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Gastrointestinal imaging with MRI: 
providing information about conditions at 

the site of drug delivery



Pros:

➢ Anatomical imaging (organs visible)

➢ High spatial resolution 

➢ Safety

Magnetic Resonance Imaging (MRI)



Cons: 

➢ Low temporal resolution (transport dynamics?)

➢ Restricted body position (supine)

➢ Duration of measurements (discomfort)

➢ Limited contrast: Identification of dosage forms requires
labelling

Magnetic Resonance Imaging (MRI)



Fasting intake conditions

Standardized conditions (FDA, EMA) in Clinical Pharmacology
(Phase 1 studies)

• at least 10 h (Europe 8 h) fasting (over night)

• Volunteer takes the dosage form with 1 glass of water (240 mL, 20 °C)

• further fasting for at least 4 h

• first water intake after > 1 h

Use of MRI to investigate GI conditions
drug delivery systems meet



What is inside the stomach after overnight fasting? 

Fasting intake conditions: The stomach

Grimm et al. Eur J Pharm Biopharm. 2018

Mean: 
25 ± 18 mL



Why only a few Millilitres? 

Basal gastric inflow (gastric juice + saliva): about 2 mL / min
i.e. 120 mL / h or up to 1 L during night! 



The (human) stomach ‘falls asleep’
during rest

Interdigestive
Migrating Motor Complex (IMMC)
(pressure sensor placed in antrum of stomach)
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What happens with 240 mL of water (20 °C) taken on an empty stomach?

Fasting intake conditions: The stomach



Gastric content volumes (GCV) after drinking 
240 mL water

Grimm et al. Eur J Pharm Biopharm. 2018

85 ± 13% of initially available gastric volume
are emptied after 30 min. 



Gastric content volumes (GCV) after drinking 
240 mL water

Grimm et al. Eur J Pharm Biopharm. 2018

Interindividual and intraindividual variability are comparable



Fasting intake conditions: The stomach

240-300 mL
37°C

22-25°C
1-10 mL

30 min

pH 4-5

pH 1-2



‘Awakening’ of the stomach is triggered by
food intake
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(pressure sensor placed in antrum of stomach)



Gastric sieving:

Gastric grinding:

Gastric emptying of solid meals
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When the peristaltic wave moves over the middle of the antrum the pylorus opens and 

duodenal contractions are inhibited; thus, small amounts of gastric chyme are delivered 
across the pylorus into the duodenum. During this phase of emptying and mixing the 
peristaltic waves are relatively far away from the pylorus, i.e. the gastric chyme is not forced 
into the duodenum by pressure but is swept into the small intestine by the peristaltic wave. 
This mechanism of the antral pump is associated with a sieving effect. Because liquids flow 
more rapidly than viscous and solid materials liquids with small suspended particles are 
swept across the pylorus into the duodenum whereas the viscous and solid mass of the 
chyme are retained in the stomach (Fig. 5).  
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Figure5. Liquidsand small particles leave thestomachmorerapidly than larger particles.

Thisdiscrimination iscalled „sievingfunction“.

Figure 4 The function of the gastric pump can be differentiated into three phases: 
A: phase of propulsion during propagation of the peristaltic waveover the proximal antrum, 
B: phase of emptying during propagation of the peristaltic wave over the middle antrum,
C: phase of retropulsion and grinding during propagation of the peristaltic wave over the terminal antrum
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Figure 4 The function of the gastric pump can be differentiated into three phases: 
A: phase of propulsion during propagation of the peristaltic waveover the proximal antrum, 
B: phase of emptying during propagation of the peristaltic wave over the middle antrum,
C: phase of retropulsion and grinding during propagation of the peristaltic wave over the terminal antrum
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Usually, the peristaltic waves do not occlude the lumen of the middle antrum. Therefore, 
parts of the chyme flow across the central opening of the peristaltic wave retrograde into the 
relaxing proximal antrum (Fig. 4). In this way the phase of emptying is associated with mixing 
of the gastric chyme. At the same time the subsequent peristaltic wave proceeds along the 
gastric body sweeping chyme into the proximal antrum. Thus chyme of the  gastric body and 
chyme of the middle antrum accumulate in the relaxed proximal antrum (Figs. 3, 4). During 
the contraction of the terminal antrum the pylorus closes and the transpyloric flow is stopped. 
The chyme present in the terminal antrum is forced retrograde across the central opening of 
the peristaltic wave into the relaxing middle antrum (Fig. 4). This jet-like retropulsion causes 
a forceful mixing of the chyme associated with grinding of particles (Fig. 6). Therefore the 
contraction of the terminal antrum represents the phase of retropulsion and grinding. In 
herbivores grinding of the fibre-rich plants is limited. These animals produce large amounts 
of gastric juice and thereby deliver fibre together with liquid across the pylorus into the 
duodenum. 

