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Abstract

Although the study of bioequivalence waivers in humans is already well‐established,

their application and translation into animals, which are complicated by differences

in physiology, have only recently become subjects of interest. The main purpose of

this paper is to quantify the liquid volume affecting drug dissolution in pig stomachs.

We used magnetic resonance imaging (MRI) to scan 18 Bama miniature pigs weighing

15, 30 or 50 kg. Amira 6.0.1 software was used for 3D image processing. We found

that the gastric fluid volume had a linear relationship with the weight of pig

(R2 = 0.9935) over this weight range. The pig weight, therefore, could be used as a

surrogate for the fasted gastric fluid volume. After combining data of gastric fluid

secretion and drinking water volumes, our results could be used as a reference for

the evaluation of oral drug absorption in pigs.
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1 | INTRODUCTION

In vivo bioequivalence waivers are currently available for many human

drugs. The World Health Organization (WHO), the US Food and Drug

Administration (FDA), the European Medicines Agency (EMA) and the

China Food and Drug Administration (CFDA) have all published

detailed biowaiver guidelines (CFDA, 2016; EMEA, 2010; FDA,

2015; WHO, 2006). Bioequivalent waivers, which rely on the biophar-

maceutical classification system (BCS) framework to classify drugs, are

selective waivers in which in vitro studies are accepted in lieu of in vivo

studies. The BCS is based on the water solubility and intestinal perme-

ability of the active pharmaceutical ingredient (API) in oral solid dosage

forms. Further BCS subclasses for in vivo predictive dissolution have

been proposed in particular for BCS II and IV drugs (Tsume, Mudie,

Langguth, Amidon, & Amidon, 2014).

However, differences in physiology mean that existing bioequiva-

lence studies in humans cannot be directly extrapolated to animals

(Martinez, Papich, & Riviere, 2004). As drug solubility is strongly
wileyonlinelibrary.co
influenced by pH, solvent composition, volume, temperature and

effective dosage (Martinez & Fahmy, 2012), differences in first‐pass

metabolism and pH of the gastrointestinal tract may lead to differ-

ences in oral bioavailability between humans and animals (Dressman,

1986). Current classifications of human oral drug solubility are based

on a volume of 250 mL, which is the volume of a standard glass of

water ingested upon oral drug administration (FDA, 2015). However,

pigs have a larger stomach volume than humans (Karali, 1995), there-

fore it is necessary to factor in the in vivo gastric fluid volume when

calculating oral drug absorption in pigs.

Magnetic resonance imaging (MRI) has previously been used to

study gastrointestinal absorption of drugs in humans (Mudie et al.,

2014). In that study, twelve healthy volunteers underwent an upper

abdomen scan before and after drinking 240 mL of water. The study

showed that a fasted stomach contained 35 ± 7 mL of resting water.

Immediately after water drinking, the gastric fluid volume rose to

242 ± 9 mL (mean ± SEM). These data help to reveal the physiological

relevance of in vitro testing methods and computer‐based drug
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transport analyses. However, this method has not been applied to ani-

mals yet, to our knowledge.

The aim of this study is to use MRI to image the abdomens of

miniature pigs with different weights. As a common experimental

animal, the Bama miniature pigs are mainly fed on forage and are ideal

as MRI models to establish the relationship between the volume of

gastric fluid and the body weight of pigs. The ultimate aim is to aid

the prediction of the pharmaceutical performance of oral solid drugs

in our future studies.
2 | MATERIALS AND METHODS

2.1 | Materials and equipment

Image scans were performed using a 1.5 T Siemens Symphony MRI

scanner (Siemens Healthcare, Munich, Germany). Sodium pentobarbi-

tal was purchased from the Sigma Chemical Co. (St. Louis, MO). An

anesthesia agent Sumianxin II was purchased from the Shengda

Animal Pharmaceutical Co. (Jilin, China).
2.2 | Animals

This study was performed using three groups of Bama miniature pigs

with six pigs in each group, weighing 15, 30, or 50 kg, respectively.

Pigs were purchased from the Shichuang Experimental Animal Center

(Beijing, China) and housed using a 12 h light–dark cycle. Pigs were

fasted for 18 h and deprived of water for 6 h prior to experiments.

