is likewise of service to anyone who has heartburn
and copious salivation or nausea [the symptoms and signs associated with
seasickness], or ringing in the ears, or watering of the eyes, or a bitter taste in the
mouth; similarly in the case of one who is making a change of climate or locality;
as well as in the case of those who become troubled by pain over the heart when
they have not vomited for several days...”3

“Weakness of the stomach is indicated by pallor, wasting, pain over the heart,
nausea [the symptoms and signs associated with seasickness], and involuntary
vomiting, headache when the stomach is empty; where these symptoms are absent,
the stomach is sound. Nor must one absolutely trust those of our patients who when
very unwell have conceived a longing for wine or cold water, and in backing up
their desires, lay the blame on their perfectly innocent stomach.” 4

The works of the 15t -2"d century CE Greek physician Aretzeus of Cappadocia (Adams,
1856) further illustrate the associations between the term nausea and the signs and
symptoms of seasickness in a variety of disorders that today are within the realm of
neurology, otology and internal medicine. Nausea is mentioned in On Acute Diseases among
symptoms of epileptic paroxysms (Book 1 Chapter 5), bringing up of blood (Book 2 Chapter
2), syncope (Book 2 Chapter 3), cholera (Book 2, Chapter 5), acute liver affectations (Book
2 Chapter 7), vena cava acute disease (Book 2 Chapter 8), and acute kidney disease (Book 2
Chapter 9). In On Chronic Diseases, nausea is also cited as a symptom of Cephaleae (with
migraine like symptoms and vertigo Book 1 Chapter 2), vertigo or scotoma (Book 1 Chapter
3), spleen/schirrus (Book 1 Chapter 4), diabetes (Book 2 Chapter 2), stomach affectations

25 vero, qui navigavit et nausea pressus est, si multam bilem evomuit, vel abstinere a cibo debet vel paulum aliquid adsumere. Si
pituitam acidam effudit, utique sumere cibum, sed adsueto leviorem: si sine vomitu nausea fuerit, vel abstinere vel post cibum
vomere. Lib 1 3. 11

Vomitus utilior est hieme quam aestate: nam tunc et pituitae et capitis gravitas maior subest. Inutilis est gracilibus et inbecillum
stomachum habentibus: utilis plenis, biliosis omnibus, si vel nimium se replerunt, vel parum concoxerunt. Nam sive plus est
quam quod concoqui possit, periclitari ne conrumpatur non oportet: si vero corruptum est, nihil commodius est quam id, qua via
primum expelli potest, eicere. ltaque ubi amari ructus cum dolore et gravitate praecordiorum sunt, ad hunc protinus
confugiendum est. Item prodest ei, cui pectus aestuat et frequens saliva vel nausea est, aut sonant aures, aut madent oculi, aut os
amarum est; similiterque ei, qui vel caelum vel locum mutat; isque, quibus, si per plures dies non vomuerunt, dolor praecordia
infestat. Lib 1 3. 19-20

Stomachum autem infirmum indicant pallor, macies, praecordiorum dolor, nausea, et nolentium vomitus, iefuno dolor capitis;
quae in quo non sunt, is firmi stomachi est. Neque credendum utique nostris est, qui cum in adversa valetudine vinum aut
frigidam aquam concupiverunt, deliciarum patrocinium in accusationem non merentis stomachi habet. Liber 1 8:2
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(Book 2 Chapter 6), and dysentery (Book 2 Chapter 9). This comorbidity with vertigo and
migraine-like symptoms of Cephaleae is a recurring component of descriptions of sea-
sickness.

To place these historical perspectives into biological context, Figure 1 provides a conceptual
guide for considering the features associated with broad and narrow constructs for nausea.
This schema also incorporates co-morbid balance, migraine and anxiety manifestations, due
to the integral nature of vestibular, somatic, cardiovascular and visceral information in brain
stem pathways (review: (Balaban et al., 2004; Staab et al., 2013)). This heuristic schema
depicts the expression of signs and symptoms of nausea as an interaction between (a) a
primary neurologic sensorimotor performance component that produces signs of nausea
(neurologic signs domain), (b) a cognitive-behavioral component for expression of
symptoms of nausea (symptom expression domain), and (c) an interoceptive or ‘bodily
perception’ domain providing an interface between the two. The ‘behavioral medicine’
perspective of this schema is a synthesis of concepts for co-morbid features of mental
disorders with literature regarding symptom presentations (Barsky et al., 1999; Barsky et al.,
2002; Mayou et al., 2005) and the development of chronic medically unexplained symptoms
(Brown, 2004). The cognitive-behavioral domain components are shown in light red boxes.
The interoceptive domain is represented by cyan boxes; it provides an interface for ‘gut
level’ inferences to influence both signs (sensorimotor performance) and symptoms
(cognizance) of seasickness and nausea. It is the cognitive attribution and ‘symptom story
formulation process’ that shapes the description of the symptoms. It also recognizes
contribution of social interactions with caregivers with the sick role assumed by affected
individuals.

