'.) Check for updates

Received: 25 March 2024 | Revised: 15 July 2024 Accepted: 18 August 2024

DOI: 10.1111/nmo.14904

ORIGINAL ARTICLE [T W11 EY

Intra- and interindividual variability in fasted gastric content
volume

Julia J. M. Roelofs'® | Guido Camps'® | Louise M. Leenders!® | Luca Marciani?®©¥ |
Robin C. Spiller?® | Elise J. M. Van Eijnatten’® | Jaber Alyami>*® | Ruoxuan Deng!® |
Daniela Freitas®*©® | Michael Grimm®® | LeilaJ. Karhunen®® | Shanthi Krishnasamy? |
Steven Le Feunteun’ ©® | Dileep N. Lobo?*2®% | Alan R. Mackie’ ® |

Morwarid Mayar! © | Werner Weitschies®® | Paul A. M. Smeets’

!Division of Human Nutrition and Health, Wageningen University, Wageningen, The Netherlands

2Nottingham Digestive Diseases Centre, NIHR Nottingham Biomedical Research Centre (BRC), Nottingham University Hospitals NHS Trust and University of
Nottingham, Nottingham, UK

3Radiological Sciences Department, Faculty of Applied Medical Sciences, King Abdulaziz University, Jeddah, Saudi Arabia
“Université Paris-Saclay, INRAE, AgroParisTech, UMR SayFood, Thiverval-Grignon, France

SInstitute of Pharmacy, Center of Drug Absorption and Transport, University of Greifswald, Greifswald, Germany
S|nstitute of Public Health and Clinical Nutrition, University of Eastern Finland, Kuopio, Finland

7INRAE, Institut Agro, Rennes, France

8Division of Surgery, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA

?Food Colloids and Processing Group, School of Food Science and Nutrition, University of Leeds, Leeds, UK

Correspondence
Julia J. M. Roelofs, Stippeneng 4, 6708 WE Abstract
Wageningen, The Netherlands. Background: Gastric fluid plays a key role in food digestion and drug dissolution,
Email: roelofsjjm@gmail.com
therefore, the amount of gastric fluid present in a fasted state may influence sub-
Present address

Ruoxuan Deng, INRAE, Institut Agro,
Rennes, France variation in fasted gastric content volume (FGCV) and to determine the association

sequent digestion and drug delivery. We aimed to describe intra- and interindividual

Daniela Freitas, Teagasc Food Research with age, sex, and body size characteristics.
Centre, Moorepark, Fermoy, Ireland

Methods: Data from 24 MRI studies measuring FGCV in healthy, mostly young
Shanthi Krishnasamy, Faculty of Health

Sciences, Universiti Kebangsaan Malaysia, individuals after an overnight fast were pooled. The analysis included 366 partici-
Kuala Lumpur, Malaysia pants who had up to 6 repeated measurements, with a total of 870 measurements.

Linear mixed model analysis was performed to calculate intra- and interindividual

variability and to assess the effects of age, sex, weight, height, weight*height as a
proxy for body size, and body mass index (BMI).

Results: FGCV ranged from O to 156 mL, with a mean (+ SD) value of 33+25mL.
The overall coefficient of variation within the study population was 75.6%, interin-
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remain to be studied.

KEYWORDS

1 | INTRODUCTION

Digestion is the breakdown of food into particles that can be ab-
sorbed by the body. This process starts with the oral phase, where
mastication and secretion of saliva lead to the formation of a food
bolus that can be swallowed safely, and continues in the gastrointes-
tinal tract.>? Digestion is a series of mechanical, physiological, and
biochemical processing steps that eventually allows for absorption
and utilization of nutrients.® These biochemical processing steps in-
clude the breakdown by acid and enzymes present in gastric secre-
tions. Gastric fluid serves two main functions: it acts as a first line
of defense against infection by killing swallowed microorganisms,
and it aids in digestion by initiating the breakdown of food.* Gastric
fluid is a combination of water, hydrochloric acid (HCI), gastric li-
pase, pepsin, intrinsic factor, ions (Na*, K*, and CI"), and mucus.*®
These components are continuously secreted by endocrine cells in
the stomach wall to maintain an acidic environment with a pH be-
tween 1.4 and 2.0 in the fasted state.> The fasted gastric secretion
rate is ~LmLmin™* but after food ingestion it can increase to up to
9mLmin .87

