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Abstract
Objective. In the following reviewweoutlinehowultrasoundcanbeused tomeasurephysiological processes
in the gastrointestinal tract.Approach.Wehave investigated thepotential of ultrasound in assessing
gastrointestinal physiology includingoriginal research regardingbothbasicmethodology andclinical
applications.Main results.Ourmainfindings show theuseof ultrasound to study esophagealmotility,
measure volumeandcontractility of the stomach, assessmotility,wall thickness, andperfusionof the small
bowel, andevaluatewall vascularization anddiameters of the largebowel.Significance.Ultrasound is a
widely accessible technology that canbeused forboth scientific andclinical purposes.Being radiation-free
anduser friendly, the examination canbe frequently repeated enabling longitudinal studies. Furthermore, it
doesnot influencenormalGIphysiology, thusbeinguseful to estimatemotility and subtle changes in
physiology.Accordingly, ultrasound scanning andphysiologicalmeasurementsmaymake abigdifference
for the scientist and thedoctor; and for thepatientswho receive anefficientwork-up.

Introduction

Ultrasonography is a popular andwidely used imaging technique inmodernmedicine. Originally it wasmainly
used to visualize organs and search for visible pathology such as tumors, but recent advances have opened a
whole range of new possibilities. Today, we can use ultrasound tomeasure perfusion, blood flow, contractile
activity, elasticity, as well as real-time assessment of the dynamic function of the gastrointestinal (GI) tract. The
method has several advantages; it is safe, non-invasive, does not involve radiation, and is widely available.
Compared to other imagingmodalities such as computer tomography (CT) andmagnetic resonance imaging
(MRI), ultrasound has the advantage of being a real-time imagingmodality, and the examining physician can
interpret the findings as the patient is examined.However, the images are not standardized in the sameway as
images fromCT andMRI,making themodalitymore user dependent. But still, for some applications
ultrasound (US) performs superior to othermodalities. An example is the diagnostics of lesions in the liver,
where contrast-enhanced ultrasound inmany cases performs better thanCTorMRI (Wang et al 2020). Volume
estimation of the gastric stomach can be done in a non-invasivematter by dynamicMRI or 3Dultrasound. The
twomethods showed excellent agreement in a prospective comparative study (Buisman et al 2016). But in other
cases, simpleUSmeasurements can serve as a pragmatic solution to a practical challenge. A simple cross section
measurement of the gastric antrum correlates with approximately 90% agreement toMRI, but ismore easy to
use in a pre-operative setting in children (Schmitz et al 2016). The small bowel is the part of theGI tract that is
least accessible by standard endoscopicmethods. For this reason, imaging techniques are important for both
diagnostics and for examination of physiological processes. Ultrasound is a reliablemethod for assessing bowel
wall thickness, andwall thickness assessedwith ultrasound have showed good agreementwith inflammation and
fibrosis in biopsies. The samewas not true forMRI in a comparative study from2018 (Wilkens et al 2018).
Perfusion of the bowel wall can also bemeasured by both contrast-enhanced ultrasound and by dynamic
contrast-enhancedmagnetic resonance enterography. The twomethods showmoderate correlation in one
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study from2017 (Wilkens et al 2017).Most often ultrasound is used as a non-invasivemethodwhich is capable
of frequent repeatedmeasurement without any side-effects for the patient. However, ultrasound can also be
combinedwith invasivemethods like endoscopy,manometry, and impedancemeasurement.

Disadvantageswith ultrasonography are that itmay be subject to image impairment due to excessive abdominal
fat and gas bubbleswithin the gut lumen and the technique is relatively user dependent.Highdensity tissue such as
bone reflects ultrasoundwaves to such adegree that underlying tissues are impossible to visualize. RegardingGI
physiology, there are some limitations as towhat canbemeasuredwithultrasound. Thephysiological processes of
acid and enzyme secretion, nutrient andfluid absorption cannotbe directly observedbyultrasound.

In this review, wewill bring attention to the possibilities of assessing the physiological functions of theGI
tract with ultrasound technology, from a clinician’s point of view.

Ultrasound in the investigation of the esophagus

Themain function of the esophagus is swallowing, a complicated sequence of peristalsis coordinatedwith
relaxation of proximal and distal sphincters. A second function is that of protecting the esophagealmucosa and
airways against reflux of gastric contents. Thirdly, the sphincters of the esophagus will relax during eructation, to
allow for venting of air from the stomach.