The framework in Figure 1 provides a heuristic understanding of the interactions between
sensorimotor, interoceptive and cognitive factors in dynamics of the perception of nausea.
The prodromal signs and symptoms are vague and neither specific nor localizing, and
certainty experiencing nausea increases as one proceeds along a trajectory toward having an
urge to vomit. Hence, the identification of nausea is essentially a hypothesis-driven search to
resolve ambiguity about a pattern of nonspecific symptoms. The sensory inputs are often
subliminal; for example, triggers for anticipatory nausea during chemotherapy may include
classical conditioning and anxiety (Kamen et al., 2014). Awareness of progressive visceral
and somatic motor responses such as pallor, perspiration, saliva secretion and altered
respiratory patterns contribute to this process. The ‘gut-level’ percept of being nauseated is
the product of this interactive process.

The schema is illustrated in more detail in Figure 2. The neurological signs component
includes normal and pathological operations of postural and ocular control pathways that are
responsible for maintaining stable control of head and body orientation during normal
activities. The underlying postural control mechanisms include vestibulo-ocular,
vestibulospinal and vestibulocollic pathways that maintain gaze orientations (and movement
velocities) within a relatively limited range. For example, the mean head position is
controlled to maintain the utricular macula and the horizontal semicircular canals near an
earth horizontal orientation in humans (Grossman et al.; Mulavara et al., 2002; Pozzo et al.,
1990; Pozzo et al., 1995) and non-human primates (Dunbar et al., 1998; Dunbar et al., 2004)
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during even vigorous physical activity. This generates a stable platform to provide context
for interpreting vestibular, autonomic, visual and somatosensory information in terms of
head orientation relative to gravity.

Interpretation of orthostatic, visceral, visual, proprioceptive and motion sensory inputs
requires a fundamental reconciliation of physiological signals in the context of internal
models of wellness, egocentric (or self-referenced) and allocentric (or world-referenced)
coordinate frames. Visual, vestibular, somatosensory and visceral physiological channels are
fundamentally egocentric because sensors are anchored within body tissues. As a
consequence, they rely implicitly on appropriate motor control of the head and body to
establish their relationship to the allocentric framework of the external environment.
Sensations of visual motion, blood pooling and inertial motion are interpreted within the
assumed context of stable head control relative to gravity. On the other hand, as reviewed
previously (Balaban et al., 2004), perception of post-cranial body orientation (relative to
gravity) also involves processing of proprioceptive, mechanoreceptive, cardiovascular and
visceral sensory information. The assumption of head stability in an internal model provides
a basis for interpreting head-fixed vestibular, visual, auditory, gustatory and olfactory
information in terms of the outside world (allocentric frame of reference).

The interoceptive domain occupies a nexus between sensory processes, representations of
the physiological condition of the body (Craig, 2002), and their translation into subjective
awareness and feelings, i.e., the “sentient self” (Craig, 2009). Interoception is defined
broadly as any ‘molar organic behavior’ initiated by visceral sensory activity (Cameron,
2002), which encompasses not only generation of vague feelings of malaise or motion
sickness, but also physiological signals that produce defensive responses such as altered
postural control, situational discomfort and avoidance behaviors. Because all tissues in the
body have mass, the orientation of gravity creates an implicit load for controlling automatic
functions such as respiration and vascular tone to maintain blood distribution. Sensations
may be viewed as benign or may be given the conceptual status of “symptom” heralding a
dangerous or uncomfortable event. In this sense, interoception is collection of processes that
defines and maintains the most current situational representation of *how we feel’ from an
egocentric perspective.

The symptom expression (or cognitive) domain includes a rational interpretation component
and an affective interpretation component. The rational interpretation component is engaged
for meaning attribution and for effortful regulation of the affective state. The affective
interpretation component governs involuntary or homeostatic regulation of affective
responses, including conditioning by previous experience. The affective component
generates responses along dimensions of anxiety (future temporal focus, diffuse and
sustained threat profile, and approach responses) and fear (present temporal focus, specific
and acute threat profile, and avoidance responses). The association of the “signs and
symptoms of seasickness” with multiple diagnoses provide a substantial domain for
symptom expression and interoceptive interpretation. For example, the cognitive, symptom
expression domain appears to play a major role in chemotherapy-related anticipatory nausea
and vomiting (Kamen et al., 2014), nausea in bulimic women presented with palatable food
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(Broberg et al., 1990), and the increased likelihood of pregnancy-related nausea and
vomiting in women with purging subtype bulimia nervosa (Torgersen et al., 2008).

Table 1 summarizes the progression of seasickness from detailed accounts published
between the mid-19th and early 20th centuries (Chapman 1864, Liveing 1873, Beard 1881,
Skinner 1894, Byrne 1912). The symptoms and signs have been grouped and color-coded to
correspond to the framework in Figure 1. For example, Joseph Byrne (1912) presented an
analytical view of the progression from mild to more severe seasickness:

The chief symptoms experienced by the subject were a slight headache, and the
familiar “queer feeling all over” which was present only at times. In addition to
these there were slight disturbances of the nervous system, as manifested by
disinclination for work, irritability of temper, and a consciousness of the respiratory
movements. Long, deep inspirations were a matter of frequent occurrence. (p.339)

Even in the fresh breeze, there were some subjective symptoms, such as “lump-
sensation” in the stomach, and a “queer sick feeling” in the head, as well as deep,
long drawn breaths and eructations. These symptoms were present in spite of the
fact that the subject was not feeling badly. (p.343)

“Earlier and milder phases” of seasickness were characterized by:

...headache, with fulness and lightness in the head, paraesthesias of the scalp,
especially a sense of tension in the occipital region, psychic and motor depression,
irritability of temper, disinclination for work, perversion of sensory function,
whereby the respiratory and gastro-intestinal movements were registered in
consciousness, perversion of the sense of smell, whereby the odour of tobacco-
smoke, agreeable under ordinary circumstances, became obnoxious, photophobia,
and annoyance from the use of the eyes, especially in looking at the moving water
(fatigue of the oculo-motor apparatus)...Digestive disturbances appeared early. The
“lump sensation” in the stomach i.e., a feeling as if a foreign body were in that
organ, is one of the early symptoms of seasickness...