 

 
The motility of the duodenum is strongly related to that of the stomach. This relationship is 

called the “antro-duodenal co-ordination”. Because the pylorus is an electric isolator, the 
electric and thus the peristaltic waves of the stomach end at the pylorus. The pacesetter 
potentials of the duodenum are characterised by a higher frequency compared with that of 
the stomach; consequently the duodenum can contract three to four times during an antral 
wave (Fig. 7). During the emptying phase of the stomach the duodenal contractions are 
inhibited and the duodenal bulb relaxes. This is designated as antro-duodenal coordination 
(Figs. 4, 7). A first duodenal contraction usually occurs during the gastric phase of 
retropulsion, i.e. during the contraction of the terminal antrum associated with pyloric closure 
(Figs. 4, 7). A second duodenal contraction can occur during the gastric phase of propulsion.  
The duodenal contractions are peristaltic waves starting at the bulb and forcing the emptied  
chyme distally like a conveyor belt; however, after a nutrient meal the peristaltic waves are 
stopped at the proximal duodenum by additional stationary segmenting contractions. 

 

 

1.3 Gastric emptying 
 

The complex functions of the gastric reservoir and the gastric pump indicate, that gastric 
emptying depends on several factors (Fig. 8). The relaxation of the reservoir, the depth of the 
constriction of the antral waves, the degree of pyloric opening, the receptive relaxation of the 
duodenal bulb and the contractile pattern of the duodenum play an important role. A long 
lasting relaxation of the reservoir (Fig. 8, No. 6a) and a shallow peristaltic wave of the gastric 
corpus (Fig. 8, No. 6b) are a precondition for delayed gastric emptying, whereas a tonic 
contraction of the reservoir (Fig. 8, No. 1a) and a deep peristaltic wave of the gastric corpus 
(Fig. 8, No. 1b) contribute to an accelerated gastric emptying. A forceful peristaltic wave of 
the antrum associated with a deep constriction (Fig. 8, No. 2) causes an enhanced 
propulsion and flow of chyme across the pylorus during the phase of emptying, whereas a 

Onset of terminal antral contraction Late phase of terminal antral contraction

Pylorus closing Pylorus closed

Figure6. Grindingof solid particles is causedby a jet-like retropulsion through the small orificeof the

terminal antral contraction. Thecontractionof the terminal antrumis forceful and occludes the lumen. 
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Figure6. Grindingof solid particles is causedby a jet-like retropulsion through the small orificeof the

terminal antral contraction. Thecontractionof the terminal antrumis forceful and occludes the lumen. 



Fed intake conditions: The stomach

What is inside the stomach after the „FDA breakfast“? 



Magnetic Resonance Imaging (MRI) 

Study design (in compliance with guidelines of FDA and EMA)

• 12 volunteers (7 male, 5 female, 23-45 y)

• 10 h fasting over night

• Breakfast in the morning
- “FDA” breakfast
- 964 kcal (> 50 % fat)
- 535-540 g
- 480-500 mL

• 30 min after start of breakfast (15 min after end of 
breakfast) intake of 240 mL water whilst in the MRI via a 
tube

Fed intake conditions

Koziolek et al. Mol Pharm. 2014



Magnetic Resonance Imaging (MRI) 

Gastric content volumes
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Mean terminal volume change:
1.71 ± 0.26 mL/min 

Fed intake conditions: The stomach

Koziolek et al. Mol Pharm. 2014



500-700 mL
37°C

200 mL

6 h

pH 4-5

pH 1-2

Fed state intake conditions: The stomach
in bioavailability/bioequivalence studies

(without additional fluid intake in the first 5 h)  

Meal Meal



Guidance for Industry

Food-Effect Bioavailability and 

Fed Bioequivalence Studies

U.S. Department of Health and Human Services

Food and Drug Administration

Center for Drug Evaluation and Research (CDER)

December 2002

BP
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recommended for food-effect BA (to make a claim of no food effects) and fed BE studies,

analyzing data using an average criterion.  Log-transformation of exposure measurements (AUC

and Cmax ) prior to analysis is recommended.  The 90 percent CI for the ratio of population

geometric means between test and reference products should be provided for AUC0-inf, AUC0-t,

and Cmax (see guidance for industry on Statistical Approaches to Establishing Bioequivalence). 

For IND or NDA food-effect BA studies, the fasted treatment serves as the reference.  For

ANDA fed BE studies, the RLD administered under fed condition serves as the reference

treatment.

The effect of food on the absorption and BA of a drug product should be described in the

CLINICAL PHARMACOLOGY section of the labeling.  In addition, the DOSAGE AND

ADMINISTRATION section of the labeling should provide instructions for drug administration

in relation to food based on clinical relevance (i.e., whether or not the changes in systemic

exposure caused by co-administration with food results in safety or efficacy concerns, or when

there is no important change in systemic exposure but there is a possibility that the drug

substance causes GI irritation when taken without food).  

