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Implicit physiological measures such as heart rate and skin conductance

convey information about someone’s cognitive or a�ective state. Currently,

gastrointestinal (GI) tract-based markers are not yet considered while both

the organs involved as well as the microbiota populating the GI tract are

bidirectionally connected to the brain and have a relation to emotion,

cognition and behavior. This makes GI tract-based measures relevant and

interesting, especially because the relation may be causal, and because

they have a di�erent timescale than current physiological measures. This

perspective paper (1) presents the (mechanistic) involvement of the GI tract

and its microbiota in emotion, cognition and behavior; (2) explores the added

value of microbiome-based implicit measures as complementary to existing

measures; and (3) sets the priorities to move forward. Five potential measures

are proposed and discussed inmore detail: bowelmovement, short-chain fatty

acids, tyrosine and tryptophan, GI tract flora composition, and cytokine levels.

We conclude (1) that the involvement of the GI tract in emotion, cognition and

behavior is undisputed, (2) that GI tract-based implicit measures are still in a

conceptual phase of development but show potential and (3) that the first step

to bring this field forward is to start validation studies in healthy humans and

that are designed in the context of implicit measurements.

KEYWORDS

neuro-ergonomics, implicit measures, gut-brain axis, microbiota, emotion, cognition,
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Introduction

Implicit measures can provide information about an individual’s cognitive or

affective state and are used in fields like affective computing, brain-computer interfaces,

and neuro-ergonomics (Van Erp et al., 2012; Toet et al., 2022). Implicit physiological

measures are based on for instance brain activity, heart rate, and skin conductance

(Brouwer et al., 2015) and application areas include learning (Gerjets et al., 2014; Stikic

et al., 2014), adaptive interfaces (Dijksterhuis et al., 2013; Touryan et al., 2014; Wang

et al., 2014), and assessing food experience and food choices (Kaneko et al., 2018).

So far, there are no gastrointestinal tract (GI tract) related implicit measures used

in these and related domains. There are, however, reasons to explore them because the

significance of the GI tract organs and their microbiota goes beyond digesting food.
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For instance, Komanduri et al. (2022) showed a relationship

between specific families / genera of bacteria and different

cognitive functions in healthy elderly, for instance between

Carnobacteriaceae and episodic memory, Alcaligenaceae and

Clostridiaceae and working memory, and Bacteroidaceae,

Barnesiellaceae, Rikenellaceae and Gemellaceae and

concentration. Ren et al. (2020) did so in elderly with

Parkinson’s disease and found a lower presence of Blautia and

Ruminococcus for individuals with mild cognitive impairment

compared to those with normal cognition. Research indicates

that the microbiome (here used to refer to the collection of

genomes and metabolites of the microbiota) may even have a

causal relation to emotional, cognitive and behavioral processes

(Dinan et al., 2015). Hence the recent interest in psychobiotics:

live microorganisms intended to provide mental health benefits

when consumed (Sharma et al., 2021).

This perspective therefore explores the potential of GI

tract-based implicit measures with the following goals: (a) to

give an overview of the (mechanistic) involvement of the GI

tract and its microbiota in emotion, cognition and behavior;

(b) to explore the potential added value of GI tract-based

implicit measures as complementary to existing measures;

(c) to identify the way forward to develop GI tract-based

implicit measures.

Microbiota-gut-brain axis

Humans are colonized by many microorganisms. Estimates

go up to 100 trillion bacterial cells, which is at least as

much as human cells (Sender et al., 2016). Microorganisms

are present in many external and internal parts of the human

body, but both the absolute number and the number of species

of microbiota in the GI tract is larger than at other body

loci (Dinan and Cryan, 2015). Healthy GI tract microbiota

are important to maintain homeostasis and aid metabolism,

inhibit pathogens, support the developing immune system,

and influence emotion, cognition and behavior through the

so-called microbiota-gut-brain axis. This axis includes the

GI tract flora and their metabolites, the central nervous

system, neuro-endocrine and neuro-immune systems including

enteric endocrine cells and the hypothalamic–pituitary–adrenal

axis (HPA axis), sympathetic and parasympathetic arms of

the autonomic nervous system including the enteric nervous

system, and the vagus nerve.