More severe seasickness during a rough Atlantic crossing was described as follows:

The ‘lump-sensation’ in the stomach and throat was so marked, that he constantly
kept swallowing to keep it down. He experienced, in this position, slight ache in the
muscles attached to the occiput upon the right side. Any concentration or mental
effort was disagreeable, and tended to make him sick. The subject lay upon either
side to see if the position would have any effect in alleviating or aggravating his
condition. It was noted that although lying upon the side made him feel worse than
lying on the back, it did not make any material difference upon which side he lay.
By 8.15 a.m., the subject was suffering from all the effects of fully developed
seasickness. The “lump-sensation’ in the stomach was much in evidence... During
this time the ship continued to roll and pitch excessively. The subject experienced
all the subjective phenomena of seasickness, with lump-sensation in the stomach,
headache, nausea, increased salivation, psychic and motor depression, and that
dreadful “dolor cerebri” familiar to all who have suffered from sea sickness...
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The mid-19t to early 20t century texts described the earliest supraliminal symptoms of
seasickness as an intermittent, familiar “queer feeling all over,” accompanied by a
disinclination to work, mood changes (increased fastidiousness, somatization and
irritability), and a consciousness of respiratory movements leading to long, deep breaths.
The thoraco-abdominal symptoms would then proceed to ‘a lump sensation in the thoat’ and
the gastrointestinal sensations leading to retching and emesis. It is also important to note that
the earliest symptoms could include allodynia that resembled symptoms of prodromal
migraine, such as mild headache and scalp paraesthesia, which could develop into symptoms
of migraine headache, and the general recognition of the resemblance of the sick-headache
to seasickness (Liveing 1873). The description of these migraine symptoms is not surprising;
more recent studies that have confirmed augmented motion sickness susceptibility in
migraineurs (Drummond 2002, Drummond and Granston 2004; Drummond 2005; Furman et
al. 2010). However, it raises the more general question of whether multimodal central
migraine circuits (Ho, Edvinsson et al. 2010; Furman, Marcus et al. 2013) are engaged in the
production of classically defined nausea, the complex of symptoms, and signs of
seasickness.

Examination of British and Continental disease classification and dictionaries from the late
seventeenth through the early nineteenth centuries (Blancard, 1726; Blankaart, 1690;
Boissier de Sauvages, 1771; Boyer, 1729; Darwin, 1797; Quincy, 1787; Réadlein, 1711;
Tommaséo, 1838; Willis, 1692) provides further insight into the vocabulary that evolved to
describe symptom clusters for perceptions included in the categories of seasickness and
‘nausea.” English, French, German and Italian terms encompass sensations associated with
(1) sea-sickness (original meaning), (2) cephalalgea or migraine, (3) a sense of weariness or
fatigue, (4) gastric discomfort (‘seething’), (5) a bothersome, cloying sense of over-satiety or
bloating, and (6) conditioned aversion to food, drink and odors. The progression of sea-
sickness (Table 1) encompasses all of these sensations. The latter three terms describe
dimensions that encompass perceptions of impending emesis, heartburn, belching, digestive
discomfort, disgust, aversion and anorexia, which are later stages of sea-sickness. The
definition in the Blankaart’s Lexicon Novum Medicum Graeco-Latinum (1690, 44a) is
illustrative:

Nausea is a sense of disgust or loathing (fastidiousness) coupled with an impulse to
vomit, which may or may not ensue: the lower lip trembles and a considerable
amount of liquid [saliva] flows from the mouth. It is not infrequent that nausea even
progresses to a completion by vomiting. Moreover, along with its loathing for food
& drink, Nausea is often so great that not even the swallowing of medicines can be
accomplished... All food is treated as if for anorexia or distaste and dislike.®

Thus, through the early twentieth century, nausea was equated with seasickness, a condition
associated with a number of signs and symptoms that extend well beyond the perception that
vomiting may be imminent. However, it is essential to recognize that the operational

SNausea est Fastidii species & ad vomitum conatus qui aut subsequitur aut non: labiis inferioribus tremore actis & plerumque
humore ex ore fluente. Est etiam nausea non infrequens qua a vomitu peracto aliquandiu remanet. Nausea insuper secum trahit
Fastidium cibi potus & medicamentorum quae tanta est saepe ut nequidem deglutitio fieri possit...cSumitur & pro Anorexia sive
Omni ciborum fastidio & aversatione
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definitions of nausea have always been embedded implicitly within the context of causal and
prognostic narratives (or story lines). The classical literature presented several narratives, the
scenario of seasickness, the scenario of overeating, the scenario of intoxication, the scenario
of migraine and the scenario of digestive disease. It is unclear how (or why) the meaning
was subsequently constrained by some authors to encompass only the scenario of prodroma
of vomiting.