For an NDA, an absence of food effect on BA is not established if the 90 percent CI for the ratio

of population geometric means between fed and fasted treatments, based on log-transformed

data, is not contained in the equivalence limits of 80-125 percent for either AUC0-inf  (AUC0-t

when appropriate) or Cmax.  When the 90 percent CI fails to meet the limits of 80-125 percent,

the sponsor should provide specific recommendations on the clinical significance of the food

effect based on what is known from the total clinical database about dose-response (exposure-

response) and/or pharmacokinetic-pharmacodynamic relationships of the drug under study.  The

clinical relevance of any difference in Tmax and tlag should also be indicated by the sponsor.  The

results of the food-effect BA study should be reported factually in the CLINICAL

PHARMACOLOGY section of the labeling and should form the basis for making label

recommendations (e.g., take only on an empty stomach) in the DOSAGE AND

ADMINISTRATION section of the labeling.  The following are examples of language for the

package insert: 

A food-effect study involving administration of  [the drug product] to healthy volunteers

under fasting conditions and with a high-fat meal indicated that the Cmax and AUC were

increased 57% and 45%, respectively, under fed conditions. This increase in exposure

can be clinically significant, and therefore [the drug] should be taken only on an empty

stomach (1 hour before or 2 hours after a meal)

A food-effect study involving administration of  [the drug product] to healthy volunteers

under fasting conditions and with a high-fat meal indicated that the Cmax was decreased

15% while the AUC remained unchanged. This decrease in exposure is not clinically

significant, and therefore [the drug] could be taken without regards to meals.

An absence of food effect on BA is indicated when the 90 percent CI for the ratio of population

geometric means between fed and fasted treatments, based on log-transformed data, is contained

in the equivalence limits of 80-125 percent for AUC0-inf  (AUC0-t when appropriate) and Cmax.  In

this case, a sponsor can make a specific claim in the CLINICAL PHARMACOLOGY or

DOSAGE AND ADMINISTRATION section of the label that no food effect on BA is expected
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Magnetic Resonance Imaging (MRI) 

Gastric content volumes
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Mean terminal volume change:
1.71 ± 0.26 mL/min 

Ingestion of 240 mL water

Fed intake conditions: The stomach

Koziolek et al. Mol Pharm. 2014



Magnetic Resonance Imaging (MRI) 

• Rapid emptying of water: Magenstrasse

Maximum intensity projections of
the stomach after ingestion of 240
mL of water (0 s indicates the
starting point of drinking).

0 s 72 s36 s

162 s 234 s

Koziolek et al. Mol Pharm. 2014

Fed intake conditions: The stomach



Grimm et al. Mol Pharm. 2017

Rapid emptying of water: Magenstrasse (‘stomach road’)

High fat meal (FDA breakfast)
460 kcal (63% from fat)

Homogeneous meal (chocolate mousse)
491 kcal (59 % from fat)

Low fat meal (typical breakfast)
466 kcal (13 % from fat)



Rapid emptying of water: Validation using
caffeine in “ice capsule”

Sager et al. Eur J Pharm Biopharm. 2018

Caffeine solution (0.5 ml, 35 mg 

caffeine) frozen in “ice capsule” 

(extremely fast melting after 

ingestion).



Comparison: Fasted - Fed

Gastric volumes
(MRI)

Caffeine concentrations in 
saliva

Sager et al. Eur J Pharm Biopharm. 2018



Schick et al. Mol Pharm. 2019, Koziolek et al. ADDR, 2016

➢ Type I: Rapid intragastric disintegration/dissolution, evacuation of 

suspended/dissolved API with co-swallowed water via “Magenstrasse”

➢ Type II: Slow intragastric disintegration/dissolution, local enrichment due to 

poor gastric mixing (fundus region), evacuation (“wash out”) of 

suspended/dissolved API with later swallowed water via “Magenstrasse”

➢ Type III: Material mixed with gastric contents, evacuation with gastric chyme

Rapid emptying of water:
Magenstrasse (‘stomach road’)

2 4 time (h)6

Febuxostat

Sildenafil



Development of a rapidly dissolving tablet that delivers 
caffeine straight to the stomach in order to label the 
co-swallowed water

(Sager et al., 2018)*

Storage and 
transportation are

challenging

Limitations:

15 mm size –
inconvenient to

swallow

Melts quickly at 
room temperature

and in the oral cavity

Solution:

Development of a  
compression-coated tablet 

as an alternative vehicle 

Tzakri et al. In preparation



In vitro dissolution and in vivo performance
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Tzakri et al. In preparation

Paddle: 300 ml SGFsp, pH 1.2; 25 °C; 25 rpm
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The intestines: Fed or Fasting?
What is the difference?

Grimm et al. Mol Pharm. 2018



Schiller et al. Aliment Pharmacol Ther. 2005

minimum 45 mL

maximum 320 mL

median 83 mL

mean 105 mL

SD 72 mL

Fasted state
Intestinal fluid volumes



mOsmol/kg pH kcal/100 mL

Grapefruit juice 554 3.3 103

Fructose solution 641 7.8 102

Glucose solution 644 7.8 102

Still water 5 7.8 0

Influence of different carbohydrates on gastric emptying rates and 
small intestinal water content

Grimm et al. Mol Pharm. 2018

Fed intake conditions: The intestines



Stomach Small intestine

Fed intake conditions: The intestines

Grimm et al. Mol Pharm. 2018



Fed intake conditions: The intestines

Grimm et al. Mol Pharm. 2018



Conclusion

• MR Imaging provides fascinating insights into the conditions to 
which dosage forms are exposed to in the GI tract

• We need much more data to understand the interaction between 
GI physiology and drug delivery
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