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ABSTRACT

Intestinal catheters have been used for decades in human nutri-
tion, physiology, pharmacokinetics, and gut microbiome research,
facilitating the delivery of compounds directly into the intestinal
lumen or the aspiration of intestinal fluids in human subjects.
Such research provides insights about (local) dynamic metabolic
and other intestinal luminal processes, but working with catheters
might pose challenges to biomedical researchers and clinicians.
Here, we provide an overview of practical and technical aspects
of applying naso- and oro-intestinal catheters for delivery of
compounds and sampling luminal fluids from the jejunum, ileum,
and colon in vivo. The recent literature was extensively reviewed,
and combined with experiences and insights we gained through
our own clinical trials. We included 60 studies that involved a
total of 720 healthy subjects and 42 patients. Most of the studies
investigated multiple intestinal regions (24 studies), followed by
studies investigating only the jejunum (21 studies), ileum (13
studies), or colon (2 studies). The ileum and colon used to be
relatively inaccessible regions in vivo. Custom-made state-of-the-
art catheters are available with numerous options for the design,
such as multiple lumina, side holes, and inflatable balloons for
catheter progression or isolation of intestinal segments. These
allow for multiple controlled sampling and compound delivery
options in different intestinal regions. Intestinal catheters were often
used for delivery (23 studies), sampling (10 studies), or both (27
studies). Sampling speed decreased with increasing distance from
the sampling syringe to the specific intestinal segment (i.e., speed
highest in duodenum, lowest in ileum/colon). No serious adverse
events were reported in the literature, and a dropout rate of around
10% was found for these types of studies. This review is highly
relevant for researchers who are active in various research areas and
want to expand their research with the use of intestinal catheters in
humans in vivo. Am J Clin Nutr 2021;114:843-861.

Keywords: intestinal catheter, small intestine, ileum, colon, aspira-
tion, delivery, human, trials

Introduction

Intestinal catheters have been used for decades in physiology,
nutrition, microbiology, and pharmacokinetics research. Studies
involving catheters have helped to shed light on the functioning
of the human gastrointestinal (GI) tract. For example, researchers
have learned about digestion and absorption of (macro)nutrients,
secretion, and flow rates (1-3), as well as intestinal physiology,
including digestion and absorption processes (4—6), luminal
and adherent microbiome compositions (7), and metabolite
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production (8) in vivo. In vitro GI-tract models, animal models,
or measurements in fecal samples are not directly representative
of intraluminal (patho)physiological processes or bacteria in the
human GI tract in vivo (9). These models lack essential aspects
of a host interaction, and do not capture the variation in response
between human subjects. Intestinal catheters can be used to
aspirate intestinal fluids to examine intestinal luminal processes.
Intestinal catheters can also be used to deliver compounds inside
the intestinal lumen (10, 11). This provides valuable information
about dynamic metabolic effects after targeted intestinal delivery
of a test compound (12), and allows researchers to study changes
in systemic metabolisms relevant to health and disease.

As opposed to feeding tubes used to deliver enteral nutrition
inside the stomach or the proximal small intestine of patients,
working with intestinal catheters that need to be placed in
the more distal small intestine or proximal colon poses more
challenges to biomedical researchers and clinicians. In-depth
information about working with intestinal catheters, including
positioning catheters, aspirating intestinal fluids, and standard-
izing delivery and sampling, as well as a summary of state-
of-the-art intestinal catheter designs, is currently lacking in
the literature. The objective of this review is to provide an
overview of the practical and technical aspects of applying naso-
and oro-intestinal catheters to human subjects for delivery of
compounds and sampling luminal fluids from the jejunum, ileum,
and colon in vivo. For this review, not only did we examine
the available literature from experts in this field, but we also
included insights from our own clinical trials with intestinal
catheters: thus, this review extends beyond the boundaries of a
conventional systematic review. This information will be helpful
for researchers in setting up and performing trials.

Search Strategy and Inclusion Criteria

A search strategy was developed for PubMed. Combinations
of 3 grouped search terms were used to find papers that
described clinical trials using intestinal catheters in human
subjects (Supplemental Table 1). Papers written in English and
published after 1960 were included. Detailed information about
the search strategy can be found in Supplemental Table 1. The
search terms were adapted accordingly for a search in the Web
of Science. Both searches (PubMed and Web of Science) were
conducted in March 2020. This resulted in 6338 papers. After
removing 971 duplicates, 5367 papers were screened by our team
based on titles and abstracts (Figure 1). The inclusion criteria
were: I) full-text clinical trials with human subjects; 2) original
research articles; and 3) the use of an intestinal catheter where
the tip of the catheter was placed in the jejunum, ileum, or colon.
The exclusion criteria were: /) studies where the catheter was not
placed to answer study questions (observational study); 2) studies
with catheters that were inserted via the rectum/anus; 3) studies
that used manometry catheters or focused on motility and motor
complex functions; 4) studies where catheters were not used to
deliver compounds to the intestine or to sample intestinal fluids;
5) studies with gastric or duodenal catheters; and 6) studies that
did not conform to the inclusion criteria. After excluding 5060
irrelevant papers, 293 papers remained, which were split into 2
groups: papers published before and after 2000. The list of papers
published before the year 2000 is provided in the Supplemental

Information. The full texts of the 81 papers published after
2000 were examined for state-of-the-art methodology. Finally, 58
papers were included in this review.

Insights From Our Own Selected Clinical Trials

We also included in-depth information from several of our own
(un)published clinical trials. We included (unpublished) insights
from one of our studies that applied catheters for simultaneous
aspiration of duodenal, jejunal, and ileal content [the so called
“CRIB study”, registered at clinicaltrials.gov as NCT02018900
(13)]. Insights obtained during our FiberKinetics study were
also described, where a catheter was used for delivery and
aspiration in the distal ileum [registered at clinicaltrials.gov
as NCT04013607; unpublished study]. Also included were
observations from the ileal brake study (14), where nutrients
were introduced via the ileum, and an iron oxidation study (15)
in which a 40-cm segment of the proximal small intestine was
perfused and fluid samples were collected. All studies were
approved by an Institutional Review Board (METC Wageningen
University or Maastricht University, the Netherlands). All
subjects gave written informed consent.

The Use of Intestinal Catheters in Research

General overview of the included studies

We included 58 studies, as well as 2 unpublished studies
from our research groups reviewing methods for the use of
intestinal catheters (summarized in Supplemental Table 2).
Most studies focused on nutrition and (intestinal) physiology
research (34 studies), followed by pharmacological research
(20 studies), microbiome research (3 studies), and another
category (3 studies; Figure 2). Most of these studies investigated
multiple intestinal regions (24 studies), followed by studies
investigating only the jejunum (21 studies), ileum (13 studies),
or colon (2 studies). There were 56 studies including healthy
subjects, 1 study including both healthy subjects and patients,
and 3 studies including patients. Studies involved a total of
720 healthy subjects and 42 patients [with type 2 diabetes
(16), slow transit constipation (17), ulcerative colitis (18), or
cystinosis (19)]. The mean number of subjects per trial was
12 £+ 6 (range, 5-27 subjects). In most studies, the subjects
were intubated once (39 studies) and in the other 21 studies,
subjects were intubated >2 times [maximum 10 times (20)] in a
cross-over fashion with a wash-out period in between. In general,
catheters placed in the distal regions of the GI tract (ileum, colon)
required a longer intubation period. The mean number of days per
intubation was 2.1 & 1.3 (range, 1-5 days).

Recruitment and inclusion.

Itis important to note that in more invasive studies, recruitment
and inclusion are generally more challenging compared with
noninvasive studies. This should be considered when setting
the study inclusion and exclusion criteria, although it is of
paramount importance to include sample sizes that have enough
statistical power. For the CRIB study, 49 people responded to
our recruitment efforts over a period of 6 months (13). For the
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FIGURE 1 Flowchart of the literature search for articles that used an intestinal catheter where the tip was in the jejunum, ileum, or colon for research

purposes in human subjects. Searches were performed up to 16 March 2020.

FiberKinetics study, 20 people replied within 1 month after the
recruitment started (21).