3. Prodromal Physiological Changes: Potential Physiological Markers for

Nausea

3.1 Mechanisms of nausea and vomiting

As described in many previous reviews (Andrews, 1992; Andrews et al., 1988; Grelot et al.,
1994; Grélot et al., 1996; Miller, 1990; Yates et al., 2014; Yates et al., 1998), the motor act
of vomiting is accomplished through the synchronized contractions of muscles that also are
engaged in breathing. During retching and expulsion, there is a coordinated co-contraction
of the diaphragm and abdominal muscles, contraction of the airway muscles to open the
upper esophageal sphincter and close the glottis, and changes in posture needed to facilitate
stomach emptying. The contractions of the diaphragm and abdominal muscles during
retching and expulsion are stereotyped, as indicated in Figure 3, such that the responses can
be readily detected in animal studies through recording of electromyographic activity from
the muscles.

Although the neural pathways that mediate vomiting have not been conclusively established,
recent work has provided a number of insights regarding these circuits (Balaban et al., 2014;
Yates et al., 2014). The notion that a “vomiting center” coordinates the activity of the
respiratory muscles that produce emesis has been largely abandoned (Balaban et al., 2014;
Miller, 1999; Miller et al., 1994a; Miller et al., 1994b; Yates et al., 1998). Instead, it is now
believed that a network of neurons distributed throughout the brainstem controls the emetic
response. However, the key neural circuits for producing vomiting are located in the
medulla, since emesis can be evoked in animals following the removal of the remainder of
the brain (Fukuda et al., 1991; Miller et al., 1994a). In contrast, nausea is a perception, and
the neural circuits that generate this perception include supratentorial regions (Farmer et al.,
2015; Kim et al., 2011; Napadow et al., 2013). Thus, although nausea and vomiting can be
triggered by the same stimuli, they are mediated in part through different neural circuits.
This dichotomy may be similar to that for responses to painful stimuli, which include a
motor component (nociceptive flexion reflex) that is mainly mediate through spinal cord
circuits and separate perceptual/affective components that are mediated through the limbic
system and other telencephalic brain areas (Moayedi et al., 2013; Neugebauer et al., 2009;
Skljarevski et al., 2002; Willis et al., 1997).

We reported recently that principal component analysis of Fos activation patterns revealed
five brainstem circuit networks in cats expressing signs of nausea during galvanic vestibular
stimulation (Balaban et al., 2014). These interconnected components explained a large
proportion of the total variance in brainstem Fos labeling. However, to date a comparable
principal component analysis has not been completed for supratentorial Fos labeling evoked
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by emetic stimuli, which constrains the assessment of which brain areas mediate particular
signs of nausea.

In our study of brainstem Fos labeling patterns induced by galvanic vestibular stimulation
(Balaban et al., 2014), Component 1 reflected strong Fos co-activation within locus
coeruleus, vestibular nuclei, lateral nucleus tractus solitarius (NTS), medial parabrachial
nucleus and periaqueductal gray, and a more moderate relationship with the Kélliker-Fuse
nucleus. Component 2 incorporated a push-pull interaction between interconnected networks
related to nucleus raphe magnus, lateral parabrachial nucleus, medial subnucleus of NTS,
medial parabrachial nucleus, Kélliker-Fuse nucleus, inferior vestibular nucleus, and lateral
subnucleus of NTS and the serotonergic cells in the dorsal raphe nucleus (e.g., medial aspect
of the superior vestibular nucleus). Component 3 reflected Fos activation in the Kolliker-
Fuse nucleus and concurrent Fos inhibition in a network that included serotonergic and non-
serotonergic cells in the nuclei raphe pallidus et obscurus, which is possibly related to
respiratory components of aversive stimulation. Component 4, like Component 1, identified
correlated Fos labeling in a network involving interconnections between the periaqueductal
gray and medial parabrachial nucleus. However, this labeling was combined with Fos
activation in the lateral aspect of the superior vestibular nucleus and the subtrigeminal and
external cuneate nuclei. Component 5 encompassed Fos labeling in the commissural nucleus
of NTS, non-serotonergic dorsal raphe neurons, dorsal periaqueductal gray cells,
serotonergic neurons in the nucleus raphe magnus and the medial aspect of the superior
vestibular nucleus. Thus, a wide variety of brain areas can be engaged during a nauseogenic
stimulus, depending on the signs and symptoms expressed by an individual.

3.2 Prodromal responses: general considerations

The physiological responses that precede emesis in humans are well-documented from case
studies in patients as well as experimental studies in research subjects. Often the stimulus
used in these experiments was a moving visual field (Farmer et al., 2015; Koch, 1999;
Sclocco et al., 2015; Sclocco et al., 2016), which is regularly (but erroneously) referred to as
“vection.” Vection is an illusion of self-mation, and studies that utilize moving visual fields
to induce motion sickness rarely attempt to validate if the stimulus evokes a perception of
self-movement (Lawson et al., 2015). Although some experimental studies in humans used
agents such as apomorphine or ipecacuanha to induce nausea (Axelsson et al., 2006; Nussey
et al., 1988; Proctor et al., 1978; Rowe et al., 1979), employing moving visual fields has two
principal advantages: it is not necessary to administer agents that could produce extraneous
side effects and the stimulus can be rapidly terminated at the subject’s request.