Sumianxin II (0.2 mL/kg) was injected intramuscularly at first, then

anesthesia was administered by intravenous injection of sodium

pentobarbital (0.1 mL/kg) ten minutes later. This procedure has a

negligible effect on gastrointestinal secretion and has been adopted

by the studies of gastrointestinal secretion in rats (Gao & Hu, 2006;

Varga et al., 1997). This study was approved by the Qingdao Agricul-

tural University Animal Experiment Committee [license Number: SYXK
(SD) 20170005] and the animals were maintained in accordance with

Qingdao Agricultural University guidelines for the care and use of

laboratory animals.
2.3 | Experiments

Pigs were placed at a prone position with a two‐channel circular

polarized abdominal coil wrapped around the abdomen (Figure 1).

During the scan, at least one person was present to observe the state

of the pigs in case of an emergency. T2‐weighted MRI sequences were

used to image the abdominal organs. The parameters used to scan the

transverse and sagittal planes were a TR of 1100 ms, TE of 122 ms,

slice thickness of 4 mm, and FOV of 308 × 380 mm. The characteristic

sequence used to scan the coronal plane was aTR of 4.5 ms, and TE of

2.25 ms. The average scanning time per pig was about 15 min. After a

scan was completed, the pig was gently removed from the scanning

room and allowed to wake up. The Amira 6.0.1 graphics software

was used for 3D image processing. The MRI images were manually

segmented by two independent investigators skillful in using the

software to determine the amount of stomach fluid in each pig. Both

investigators were blind to the protocol to prevent biasing of the

study results.
2.4 | Data analysis

Statistical analysis was carried out using GraphPad Prism 5 (GraphPad

Software Inc., La Jolla, CA). The data were tested for normality using

one‐way ANOVA test.
3 | RESULTS

All pigs received stable anesthesia during the MRI scan and reached a

sober state within the prescribed time. No severe complications were

observed, and good quality images were obtained from all pigs. The
FIGURE 1 A pig in a prone position for MRI
scan
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stomachs were shrunken after fasting for 18 h, but liquid could still be

identified as bright regions in the images (Figure 2). After interactive

segmentation, the gastric fluid was volume rendered and measured.

The maximum and minimum differences between the two investiga-

tors were 12.5, and 3.2 mL. The final volume was an average of the

two calculations.

Continuous cross‐sectional scanning images were used for 3D

image processing. Measured gastric fluid volumes are given in

Table 1. The stomach fluid volumes of pigs in the 15, 30, and 50 kg

groups in the fasting state were 32.51 ± 4.19 mL, 78.87 ± 6.26 mL,

and 162.20 ± 8.39 mL, respectively, with a p‐value <0.0001 suggest-

ing the results are statistically significant (Figure 3). The gastric fluid

volume has a linear relationship with the pig weight using the follow-

ing equation:

y ¼ 3:7304 × −26:931 (1)

where y is the gastric fluid volume and x is the pig weight

(R2 = 0.9935).
4 | DISCUSSION

As the first major organ in which the drug is absorbed in the body, the

amount of liquid in the stomach plays an important role in drug

absorption. The gastric fluid volume is important for bioequivalence

studies of swine drugs. As far as we know, there is still no gold

standard to determine the volume of gastric fluid in pigs. Therefore,

our results represent one of the first in vivo quantitative measures of

the gastric fluid volume of pigs.

Concerning MRI imaging, one procedural difference between pigs

and humans is that pigs must undergo anesthesia to prevent vomiting
FIGURE 2 Scanning images of different planes: A: Sagittal, B: Coronal, an

TABLE 1 The volume of gastric fluid of 18 Bama Minipigs was measured

Weight (kg)
Stomach fluid volume (ml)

1 2 3

15 28.76 34.20 31.09

30 70.61 78.87 80.23

50 159.43 148.76 165.05
and other reactions during the scanning process. Anesthesia was also

performed to prevent inhalation of food, gastric fluid, and other

substances into the trachea due to dyspnea or respiratory failure. This

causes difficulties in drinking water administration in pigs before MRI

scans.

A higher body weight of pigs is associated with increased food

intake (Himmelberg, Peo,Lewis, & Crenshaw, 1985), which results in

elevated secretion of gastric fluid. Therefore, we chose to use the

body weight as a key indicator for the amount of gastric fluid. Interest-

ingly, gastric fluid variations in the pigs of the same weight group

ranged from 10% to 25%(corresponding to 15‐50 kg, respectively) of

the total amount of gastric fluid.

It is noteworthy that the amount of porcine gastric fluid during

fasting could be on the conservative side. Pigs undergoing a diet or

other external stimuli may have an increased gastric secretion and a

higher gastric fluid volume. Hence, the equation (1) provides a rela-

tively conservative estimation. Concerning whether the equation (1)

can be extrapolated beyond the 15‐50 kg range, it is highly likely that

when pigs reach higher body weights, the relationship between the

body size and gastric fluid volume becomes curvilinear but not linear.