Considerations in the catheter design

A summary of state-of-the-art intestinal catheter designs in the
included studies is provided in Supplemental Table 2.

Catheter length and outer diameter.

The total catheter length differed depending on the targeted
intestinal region. Jejunal catheters had a mean length of

286.3 £ 120.4 cm (range, 150-500 cm), ileal catheters had
a mean length of 307.4 £ 34.6 cm (range, 270400 cm), and
colonic catheters had a mean length of 466.7 & 23.6 cm (range,
450-500 cm). To keep track of the length of the catheter inserted
into the GI tract, it is useful to have centimeter markings along
the full length of the tube (Figure 3A, B, and D). The intestinal
catheters placed via the nose had a mean outer diameter of
29 4+ 1.2 mm (range, 0.6-4.2 mm), whereas the intestinal
catheters placed via the mouth had a bigger outer diameter
of 47 £ 0.9 mm (range, 2.5-6.3 mm). Generally, catheters
with a bigger outer diameter are easier to place, owing to their
increased stiffness, and intestinal delivery and/or sampling
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FIGURE 2 An overview of the general characteristics of the 60 studies included that used an oro- or naso-intestinal catheter placed in the jejunum, ileum,

or colon in human subjects.

becomes easier. The diameter of the aspiration channel should
be large enough to sample intestinal content at the site of
interest. The sample homogeneity and viscosity differ between
sampling locations (e.g., small intestine compared with proximal
colon) and depending on the condition of the study participant
(fasted or after consumption of liquid or solid foods) (22).
The proximal colon contains more thick, less homogeneous
material, so sampling from this region can be improved by using
a catheter with a larger diameter. We provide more information
about sampling volumes/rates from various sampling sites
using catheters with different diameters below in the section

titled “Sampling of intestinal content.” However, a bigger outer
diameter might be less comfortable for participants. In the only
study reporting on outer diameters in relation to tolerability,
nasally placed tubes with outer diameters of both 2.1 and 3.8 mm
did not result in increased postprandial supine gastroesophageal
reflux in 8 healthy subjects (23). In our experience, intestinal
catheters with an outer diameter of maximally 3.5 mm and
made from soft materials, such as silicone, were generally well
tolerated by subjects (10, 13, 14, 24), whereas oral intubations
were less well tolerated and were not used for prolonged
measurements. Toleration is a combination of the burden caused
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FIGURE 3 An example of a naso-ileal catheter design that can be used for intestinal aspiration and delivery in human subjects. (A) The schematic design
includes the cross-sectional view of the different lumina (reproduced with permission from Mui Scientific, Ontario, Canada). Photos show the (B) naso-intestinal
catheter with 300-cm tubing, excluding the connector end; (C) multiple lumina, closed with a stopcock and lid; (D) the centimeter indications on the tubing;
(E) the deflated balloon and the 3 tip weights; (F) the inflation of the balloon via the balloon channel using a syringe; and (G) the balloon that is inflated with

5 mL of air (maximum capacity 20 mL).

by tube insertion and the burden and duration of the transfer of
the tube to the target location. The latter is often less comfortable
for tubes inserted via the mouth as compared to the nose. A
trade-off between practical considerations and participant
(dis)comfort must be made when designing and using intestinal
catheters.

Catheter material.

Intestinal catheters are often made from polyurethane, silicone,
or polyvinyl chloride. Polyurethane and silicone tubes, also called

fine-bore tubes, are softer and more flexible than polyvinyl
chloride tubes and, therefore, they are more comfortable for
the subject and easier to place along the curves of the small
intestine. On the other hand, a higher flexibility increases the risk
of curling and coiling inside the GI tract upon introducing the
catheter, mainly in the stomach, which hampers positioning of
the catheter postpylorus. In the included studies, the materials
used were silicone (10 studies), silicone rubber (12 studies),
polyvinyl chloride (14 studies), polyethylene (3 studies), or not
mentioned (21 studies). The use of stiffener or guidewire (see
the section below titled “The use of a guidewire, stiffener, and/or
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endoscope”) results in a more rigid catheter, which can especially
be of added value to silicone catheters due to their high flexibility.
Fine-bore tubes can better withstand GI circumstances (25) such
as gastric acid, bile acid, and other GI secretions. Thus, reusable
fine-bore tubes (silicon or polyurethane) will likely last longer
than polyvinyl chloride tubes.

Multi-lumen catheters with side holes.

In some studies, several different catheters were synchronously
introduced, with each separate catheter tip located in another
intestinal region [(26-29), published prior to 2007]. Introducing
several catheters at once increases the burden during positioning
and the subsequent experiment because the outer diameter of
the combined catheters is substantially larger than that of only
a single catheter. In 1 study, the same tube was used for
collection of intestinal content from various intestinal regions
(30), which may have led to contamination of luminal contents
from 1 intestinal region to the other. Nowadays, these issues are
resolved using multi-lumen catheters (in 41 studies, ranging from
2 to 23 lumina per catheter). Multi-lumen means that multiple
so-called “lumen” or “channels” with various dimensions are
combined in 1 tube construction (Figure 3A, cross-section view).
The numerous lumina are labeled according to their proposed
function and separately protrude at the connector end (Figure 3B
and C). The different lumina within 1 catheter can serve different
purposes, such as simultaneous sampling/delivery, sometimes
from various intestinal regions (e.g., the duodenum and ileum), or
inflating or deflating balloons. The diameter of a specific lumen
can be adapted according to the use (aspiration compared with
delivery) or intestinal region (proximal compared with distal).
Often, 1 lumen is used for balloon inflation/deflation, as further
explained below, and another lumen is used to transport radio-
opaque material. A lumen for air inflation may be included in the
design to prevent the catheter from adhering to the intestinal wall
due to creation of a local vacuum during fluid sampling, which
may cause intestinal sampling issues. When lumina are not in use,
they can be closed at the connector end with a stopcock and/or lid
(Figure 3C). Side holes can be positioned in 1 or more lumina to
enable targeted exposure of specific intestinal segments. In Figure
3A, 3 side holes in the catheter aspiration channel used to obtain
aspirates of a ~7-cm intestinal segment can be seen. Multiple side
holes in 1 lumen reduce the risk of obtaining no sample due to a
potential blockage of 1 side hole or the catheter sticking to the
intestinal wall.

The use of inflatable balloons and weighted tips.

Most of the catheters were equipped with an inflatable balloon
(35 studies) or bag (3 studies). These inflatable accessories or
a capsule [30 mm x 10 mm (31-33)] attached to the distal tip
are often used to enhance catheter progression, making it move
distally with peristaltic contractions. The bags and balloons can
be inflated via a specific inflation channel (Figure 3E-G) with
water, saline, or air. These balloons have a maximum inflation
capacity [5 mL (19), 10 mL (13, 14, 16, 34-36), or 20 mL
(21)]. Since water or saline is heavier than the same volume of

air, this might beneficially impact progression of the catheter
when the person is positioned in such a way that gravity can
exert its normal downward pulling action. However, whether the
balloon or bag can be filled with liquid depends on the material
and on cleaning/sterilization protocols of reusable catheters. For
example, our silicone catheters and the encased balloon had to
be completely free of water before sterilization; therefore, the
balloon was filled with air. In 1 study, a rubber balloon was first
filled with 1.5 mL of mercury and, after reaching the duodenum,
the mercury was replaced by 15 mL of air to facilitate further
progression into the small intestine (15). Other studies used a
rubber bag with 30 g of mercury (37), an inflatable mercury bag
(38), a lead weight (30), or a finger cot with 2 mL of mercury
(39) at the tip. Although using mercury has the advantage of
increasing the weight of the balloon and therefore speeding up
progression, it is a highly toxic compound that is dangerous
if it leaks from the balloon. Nowadays, to avoid the use of
heavy metals, (tungsten) weights/pellets are often encased at
the distal tip to promote movement from the stomach to the
duodenum.

Catheter design for perfusion experiments.