Moving visual fields used in the laboratory as an emetic stimulus, such as an optokinetic
drug, do not mimic the “real world” conditions that generate motion sickness. The
effectiveness of the stimulus may be related to its novelty. Susceptible individuals typically
develop motion sickness within a few minutes of exposure to the moving visual field inside
an optokinetic drum (Bos et al., 2004; Bubka et al., 2006; Dahlman et al., 2009; Matchock et
al., 2008). Motion sickness during vehicular travel, such as seasickness, can evolve slowly
over time (Lackner, 2014; Lawther et al., 1988; Wertheim, 1998), resulting in different
physiological responses and sensations than those during an acute response to a highly
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provocative stimulus. Similarly, slowly-evolving prodromal signs and symptoms resulting
from progressive exposure to a toxic agent, as well as conditions associated with chronic
nausea such as the cyclic vomiting syndrome (Abell et al., 2008; Li et al., 2000), could differ
from those that develop within a few minutes.

Another confounding factor in the literature is inconsistency in classifying whether
responses that accompany emetic stimuli are prodromal responses. For example, the sopite
syndrome has sometimes been classified as a separate response from motion sickness
(Graybiel et al., 1976; Lackner, 2014; Lawson et al., 1998; Matsangas et al., 2014; Van
Ombergen et al., 2015). Interestingly, lethargy is a typical antecedent to emesis in patients
with the cyclic vomiting syndrome (Abell et al., 2008; Li et al., 2000), suggesting that
disengagement may be a common prodromal response in conditions where the emetic
response builds slowly over time. There is also a lack of clarity in the literature about the
relationship between comorbid conditions and the primary trigger for emetic responses. For
example, there is an association between susceptibility to migraine and motion sickness
(Cuomo-Granston et al., 2010; Eggers et al., 2014; Furman et al., 2012; Marcus et al., 2005),
as well as migraine and the cyclic vomiting syndrome (Adamiak et al., 2015; Hejazi et al.,
2014; Li et al., 2000; Spiri et al., 2014). However, such relationships are rarely considered
when investigating the mechanisms that evoke emetic responses.

3.3 Prodromal responses: gastrointestinal system

As noted above, the motor act of vomiting is accomplished by the coordinated contraction of
respiratory muscles, and denervation or inactivation of the gastrointestinal system does not
prevent vomiting (Eggleston et al., 1912; Lang et al., 1989; Magendie, 1824), indicating that
changes in gastrointestinal motility are not essential to empty the stomach. However, a
variety of studies have shown that gastrointestinal responses routinely occur prior to emesis.

One such classically-defined response is a change in salivation and salivary amylase levels
(Gordon et al., 1994; Igarashi et al., 1989; Igarashi et al., 1993). Although most studies
described increased salivation prior to emesis, others reported a decrease in salivation
(Gordon et al., 1988; Hatcher et al., 1923). The disparity could be related to the time that
salivation was measured relative to emesis. It is possible that salivation occurs just prior to
vomiting, in order to protect the teeth against stomach acid, and is not an early prodromal
indicator. Another complexity is that swallowing serves to remove saliva, and the frequency
of swallowing may change prior to emesis (Furukawa et al., 1998; Furukawa et al., 1994;
Lang et al., 1999; Money et al., 1996). Thus, further studies are needed to ascertain the
reliability of salivation as a prodromal indicator of nausea.

Lang and colleagues conducted a thorough analysis in dogs and cats of the changes in
gastrointestinal motility that precede, accompany, and follow vomiting (Lang, 2015; Lang et
al., 1986; Lang et al., 1989; Lang et al., 1999). They demonstrated that motion sickness and
administration of peripherally or centrally-acting emetic agents results in a decrease in
gastrointestinal motility, relaxation of the proximal stomach, and a retrograde giant
contraction in the small intestine. The latter may serve to either buffer the stomach contents
or to remove toxic agents from the small intestine. Both the enteric and central nervous
systems participate in eliciting these changes in gut motility (Lang, 2015). In some (but not
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all) humans, decreases in gastric fundus and lower esophageal pressure have been shown to
occur during nauseogenic stimuli (Schaub et al., 2014), supporting Lang’s findings about
gastric relaxation prior to emesis.

Studies by Koch, Stern and their colleagues noninvasively recorded gastric myoelectric
activity (electrogastrograms) in humans during nauseogenic stimuli (for reviews see: (Koch,
1989; Koch, 1999; Koch, 2014; Stern et al., 1985)). They concluded that either an increase
(tachygastria) or decrease (bradygastria) in the frequency of this electrical activity occurs
during nausea, and that electrogastrograms can provide an “objective measure of nausea”
(Koch, 2014). However, others failed to confirm this assertion (Cheung et al., 1998; DiBaise
et al., 2001; Kiernan et al., 1997; Lackner et al., 2006), but instead showed that changes in
electrogastrogram frequency may not be temporally related to the onset of nausea, and may
occur in the absence of nausea. The reason why studies in different laboratories produced
distinct results is unclear. It is noteworthy that the studies of Koch and Stern typically used
an optokinetic drum, a novel stimulus not experienced in the real world that often leads to a
rapid onset of nausea, which could be one factor leading to disparity of findings between
studies. Perhaps changes in the electrogastrogram are not obvious when stimuli are provided
that cause slowly-evolving nausea. A recent study in ferrets confirmed that gastric
myoelectric activity is disrupted by the administration of emetic agents, but that the effects
“were subtle and not detectable by a simple DF (dominant frequency) analysis” (Percie du
Sert et al., 2009). In addition, disruptions in gastric myogenic activity were most evident
during and following emetic episodes, and not before (Percie du Sert et al., 2010). These
findings suggest that at least in animal studies, reliance on recordings of gastric myographic
activity may not be adequate to define if nausea is present.