The main zymogen in gastric fluid is pepsinogen.”® Under acidic
conditions, pepsinogen converts into its active form, pepsin.s’7 ApH
<2.0 allows pepsin to function optimally, while a pH >7.2 irreversibly
denatures it. The secretion of HCl is therefore essential for the ac-
tivity of pepsin.® Pepsin is important for the digestion of proteins as
it breaks them down into smaller peptides.” Due to its role in protein
digestion, the amount of gastric fluid present in the fasted stom-
ach will influence gastric protein digestion by affecting the pH and
amount of pepsin available. Camps et al.? found that FGCV affected
gastric layering and gastric emptying of infant formula. In line with
this, Roelofs et al.}® found that FGCV was highly correlated with the
destabilization of infant formula in the stomach: a higher FGCV cor-
related with earlier gastric phase separation of the emulsion. Since
the emulsion was stabilized with casein-whey complexes, this effect
is likely explained by increased protein hydrolysis and flocculation
due to the low pH and the presence of pepsin in the stomach. When
food is ingested, gastric pH increases due to the buffering effect of
the meal.** However, with a higher FGCV, the gastric pH will initially
be lower for a given buffering effect. In addition, more pepsin will
also be available. Since pepsin activity is higher at low pH,12 a higher
fasted gastric fluid volume is thus associated to both a higher amount
of pepsin and a higher pepsin activity, leading to increased protein

Conclusion: FGCV is highly variable, with higher intraindividual compared to inter-
individual variability, indicating that FGCV is subject to day-to-day and within-day
variation and is not a stable personal characteristic. This highlights the importance of

considering FGCV when studying digestion and drug dissolution. Exact implications

biological variation, digestion, gastric juice, gastric volume, MRI

hydrolysis in the early stages of digestion.6 Moreover, FGCV is also
a crucial parameter in oral drug delivery. Changes in fasting volumes
and composition contribute to intra- and interindividual variability in
drug plasma proﬁles.m'14 Data on the variability are therefore much
needed in order to optimize in vitro and in silico models for the de-
velopment of novel drugs and dosage forms.2®

Many studies that investigated variability in fasted gastric
fluid have used gastric aspiration to measure the stomach content.
Gastric aspirates are taken through a nasogastric- or endoscopic
tube and is usually done over a 15-60-min period. Nasogastric in-
tubation is an invasive procedure which could perturb the baseline
physiological state and the progression of the tube from the throat
to the stomach is often aided with water swallows. Gastric empty-
ing also depends on the actual positioning of the tube ports within
the stomach. Although total gastric content can be measured with
this method, results are often reported as secretion rates.'® More
recently, magnetic resonance imaging (MRI) has been used to mea-
sure gastric content volume. This method is less invasive and the
technique is inherently suited to visualize body fluids with excellent
spatial resolution. In contrast to gastric aspirates, the use of MRI
yields measurement of gastric volume at specific time points.

Other studies found that various individual characteristics may
affect gastric acid secretion, including a possible increase in FGCV

with aging,'”*8 for males,*”*®

and with higher body weight and larger
body size.}?2% However, these studies all reported gastric acid se-
cretion rate as measured by gastric aspiration as opposed to gastric
fluid secretion rate or gastric volume. Moreover, taking gastric as-
pirates might result in underestimation as some of the gastric acid
might be lost due to gastric emptying. In addition, removing the
gastric juice from the stomach itself can reinforce the secretion.?’
Furthermore, the migrating motor complex (MCC) cycle is known to
cause temporal changes in gastric motility and secretion® and might
therefore contribute to the variation in FGCV.

Grimm et al.*® compared FGCV from 5 MRI studies with 1-6
visits. They found a mean fasted volume of 25+18mL (n=120),
with a range from 1 to 96 mL. The interindividual and intraindivid-
ual variability were comparable, namely 49 + 19 mL and 44+18mlL,
respectively.

To date, several MRI studies have reported FGCV. However, the
sample sizes in these studies are generally small. The aim of this
study was therefore to gather all available data and combine it to
provide unique insights on the intra- and interindividual variation in
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Key points

e Fasted gastric content volume is highly variable, both
within an individual and between individuals; a volume
between 0 and 138 mL was determined to be within the
normal range of variation (mean+ 3SD) of fasted gastric
content volume in healthy young individuals.

o Women had lower fasted gastric content volume com-
pared to men; age, body weight and body size were not
associated with differences in fasted gastric content
volume.

e Fasted gastric content volume can impact both diges-
tion and drug dissolution, although exact implications of
the observed variations remain to be studied.

FGCV and to explore possible associations with age, sex, and body

size characteristics.