These functions require careful regulation of esophagealmotility with brainstem centers for coordinating
swallowing, as well as for transient lower esophageal sphincter relaxations, the event that allows for venting of
air, but also initiatesmost episodes of gastro-esophageal reflux. Both the inner circularmuscle layer of thewall,
which also includesmost of the lower esophageal sphincter, and the outer longitudinal layer participate in the
generation of the peristaltic waves and are of interest in the study of normal and abnormal esophagealmotility.

The esophagus is not easily accessible for transcutaneous ultrasound, except in the newborn child. Instead,
endoscopic ultrasound has developed rapidly and constitutes today an important diagnostic and therapeutic
tool in routine practice. This chapter will focus on the use of intraluminal ultrasound for studying esophageal
motility in health and disease.

Motility disorders of the esophagus have traditionally been studied and defined bymanometry, lately with
up to 36-channel high-resolutionmanometry allowing for Clouse plots with color-coded pressure charts
(Kahrilas et al 2017). Radiographic studies with video recordings of the images add geometric information and
can be combinedwithmanometry particularly in studies of the oropharyngeal phase of swallowing.

The ability of high frequency endosonography tovisualize the individual layers of thewall in real timeand study
contractile activity hasbeendemonstrated in several different settings. In ananimalmodel using a20MHzM-mode
probe in themid-esophagus,Taniguchi andcoworkers coulddemonstrate significant thickeningof the circular layer
duringocclusive contractions (contractions that closed the lumen), but also thinningof thewall duringdilations
(Taniguchi et al1993).Miller andcoworkers combinedmanometrywith a20MHzcross-sectional ultrasoundprobe
andcoulddefine4phases of swallowing a semi-solidbolus inhealthy subjects. First abaselineperiodwithnodilation
orpressure increase, next apassivedilationof the lumenwith thinningof themuscularis, then apressure rise inphase 3
withmaximumthickness of themuscle, and return tobaseline conditions inphase 4 (Miller et al1995a).

Furthermore, disorders of hypercontractility will over time lead to hypertrophy of themuscular layers in the
region of the esophagus involved.Miller and coworkers studied 29 patients with achalasiawith a 20MHz
miniprobe and found that the total thickness of themuscularis, as well as the circular and longitudinal smooth
musclewere significantly increased on average 1.6 times as compared to 19 healthy controls (Miller et al 1995b).
In later studies,manometrywas combinedwith endosonography and transabdominal ultrasound to study the
functional anatomy of the esophago-gastric junction in patients with gastro-esophageal reflux disease (Vegesna
et al 2014). It was found that themovement of the proximal gastricmucosa and submucosa orally was
significantly reduced in patients as comparedwith healthy controls.

A furtherdevelopmenthasbeen the inclusionof anultrasoundminiprobe intomultimodal catheters to study
biomechanical properties of the esophagealwall (Hoff et al2018).Hoff andcoworkersused an inflatable bag catheter
which includedmanometryproximal to and inside thebag, laserDopplerflowmetry, andanultrasoundminiprobe
(figure1) tomeasurewall thickness andcompliance inpatientswithunexplained chest pain (Hoff et al2006). Itwas
possible to calculatewall stress and strainbasedongeometricmeasurements and relate these to sensationofdiscomfort
andpainduringdistensionof thebag. Itwas found thatwall stresswasmore closely related topain intensity,which
may indicate thatmeasurements ofwall thickness byultrasoundwas less precise orof less importance (Hoff et al2010).
Thesebiomechanicalmeasureswere found to correlatewith sensation, as opposed toperfusionof themucosa as
measuredwith laserDopplerflowmetry, indicating that the chest pain elicitedwasof biomechanical origin.

A limitation compared tomanometry andMRI has been that ultrasound records two-dimensional
geometry, but does not usually allow formeasurements atmore than one level at a time, which limits the
anatomical and functional evaluation of the organ (Zhao et al 2018).
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Ultrasound of the stomach

The stomach is of obvious importance to digestion, with a dualmission: the proximal part (the fundus and the
proximal part of the gastric corpus) of the stomach expands (accommodates)whenwe eat, allowing temporary
storage of food, and the distal part (the distal part of the corpus and the antrum) of the stomach contracts and
propels small portions of the food over to the duodenum for further digestion. Impairments in either function
may provoke symptoms in patients. In addition, secretion of gastric fluids is crucial for digestion, but not usually
studied by ultrasound. Relevant physiologicalmeasurements of the stomach are volume estimations and
dynamicmeasurements: gastric emptying, antral contractility, transpyloricflow and proximal accommodation
after ameal.