The word axis in the microbiota-gut-brain axis refers to

the fact that several organs signal each other in a coherent

manner. Four pathways between the GI tract and the brain

are relevant for this perspective, see Figure 1: (1) efferent and

afferent nerves; (2) metabolites that have a neuro-active effect;

(3) neuro-endocrine signaling, and (4) neuro-immune and

inflammatory reactions.

E�erent and a�erent connections

The first pathway of the microbiota-gut-brain axis is

through the efferent and afferent connections of the enteric

nervous system. The enteric nervous system is part of the

autonomic nervous system and contains about 500 million

neurons embedded in the GI tract (see e.g., Burns and Thapar,

2006 for a review). Its primary role is to govern the function

of the GI tract but is sometimes nicknamed “the second

brain” (Gershon, 1999). It can operate autonomously but is

connected to the central nervous system through the vagus nerve

(parasympathetic) and the prevertebral ganglia (sympathetic). It

includes efferent neurons, afferent neurons, and interneurons,

which makes it capable to integrate signals.

GI tract neuro-active substances

The second pathway of the microbiota-gut-brain axis

is through neuro-active metabolites (Yarandi et al., 2016).

Metabolites are intermediate products of metabolism.

Metabolites have various functions, including signaling.

The GI tract flora can produce a range of neuro-active

molecules, and many of the neurotransmitters in the enteric

system are identical to those in the central nervous system

such as acetylcholine, catecholamines, γ-aminobutyric acid,

dopamine, and serotonin. The GI tract contains more than 90%

of the body’s serotonin and about 50% of the body’s dopamine

(Berger et al., 2009). The GI tract flora also release molecules

that can directly activate the vagus nerve (Torres-Fuentes et al.,

2017).

Neuro-endocrine signaling

The third pathway of the microbiota-gut-brain axis is

through neuro-endocrine signaling. The endocrine system is

comprised of feedback loops of hormones released by endocrine

glands (Hiller-Sturmhöfel and Bartke, 1998). Hormones also

regulate physiological processes and behavioral activities, such

as digestion, metabolism, respiration, sensory perception, sleep,

excretion, lactation, stress, growth and development, movement,

reproduction, and mood.

Enteric endocrine cells in the GI tract form the enteric

endocrine system. This is a branch of the endocrine system,

comparable to the enteric nervous system as branch of the

nervous system. The enteric endocrine cells produce numerous

hormones (Schonhoff et al., 2004) with an important systemic

effect that can also activate the enteric nervous system, making

it the largest endocrine organ in the body (Ahlman and

Nilsson, 2001). However, the molecules produced by the enteric

endocrine cells may act as a hormone, as well as as a
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FIGURE 1

The four pathways of the microbiota-gut-brain axis relevant for gastrointestinal tract-based implicit measures.

neurotransmitter. This implies that their function goes beyond

that of a local regulator of the digestive tract (see Rehfeld,

1998 for a review). For instance, cholecystokinin stimulates

the digestion of fat and protein, but also plays important

role in processes related to satiety and anxiety in the central

nervous system. Glucagon-like peptide-1 and−2 are produced

and secreted upon food consumption, but are also linked to

neurotrophic effects, neuroprotective effects, and (through the

brainstem and hypothalamus) induction of satiety and thereby

reduction of food and water intake. Finally, bile acids allow

digestion of dietary fats and oils, but also have hormonal actions

throughout the body.