2 | METHODS
2.1 | Study selection

Studies were selected by contacting members of the INFOGEST and
UNGAP Imaging Working Group?® for available data and by emailing
authors of eligible studies. A PubMed search was performed in May
2023 to identify eligible studies using the following search string:
(all fields): “(gastric AND (emptying OR retention) AND (“Magnetic
Resonance Imaging“ OR MRI) [full text, clinical trial, human, English]”.
Inclusion criteria for studies were: (1) data on FGCV was determined
from MRI images, (2) the study was published in a peer reviewed
journal and/or registered in a public trial registry, (3) the study was
published in the past 15years (in or after 2008) and 4) the study was
conducted in healthy participants. Studies that did not include a fast
of at least 10h prior to the assessment of FGCV were excluded.

All volunteers provided written informed consent for the specific
study procedures and subsequent use of anonymized volume data
for comparative investigations. Authors who agreed to participate
provided data on FGCV and individual participant characteristics
(sex, age, weight, and height). Information on in- and exclusion crite-
ria was extracted from the paper or the trial registration. This analy-
sis was preregistered at OSF under code BDQS4 (https://doi.org/10.
17605/0OSF.10/BDQS4).

2.2 | Statistical analysis
FGCV data was characterized by means, medians, standard devia-

tion, range, and overall coefficient of variation and included all in-
dividual measurements. A linear mixed model was used to assess
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intra- and interindividual variability and the effects of age, sex, and
body size characteristics. Participant ID and study site were added
as random factors. Age, sex, weight, height, weight*height, and
BMI were added as fixed factors in two different models. That is, a
model with age, sex, weight and height, and a model with age, sex,
weight*height, and BMI. Moreover, these same analyses have been
performed when only taking into account one single, randomly se-
lected FGCV per participant to reduce some of the variation by the
different number of repeated measurements per participant. Non-
collinearity of the variables was confirmed in both models with the
Variance Inflation Factor (VIF) (all <3).2% In addition, the intraindi-
vidual range (maximum value-minimum value) was calculated for
each person to be able to compare our results to the study of Grimm
etal®

To determine what a normal range of variation in FGCV might be,
we calculated mean+3 SDs, which should cover 99.7% of the data.
Since our data on gastric content volumes followed a right-skewed
distribution, we applied this method to our square root transformed
data and back transformed the outcome.

Normality of the data was assessed with quantile-quantile
(QQ) plots of the residuals, which showed a roughly normal dis-
tribution. Using a square root transformation led to a slight im-
provement in the distribution but had no effect on our outcomes.
Transforming the data leads to difficulty in interpreting the data,
and because linear mixed models are capable of dealing with vio-

lation of the distributional assumptions,30

we chose to report the
results of the non-transformed data. Analysis was performed in R
version 4.1.3, using the nime! and car package.32 The significance
threshold was set at p=0.05. Data are expressed as mean+SD

unless stated otherwise.

3 | RESULTS
3.1 | Included studies

In total, data from 31 studies was received. Four studies were ex-
cluded due to a fasting period of less than 10h and two due to miss-

d%%-% via the

ing data. Data of four unpublished studies were receive
INFOGEST and UNGAP Imaging Working Group,?® of which one
was excluded due to unavailability of a trial registration. This led to
inclusion of 24 studies in total, performed at 5 research sites in the

UK, Germany, France, and the Netherlands (Figure 1).

3.2 | Study designs

The fasting regimen differed somewhat between the studies; details
can be found in Table S1. In short, all studies included an overnight
fast of at least 10 h (the selection criterion). In some studies, partici-
pants were not allowed to drink during the fast, while others could
drink water (or non-caloric, non-caffeinated drinks) up until 1-2h
before their visit. Five studies standardized the evening meal before
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the fasting. Fourteen studies included instructions on physical activ-
ity, either not allowing heavy exercise or keeping it constant before
and on all test days. Studies that did not exclude participants based
on medication use required the participants to quit the medication
for at least the duration of the overnight fast.

Inclusion and exclusion criteria differed slightly between studies.
Details can be found in Table S2.

3.3 | MRImeasurements

All studies scanned the participants during a breath hold to fixate
the position of the diaphragm and the stomach and prevent respira-
tory motion artifacts. Most studies scanned participants in a supine
position, but two scanned participants in a supine tilted position

with their left side slightly raised3¢%”

and one scanned participants
in a right decubitus position.®® This was not expected to influence
gastric secretion, however, no literature could be identified on this.
A study comparing gastric emptying of a soup in the right versus left
decubitus position found no difference.’’