Ultrasound can provide qualitative and quantitative information about gastricmotility, both fasting and
aftermeal ingestion. It enables the operator to study effects of differentmeals on gastricmotility and
distribution, as long as visibility ismaintained. Themeal composition is of great importance here, as lipids and
gas impair visibility.Water and carbohydrates do generally not offer any problems.

Contractile activity
Ultrasound is well suited for visualization andmonitoring gastric contractions and propagation of waves
(Bateman et al 1977,Holt et al 1980,Hausken andBerstad 1992,Hausken et al 1992,Wedmann et al 1995,
Ahluwalia et al 1996). It is possible tomeasure both frequency and amplitude. The contraction amplitude is
defined as themaximal reduction of antral area induced by a contraction, divided by relaxed area. Gastric wall
layer involvement can be studied in detail during peristalsis (figure 2) by use of high-resolution ultrasound
(frequencies in the range 7–15MHz). For detecting antral contractions, and in particular non-occlusive
contractions, ultrasound ismore sensitive thanmanometry (Hveem et al 2001).

The antralmotility in a postprandial state can be reduced by acutemental stress. This was demonstrated in a
studywhere the participants played a video game, trying to avoid collisions on a highway (Hausken et al 1993).
Stress reducedmainly the amplitudes of antral contraction. To study the effect ofmotilin, assessment of antral
contractions by ultrasoundwas found to be awell suitedmethod, with the advantage of being non-invasive
(Luiking et al 1998, Kamerling et al 2002). Others have studied how gastric contractility was affected by
strenuous exercise (Brown et al 1994) and by consuming a dietary supplement of ginger (Wu et al 2008).

Gastric emptying
The gold standard formeasurement of gastric emptying is still scintigraphy although thismethod has low spatial
and temporal resolution. In the standard protocol, the patient ingests ameal of Tc-99m-labeled low-fat egg

Figure 1.Amultimodal catheter consisting of an inflatable bag catheter which includedmanometry proximal to and inside the bag,
laser Dopplerflowmetry, and an ultrasoundminiprobe tomeasurewall thickness and compliance in patients with unexplained chest
pain (Hoff DAL 2006). LaserDoppler flowmetrywas used to assessmucosal bloodflow (with permission from authors and journal).
Hoff et al (2010). JohnWiley& Sons. © 2010 Blackwell Publishing Ltd.
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white, and an antero-posterior γ-camera is used to record the gastric area. Retention of>10%of the
radiolabelledmeal 4 hours after ingestion, or>60%after 2 h is considered pathological (Tougas et al 2000).
However, themethod has several disadvantages. Radiation exposure limits its application, in particular in
women of childbearing potential, and the procedure is not suited for repeatedmeasurements over time
(Grover et al 2019). Other options formeasuring gastric emptying includeMRI,Wirelessmotility capsule and
ultrasound.

Ultrasonography has beenwidely used to assess gastric emptying rates (Bateman andWhittingham1982,
Bolondi et al 1985,Holt et al 1986,Desaga andHixt 1987,Duan et al 1993, Ricci et al 1993, Cordova-Fraga et al
2012), and good correlation to radionuclide estimates of emptying rates have been detected (Bolondi et al 1985,
Tympner et al 1986,Marzio et al 1989, Jones et al 1997). It has a broad range of applications. Anaesthesiologists
and surgeons use point-of-care ultrasound of the antrum to evaluate if the stomach is sufficiently empty before
surgery, and to examine for post-operative gastric dysfunction (Perlas et al 2009, Coriat et al 2014,Mirbagheri
et al 2016). Due to its accessibility and being radiation free, ultrasound is used in pregnancy and during labor to
assess gastric emptying and gastric volume (Scrutton et al 1999,Wong et al 2007, Arzola et al 2018,Nascimento
et al 2019). It is a widely usedmethod formeasuring gastric emptying in children, both pretermbabies (Ewer et al
1994,McClure andNewell 1999, Indrio et al 2009a, Perrella et al 2015, Indrio et al 2017a) and infants (Fabiani
et al 2000, Vivatvakin et al 2010, Indrio et al 2011, Indrio et al 2017b), as well as older children (Xiao et al 2013,
Du et al 2017). Ultrasound is suitable tomeasure both gallbladder and gastric emptying simultaneously (Arienti
et al 1994, Colecchia et al 2006). For comparing howdifferent foods,medications and drinks affect gastric
emptying, ultrasound is a natural choice. Furthermore, studies have been done to assess if gastric emptying is
affected bymilk in the tea compared to nomilk (Hillyard et al 2014), or by artificial sweeteners compared to
sugar in alcoholic beverages (Wu et al 2006), by chewing gum (Bouvet et al 2017) or smoking cigarettes (Lazaar
et al 2015). These studies provide a scientific fundament for recommendations for pre-operative routines.