In addition to (human) enteric endocrine cells in the

intestine, GI tract microorganisms are involved in neuro-

endocrine signaling because they ferment dietary fibers into

short-chain fatty acids (SCFAs) and other compounds like

(precursors of) hormones. Free short-chain fatty acids can cross

the blood-brain barrier via monocarboxylate transporters. As

shown by Byrne et al. (2015), GI tract flora influence for instance

appetite regulation, energy homeostasis, and insulin sensitivity

(Canfora et al., 2015). Because of these and other effects, some

consider the gut flora as an endocrine organ itself that is part

of the endocrine system and its feedback loops. For instance,

chronic or acute stressors activate the HPA axis, causing changes

in the GI tract flora, resulting in systemic effects (Petra et al.,

2015).

In addition to short-chain fatty acids, GI tract flora produce

precursors of hormones of which tyrosine (the precursor of

L-DOPA, dopamine, norepinephrine, and finally epinephrine),

and tryptophan (the precursor of serotonin) are the most

relevant for this perspective. Dopamine is a hormone and

a neurotransmitter and the brain has several dopaminergic

pathways, amongst others involved in reward and reward-

motivated behavior (Puglisi-Allegra and Ventura, 2012) and

in motor control. Norepinephrine (or noradrenaline) also

functions both as a hormone and as a neurotransmitter and

prepares the body for action in situations of stress or danger.

Increased levels of norepinephrine result in increased heart

rate, blood pressure, and blood flow to the muscles, and in the

release of glucose. Its effect in the brain is to increase arousal

and alertness, promote vigilance, enhance memory, and focus

attention. Finally, epinephrine also plays an important role in the

fight-or-flight response and the release of adrenaline in response

to stress.

Tryptophan is another relevant precursor and the human

body cannot synthesize it itself and thus depends on GI tract
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flora to produce it (Yano et al., 2015). Tryptophan is a precursor

of serotonin, and approximately 90% of the human body’s total

serotonin is located in the cells in the GI tract. Serotonin is

involved in many physiological processes (Berger et al., 2009)

and modulates amongst others cognition, reward, learning and

memory (Jenkins et al., 2016).

Neuro-immune and inflammatory
reactions

The forth pathway of the microbiota-gut-brain axis is

through neuro-immune and inflammatory reactions. Research

(Quigley, 2013; Shen and Wong, 2016) has shown that the

composition of the gut microbiota relates to inflammatory and

autoimmune conditions in for instance asthma, obesity and

diabetes. Changes in the composition of the GI tract flora due to

diet, drugs, antibiotics, or disease correlate with changes in levels

of circulating cytokines, like interleukin 6 (IL-6) and tumor

necrosis factor alpha (TNF-alpha), some of which can affect

brain function (see Marsland et al., 2017 for a meta-analysis of

the relation between acute stress and inflammatorymarkers). IL-

6 plays an important role in promoting inflammatory responses

in the gut and can affect the intestinal epithelial barrier and

result in an increased permeability (Al-Sadi et al., 2014),

informally known as “leaky gut.” In a meta-analysis, Dowlati

et al. (2010) show that significantly higher concentrations

of IL-6 and TNF-alpha are present in depressed participants

compared with controls. In turn, IL-6 and TNF-alpha can

affect the hypothalamus that is involved in learning and

memory and the HPA axis that is involved in amongst others

stress responses.

Classes of potential measures

The microbiota-gut-brain axis can influence emotion,

cognition, and behavior. Based on the four pathways described

in the previous sections we can derive a preliminary selection of

classes of implicit measures.

E�erent and a�erent connections

In this class of measures, one can think of measures that

reflect enteric nervous system activity like gastric myoelectrical

activity that paces the contraction of the stomach. Vianna and

Tranel (2006) studied gastric myoelectrical activity and found

that peak amplitudes in the Electrogastrogram were different

when participants watched emotional film clips compared

to neutral clips, and Muth et al. (1999) report the relation

between emotional responses and gastric myoelectrical activity

in stressful tasks. Measuring bowel movement does not involve

the analysis of specific substances or molecules. The use of

sensors attached to the skin of the abdomen (Mladenović, 2018)

or integrated into textile may already provide the required data

that may also be processed in real time by for instance a smart

watch or another wearable computing device.