Since the studies were performed at different research fa-
cilities, scanning protocols slightly deviated from each other.
However, this is not expected to influence the results. Details of
the scan sequences used can be found in Table S3. All studies ac-
quired transverse slices, except for Grimm et al.*® who acquired

coronal slices.

Three studies analyzed gastric content volumes semiautomati-
cally using an intensity-based thresholding technique.*®=4? All other
studies manually delineated the stomach contents on each slice of

the MRI scan to calculate the total gastric content volume.

3.4 | Participants

In total, 366 participants were included in the analysis, 146 women
and 220 men. Participants were 25.5+ 6.8years old and had a BMI
0f 22.7 +2.3kgm™ (Tables 1 and 2). In total, 870 individual measure-
ments were collected, of which one measurement was considered
an outlier and excluded for analysis. This participant had a baseline
FGCV volume of 373mL, which is 12.3 SDs above the mean, which
seems highly unlikely caused by natural variation. In addition, the
same participant showed a FGCV of 21 and 26 mL on other days.
Therefore, this high volume of 373mL was deemed unrealistic. It
might have been caused by non-compliance to the fasting period or
arare case of gastroparesis. The analysis was performed both on the
complete dataset, as well as the set without outlier. Results of the
analysis with the outlier are reported in Tables S4 and S5.

The studies included up to six measurements of FGCV per par-
ticipant, with the majority of the participants having two or three
measurements. There were 47 participants with one measure-
ment, 184 with two, 115 with three, 6 with four, and 14 with six

measurements.

Papers retrieved via INFOGEST and
UNGAP Imaging Working Group
(n=31)

Papers identified via PubMed search
and assessed for eligibility
(n=53)

Papers excluded due to:
- No trial registration
(unpublished data) (n = 1)
- Fasting period <10 h (n = 4)
- Missing data (n = 2)

Papers eligible for inclusion &
authors contacted
(n=30)

Papers excluded due to:
- No response (n = 4)
- Not willing to participate (n = 0)
- Not able to share data (n = 8)
- Incomplete dataset (n = 1)

Datasets of papers received (n = 24)J

Datasets of papers received (n = 17)

Datasets received via INFOGEST and UNGAP Imaging Working Group
included all those identified with the PubMed Search

Datasets used for analysis (n = 24)
(366 participant, 870 measurements)

FIGURE 1 Flowchart.
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TABLE 1 Overview of studies and their
.. h istics.
participant characteristics Study

Alyami et al.¥”
Camps et al.*®
Camps et al.?

ClinicalTrials.gov
NCT05575687°°

ClinicalTrials.gov
NCT05854407%4

Coletta et al.**
Deng et al.*
Freitas et al.*®
Grimm et al.*°
Hussein et al.*

Juvonen et al.”’

Krishnasamy et al.*?

Lobo et al.*®

Marciani et al.*’

Marciani et al.*°

Marciani et al.>

Marciani et al.>?

Mudie et al.*

Murray et al.3

Roelofs et al.*°

Roelofs et al.>®

Trialsearch.who.int
NL8137%

van Eijnatten et al.>*
van Eijnatten et al.>®

Total

TABLE 2 Mean+SD age and body mass index (BMI) of study participa
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Sex (# # measurements
woman/men) Age (years) BMI (kgm?) per participant
13/6 28.2+10.6 23.4+3.1 2
0/19 = 21.7+14 2
16/0 30.9+3.7 22.6+3.9 2
10/6 22.8+1.8 221+2.0 6
6/6 24.1+4.3 22.2+2.2 2
7/5 27.3+8.4 22.7+1.8 &
0/18 27.1+49 22.8+1.6 3
0/10 32.8+10.4 23.0+1.8 &
3/3 252+21 23.4+1.2 4
0/11 23.8+4.1 24.4+3.2 &
0/4 39.0+8.0 25.2+1.0 2
14/4 247 +4.2 22.7+3.5 &
10/10 294+7.8 23.4+1.9 2
8/8 22.8+3.7 22.0+2.3 2
9/9 20.3+0.8 22.2+2.2 2
4/8 22.3+4.4 23.0+2.9 2
5/8 20.8+0.7 22.6+1.7 2
8/4 21.3+2.2 221420 1
0/17 253+5.5 23.8+2.7 3
0/20 25.5+5.8 219+1.5 2
0/14 23.0+3.8 22.2+1.7 3
0/18 259+8.3 22.7+1.6 2
0/15 30.9+13.8 22.3+20 2
30/0 251+5.2 224+23 1
146/220 25.5+6.8 227423

nts, stratified by sex.