The antrum is the part of the human stomach that is easiest to visualize by ultrasound and is themostwidely
accepted section for assessing gastric emptying. A commonmethod for scanning the antrum is to examine the
patient in a semi-sitting positionwith a curvilinear probefinding a sectionwhere the aorta, superiormesenteric
vein and antrum is concurrently visible (figure 3). In this way, the antrum can be visualized in both fasting and
postprandial states. The antral area can bemeasured by tracing along the outer area of themuscularis propria
(Fujigaki et al 1993,Hveem et al 1994), or by a calculation based on two perpendicular diameters from an image
acquisition in a sagittal view (the cranio-caudal and antero-posterior diameters) (Bolondi et al 1985). Studies
comparing liquid content of the stomach by estimated volume by ultrasound of the antrum, report a linear
relationship between liquid contents and ultrasound area, with correlation coefficients between 0.6 and 0.9
(Van de Putte and Perlas 2014). However, the choice of liquidmeal is of importance when using ultrasound, as
fat and proteinsmay impact the visibility (Hjelland et al 2004).

Figure 2.Ultrasound image of thefluid-filled gastric antrum in a horizontal section showing a non-occlusive contraction. All the five
GIwall layers can be easily observed in the anterior part of the gastric wall.
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Gastroduodenal flow
Duplex ultrasound is a combination ofDopplermeasurement andB-mode image. This technique can be used to
synchronously visualize themovements of gastroduodenal contents and velocity curves of transpyloric flow
(King et al 1984,Hausken et al 1992). The physiology of gastric emptying and transpyloric flowhas been
investigated in several studies. By use ofDuplex sonography, it was demonstrated that gastric emptying started
simultaneously with intake of food (Hausken et al 1998,Minderhoud et al 2004). A short gush of duodenogastric
reflux normally precedes the peristaltic closure of the pylorus, and this wasfirst shownbyDuplex sonography
(Hausken et al 1992).

Strain imaging of the gastric wall
TissueDoppler imaging is an ultrasound technique commonly used in cardiology, which enablesmapping of
local tissue velocities and providing information aboutmovingwalls (Grubb et al 1995,Uematsu et al 1997). A
weakness ofmeasuring the point velocity of tissue is that it does not differentiate between actively contracting
and passively following tissue. To address this problem, aDopplermethod based on strain rate imaging (SRI)
was developed to enable this differentiation. Strain is an expression of tissue deformation as a function of stress
or applied force. In general terms, strainmeans tissue deformation as a function of applied force (stress)
(Gregersen et al 1999). The strain rate is ameasure of the rate of deformation. SRI can be used to estimate strain
inmoving tissue, andGilja et al showed in 2002 that it can facilitate detailed analysis of the gastric smoothmuscle
during contractions. It was even possible to discern the difference in contractility of the outer versus the inner
muscular layers of the gastric wall (Gilja et al 2002). Furthermore, SRI also enables the examiner to assess non-
occlusive contractions (Ahmed et al 2012). This is a great advantage compared tomanometry, which rarely
detects contractions of this character.

Gastric accommodation and intragastric distribution
When ingesting ameal, the normal human stomach responds by reducing the tone in thewall and increasing
compliance in the fundus and upper half of the corpus. Thismechanism is initiated by reflexes triggered by the
mechanical distention of the oesophageal wall (adaptive relaxation) and gastric wall (receptive relaxation). The
result is an increased proximal volume, enabling the stomach to temporarily store the food until appropriate
portions can be emptied into the duodenum. This process is called gastric accommodation and is largely
depending on vagal nerve stimuli. Traditionally, the gastric accommodationwasmeasured using the barostat,
and this is still considered the golden standard for studying the phenomena (Azpiroz andMalagelada 1985, Tack
et al 1998). The barostat is a device coupled to an intragastric balloon, allowingmeasurements of proximal
intragastric volume and pressure during, i.e. a liquidmeal. It is both and uncomfortable andmay influence the
accommodation (Mundt et al 2002). For this reason, other options formeasuring gastric accommodation have
been developed, includingMRI, single photon emissionCT and ultrasound (De Schepper et al 2004). The