Another reason that inflatable balloons were incorporated into
catheter design was to isolate a closed segment of the intestine
or to isolate proximal and distal segments from each other
(40-43). Such catheters can be used for intestinal perfusion
experiments (infusion and sampling within 1 test segment)
(44, 45). Perfusion experiments using occluding balloons allow
researchers to investigate the net absorption/transport or secretion
of water or solutes in a segment of the intestine, for instance. The
occluding balloons were placed at a variable distance apart from
each other (1, 46, 47) to create independent segments of 10 cm
(48) or 20 cm (49-52). Balloons were inflated with a relatively
high quantity of air [~30-45 mL (43, 51, 52) to maintain a
constant pressure of ~25 mm Hg] as compared to balloons used
for progression. Air was added until pressure sensations (i.e.,
without inducing discomfort) were experienced by the subjects
(43), to achieve total occlusion of the intestinal segment and
to prevent progression of the catheter by peristalsis. To achieve
this inflation, balloons were bigger: namely, 5-10 cm long (42,
43, 49-52). After inflation, pressure was continuously monitored
to ensure sustained inflation (43). Nonabsorbable markers, such
as phenol red (phenolsulfonphthalein), can be used to check
for leakages from the intestinal segment. The occluding balloon
proximal to the study segment prevents endogenous secretions,
with an unknown quantity of salts and water, from contaminating
the test segment (44). Semi-open perfusion systems/segments can
also be used by inflating the distal balloon with 26-30 mL of air
(48, 53, 54). Another option is to use an open perfusion system
without balloons, with an infusion port located a few centimeters
proximally from the sampling port(s), to determine absorption
or secretion between the infusion site and the aspiration site(s).
This method aims to not to influence the flow rate at the sampling
point, but to calculate the real liquid flow rate using a marker.
Nonabsorbable markers, such as polyethylene glycol (PEG), have
to be added to infusions in known concentrations to correct for the
dilution.
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Placement, progression, and removal of the catheter
Catheter insertion.

Intestinal catheters were positioned via the nose in 38 studies
or via the mouth in 20 studies (Figure 2). In 2 studies, placement
was not mentioned. Endoscopic insertion via the nose was
tolerated significantly better in comparison to conventional oral
gastroscopy in 181 consecutive outpatients (55). Before place-
ment, the tube is lubricated with a medical-grade lubrication gel,
sometimes also containing a local anesthetic, to reduce friction.
Moreover, local anesthesia (if preferred by the subject) can be
applied to the nasal mucosa [e.g., lidocaine 10% spray/Xylocain
(10)] or the upper throat/pharynx [e.g., using lidocaine spray (51,
53, 54)] to reduce potential pain and discomfort during insertion.
Previously, topical pharyngeal anesthesia given before endoscopy
was effective in reducing discomfort in 201 patients undergoing
the procedure for the first time (56). In 1 study, a topical anesthetic
(1 mL 4% lidocaine) was administered to prevent a gag reflex
(20). Moreover, in a randomized controlled trial in 100 patients,
infusion of 100 mL of sodium chloride (NaCl) 0.9% with 10 mg
metoclopramide 15 minutes before the procedure significantly
reduced overall discomfort, nausea, and vomiting (57). However,
the use of medication other than lubrication gel before the start
of a study should be thoroughly thought out, because it could
potentially affect the study outcomes. The potential impact of
medication on the outcomes is higher when experimental tests
take place shortly after the intubation procedure. After lubrication
and local anesthesia, the tube was inserted via the nose or oral
cavity and pushed through the esophagus to the stomach. During
this procedure, the subject was asked to drink sips of water, to
ensure closure of the esophagus by the epiglottis.

Transpyloric migration.

Different strategies for transpyloric migration were described
in the studies. One strategy was to inflate the balloon inside
the stomach [with ~3 mL saline (58) or 1.5 mL mercury (15)],
facilitating progression of the catheter tip towards the pylorus
by peristalsis. To stimulate peristalsis, participants were offered
snacks (58) or were placed in a supine position on their right
side with their upper body lifted 45° and their feet raised (15).
By positioning the subject on the right side, the pyloric sphincter
was in the lowest part of the stomach. Gravity forced the mercury
balloon to migrate towards the pyloric sphincter, facilitating
catheter progression into the small intestine. In 2 other studies,
the subjects were also intubated while in the supine position
(16, 59). In several studies, the tube was allowed to pass into
the duodenum without inflating the balloon inside the stomach
(31-35, 42, 43, 60, 61), and 3 of these studies used a tube
with a capsule attached at the tip to stimulate progression (31—
33). In 30 healthy subjects, 87% of the inflated ballooned tubes
passed the pyloric sphincter with the aid of normal peristaltic
movements after 6 hours, compared to 67% of the noninflated
ballooned tubes (62). Thus, balloon inflation in the stomach
improves spontaneous transpyloric migration. Theoretically, the
inter-digestive migrating motor complex, responsible for letting
particles larger than a few millimeters pass the pylorus, only
occurs in the fasting state (63), which could imply that postpyloric
placement after overnight fasting is good timing. In practice,

however, simultaneous feeding could stimulate transpyloric
migration of the catheter. An intravenous dose of erythromycin,
a prokinetic, significantly increased successful postpyloric tube
placement in randomized controlled trials (64). Another strategy
was to guide manual catheter progression from the stomach into
the proximal small intestine under (freeze-frame) intermittent
fluoroscopic control (1, 10, 13, 14, 20, 21, 24, 26-29, 59) or static
X-rays (65).

The use of a guidewire, stiffener, and/or endoscope. Stiffeners
allow for more control while manually introducing a catheter
into the GI tract, facilitating progression from the stomach to the
duodenum/jejunum. In 4 studies, guidewires (66) [coated with
polytetrafluoroethylene (47) or Teflon (48, 53)] were used to
facilitate passage into the small intestine, sometimes monitored
by fluoroscopy. Guidewires were mostly used to insert shorter
tubes (i.e., duodenum and jejunum tubes) 150-200 cm long.
In 1 study, 1 channel within a silicone catheter was filled with
a guidewire stiffener to facilitate passage (58). Wilms et al.
(13) used an assembly stiffener (0.3 mm, in the center lumen)
within a silicone catheter, which resulted in a catheter with
increased rigidity that was still flexible enough to pass easily
along the curves of the small intestine. In 1 study, a guidewire
was first inserted 60 cm distally from the pylorus with the aid
of an endoscope. The endoscope was then retracted, leaving
the guidewire in place. Upon removal of the endoscope, the
guidewire could be retracted back into the stomach (67). After
retracting the endoscope, the correct positioning of the guidewire
needs to be confirmed using radiography. Only in 1 other study
was the use of an endoscope mentioned (17). The catheter was
subsequently introduced over this guidewire into the proximal
small intestine, all under fluoroscopic guidance (68). After the
catheter was correctly positioned, the guidewire was removed.
An advantage of this procedure was the rapid placement in the
proximal small intestine, with a median time of 18 minutes (range
12-45 minutes) in 22 patients (69), due to easy detection of the
pylorus.

Other ways to monitor gastric and postpyloric placement.
Smithard et al. (70) described the use of electromagnetic access
systems for tube placement. The average time of postpyloric
placement using these devices was 16 minutes, whereas blind
placement took 42 minutes on average (70). A pH measurement
of the aspirate could be used to determine the position of the tube,
since the pH level in the stomach is 3 to 4. To move the catheter
from the stomach into the duodenum, 6 studies used the antral
and duodenal transmucosal potential difference gradient (TMPD)
for continuous monitoring of the catheter position (antral TMPD
< —20 mV; duodenal TMPD > —15 mV, difference >15 mV).
To establish this gradient, isotonic sodium chloride was perfused
via the catheter infusion channels at the gastroduodenal junction
(16, 49-52, 60). The disadvantage of this method is the fact
that manometry equipment is required for monitoring to ensure
correct placement (60).

Progression towards the distal intestine.