Women (n=146) Men (n=220) Total (n=366)

Mean+SD  Median Range Mean+SD  Median Range Mean+SD  Median Range
Age (years) 24.9+6.0 23 18-57 259+7.2 23 18-55 25.5+6.8 23 18-57
BMI (kgm’z) 22.2+2.2 221 18.0-30.4 23.0+2.3 22.7 18.3-33.0 22.7+2.3 22.5 18.0-33.0
Weight (kg) 619+78 62.5 44.0-90.0 75.4+9.4 74.0 58.0-108.0 70.4+11.0 70.0 44.0-108.0
Height (m) 1.67+0.07 1.67 1.49-1.90 1.81+0.08 1.80 1.54-2.02 1.76 +0.1 1.77 1.49-2.02
Height x weight 103.6+16.2 103.2 66.0-156.6 136.9+21.2 134.0 89.3-199.0 124.6 +25.3 123.7 66.0-199.0
(mxkg)
Fasted gastric 31+21 27 0.0-122 33+27 27 0-156 33+25 27 0-156
content volume
(mL)

3.5 | Fasted gastric content volume to men (31+21mL vs. 33+27mL). The overall coefficient of vari-

FGCV ranged from O to 156 mL, with a mean value of 33+25mL
(Figure 2, Table 2). An example of a relatively low, medium and
high FGCV is shown in Figure 3. The median volume was 27 mL
(IQR=15-45mL). Women had a slightly lower FGCV compared

ation within the study population was 75.6%. The interindividual
standard deviation, corrected for study site, was 15mL, while the
intraindividual standard deviation was 19 mL. The intraindividual
range varied between O and 108 mL, with a mean of 24mL and a
SD of 21 mL.
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Fasted gastric content volume (mL)

FIGURE 2 Fasted gastric content volumes for each study and for all individual visits (black dots). Red lines denote the mean volume. Blue
lines denote the median. The dashed lines denote the overall mean (red) and median (blue).

FIGURE 3 |lllustration of variation in fasted gastric content volume as apparent on MRI images (left to right: 4, 61, and 119 mL).

When only a single, randomly selected FGCV per participant was
taken into account, FGCV ranged from O to 133mL, with a mean value
of 31+24mL and a median of 25mL. Interindividual variance was
21mL.

Calculating the mean+3 SD, results in a FGCV that would range
between 0 and 138 mL. This is in fair agreement with the volumes
in our data, only 2 measurements are outside of this range (0.2% of
the values).

3.6 | Age, sex, and body size characteristics

There was no effect of age, weight, height, weight*height, and BMI
on FGCV (Table 3). For both models, men showed a significantly

higher volume compared to women (estimate: -6 mL, p=0.045 and
p=0.043, for the model with weight & height and the model with
weight*height and BMI, respectively). Scatterplots of age, sex, and
BMI with FGCV are shown in Figure 4, those of weight, height, and
weight*height can be found in Figure S1.

The effects of age, weight, height, weight*height, and BMI on
FGCV when only taking into account a single measurement of each
participant are reported in Table Sé.

4 | DISCUSSION

With this analysis we aimed to establish the intra- and interindivid-
ual variation in FGCV, and to assess to what extent this variation is
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associated with age, sex, and body size. Our analysis, based on 366
participants, established that there is large variation in FGCV within
healthy adults, with a mean of 33mL and overall coefficient of vari-
ation of 75.6%. When corrected for age, sex, and body size, interin-
dividual variability was 15mL and intraindividual variability 19 mL.

TABLE 3 Results of the linear mixed model analysis of the effect
of age, sex, and body size characteristics on fasted gastric content
volume (mL unit™) (n=869).

Age, sex,
Age, sex, weight & weight x height &
height BMI
Estimate p-value Estimate p-value
Age OmLy™ 0.178 oy? 0.164
Sex -6mL 0.045 -6mL 0.043
Weight OmLkg™ 0.652
Height OmLm™ 0.229
Weight x height -1mL 0.215
(kg'm)™
BMI 1mL 0.220
(kgm™)™*
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Age, weight, height, weight*height, and BMI were not associated
with FGCV. Men were found to have a ~6 mL higher FGCV compared

to women, although clinical relevance remains to be studied.