3.4 Prodromal responses: endocrine system

Studies in humans (Edwards et al., 1989; Feldman et al., 1988; Koch et al., 1990;
Miaskiewicz et al., 1989; Rowe et al., 1979), ferrets (Billig et al., 2001; Hawthorn et al.,
1988; Wilkens et al., 2005), dogs (Cubeddu et al., 1990), and monkeys (Verbalis et al., 1987)
showed that a 20- to 30-fold increase in plasma vasopressin levels occur prior to emesis,
without an increase in the levels of the other posterior pituitary hormone, oxytocin. Neither
the mechanism producing nor the physiological significance of the vasopressin increase
prior to emesis is currently known. It has been postulated that the increase in vasopressin
levels serves to induce vomiting and nausea, and triggers changes in gastrointestinal motility
(Caras et al., 1997; Cheung et al., 1994; Ikegaya et al., 2002; Kim et al., 1997; Song et al.,
2006). However, removal of the posterior pituitary does not delay the onset of motion
induced-emesis (Money et al., 1970), and patients with familial cranial diabetes insipidus
experience apomorphine-induced nausea without an appreciable increase in plasma
vasopressin (Baylis et al., 1981). Thus, while an increase in vasopressin may be correlated
with nausea, the hormone is not critical to cause the sensation. Vasopressin is an antidiuretic
agent (Nielsen et al., 1995), and increases in the release of the hormone would serve to
conserve water when vomiting is likely. In addition, the levels of vasopressin reach sufficient
levels to cause vasoconstriction of gastrointestinal blood vessels (Lote et al., 1981;
Skarstein, 1978), to protect against absorption of toxins.
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Baseline levels of vasopressin vary between individuals and physiological states (Beardwell
et al., 1975), and the assays to detect vasopressin cannot be performed instantaneously.
Thus, monitoring of vasopressin levels has not proven to be a convenient or reliable method
to ascertain the presence of nausea (Billig et al., 2001; Wilkens et al., 2005).

There is also evidence that levels of adrenocorticotrophic hormone (ACTH) and cortisol
secretion triggered by this hormone increase during motion sickness (Eversmann et al.,
1978; Grigoriev et al., 1988; Klosterhalfen et al., 2000; Kohl, 1985; Otto et al., 2006). Most
of these studies indicated that increased hormonal levels were generalized, and not
correlated with the intensity of the nausea sensation. However, it is not clear whether
changes in these stress hormone levels were directly related to the percept of stomach
distress, or to the anxiety accompanying the sensation.

3.5 Prodromal responses: central nervous system and autonomic nervous system

A number of studies have assumed that emetic prodromal responses are due to a change in
the balance of sympathetic and parasympathetic nervous system activity (Hejazi et al., 2011,
LaCount et al., 2011; Morrow et al., 1992; Sclocco et al., 2015). This assumption rests on
the outmoded notion that changes in autonomic nervous system activity, particularly
sympathetic activity, are “all or none” (Cannon, 1963). A large recent literature shows that
activity of sympathetic efferent fibers innervating different tissue types (Deuchars, 2015;
Janig et al., 2003; Janig et al., 1992) and body regions (Kerman et al., 2000) can be
differentially controlled. For example, the activity of sympathetic nerve fibers innervating
blood vessels in skin is mainly dependent on body temperature (Janig et al., 1983), whereas
baroreceptor signals play a major role in regulating the activity of sympathetic nerve fibers
controlling vasoconstriction of visceral blood vessels (Bahr et al., 1986). Lack of attention to
current information on control of autonomic function is a major limitation in the literature
on the nausea and vomiting.

Nonetheless, several prodromal responses are mediated by changes in sympathetic nervous
system activity. The most evident of these responses are cold-sweating (Cheung et al., 2011,
Hemingway, 1944; Nobel et al., 2012; Sclocco et al., 2015), changes in cutaneous
thermoregulatory vascular tone (Nalivaiko et al., 2015), and pallor (Cassano et al., 1989;
Kolev et al., 1997). Changes in skin blood flow that result in pallor are not accompanied by
alterations in blood pressure (Sunahara et al., 1987; Sunahara et al., 1964), showing that they
are not due to a global increase in sympathetic nervous system activity. In fact, there is
evidence of increased blood flow to muscle and decreased blood flow to the skin during
motion sickness (Cheung et al., 2001). The physiological significance of facial pallor and
cold sweating during emetic stimuli is unknown, although they may be related to impaired
thermoregulation induced by emetic stimuli (Del Vecchio et al., 2014; Nalivaiko et al.,
2015). There is evidence from studies in both humans and animals that both provocative
motion (Cheung et al., 2011; Del Vecchio et al., 2014; Ngampramuan et al., 2014; Nobel et
al., 2006; Nobel et al., 2012) and administration of lithium chloride (Guimaraes et al., 2015)
trigger a drop in body temperature. It has been suggested that disrupted thermoregulatory
responses during nausea could contribute to the development of the sopite syndrome (Del
Vecchio et al., 2014).
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Several studies have also indicated that heart rate variability changes during motion sickness
(Doweck et al., 1997; Farmer et al., 2014; Kim et al., 2011; Kim et al., 2005; Lacount et al.,
2009; Malinska et al., 2015; Ohyama et al., 2007). The general consensus is that heart rate
becomes more consistent (variability is reduced) during exposure to provocative motion
stimuli, although there are inconsistencies in results between studies. Stress and anxiety also
produce changes in heart rate variability (Dimitriev et al., 2016; Dishman et al., 2000;
Ramirez et al., 2015; Sheps et al., 2001; Tonello et al., 2014), such that it is unclear whether
alterations during provocative motion are due to the perception of nausea or stress and
anxiety accompanying the condition. Less work has been done to examine heart rate
variability during exposure to emetic stimuli other than provocative motion, but anxiety
during such stimuli would likely limit the utility of this measure to indicate that emesis is
imminent.