To assist with tube passage through the GI tract, inflatable
accessories such as balloons or bags at the catheter tip can be
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inflated with water [7 mL (20)], saline [~3 mL (58)], or air
[5 mL (10, 13), ~6 mL (71), 8 mL (21, 66), 10 mL (60, 72),
or 15 mL (15)]. In many studies, the balloon was inflated once
it passed the pyloric valve (15, 21, 49-52, 60, 73-76) or after
passing the ligament of Treitz (19, 34-36, 66, 77). In 5 studies,
the participants were instructed to inflate and deflate the balloon
every other hour and inflate the balloon upon waking up to
advance further passage of the tube (10, 13, 14, 24, 77), to
ensure the inflated balloon did not block the passage of food
or GI excretions. In some studies, the catheter progressed with
gravity/peristalsis and no balloon inflation was mentioned (30—
32, 59, 78). Keeping the balloon continuously inflated directly
after reaching the duodenum until it reaches the region of interest
will result in optimal progression, but the risk of full intestinal
occlusion for a longer period should be avoided. Occlusion may
result in symptoms such as abdominal pain, nausea, and vomiting
(79). A 2.1-cm balloon inflated with 5 mL of air is equivalent
to a spherical volume of 4.8 mL (equation: V = (4/3)7rr?). The
balloon is also soft and malleable, so it is unlikely that (full)
occlusion will occur when it is kept inflated. Moreover, the small
intestine is known to dilate (80) after administration of a (food)
bolus (81) and even allows passage of solid objects. In our studies,
the balloon gradually deflated spontaneously over time (after >30
minutes) ex vivo. In the FiberKinetics study, progression was
not successful in 2 subjects, as the balloon was not continuously
inflated during manual insertion (10 cm/hour) to promote further
progression, which resulted in a coiled tube inside the stomach
(21). On the subsequent test days, the subjects had to empty and
refill the balloon every hour to ensure sustained inflation, since
apparently this was crucial for successful catheter positioning in
our study. When applying reusable catheters, the balloon should
be checked for leakages ex vivo before each intubation.

Along with inflating and deflating the balloon, the subjects
needed to further insert the catheter into the nose or mouth to
advance the tube. In our studies, the tube was manually inserted
either at a rate of 10 cm/hour starting after the tube passed the
ligament of Treitz (21) or at a rate of 5-10 cm/hour starting
~?2 hour after placement (13). In the study of Zarate et al. (66),
the tube was inserted at a rate of ~10 cm/30 min after the tip
passed the ligament of Treitz. Pulling at the nares might be caused
by coiling of the tube within the stomach/small intestine (58);
however, pulling at the nares is usually a sign of spontaneous
catheter progression inside the intestine. When an excessive
length of the tube is quickly inserted into the stomach, there is
a risk of tube knot formation (82). Therefore, very fast insertion
of catheters should be prevented by adhering to a maximum rate
per hour, such as 10 cm/hour.

Practical procedures to stimulate catheter progression.

To stimulate progression, participants can be offered drinks
(e.g., tea/coffee) or food (13, 34, 36) and be encouraged to walk
around/move periodically (13, 20) during the day of intubation
to stimulate peristalsis. Due to the upright posture, progression
will also benefit due to gravity (13, 20). In 1 study, when the tip
did not reach the desired location within the scheduled time, an
intravenous injection of metoclopramide (Primperan; 10 mg in
2 mL) was given to increase GI motility (33). Other examples of
(intravenous) drugs to stimulate GI motility are domperidone (83,
84) and erythromycin (85). Erythromycin is a motilin agonist and
initiates the interdigestive migrating contractions (86), the effects

were previously mostly seen on gastric contractions (87, 88). The
use of pro-motility drugs may influence the test procedures.

Hospitalization or home-based stay?

Some study participants were hospitalized during the full
intubation period when progression took more than 1 day (53, 71,
75, 89). Subjects could also be instructed to assist the passage of
the catheter at home (36, 90), which was the case in our own
studies. With the catheter inserted, participants could perform
daily activities such as eating, drinking, showering, moving,
and sleeping. We provide information about various aspects to
consider when deciding whether to hospitalize participants or not
in the Supplemental Information.

Progression time.

Placement of the tube into the stomach takes between 10
and 15 minutes (21, 58). Transpyloric migration of the tip can
take ~10 minutes (66), although in our experience manual
transpyloric tube placement using fluoroscopy took between 10
and 45 minutes (21). Automatic postpyloric migration with a
1.5-mL mercury-inflated balloon took 1-2 hours after catheter
ingestion (15). Moreover, jejunal catheters were positioned
mostly on the same day as the experimental tests took place (1,
33,52,53,61), and positioning the tube in the (proximal) jejunum
took ~1 hour (1, 53), 2.2 & 0.2 hours (52), or 1-3 hours (61).

Ileum and colon intubations, however, require more time due
to a longer progression period. In (terminal) ileum intubation
studies, the subjects always visited the research facilities the day
prior to the experimental tests for catheter insertion, allowing
the catheter to progress over time (a full 24-hour period). The
next day, the subjects returned between 07:30 and 10:00 (10,
13, 14, 21, 39, 58, 73, 75, 76) to check the position of the tip
and, when appropriately placed, start the experiments. Depending
on the insertion procedures, within 24 hours the catheter tip
could be located ~100-120 cm distal to the ligament of Treitz
(CRIB study) or 240-250 cm from the nose (13, 21). In some
other studies, an intubation 120 cm distal from Treitz (34)
or >175 c¢cm from the nose (35, 36) took less than 24 hours
(34-36, 66). In the study of Borg et al. (16), the terminal ileum
was intubated within 5 hours. To reach the terminal ileum, a
progression period of 20 hours (including overnight) might be
too short in some subjects. Colonic intubations may take slightly
more time compared to ileum intubations, but in most studies,
the subjects were also intubated in ~24 hours (33, 78, 90). In 1
study, the catheter progressed from the jejunum to the proximal
colon within 18 hours, or from the mouth to cecum within 2048
hours (72). In the study of Dohil et al. (19), the ballooned tube
entered the proximal small intestine after 3 days and the cecum
after 5 or 7 days in all subjects, whereas in another study, the
tube reached the cecum after only 6 to 10 hours [balloon filled
with 30 g mercury (37)].

After reaching the correct intestinal segment.

After reaching the correct GI segment, the tube can be held
in place by fixing it to the face and deflating the balloon (37,
60, 72). In 1 study, a residual volume of 3 mL was kept inside
the balloon to avoid retraction (66). Marteau et al. (37) flushed
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the sampling lumen with nitrogen in the ileum and colon, likely
to ensure no residual oxygen present in the sampling lumen
disturbed the anaerobic environment in the colon. Moreover, after
correct positioning the catheter, subjects remained in a semi-
recumbent position (37, 38, 73-75) or a semi-reclining position
(72) to avoid further progression of the tube. Since the tube can
still progress further (47) over time, especially in studies that
take a number of days, the position of the tube should be verified
before important measurements are carried out.

Removal and cleaning (of reusable catheters).

Before removal of the catheter, the inflatable bag or balloon
must be completely deflated. After deflation, the catheter can
be removed by pulling it out gently, either by the subjects (15)
or by medical staff. In 2 studies, the tube was cut off near
the nose and allowed to leave the body naturally in the feces
(31, 32). When colonic catheters are removed via the nose
or mouth, the colonic bacteria could potentially contaminate
the small intestine (91). Moreover, spasming of the ileo-cecal
valve caused by retracting the colonic catheter may cause
severe discomfort or pain. In this case, the use of spasmolytic
intravenous glucagon or hyoscine butylbromide (buscopan) is
recommended. We used custom-made, multi-use catheters that
could be sterilized up to 50 times (13, 21). For cleaning, the
tube can be flushed with alkaline enzymatic detergent used
for cleaning medical devices (MediClean Forte, Dr. Weigert,
Hamburg, Germany) (21) or with enzymatic presoak detergents
and disinfectants (20). The tube is then manually flushed with
water using a syringe and completely dried before sterilization.
It is advised to check with the manufacturer regarding the
compatibility between cleaning reagents and the material, and
with the central sterilization department in the hospital regarding
standard cleaning procedures.

Determination of the catheter location
Radiography.