4.1 | Intra- and interindividual variability

The mean FGCV of 33 +25mL is comparable to the mean volume of
25+18mL (n=120) found by Grimm et al.'® Their volumes ranged
from 1 to 96 mL, while ours ranged up until 156 mL. Although our
upper limit is more than 1.5 times as high, only 1.8% of our volumes
were above 100mL (i.e., 16 out of 869) indicating that the major-
ity of our data was within the same range as theirs. Based on our
results, a normal FGCV can range from 0 to 138 mL. The coefficient
of variation was 75.6%. Data in literature is limited, Grimm et all®
reported values ranging from 39% to 159%, although sample size
was very small (h=6 each). Our mean intraindividual range was
24 +21mL, which is much lower compared to that of Grimm et al.*®
of 44 + 18 mL but might be explained by their low sample size (h=8
subjects), which is more susceptible to individuals with high vari-
ability. However, it should be noted that their analysis included one

study that was also included in our analysis.40

- - -
N B 2]
o o o
L L 1
.
.

-

[=

o
1

[=2]
o
1

40

Fasted gastric content volume (mL)
o 8 8

FIGURE 4 Scatterplots of fasted gastric content volume by age, sex, and body mass index (BMI). Linear mixed model analysis showed
that women had lower fasted gastric content volume compared to men (~6 mL, p<0.05). There was no effect for age and BMI.
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Interindividual variation was slightly lower with 15mL compared
to the intraindividual variation of 19 mL. This indicates that FGCV is
subject to day-to-day variation and cannot be seen as a stable personal
characteristic. Part of the variation might be explained by the MMC
cycle. Studies have shown that the MMC causes temporal variations
in gastric secretion. The different phases of the MMC cycle are associ-
ated with increases and decreases in secretion rate®® with differences
up to 78%.°° Therefore, the variability in both intra- and interindivid-
ual FGCV might partly be explained by the phase of the MMC cycle at
the time of measurement. However, a review of van den Abeele et al.*®
found that MMC cycle durations varied between 96 and 172min and
Parkman et al.”” found that only 1 in 3 individuals had antral contrac-

|58

tions during a 60-min period. Moreover, Kellow et al.”® reported that

while MMC cycles occurred every 1-2h, only 1 in 3 originated in the

stomach. Goetze et al.”?

used MRI to repeatedly measure FGCV over
90min but found no changes over this period (n=12, average slope:
0.0018mLmin™, p>0.05).%” In addition to gastric secretion rates, the
peristaltic, phasic contractions also change during the MMC cycle, re-
sulting in an increased liquid emptying rate during phase 1112 This in-
crease in gastric secretion rate happens prior to phase Il contractions,
which roughly corresponds to late phase Il/phase Ill contractions in
the stomach.’® This might therefore (in part) counteract the effect of
the increased secretions during this phase. As gastric volume is the re-
sult of gastric secretion and emptying, this might explain why Goetze
et al.>” found no difference in gastric volume over time. Altogether this
indicates that FGCV is subjected to within-day variation and that more
prolonged studies are needed to better capture the change in FGCV
over time during the MMC cycle.

Comparison of our results with literature is difficult. Previous stud-
ies often report fasted gastric acid secretion rate as measured by gastric
aspiration as opposed to gastric fluid secretion rate or gastric volume.
The gastric aspirates are often taken over a period of 30-60min and
might therefore capture temporal fluctuations. A disadvantage is that
this method might result in underestimation as some of the gastric acid
might be lost due to gastric emptying. Moreover, removing the gas-
tric juice from the stomach itself can reinforce the secretion.?” This
difference in assessment might account for some of the discrepancies
between our findings and those in literature. One study has been iden-

1.0 col-

tified that reported both volume and secretion rate. Goyal et a
lected gastric fluids over a period of 60-min during continuous suction
of gastric fluid. They found a mean volume of 63.5mL and a gastric
acid secretion rate of 2.99mmolh™. It is important to note that they
urged the participants to spit out their saliva during collection. This is
in contrast to measurements with MRI where the stomach might also
contain small amounts of saliva. Saliva flow rate during fasting (6h) is

0.1mLmin"%, so minimal effects are expected.®!
4.2 | Biological variations and other factors
influencing fasted gastric content volume

There was no effect of age on FGCV (-0.2mL, p>0.05), although
it should be noted that our study population was relatively young,

ranging 18-57years with only 10 participants (2.7%) aged 44 years
or older. Literature is inconclusive on the effect of age. Feldman
et al.!’® found no difference between young (18-34years), middle-
aged (35-64years) and elderly (65-98years) while Goldschmiedt
et al.Y” found a trend for higher FGCV in older (44-71years) com-
pared to younger (23-42years) adults (5.8 vs. 3.2mmolh™, p=0.05).
Based on our findings, it can be concluded that within healthy,
mainly young adults, age has no effect on FGCV when corrected for
age, sex, and body size characteristics.