In addition, because the connection to the brain is via the

vagus nerve, measures based on vagal nerve activity could be

relevant. However, vagus nerve activity is also linked to for

instance the lungs and heart and thus to existing measures such

as respiration rate, skin conductance, heart rate and heart rate

variability (Brouwer et al., 2015). Therefore, there is probably

little –if any– added value of exploring additional GI tract-

based measures.

GI tract flora, neuro-active substances
and neuro-endocrine signaling

One can think of several classes of implicit measures

considering neuro-active substances and neuro-endocrine

signaling: measures reflecting the composition of the GI tract

flora, measures reflecting neuro-active metabolites produced

by the GI tract microbiota like short-chain fatty acids and

precursors of hormones like tyrosine and tryptophan, and

measures reflecting the (human) enteric endocrine system.

GI tract flora can potentially be measured in a feasible and

non-invasive way using fecal samples. However, fecal samples

are only a proxy (Tang et al., 2020) and there are no universally

accepted protocols for collection and microbial DNA extraction

(Thomas et al., 2015). Nevertheless, new approaches are being

developed that may allow quick and cheap analyses in the near

future, e.g., based on images of fecal samples (Furusawa et al.,

2021).

Regarding metabolites, short-chain fatty acids may be

interesting since they can cross the blood-brain barrier and have

neuro-active properties. In addition, tyrosine and tryptophan

may be relevant as they are precursors of important substances

that modulate emotion, cognition and behavior. Tryptophan is

a so-called essential amino acid, which means that the human

body cannot synthesize it and it is thus exclusively linked to GI

tract flora activity. Tyrosine and tryptophan can be measured in

blood, in tissue, en (non-invasively) in gastric content and urine

(Wiggins et al., 2015).

Regarding measures that reflect the enteric endocrine

system, we should keep in mind that the enteric endocrine

system is part of the complete endocrine system. There are

currently several hormones that are already used as proven

implicit measures like cortisol. This raises the question if there

are additional, unique hormones that can be exclusively linked

to the GI tract and that have additional value over the current

hormone-based implicit measures.
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Neuro-immune and inflammatory
processes

Measures based on the levels of specific cytokines in blood

are potentially relevant. However, the invasive way needed to

obtain blood samples makes the application for healthy users

more complex or even undesirable. An alternative is to measure

salivary cytokines (e.g., Riis et al., 2014; La Fratta et al., 2018)

although they may be less stable and include locally produced

(oral) cytokines.

Discussion

The GI tract and its microbiota are bidirectionally connected

to the brain and peripheral physiological processes through

multiple pathways. The brain influences the microbiota and

the microbiota and the substances they produce have an

effect on emotion, cognition and behavior. Despite the

relation between the GI tract and amongst others anxiety,

social interaction, learning and memory, appetite and satiety,

emotional behavior, psychological stress, and mood, GI tract-

based implicit measures are not yet considered in affective

computing, neuro-ergonomics, and other computer science and

human factors domains. Additional reasons to explore them are

the fact that the relation of GI tract flora to emotion, cognition

and behavior can be causal. Also, GI tract-basedmeasures can be

complementary to existing physiological measures, for instance

because they have a different timescale (hours or days) than

physiological measures like heart rate and skin conductance

(seconds or minutes).

Based on the different pathways between the GI tract

and the brain, the previous sections presented five potential

measures: bowel movement, short-chain fatty acids, tyrosine

and tryptophan, GI tract flora composition, and cytokine levels.

Although there is research available, none of it is done in the

context of implicit measures. In this phase, we can only discuss

the feasibility of the different measures in general terms and

using common sense. To move forward, the following topics

are relevant.