There are multiple methods to determine the catheter location
during placement, progression, and final positioning (during
test days). Most studies made use of imaging techniques using
radiation (46 out of 60 studies), such as plain abdominal X-
ray static pictures or fluoroscopy. Freeze-frame fluoroscopy—
intermittent periods of fluoroscopy instead of continuous real-
time monitoring—is often applied to minimize radiation expo-
sure during insertion of the catheter and when verifying the
location (66). Radio-opaque markers integrated into the catheter
design enable visualization by fluoroscopy or static X-rays.
Radio-opaque material can be added close to infusion ports or
to (all) side holes (10) to select the appropriate infusion channel
from multi-lumen catheters for an intestinal segment (24). Radio-
opaque material can also be added to the tip of the tube (19, 92),
as a capsule at the distal end (31), or every 10 cm to measure the
length in cm distal to Treitz. Tungsten weights at the tip can also
be visualized with radiation. Another approach is to fill 1 lumen
inside the catheter with radio-opaque material to visualize the
complete tube length (21, 58, 65, 73, 76). The marker along
the catheter can assist with tube placement using fluoroscopy,
since visualizing the marker distribution throughout the intestine

shows whether the catheter tip passes the pyloric sphincter and
the ligament of Treitz (Figure 4A) or whether the catheter is
coiled or looped in the stomach or small intestine (58, 77).

Radiography in combination with contrast liquid. Only after
infusion of contrast fluid via the most distal catheter lumen
can X-ray and fluoroscopy examination determine the catheter
position more precisely with respect to intestinal anatomical
structures such as the ileocecal valve (19, 36, 71, 77). Studies used
diluted barium sulphate (71), meglumine-ioxitalamate [Telebrix
GASTRO, Guerbet, France; 50 mL in total, diluted 1:2 with
water (21)], or Gastrografin [Bayer, Berkshire, UK; 20 mL
(66)] as contrast fluid. Contrast can be delivered directly via a
catheter lumen into the intestine, facilitating the visualization
of a small segment of the intestine within a few minutes [30-
60 cm (77)]. Contrast liquid allows researchers to discriminate
between the small and large intestine (Figure 4A and C compared
with Figure 4B and D) and determine the catheter tip position
(in centimeter distance) in relation to the ileocecal valve (19,
21). If the side holes allow, contrast can be delivered distally
from the inflated balloon to prevent backflow into the more
proximal intestine. When contrast can only be delivered via side
holes located proximal to the balloon, it is best to deflate the
balloon for optimal visualization of the more distal intestine.
Knowing the exact position of the catheter can be important
for delivery or aspiration at the right location, as well as
standardization and interpretation of the research outcomes.
Gastrografin and Telebrix GASTRO are both water-soluble,
hyperosmolar contrast media, and therefore draw water into
the lumen, which may impact study outcomes such as the
microbiome composition. Thus, delivering contrast media after
completing experimental tests may be better for accurate test
results. Gastrografin might cause diarrhea (93), whereas barium
sulfate is not hyperosmolar and is almost insoluble in water.
Overall, radiography allows accurate verification of the catheter
location but exposes participants to radiation. We describe the
radiation effective doses measured during our studies, as well
as other aspects related to radiation exposure and safety, in
the Supplemental Information. The total radiation exposure for
fluoroscopy can be considered low (<0.1 mSv). A conventional
abdominal static X-ray will result in a higher radiation exposure
as compared to fluoroscopy, but results in better-quality images
(Figure 4A and B compared with Figure 4C and D).

Other methods to monitor catheter location.

Another method to estimate the location of the catheter tip is
the use of centimeter marks or color marks (32, 33) along the tube,
indicating the distance from nose to catheter tip (the total tube
length). This, often in combination with fluoroscopy or X-ray,
gives an indication of the tube location (30, 34, 92). A summary
of distances (cm) for the different assumed intestinal regions
used by previous studies is provided in Table 1. The tip near the
pylorus was estimated at a ~70-cm distance from the nose (58).
However, distances can vary between individuals. Body height is
not significantly correlated to small intestine length, so the tube
distance cannot be predicted based on height (94, 95). The length
of the small intestine is negatively correlated with age, and was
found to be longer in males as compared to females (94).
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FIGURE 4 Examples of visualization of the catheter tip location using fluoroscopy or X-rays with/without the delivery of contrast liquid in human subjects.
Fluoroscopy pictures are (A) without or (B) in combination with the delivery of a contrast liquid, where the contrast liquid appears in black and will follow
the direction of the arrows towards the colon. Abdominal X-ray pictures are (C) without or (D) in combination with the delivery of a contrast liquid. Panels C
and D were reproduced with permission from Dohil et al. (19). The black line in the pictures is the radio-opaque marker, and 3 small metal (or radio-opaque)

weights/markers are located at the tip of the catheter.

The antral and duodenal transmucosal potential difference
gradient can be used for continuous monitoring on the catheter
position (16, 49-52, 60). Moreover, measurement of pH is also
often used as an indirect measure to check tube positioning
throughout the experiments. The pH level can be easily
determined in aspirates from various locations using pH strips

(10). The intraluminal pH level was also measured continuously
via pH electrodes that were fitted in the catheter close to the
injection port (68), at the tube tip (15), or through 2 pH probes
near the tip and 1 probe 35-cm proximal to the tip (72). Another
option is real-time confirmation of transpyloric migration using
electromagnetic guidance (70), which eliminates or reduces
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TABLE 1 Indications of centimeter insertion of the catheter for the assumed intestinal regions, as found in research papers that described clinical trials

applying intestinal catheters in human subjects'

Intestinal region Distance from the nose or mouth

Distance from the pylorus Distance from the ligament of Treitz

Duodenum 86 £+ 5 cm (78)

Jejunum 100 cm: proximal jejunum (33)

167 cm (89)

Tleum 160-180 cm (13)
>175-195 cm (35, 36)
180 cm (66)

186 4 21 cm: terminal ileum (78)
214 cm: terminal ileum (89)
240-250 cm: terminal ileum (21)
260 £ 20 cm: terminal ileum (33)
300 cm (59)

Colon Ascending colon: 330 cm (33)

100 cm: “mid-jejunum” (60)

5cm (24) —
5-10 cm (26) —
12 cm (42) —
13 cm (16) —
~15 cm (58, 60) —
20 c¢cm (50) ~30cm (2)
40-50 cm (24) —
50 cm: first segment (96) —

50 cm: proximal jejunum (43) —

70 cm (42) —
~100 cm (26) —

>120 cm (14, 24, 77),
>170 cm (58) —
190 cm (16) —

I'The centimeter distances were often used in combination with fluoroscopy/X-ray to confirm the location.

the need for radiography, and thus exposure to radiation and
dependence on the hospital radiology department. One example is
the Cortrak feeding tub (Viasys Healthcare) for which placement
and real-time location information is provided via a Cortrak
Enteral Access System. This tube has been used in research to
sample inside the stomach and duodenum (97). The maximum
length of the Cortrak tube is 140 cm (outer diameter maximum
4 mm) with an electromagnetic transmitting tip; therefore, it
cannot be used in studies targeting the ileum or colon. If needed,
radio-opaque markers can be integrated into the tube design for
precise visualization with contrast liquid and fluoroscopy or X-
ray.

Adverse events and drop-outs

There are several tube-related adverse events (AEs) that can
occur during the phase of tube placement or maintenance. In
the studies with healthy individuals, the residence time of the
catheter in situ was a maximum of 5 days (Supplemental Table
2). Related AEs included nasopharyngeal discomfort, such as a
sore throat, thirst, dysphagia (25), rhinorrhea (98), nasal bleeding,
nausea, or throwing up (98). Sinusitis and laryngitis were also
tube-related complications (99) but normally occurred during
long-term maintenance in patients (>2 weeks), and therefore are
not expected to be relevant in short-term trials. Nasopharyngeal
discomfort could be partly prevented by using smaller-diameter
and/or softer tubes (25). There is a risk of tube misplacement
and dislocation (e.g., endobronchial placement) which is often
caused by the lack of a gag, swallowing, and cough reflex or by
altered consciousness in patients because they cannot indicate
what they feel (25). The lack of these reflexes is generally
not a problem in healthy subjects. A proper swallowing reflex

contributed significantly to the overall tolerance of catheter
placement, as shown in patients who had undergone gastroscopy
(100). In general, the presence of an intestinal tube in situ can
slow down swallowing in healthy subjects (101). Gastrointestinal
perforation during forceful tube insertion or the reinsertion of
the guidewire with the tube in situ has been described (25), but
in the included articles (n = 762 subjects in total) no cases
of perforation were mentioned, likely because the catheter or
guidewire tips were soft and rounded. Gastro-esophageal reflux
with aspiration is a potential AE that can occur during catheter
placement or after insertion, because the tube slightly relaxes
the lower esophageal sphincter. The risk during placement can
be minimized if participants have fasted (e.g., minimum of
6 hours with no solid foods and minimum of 2 hours with
no liquid foods before catheter placement). Overall, in the
studies, which included a total of 762 subjects, nothing was
mentioned about serious AEs, such as reflux with aspiration or
perforation. Some studies specifically mentioned that the study
procedures were (well) tolerated without AEs (16, 19, 43, 60,
92). Five other studies described AEs which were (possibly)
related to the procedure, including dizziness (n = 1) (31),
nausea/vomiting (n = 3) (21, 31), nasal irritation (n = 2) (21,
52), distension discomfort from a balloon inflated with 45 + 9
mL of air (n = 2) (52), and local throat irritation (n = 14)
(72).