FGCV was lower for women compared to men (~6mL, p<0.05),
which is in agreement with previous studies that found higher fasted
gastric secretion rates in men compared to women. It has been sug-
gested that this might be due to their lower body weight or smaller
stature, thus having smaller stomachs, and associated decreased
parietal cell mass or due to hormonal differences.'?"2° Since we cor-
rected for weight and BMI in our models, this could not have been
the explanation for the difference between men and women. Novis
et al.?® found that body weight was weakly correlated with fasted
gastric acid secretion rate (=176, range: 45-105kg, r=0.184), how-
ever, we did not find an effect of either weight or BMI. Since it is
known that the volume present in the stomach is the result of both
secretion and gastric emptying and that those with a higher body
weight have faster gastric emptying,®? these effects might counter-
balance the increase in secretion. Thus, based on our findings it can
be concluded that weight, within a healthy range, does not influence
FGCV.

In an attempt to correct for differences in stomach size, height
and weight*height were included as a proxy for body size. No effect
was found for these measures. It is, however, noteworthy that lit-
erature is inconclusive on whether stomach size is associated with
weight and height. A study looking at mucosal surface area of the
stomach post-mortem found that, on average, men have a 10% larger
stomach size compared to women. However, variations in stomach
size were not related to age, body height or weight.63 In contrast, Lee
et al.®* found that sex, age, height and body weight were associated
with the length of the lesser curvature, and sex and weight with the
length of the greater curvature. They found that men have longer
stomachs compared to women, although it is noteworthy that this
study was performed on stomachs removed during total gastrectomy
in gastric cancer patients. Moreover, these studies included many
overweight participants (>50%), raising the question whether these
findings would be similar for healthy participants. Thus, although we
corrected for body size by using height and weight*height, this might
not have been very accurate for controlling for differences in stom-
ach size. Whether stomach size, and associated parietal cell mass, is
(partly) responsible for lower FGCV in women remains to be studied.

In addition to body size, hormones have been suggested as an
explanation for sex differences in gastric acid secretion. Studies on
the effect of sex hormones on gastric acid secretion are inconclu-
sive. Goldschmiedt et al.}” did not find an effect of menstrual phase
on fasted gastric acid secretion rate (n=10). However, Sakaguchi

|65

etal.”” showed that gastric acid secretion is decreased in the premen-

strual phase, showing an inverse correlation with plasma estradiol
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concentrations (n=24, r=0.629). An animal study showed that es-
trogen might inhibit gastric acid secretion by binding to estrogen re-
ceptors on the parietal cells in the stomach.®® These findings might
also explain the lower gastric acid secretion in women compared to
men.%>% This effect of menstrual phase is something that has not
been taken into account by all of the studies included in this analysis
and might thus have contributed to the variation in fasting gastric
volumes. Gastric acid secretion is influenced by many more factors.
Examples include, sex hormones, the circadian rhythm, smoking,
exercise, stress levels, the use of medication, and the presence of
Helicobacter pylori. Gastric acid secretion has been shown to have a
distinct circadian cycle in the absence of food stimulation, with the
highest secretion rate in the evening and the lowest in the morn-
ing.®” Smokers have higher fasted gastric acid secretion compared
to non-smokers (4.1 vs. 2.7mmolh™, respectively).18 Interestingly,
not all studies mentioned the exclusion of smokers. Since the preva-
lence of smoking is higher among men,®® this might have contributed
to the difference we found between women and men. However, no
data on the prevalence of smoking was available for the studies.

Studies on exercise and gastric acid secretion report a decrease
in fasted gastric acid secretion either during exercise or during resti-
tution.®””7! Furthermore, physical stress is known to induce a 3-fold
increase in fasted gastric acid secretion.”? Moreover, certain medi-
cations are known to influence gastric acid secretion, such as protein
pump inhibitors, antacids, and histamine, which might impact further
digestion. For example, protein pump inhibitors are known to slow
down the gastric emptying of solids, which is suggested to be due
to impairment of intragastric peptic digestion.73 Moreover, a review
of Maideen’ found that long-term use of protein pump inhibitors is
associated with micronutrient deficiencies (e.g. iron, B12, calcium).

Most of these factors are not expected to have influenced our
results. Studies were all performed in the morning after an overnight
fast, thereby minimizing the influence of the circadian rhythm and
food and beverages that were consumed previously. In addition, the
use of medication was either an exclusion criteria or stopped for at
least the fasting period.