This is due to the fact that different organs do not increase propor-

tionally with maturity, and the increase in weight in adult pigs is asso-

ciated with body fat.

For pigs, the main form of oral drug administration is soluble pow-

der. Therefore, the effective amount of liquid in pig stomachs is

dependent on gastric fluid volume and water intake. Previous studies

have shown that when pigs were in a neutral environment, where free

water and standard dry feed were available, they have consumed

about 2100–2700 mL drinking water per kg feed (Li, Chénard, Lemay,

& Gonyou, 2005; Shaw, Beaulieu, & Patience, 2006). Gastric emptying

is another problem that cannot be ignored when calculating the
d C: Transverse. The bright areas indicated by arrows are stomach fluid

by MRI

4 5 6 Mean ± sd

29.22 31.72 40.09 32.51 ± 4.19

73.81 81.09 88.63 78.87 ± 6.26

172.58 168.34 159.06 162.20 ± 8.39



FIGURE 3 The relationship between weight and stomach fluid
volume (P < 0.0001). The vertical bars are presented as mean ± SD;
n = 6 (***, P < 0.001)
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effective fluid volume (Ochia, 1973). These factors need to be consid-

ered together with the fasted gastric fluid volume. Beyond its utility in

determining oral drug dissolution according to the BCS, the relation-

ship between gastric fluid volume and weight can be applied to other

studies, such as the absorption of nutrients in the diet.

In future studies, we will analyze the amount of gastric fluid pro-

duction and drinking water consumption over the course of a day to

more accurately quantify the gastric fluid volume.
5 | CONCLUSION

Our results show that, during fasting, the gastric fluid volume in pigs is

linearly related to the body weight. This result can be used for the cal-

culation of oral drugs solubility in pigs.

ACKNOWLEDGEMENT

The authors acknowledge the discussionwith Dr. Yongsheng Yang (Food

& Drug Administration) and thank him for his excellent insights and

advices. The authors are also grateful to Prof James Polli (U. Maryland

School of Pharmacy) for his valuable suggestions. This work was sup-

ported by the National Key Research and Development Program of

China [grant numbers 2016YFD0501309; 2016YFD0501007] and

National Natural Science Foundation of China [grant numbers

31402256].

CONFLICT OF INTEREST

The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS

HG: concept study, data acquisition, data analysis and interpretation,

manuscript drafting; CW: data interpretation, manuscript drafting,

drafting; ZL: image scan, image analysis, data interpretation; HG:
image analysis; YL, LZ, RH, JZ and CD: contributing to experiment

setup, data collection and interpretation; HH: image analysis, manu-

script drafting; ZH: study concept, data interpretation, drafting of

manuscript, and student supervision.

ORCID

Hui Guo http://orcid.org/0000-0001-5786-8781

REFERENCES

CFDA, China Food and Drug Administration. (2016). Guidelines for the
Waiver of In Vivo Bioavailability and Bioequivalence. Retrieved from
http://www.sda.gov.cn/WS01/CL1757/153483.html

Dressman, J. B. (1986). Comparison of Canine and Human Gastrointestinal
Physiology. Pharmaceutical Research, 3, 123–131.

EMA, European Medicines Agency Committee for Medicinal Products for
Human Use. (2010). Guideline on the Investigation of Bioequivalence;
Doc. Ref.: CPMP/EWP/QWP/1401/98Rev.1/Corr; EMEA: London.
Retrieved from http://www.ema.europa.eu/docs/en_GB/document_
library/Scientific_guideline/2010/01/WC500070039.pdf

FDA, Food and Drug Administration, Center for Drug Evaluation and
Research (CDER). (2015). Guidance for Industry: Waiver of In Vivo Bio-
availability and Bioequivalence Studies for Immediate‐Release Solid
Oral Dosage Forms Based on a Biopharmaceutics Classification Sys-
tem. Retrieved from https://www.fda.gov/ucm/groups/fdagov‐
public/@fdagov‐drugs‐gen/documents/document/ucm070246.pdf

Gao, F., & Hu, X. F. (2006). Effect of somatostatin analogue octreotide
injected into the third cerebral ventricle on pentagastrin‐induced gas-
tric acid secretion in rats. World Journal of Gastroenterology, 12,
2767–2769.

Himmelberg, L. V. Jr., Peo, E. R., Lewis, A. J., & Crenshaw, J. D. (1985).
Weaning weight response of pigs to simple and complex diets. Journal
of Animal Science, 61, 18–26.