Some studies reported variations in the electroencephalogram (EEG) during motion sickness
(Arsalan Nagvi et al., 2015; Chelen et al., 1993; Chen et al., 2010; Chuang et al., 2016; Hu
etal., 1999; Lin et al., 2007; Lutz, 1979; Park et al., 2008). A variety of changes in cognitive
state are associated with alterations in the EEG, including fatigue and reduced alertness
(Clayton et al., 2015; Huang et al., 2016; Wascher et al., 2014). Thus, the EEG changes
reported in the studies could have been an early marker of the sopite syndrome.
Unfortunately, the EEG changes were inconsistent between studies, limiting the utility of
altered EEG activity to distinguish the presence of nausea. In addition, no studies have
considered whether stimuli other than provocative motion or moving visual scenes induce
EEG changes. Thus, it is presently unknown whether EEG changes, or other alterations in
brain electrical activity, could serve as a marker for nausea elicited by any triggering
mechanism. Further research in this area is needed.

3.6 Prodromal responses: non-emetic animals

A large number of studies have examined behavioral changes and physiological responses to
emetic stimuli in animals that lack the capacity to vomit (Horn et al., 2013), particularly
rodents. Behaviors such as eating non-nutritive substances like clay (Mitchell et al., 1977,
Morita et al., 1988; Rudd et al., 2002; Takeda et al., 1993; Yamamoto et al., 20023;
Yamamoto et al., 2002b) and gaping (Limebeer et al., 2006; Parker et al., 2006) can
accompany or follow emetic stimuli in non-emetic animals. Furthermore, rodents develop
powerful conditioned taste aversions or disgust responses to agents that produce vomiting in
emetic species (Parker, 2003; Parker, 2006; Parker, 2014; Parker et al., 2008). Curiously,
plasma levels of oxytocin (but not vasopressin) increase in rodents following such stimuli
(Carter et al., 1987; Verbalis et al., 1986), while in emetic animals increases in vasopressin
(but not oxytocin) occur (Billig et al., 2001; Cubeddu et al., 1990; Edwards et al., 1989;
Feldman et al., 1988; Hawthorn et al., 1988; Koch et al., 1990; Miaskiewicz et al., 1989;
Rowe et al., 1979; Verbalis et al., 1987; Wilkens et al., 2005).

While there is controversy about the reliability of rodent models for developing antiemetic
drugs (Holmes et al., 2009; Rudd et al., 2002), it is clear that motion stimuli and toxins can
produce distinct behavioral changes in these species. Presumably, these behavioral changes
are accompanied by alterations in interoception, which the animals perceive. However, it is
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debated whether the perception of nausea is similar in rodents and humans (Andrews et al.,
2014; Stern et al., 2011). If the definition of nausea is restricted to a sensation that vomiting
is imminent, then non-emetic animals cannot experience nausea, although some do classify
the responses of rodents to emetic stimuli as indicators of nausea (Alhadeff et al., 2015; Cui
et al., 2015; Parker, 2014; Parker et al., 2006; Parker et al., 2015; Rock et al., 2015). This
clouds the definition of “nausea” in the literature.

4. An Operational Definition for Nausea

Despite assertions by some that there are distinct physiological markers for nausea, the
discussion above shows that there are individual differences that may be affected by
confounding factors such as anxiety or comorbid conditions. For example, perspiration (e.g.,
cold sweating) can be produced by emetic stimuli (Cheung et al., 2011; Hemingway, 1944;
Nobel et al., 2012; Sclocco et al., 2015) or anxiety (Harker, 2013), and differentiating the
etiology of the response is complicated. In addition, physiological responses vary depending
on how provocative an emetic stimulus is. For example, it is unlikely that a stimulus like a
rapidly-spinning optokinetic drum would result in the sopite syndrome, since individuals
will either discontinue engaging in the stimulus or will vomit within a few minutes.

Nausea is a perception, and variability in the articulation of that perception is not unexpected
(Graybiel et al., 1968; Muth et al., 1996). Moreover, one must also recognize that the
perception and perceived progression of nausea is intertwined with personalized contextual:
causal and prognostic narratives (or story lines) to explain the evolving, but otherwise
nonspecific symptoms and signs (Figure 2). Examples of these narratives include
seasickness, mation sickness (if in a car or virtual immersive environment), overeating,
alcohol or drug intoxication, migraine and a gastrointestinal disorder. The trigger can also be
internal, such as classically conditioned taste and odor aversions and anticipation of a
nauseogenic stimulus (Pratt et al., 1984; Roscoe et al., 2011; Stockhorst et al., 2006). The 51
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5; American
Psychiatric Association, 2013) descriptions of separation anxiety, generalized anxiety
disorder, and panic disorder also include nausea as a symptom.