Moreover, it is known that a Helicobacter pylori infection can ini-
tially cause hypergastrinemia and gastric hypersecretion, while later
in life it can cause gastric atrophy with impaired gastric secretion.”
Since an infection is commonly asymptomatic, prevalence in Europe
is around 34%,”¢ and participants were not tested for this, this might
explain some of the variance that we found.

4.3 | Fasted gastric content volume and digestion

Gastric secretion is of key importance for (peptic) digestion.
Naturally, the volume present in the stomach will affect digestion
due to the presence of enzymes and HCI and their effect on the
breakdown of nutrients, specifically proteins. Greater amounts of
enzymes present and a higher concentration of HCI can both facili-
tate digestion in the early stages of gastric digestion. The association

9,10

between FGCV and protein digestion was already shown,”™ where
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higher volumes were associated with earlier destabilization of emul-
sions, indicating increased protein hydrolysis. However, the sole ef-
fect of FGCV on digestion is difficult to establish given the many
variables that are involved. Whether the difference in FGCV can be
considered as clinically relevant also depends on the size of a meal:
the larger the meal, the smaller the effects will likely be. Moreover,
it not only depends on the initial amount of gastric juice present, but
also on the increase in secretion that happens when food is ingested.
This increase depends on multiple factors and can already start by
the sight and smell of food, and increases further when tasting and
chewing the food.”” After that, the presence of the food and disten-
tion of the stomach will further stimulate gastric acid secretion. It
was found that gastric secretion tends to increase with meal size.
Furthermore, the constituents of food can affect the gastric acid
secretion, e.g. it is known that peptides and amino acids stimulate

1,787% calcium,® and lemon juice.®®

secretion, but also alcoho

Limited literature is available on the correlation between fasting
and meal-induced gastric secretion. Goyal et al.®% found no correla-
tion between basal and histamine-stimulated peak total secretion
(r=0.345, n=22). Moreover, they reported ratios of 4.7-45.3% be-
tween basal and histamine-stimulated maximal acid output (n=22),
with all, except one, below 35%. Other studies found ratios between
9.9 and 30.7%.%° Thus, based on FGCV alone, it is difficult to predict
the exact effect on digestion. This highlights the need for methods
to estimate gastric acid secretion after ingestion of food. Marciani
et al.8 used T, relaxation time measurements to monitor the pro-
cess of dilution by gastric secretions and mixing of viscous meals
and Goetze et al.”? used fast T, mapping techniques for the quan-
tification of intra-gastric dilution and distribution of orally applied
gadolinium-based paramagnetic contrast agents showing that there
is potential for estimating gastric secretion volumes with MRI.

Moreover, it is important to question what volume can be con-
sidered as a clinically relevant difference in FGCV and will impact
digestion kinetics. Recently, an in vitro digestion model was devel-
oped that considers sex differences in the gastrointestinal tract,
accounting for the lower fasting and meal-stimulated gastric acid
secretion rates and higher pH in women. Subsequently, they stud-
ied the breakdown of whey proteins with both the female and male
digestion model and found differences in proteolysis of these pro-
teins.8! Although the model takes into account more factors than
the FGCYV, it does show that the differences in gastric acid secretion
between women and men are of clinical relevance to our digestion.
It also highlights the importance of taking into account sex differ-
ences, both in in vitro digestion studies as well as in vivo.

In addition to the digestion of food, FGCV is also a crucial param-
eter in drug release and absorption of oral drugs.*>** The FGCV at
the time of oral drug administration influences the dissolution of the
drug. Especially since drugs are usually taken with a glass of water,
the fasting volume will affect the pH. For example, a low initial vol-
ume will cause a less acidic environment, resulting in better solubil-
ity for acidic drugs.15 These findings on individual variability can be
used to optimize in vitro and in silico models for the development of
novel drugs and dosage forms.®
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5 | CONCLUSION

To conclude, FGCV is highly variable and should range between 0 and
138 mL in healthy individuals. After correction for age, sex, and body
size characteristics, intraindividual variability was 19 mL compared
to 15mL for interindividual variability. This indicates that FGCV is
subject to day-to-day variation and is not a stable personal charac-
teristic. No associations were found with age, body weight and size,
within healthy, relatively young individuals who mostly had a healthy
weight. Men had a~6émL higher FGCV compared to women, after
correction for the aforementioned factors. Differences in FGCV are
expected to affect both digestion and drug dissolution. Exact impli-
cations of the observed variations, including the difference between
women and men, remain to be studied further. Our results highlight
the importance of considering (variations in) FGCV when studying

digestion.
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