Karali, T. T. (1995). Comparison of the gastrointestinal anatomy, physiol-
ogy, and biochemistry of humans and commonly used laboratory
animals. Biopharmaceutics and Drug Disposition, 165, 351–380.

Li, Y. Z., Chénard, L., Lemay, S. P., & Gonyou, H. W. (2005). Water intake
and wastage at nipple drinkers by growing‐finishing pigs. Journal of Ani-
mal Science, 83, 1413–1422.

Martinez, M. N., & Fahmy, R. (2012). The scientific basis for establishing
solubility criteria for veterinary species. Journal of Veterinary Pharma-
cology & Therapeutics, 35, 81–86.

Martinez, M. N., Papich, M. G., & Riviere, J. E. (2004). Veterinary applica-
tion of in vitro dissolution data and the Biopharmaceutics
Classification System. Pharmacology Forum, 6, 2295–2302.

Mudie, D. M., Murray, K., Hoad, C. L., Pritchard, S. E., Garnett, M. C.,
Amidon, G. L., … Marciani, L. (2014). Quantification of gastrointestinal
liquid volumes and distribution following a 240 ml dose of water in
the fasted state. Molecular Pharmaceutics, 11(9), 3039–3047.

Ochia, B. A. (1973). Gastric emptying in young pigs. The Journal of Physiol-
ogy, 23, 467–480.

Shaw, M. I., Beaulieu, A. D., & Patience, J. F. (2006). Effect of diet compo-
sition on water consumption in growing pigs. Journal of Animal Science,
84, 3123–3132.

Tsume, Y., Mudie, D. M., Langguth, P., Amidon, G. E., & Amidon, G. L.
(2014). The Biopharmaceutics Classification System: Subclasses for
in vivo predictive dissolution (IPD) methodology and IVIVC. European
Journal of Pharmaceutical Sciences, 57, 152–163.

Varga, G., Kisfalvi, I. J., Kordás, K., Wong, H., Walsh, J. H., & Solomon, T. E.
(1997). Effect of somatostatin immunoneutralization on gastric acid
and pancreatic enzyme secretion in anesthetized rats. Journal of Physi-
ology, Paris, 91, 223–227.

WHO, Anonymous (2006). Annex 8: Proposal to waive in vivo bioequiva-
lence requirements for WHO Model List of Essential Medicines

http://orcid.org/0000-0001-5786-8781
http://www.sda.gov.cn/WS01/CL1757/153483.html
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2010/01/WC500070039.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2010/01/WC500070039.pdf
https://www.fda.gov/ucm/groups/fdagov-public/@fdagov-drugs-gen/documents/document/ucm070246.pdf
https://www.fda.gov/ucm/groups/fdagov-public/@fdagov-drugs-gen/documents/document/ucm070246.pdf


GUO ET AL. 407
immediate‐release, solid oral dosage forms. In WHO Expert Committee
on Specifications for Pharmaceutical Preparations: Fortieth Report (pp.
391–438). Geneva, Switzerland: WHO. Retrieved from http://www.
who.int/medicines/areas/quality_safety/quality_assurance/ProposalW
aiveVivoBioequivalenceRequirementsModelListEssentialMedicinesIm-
mediateReleaseSolidOralDosageFormsTRS937Annex8.pdf?ua=1
How to cite this article: Guo H, Wang C, Liu Z, et al. Quanti-

fication of in vivo gastric fluid volume in Bama miniature pigs in

fasted state. Biopharm Drug Dispos. 2018;39:403–407. https://

doi.org/10.1002/bdd.2155

http://www.who.int/medicines/areas/quality_safety/quality_assurance/ProposalWaiveVivoBioequivalenceRequirementsModelListEssentialMedicinesImmediateReleaseSolidOralDosageFormsTRS937Annex8.pdf?ua=1
http://www.who.int/medicines/areas/quality_safety/quality_assurance/ProposalWaiveVivoBioequivalenceRequirementsModelListEssentialMedicinesImmediateReleaseSolidOralDosageFormsTRS937Annex8.pdf?ua=1
http://www.who.int/medicines/areas/quality_safety/quality_assurance/ProposalWaiveVivoBioequivalenceRequirementsModelListEssentialMedicinesImmediateReleaseSolidOralDosageFormsTRS937Annex8.pdf?ua=1
http://www.who.int/medicines/areas/quality_safety/quality_assurance/ProposalWaiveVivoBioequivalenceRequirementsModelListEssentialMedicinesImmediateReleaseSolidOralDosageFormsTRS937Annex8.pdf?ua=1
https://doi.org/10.1002/bdd.2155
https://doi.org/10.1002/bdd.2155