A summary of the dropouts in the included studies is shown
in Table 2. In total, 52 subjects dropped out due to the use of
the intestinal catheter, especially due to discomfort induced by
the catheter (24 subjects), problems with catheter positioning
(18 subjects), or sampling difficulties (6 subjects). Moreover,
11 subjects dropped out because of other reasons not related to
the catheter or had no reason mentioned. Overall, a dropout rate
of around ~10% is expected for these types of studies.
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TABLE 2 A summary of the number of dropouts and reasons for dropping out, as reported in the 60 research papers that described clinical trials applying

intestinal catheters in human subjects'

Number of dropouts

Reason for dropping out

Reference

Discomfort, n = 24

10 Due to discomfort induced by the catheter/inability to tolerate the catheter, reasons (10, 13, 14, 24, 72)
not mentioned.
2 Due to nausea and vomiting. (21, 42)
9 Due to various difficulties with the tolerance of the tube (failure of the tube to fit (39, 58)
through the nose, pain, vomiting, nonmigration through the pylorus, excessive
pulling of the tube at the nares).
3 Due to discomfort during catheter positioning (e.g., nausea, vomiting). (34-36)
Catheter positioning, n = 18
5 Due to difficulties when positioning the catheter, or incorrect positioning of the (10, 46, 73)
catheter.
4 Due to failure to position the tip of the catheter beyond the ligament of Treitz. (34-36)
7 The tube did not progress below the upper small intestine. (19,21, 74)
2 The tube did not reach below the mid-ileum. (19)
Sampling difficulties, n = 6
1 The aspirated sample volume (jejunum) was not sufficient to allow proper (46)
evaluation.
5 Experiments did not last for the full period or intestinal samples were not obtained, (47)
reasons not mentioned.
Other,n =11
9 Other reasons or reasons not mentioned (e.g., not properly following the (2, 10, 20, 31, 46, 92,
instructions, vasovagal reaction on blood withdrawal). 96)
2 Due to the discomfort of the study procedure, reasons not mentioned. (42)

From the 60 studies, involving 720 healthy subjects and 42 patients, 56 studies included healthy subjects, 1 study included both healthy subjects and

patients, and 3 studies included patients.

Intestinal catheters as tool for intestinal delivery and
sampling

Intestinal catheters are often used for delivery (23 studies),
sampling (10 studies), or both delivery and sampling (27 studies).

Delivery of compounds inside the intestine.

In order to study local dynamic metabolic changes, as well
as absorption and digestion processes, a variety of tools are
available for delivery: namely, calibrated volumetric pumps (1),
infusion pumps (32, 33, 58, 65), peristaltic pumps (68), calibrated
(syringe) pumps (48, 61), and motor-driven syringes (49, 50,
52) for delivery at a constant rate or “normal” syringes (31)
for 1 bolus delivery. Some of these devices were equipped with
a luer-lock fit between the catheter and the syringe (32, 33)
or a device that ensures a leak-free connection and should be
considered when designing a catheter (luer-lock at the connector
end). Before delivery, compounds were dissolved in water (19) or
saline solution (0.9% NaCl) (72, 90). Infusion is often performed
at a constant rate, expressed in mL/min, kcal/min, or kJ/min
when delivering nutrients (Table 3). In the included studies,
solutions were delivered within a set period of time [15 min
(52), 60 min (24, 36, 61), 90 min (14, 41, 54), or 195 min (15)]
or for the full duration of the experimental tests (73). Constant
infusion rates can be used to reach steady-state conditions (15).
Moreover, compounds were also administered as a single-dose
bolus injection that was completed within 5 minutes, regardless
of the bolus viscosity and the length and diameter of the tube
(Table 3). If preferred, the delivery time can be reduced by
concentrating the compounds as much as possible. However, it

must be noted that hypertonic solutions can influence peristalsis
and can increase intestinal secretions (102), which in turn dilute
the infused compound. Increasing the temperature of solutions
to 37°C before infusion (61) could make participants more
comfortable than using cold infusions, and warm infusions are
less likely to cause GI disturbances (103).

After delivery, the tube was flushed with water [10-50 mL
(46, 59, 92)], saline [range 1-50 mL (17, 18, 32, 33, 72, 90)],
or another dissolvent [3 mL (31)] to ensure that all compounds
were delivered inside the intestine. The catheter should be flushed
with at least the volume of water or saline to rinse the dead space
of the tube (calculated according to the equation of cylindrical
volume V = 7r?h, where r = radius and h = height). The dead
space can be minimized by reducing the tube length and lumen
diameter. Another important point is the use of a control infusion
in randomized controlled trials. In 2 studies, multiple intestinal
regions were infused in a randomized, cross-over fashion. At
the time of treatment, the solution was delivered to 1 intestinal
site while saline (34, 60) or water (24) was infused in the other
site(s), and vice versa. This was done to ensure the blinding of the
subjects with regards to the timing and the nature of the infusion.

Sampling of intestinal content.

Additionally, intestinal catheters can be applied to aspirate
intestinal fluids. Adhesion of analytes of interest to the material
could be checked for in ex vivo studies. Syringes were often
used as a sampling tool by connecting a syringe to the proximal
end of the sampling lumen in the intestinal catheter (13, 20,
21, 27, 30, 38) via manual suction (38, 74). To ensure efficient
aspiration, in 2 studies, the catheter drainage channels were
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TABLE 3 An overview of the constant rates and single bolus injections that were used for delivery of compounds in the intestine, and the sample volumes
that could be obtained from the duodenum and jejunum, as described in 60 clinical trials applying intestinal catheters in human subjects’

Intestinal delivery

Intestinal sampling

Constant rates

Single bolus injection

Sample volume, mL

Volume (mL) and
mL/min mL/hour kcal/min or kJ/min timing (minutes) Duodenum Jejunum
0.67 mL/min (35) 50 mL/h (65) 0.6 kcal/min (35,77)  2mL (32, 33) in 2-3 ~1 mL (20) ~1 mL (20)
min
1 mL/min (34, 36, 39, 73, 75-78, 89, 220 mL/h (2) 0.9 kcal/min (34,36) 10mL (19)in 1-2min 1 mL (mucus) (30) I mL (mucus) (30)

104)
2 mL/min (10, 14, 41, 48, 54)

2.5 mL/min (41, 51)
3 mL/min (24, 31)

3.15 mL/min (42)
5 mL/min (1)

1 kcal/min (60)
1.35 kcal/min (77)

2 kcal/min (40)
2.5 kJ/min (35)

10 mL (72, 92) 0-10 mL (27) 4 mL per time point
(96)
10 mL (21) in 5 min 5-10 mL (65) >4 mL pooled sample
over 30 min (75)
15 mL (59) — 5 mL aliquots (1)

40 mL (16, 90)

0-10 mL (27)
5-10 mL: 60 cm distal

10 mL/min (15, 61, 68) — _

to duodenum (65)
>10 mL (26)

From the 60 studies included; 50 studies used an intestinal catheter for the delivery of compounds (sometimes in combination with sampling).