Complications of GI tract-based implicit
measures

Like physiological implicit measures, analyzing GI tract-

based data will face several complications. Three factors that can

be expected to have a major effect are individual differences,

non-stationarities due to for instance circadian rhythm and

seasons effects [e.g., see Haus (2007) for a review], and changes

in the composition of GI tract microbiota caused by factors that

may not be relevant for implicit measurements, like diet changes,

drugs, and antibiotics. This makes the data more difficult to

model because the estimate of the mean will be changing.

The good thing is that data-analysis techniques developed for

physiological measures (e.g., AlZoubi et al., 2020) may also be

applicable for GI tract-based measures although this will require

specific adjustments.

Validation and lack of human studies

Most of the work on the role of GI tract flora in the

microbiota-gut–brain axis is done in animals. Studies with

humans are often with small sample sizes and in relation to

disease, and have limited generalizability to healthy individuals.

Extended validation of GI tract-based measures and their

relation to the constructs of interest in healthy humans is of

key importance, as is assessing their sensitivity and specificity.

As with other implicit measures, one should carefully define

the state of interest, the biological processes that are expected

to be involved in that state, and the added value of GI tract-

based measures compared with other measures and in the

context of an application (see Brouwer et al., 2015 for a full list

of recommendations).

Combining implicit measures and
prospective applications

GI tract-based implicit measures are still conceptual

and have not gone through numerous breakthroughs and

replications let alone empiricism, the phase in which the

first benefits of this new measures may become available.

Compared to other (physiological) implicit measures, GI tract-

based measures will have a low sampling rate and will reflect

slower processes. This makes them less suited for applications

like adaptive interfaces. However, this also means that they are

complementary to existing measures. An example would be the

physiological responses to emotional stimuli. Current implicit

measures like heart rate operate in the range of seconds and

are vulnerable to physical activity caused by metabolic need

(Brouwer et al., 2018). With a main frequency of about 3Hz,

gastric myoelectrical activity operates in the range of minutes

andwill be less affected by themuscles’ energy demand caused by

physical activity. Combining heart rate and gastric myoelectrical

activity, may reflect both the immediate and the sustained

response to emotional stimuli.

According to Kaneko et al. (2018), instruments that tap

into the lower levels of emotional and cognitive processes

are a valuable addition to the current set of instruments,

at least in the food domain. Other prospective applications

include monitoring of alertness, mental state and fitness,

emotion regulation over time, and recovery after adverse
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events. The added value would increase further for measures

based on processes that modulate the state of interest in

a causal way. An example would be the relation between

lifestyle, gut permeability, pro-inflammatory cytokines, and

cognitive performance.

Conclusion

GI tract-based implicit measures are still in a conceptual

phase of development but have potential and the development

of easier and cheaper non-invasive tools to for instance analyze

bowel movement or metabolites and microbiota in saliva,

urine, or fecal samples can push this field forward in the

foreseeable future. The first aim was to explore the (mechanistic)

involvement of the GI tract and its microbiota in emotion,

cognition and behavior. We can conclude that this involvement

is undisputed, and the knowledge base is extending. However,

data in the context of implicit measures are still lacking

and the role of many microorganisms and the substances

they produce is still not well-understood, especially in healthy

humans. The second aim was to explore the added value of

GI-tract microbiota-based implicit measures as complementary

to existing measures. We can conclude that this benefit may

be in the potential causal relation, and in the different time

scale: in the order of hours or days rather than seconds or

minutes. Our third aim was to set the priorities to move forward.

We consider validation studies with healthy participants and

designed in the context of implicit measurements as the

first priority.

In many domains, cognitive or emotional states are relevant

for comfort, task performance, predicting future behavior, etc.

For instance, pilots need to be fit for duty for safe operations and

wanting and liking can be important predictors of future buying

behavior of consumers. This perspective provides the scientific

basis for the recommendation to develop GI tract-based implicit

measures for cognition, emotion and behavior.
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