While most will recognize the onset of retching and gastric reflux just prior to expulsion,
differentiating prodromal perceptions triggered by an emetic stimulus is more difficult, and
may be influenced by context. However, recognizing early indicators is important, so an
individual can disengage in the activity evoking the response or take an anti-emetic
medication before symptoms become severe.

On the basis of historical considerations and analysis of the prodromal signs that occur
before emesis, we would like to offer a new working definition of nausea that is applicable
to many situations, but unfortunately not all. Nausea is present during or following exposure
to a stimulus that can generate vomiting (e.g., toxins, provocative motion, and
gastrointestinal disease), which produces stomach awareness, anxiety, anorexia, or causes an
individual to lose interest in ongoing events (sopite syndrome). The presence and intensity
of nausea increases the probability that prodromal indicators are also observed, particularly
cold sweating, pallor, or overt indicators of anxiety (e.g., increase in respiration rate or heart
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rate), albeit these indicators can be difficult to recognize or differentiate from those produced
by other causes. In this sense, ‘nausea’ describes time-varying processes in sensorimotor,
interoceptive and higher order cognitive processing pathways that have a potential to
produce an urge to vomit.

However, it is difficult to identify nausea in all individuals, since it is a percept that is
attributed to a variety of nonspecific signs and symptoms. Nausea can be evoked by triggers
that are not readily apparent, such as hormonal changes, migraine, stress and extreme
emotional reactions, and can be conditioned to particular situations (anticipatory nausea)
(Pratt et al., 1984; Roscoe et al., 2011; Stockhorst et al., 2006). In such cases, a context may
not be present to associate the signs and symptoms elicited by these triggers with nausea. It
will also be difficult to identify patients who remain in a chronic nauseated state, but fail to
vomit. Caregivers should be cognizant about the multifaceted causes and indicators of
nausea, and should be alert to changes in these indicators, as the percept of nausea is more
evident immediately before stomach emptying.

Monitoring of physiological activity can be used in experimental studies to determine
whether an exogenous stimulus (e.g., administration of an emetic compound) has activated
neural pathways that can trigger nausea. Changes in respiration and heart rate, blood
pressure, motor activity, skin blood flow, body temperature, hormone levels, and salivation
that are linked to the administration of the emetic stimulus show that it has been detected
and processed by the brain (Balaban et al., 2014; Ngampramuan et al., 2014). For example, a
previous study considered an abrupt change in blood pressure upon intragastric
administration of copper sulfate as an indicator that the compound activated vagal afferents
(Sugiyama et al., 2011). Since no physiological marker is uniquely associated with nausea,
confidence that an emetic stimulus activated neural pathways is stronger if a constellation of
indicators is present. Although physiological monitoring can never definitively reveal the
presence of nausea, overt changes in physiological markers after the delivery of a
provocative stimulus at least suggests that nausea is likely. However, determining if an
animal or nonverbal human is nauseated is much more difficult if it unknown whether a
nauseogenic stimulus was recently provided.
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Highlights

Nausea was historically equated with seasickness, and was associated
with many signs and symptoms.

The prodromal signs and symptoms preceding vomiting can vary
depending on the emetic trigger, particularly whether the trigger rapidly
evokes vomiting.

Triggering stimuli used in laboratory studies of nausea and vomiting
are usually highly provocative, and may not elicit the same prodromal
indicators of nausea as “real world” stimuli.

An operational definition of nausea must consider that prodromal signs
and symptoms of emesis can vary between individuals and triggering
mechanisms.

Accordingly, a variety of neural pathways can be activated by emetic
stimuli, depending on the responses evoked in an individual.
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An overview of a framework for co-morbid balance, migraine and anxiety manifestations,
which provides a conceptual guide for considering the comorbid features associated with
broad and narrow constructs for nausea. An interaction between automatic sensorimotor
processing, interoceptive processing and cognitive/behavioral processing is proposed to
explain the progression of nonspecific symptoms to a precept of nausea, in response to

external and internal triggers and modulators.
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Figure 2.

A detailed schema of a framework for understanding the interaction of sensory information,
sensorimotor responses, interoceptive mechanisms and cognitive/behavioral processes in the
expression of a perception of nausea. See text for details.
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Figure 3.
Recordings of electrical activity from the diaphragm (red line) and abdominal muscles (blue

line) of a cat during retching and vomiting elicited by bilateral galvanic vestibular
stimulation. Two episodes are shown, consisting of co-contraction of the diaphragm and
abdominal muscles during retching followed by expulsion (indicated by arrows), when the
contraction of the abdominal muscles persists longer than diaphragm activity. Adapted from
(Yates et al., 2014); used with permission of Springer.
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Table 1

The progression of seasickness described in accounts published between the mid-19th and early 20th centuries
(Beard, 1881; Byrne, 1912; Chapman, 1864; Liveing, 1873; Skinner, 1894). The symptoms and signs have
been grouped and color-coded to correspond to the framework in Figure 1.

Earliest Early mild Milder phases More severe Severe
Consciousness of respiratory — Abdomen and thorax
movements movements

Long, deep breaths

”Lump-sensation”  burning sensation in the "swallowing to keep it down.” Retch Emesis
in the throat and/or ~ stomach
stomach

nausea increased salivation

Eructations —
Intermittent familiar “queer “queer sick =
feeling all over” feeling” in the

head

that dreadful “dolor cerebri”
familiar to all who have suffered
from sea sickness
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