connected to a vacuum pump (46, 53), which facilitated sampling
from the duodenum and jejunum. In other studies, aspirates were
obtained using the catheter lever properties [40-cm segment of the
proximal small intestine (68)], gravity [jejunum (1)], or simply
by syphoning/slight aspiration through the opening of the tube
[ileum (39)]. Zilberstein et al. (30) and Wilms et al. (13) used a
20-mL syringe to take samples from the duodenum, jejunum, and
ileum, whereas in 1 of our other studies, gentle aspiration using
5-mL syringes was more efficient for aspiration from the ileum
(21). In our experience, applying gentle and regular manual
suction (37, 61) worked most optimally, although continuous
suction (28, 38) was also applied. Stopcocks attached to the
syringe and the aspiration channel can be used for opening and
closing before and after sampling to prevent air (i.e., oxygen)
from going into the anaerobic environment of the cecum (37).
Importantly, catheter patency inside the GI tract (i.e., not being
vacuumed against the intestinal wall) should be ensured (27)
to avoid damage to the intestinal epithelium. Perfusates can be
checked for signs of damage, such as blood contamination (52).
Overall, sampling rates are dependent on the diameter and total
length of the aspiration channel, the tube stiffness, the pressure
applied, and the intestinal region sampled (i.e., viscosity of
intestinal fluid).

Intestinal sample volumes. The relatively large sample volumes
obtained from the duodenum and jejunum indicate that sample
collection from the duodenum and jejunum entailed few chal-
lenges (Table 3). Flow rates of intestinal contents into fasted test
segments were previously estimated to be around 2.2 mL/min
in the jejunum and 0.7 mL/min in the ileum in various studies,
and flow rates of intestinal contents after a meal were estimated
to be 10 mL/min in the proximal jejunum (45). Matsson et al.
(46) mentioned that in 1 subject (from the n = 8 in total), the
aspirated sample volume from the duodenum and jejunum was
not sufficient (<3 mL after 1 hour of sampling time). Jejunal
samples were collected at 10—15-minute intervals (15, 48, 50—
52, 54) over periods of 1.5 hours (54) to 6 hours (52, 78), and

the volumes of the jejunum aspirates ranged from O to >10
mL (Table 3). The short sampling intervals of sample collection
indicate rapid sampling. In contrast, samples from the ileum were
collected in aliquots at longer intervals of 30 minutes (28, 29,
75), 1 hour (38, 104), 2 hours (74), or until enough sample was
obtained (37), over a total maximum period of 8 hours (28, 29,
74, 76, 78, 104). When samples are collected at multiple time
points, the remaining intestinal fluid in the aspiration channel
after sampling can be reinjected into the intestine to minimize
contamination caused by sample remainders present in the dead
space volume (27). Gaudichon et al. (104) indicated that sample
collection in the fasted state (volume not mentioned) from the
ileum took 30 minutes; in another study (28), 1 subject was
excluded due to practical problems concerning sampling of ileal
content (lumen diameter 1.5 mm). For thesup sampling of colonic
content in 1 study, >5 mL (5 to 50 mL) was aspirated [(37)
diameter 3.5 mm]. After collection, samples needed to be put on
(dry) ice to stop enzyme and/or bacterial activity.

Intestinal sampling rates. In our study [(13) unpublished data]
duodenum, jejunum, and ileum samples were aspirated using a
multi-lumen ileal catheter at several time points. The diameters
of the duodenum and jejunum aspiration channels were 0.65 mm,
and the diameter of the ileum aspiration channel was 0.9 mm. In
a representative selection of 3 subjects, we found that duodenum
samples were aspirated at a rate of 0.45 (0.61 [IQR]) mL/min,
jejunum samples at 0.37 (0.36 [IQR]) mL/min, and ileum samples
at 0.30 (0.17 [IQR]) mL/min. Another study reported a sampling
rate of 0.5 mL/min for the proximal and distal jejunum (61).
In conclusion, the sampling speed decreases with an increasing
distance from the sampling syringe to the specific intestinal
segment (i.e., speed is highest in the duodenum and lowest in the
ileum), despite the highest diameter being in the ileum aspiration
channel. In the FiberKinetics study (21), 2-3-mL distal ileum
samples were aspirated per time point using a naso-ileal catheter
(300-cm long, 1.9-mm diameter aspiration channel) over a span
of 340 minutes. Due to sampling difficulties, it was not possible
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to aspirate a sample in the fasted state. The ileum samples were
aspirated at a rate of 0.35 (0.05 [IQR]) mL/minafter consumption
of a drink with water-soluble dietary fibers. In most studies,
comprehensive information regarding sampling volumes, rates,
and difficulties were lacking (Supplemental Table 2).

Practical procedures to improve sampling rates. Marteau et al.
(37) provided a standard meal to subjects before sampling from
the colon, because colonic sampling after an overnight fast was
not always possible (105). In 1 of our studies (21), it was also
not possible to obtain a sample after an overnight fast, but a
sample was collected after consumption of a fiber-rich drink.
This suggests that providing subjects with a drink including
dissolved macronutrients improves sampling. Feeding increases
the flow rates of intestinal contents in the jejunum, ileum, and
terminal ileum in human subjects (106). Additionally, in the
case of unsuccessful sampling, nitrogen gas (5-10 mL) can be
flushed through the lumen to ensure catheter patency, followed
by gentle suction until a sample is collected (37). For colonic
sampling specifically, insertion of nitrogen gas is preferred over
ambient air, to not disturb the anaerobic environment of the
colon. Marteau et al. (37) obtained a colonic sample (5-50 mL)
2 hours after a meal in 64% of the experiments, and 2.5-3
hours after a meal in the other 36% (aspiration channel 3.5 mm).
Another option to improve sampling speed is the delivery of
water or saline, preferably with a dilution marker, via the catheter
channel directly in the sampling location. However, this should be
considered and carried out carefully because the intestinal fluid,
and therefore the analytes of interest, may become too diluted
for analyses. Troost et al. (15) measured a dilution of ~100-fold
in the intestinal samples. The dilution factor can be measured
with the addition of inert, nonabsorbable recovery markers, such
as PEG-4000 or phenol red, and can be corrected if needed.
Repeated flushing with 10 mL of physiological salt without the
addition of compounds through a port of the naso-ileal catheter
shifted the relative microbiota composition (107). Alternating the
position of the subjects, such as having them sit, lie, or walk,
could also improve sampling rates. One study mentioned that
sampling took place while the subjects were in a semi-recumbent
position (76).

Discussion

We reviewed practical and technical aspects of using naso-
and oro-intestinal catheters in human studies for delivering
compounds and sampling luminal fluids from the jejunum, ileum,
and colon in vivo. An extensive review of the available literature
was provided to include experiences of experts in this field.
We also included insights obtained during the execution of our
own clinical trials. A limited number of studies used colonic
catheters as compared to small intestinal catheters. Unfortunately,
the catheter design and any related study procedures were often
only briefly described. To aid future researchers, we recommend
describing all procedures related to the use of the intestinal
catheter in detail. This will facilitate comparisons between
clinical trials and improve the reproducibility of results, allowing
other researchers to benefit from the information when designing
and performing new studies.

Naso- and oro-intestinal catheters

Intestinal catheters have been useful tools in studying in
vivo processes of the GI tract, greatly advancing existing
knowledge in the fields of physiology, gut microbiota, nutrition,
and pharmacology. These in vivo studies are superior to in vitro
and ex vivo models of the GI tract due to the presence of all
complex and relevant physiological processes. Nowadays, tubes
can be custom-made, with multiple options for the catheter design
(e.g., the number of lumen), which can be used to sample and
deliver to very specific sites in the intestinal region of interest.
The more advanced catheters are often reusable, reducing costs
when using this medical device to study in vivo processes. As
seen during early investigations (108), the possibility of including
inflatable accessories at the distal tip of the catheter facilitates
(rapid) intubation of the distal small intestine and proximal colon.
This allows researchers to study these relatively inaccessible
regions in people. Applying naso- and oro-intestinal catheters for
the study of distal regions of the GI tract is a time-consuming
procedure, which can be considered a disadvantage. The practical
tools outlined in this paper can be helpful to improve intestinal
sampling from the ileum and colon. Although the use of
these tools can cause discomfort in participants, resulting in a
potentially more challenging recruitment procedure, we are not
aware of serious AEs reported in the literature, and the dropout
rate seems to be acceptable (~10%). Most study participants had
no direct benefit from the procedure or the study results. Offering
a disproportionate financial reimbursement for participating in
the study is ethically doubtful; therefore, reimbursement should
mainly compensate for the invested time and body measurements.
An overview of the main recommendations related to the catheter
design, catheter placement, determination of catheter location,
and intestinal delivery or sampling is provided in Table 4.

Research gaps.

Many papers used only the centimeter indication on the
sampling tube to locate the catheter in the ileum for delivery
and/or sampling. However, the length of the small intestine/ileum
can vary substantially between subjects. This makes it difficult to
determine beforehand how far the catheter needs to be inserted
to reach the distal ileum or proximal colon in a study subject.
Currently, there is no best practice for placing the catheter in
exactly the same location in the intestine in all subjects in the
same trial, which could be of importance when interpreting
the study outcomes. Secondly, having an intestinal tube with a
latex balloon in situ increased the gastric emptying time and
decreased small bowel residence (109), and a small, inflated
balloon influenced motor patterns (110). Therefore, we cannot
exclude the possibility that intestinal intubations affect GI-tract
functioning and the luminal environment, which can be of
potential concern. Having a control group with the tube in situ
in the study design is important when testing interventions. More
research is needed to determine the time period between intestinal
intubation and the return to a normal luminal environment. In
microbiome studies, potential contamination from the upper GI-
tract regions should be considered when using this tool for sample
collection from the ileum or colon, although the transit of bacteria
can also be considered a physiological aspect. How important the
disruption is and how long the bacteria from nonsampling sites
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TABLE 4 A nonexclusive overview of the main recommendations when working with intestinal catheters

Phase

Recommendations

Catheter design (details in section titled “The
use of intestinal catheters in research’)

Catheter placement (details in section titled
“Placement, progression, and removal of the
catheter”)

Catheter location determination (details in
section titled “Determination of the catheter
location™)

Intestinal delivery (details in section titled
“Intestinal catheters as tool for intestinal
delivery and sampling”)

Intestinal sampling (details in section titled
“Intestinal catheters as tool for intestinal
delivery and sampling”)

Best tolerated: outer diameter of <3.5 mm, soft material (e.g., silicone), intubation via
the nose.

Dependent on intestinal region of interest, and aim of use, decide on: /) Total length of
the tube; 2) Number and diameter of lumen (delivery compared with sampling);3)
Number of side holes — multiple side holes reduce the risk of obtaining no
sample;4) For distal jejunum/ileum and colon: include inflatable balloon or bags.

Include radio-opaque markers for visualization.

Stiffeners reduce the risk of tube coiling.

Use medical lubrication gel.

Pro-motility drugs/other medication can be used but may influence study outcomes.

The use of a guidewire/endoscope can assist placement of shorter tubes (often
maximally 150-200 cm).

Specific body position of the participant, such as lying on the right side, can assist
correct placement.

Stick to a maximum insertion rate to prevent tube coiling.

Inflate the balloon/bag to stimulate catheter progression.

Check the progression regularly (e.g., via radiography or pH).

Stimulate progression by offering drinks/food and encourage participant to move/walk
periodically.

Fluoroscopy and X-ray enable visualization of radio-opaque markers — fluoroscopy
provides lower radiation dosage.

Examination with radiography and contrast liquid enables catheter position assessment
with respect to intestinal anatomical structures (e.g., ileocecal valve).

The use of centimeter distance of tube insertion, the pH of aspirate, or an enteral access
system are not specific.

Use of pumps and motor-driven syringes to deliver at a constant rate.

Ensure a leak-free connection by luer-lock equipment.

Avoid delivery of a hypertonic solution.

Infusion of a prewarmed solution (body temperature) is more comfortable for the
participant.

Use inert nonabsorbable recovery markers to correct for dilution.

Correct for the dead space volume of the tube.

Choose the number of time points and intervals of sample collection wisely.

Apply gentle and regular manual suction during sampling.

Ensure catheter patency when there are sampling difficulties — inject ambient air
(small intestine) or nitrogen gas (colon).

Correct for the dead volume of the tube — e.g., discard dead space volume.

Providing drinks/food, and alternating positioning of subjects (short walks etc.).

The recommendations are a combination of expert experiences as obtained from the papers included in this literature review and of insights obtained

during the execution of our own clinical trials.

(potentially) remain in the sampling site are currently unknown.
As the total bacteria load in the ileum or colon is higher when
compared to more proximal GI-tract regions (111), the impact is
likely minor.

Alternatives for intestinal delivery and sampling in vivo

Alternatives for delivery and sampling in the terminal ileum
and colon are colonoscopies and rectal/anal catheters (intra-
colonic tubing) (112, 113). To reach the terminal ileum and
proximal colon, laxatives are administered to prepare the bowel
for a colonoscopy. During this step, the luminal environment may
become disturbed, resulting in changes in the microbiota load,
diversity, and composition (114-116). Alternatively, enemas
were used to clean the distal colon (30—40 cm), leaving the
proximal colonic content undisturbed. Reaching these segments
can be challenging for the endoscopist, although catheters are
normally positioned within ~45 minutes. The procedure can be

invasive for subjects, especially when sampling or infusing at
multiple time points. In this case, rectally placed catheters can
be attached to the colonic mucosa to secure the position with
an endoclip fixation technique (112). Reaching and studying
the distal colon is easier as compared to the more proximal
colon, since the length of the endoscope/catheter to be introduced
is shorter and no laxatives or sedative agents are needed.
Endoscopies can be used to obtain epithelial tissue in different
anatomical regions of the GI tract, whereas oro- and naso-
intestinal catheters only allow sampling of intestinal lumen
content or mucus. Compared to the intestinal lumen content,
epithelial tissue provides more information about the host.
Nonendoscopic biopsy techniques are available or currently in
development, such as (wireless) biopsy capsules (117, 118).
Intestinal luminal content and tissue samples can be collected
from sudden death victims (119) or during surgery, which
is mainly limited to patients (120). These kinds of samples
cannot easily be combined with an intervention. Noninvasive in
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vivo studies have been performed in patients with an ostomy
bag attached to the small intestine or colon. This allowed
researchers to collect samples from the ostomy bag and test for
absorption and digestion during oro-ileal transit (121). It is not
clear whether these patients are representative of the healthy
population, but microbiota encountered in ileostomy effluent
resembled microbiota in the proximal small intestine in healthy
subjects (122).

For intestinal delivery, capsules coated with a pH-dependent
film have been used (123, 124). Since the delivery is gradual
and depends on local pH levels, it is impossible to guarantee
a continuous delivery rate (mL/min) to reach steady-state
conditions, and researchers have no control over the complete
volume that is delivered. Alternatively, more advanced capsules
with in vivo real-time monitoring possibilities can be used for
targeted intestinal delivery (125). Nowadays, efforts are being put
into the development of novel gastrointestinal sampling capsules
(126-128), which are described in the review of Tang et al. (127).
For future studies, there are multiple possibilities to consider for
intestinal delivery and sampling in vivo, all of them with specific
advantages and disadvantages.

Conclusions

This extensive review is relevant for researchers active in
various research areas during the set-up and execution of
experiments using intestinal catheters in human subjects. We
provided an overview with technical and practical, expert-based
information on the use of intestinal catheters. Catheters are
often used for intestinal delivery and fluid sampling to obtain
direct data on the human intestinal (patho)physiology. Custom-
made state-of-the-art catheters are available with numerous
options for the design, and development of new catheters is
ongoing. Hence, researchers can control sampling and delivery
sites in the intestinal region of interest. The use of intestinal
catheters enabled intubations of the distal small intestine and
proximal colon, allowing the study of relatively inaccessible
regions in humans. Although working with catheters might pose
challenges to the researcher, clinician, and study participants,
most challenges can be overcome. These challenges do not
outweigh the numerous advantages of catheter use. The dropout
rate and overall burden to healthy subjects caused by related study
procedures seem to be acceptable.
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