Figure 3.The antrum visualized in a sagittal section (in the circumscribed area), using the aorta and superiormesenteric vein as
landmarks. The liver is seen in the upper left corner of the ultrasonogram.
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proximal gastric size can bemeasured using ultrasound to estimate accommodation ofmeals (Gilja et al 1995).
To visualize the proximal stomach, the subject is seated in a chair, leaning slightly backwards. The transducer is
positioned in the epigastriumby the left subcostalmargin and tilted cranially. Two standardized image sections
are chosen tomonitor the proximal stomach size:first a sagittal sectionwith the left renal pelvis in a longitudinal
projection, the left lobe of the liver and the tail of the pancreas as internal landmarks (figure 4(a)). Second, the
transducer is then rotated 90° clockwise to obtain an oblique frontal sectionwhere the left hemidiaphragm, the
topmargin of the fundus, and the liver parenchyma serve as landmarks (figure 4(b)). By using these two sections,
accommodation has been studied in several patient groups. By thismethod, patients with functional dyspepsia
(Gilja et al 1996, Lunding et al 2008, Fan et al 2013, Steinsvik et al 2016, Steinsvik et al 2020), diabetes (Undeland
et al 1998), liver cirrhosis (Izbéki et al 2002), and childrenwith recurrent abdominal pain (Olafsdottir et al 2000)
were found to have impaired accommodation. Patients with irritable bowel syndrome had normal gastric
accommodation (Steinsvik et al 2020), and patients with reflux esophagitis even showed signs of hyper
accommodation or a distended proximal stomach (Tefera et al 2002).

Nitrogenmonoxide is a key neurotransmitter in regulating adaptive relaxation (Hausken andBerstad 1994).
In a double blind placebo-controlled cross-over studyGilja et al administered glyceryl trinitrate, an exogenous
donor ofNO, to patients with functional dyspepsia to study the effects on gastric accommodation and
symptoms in response to ameal (Gilja et al 1997a). They found that glyceryl trinitrate caused a concomitant
improvement of proximal gastric accommodationmeasured by ultrasound and epigastric pain, nausea and total
symptom scores in response to ameat soupmeal, confirming the usefulness of ultrasound in accommodation
studies.

Figure 4. (a)The proximal stomach after a liquidmeal. Sagittal section of the proximal stomach. A proximal gastric area is outlined in
the sagittal section by tracing from the topmargin of the fundus and 7 cmdownwards along the axis of the stomach. The left lobe of
the liver is seen on the anterior side of the stomach and the left kidney is observed at the posterior of the stomach. (b)Oblique frontal
section of the proximal stomach showing the diametermeasurement after a liquidmeal. The topmargin of fundus and the
hemidiaphragm is visualized at the bottomof the image.

6

Physiol.Meas. 42 (2021) 024002 EKSteinsvik et al



In another study, the proximal stomachwas exploredmeasuring the stomach at the level of the incisura
angularis by ultrasound, in combinationwithmultichannel high-resolution impedance-manometry (Storlid
et al 2018). In this way, the gastric accommodation reflex, stress and strain of the stomachwall was assessed,
demonstrating amarked drop in stomach pressure 60 s after ingestion of a liquidmeal.

Three-dimensional (3D)ultrasound of total gastric volumes
3D imaging has been available formany years in severalmodalities, including computed tomography,MRI as
well as ultrasound. 3Dultrasound hasmany applications including cardiology, obstetrics, visualization of vessels
and lymphnodes, and in gastroenterology. It is particularly useful to estimate volumes of non-symmetrical
organs such as the stomach and gallbladder.

Amagnetometer-based position and orientationmeasurement (POM) device has beenwidely used to allow
3Dultrasound imaging of various organ systems. A system formagnetic scan head trackingwas validated both
with respect to its precision in locating specific points in space (Detmer et al 1994) and to its accuracy in volume
estimation (Hodges et al 1994,Matre et al 1999). The technologywas further developed, and enabled the
operator tomeasure total gastric volumes and intragastric distribution ofmeals by ultrasonography (Gilja et al
1997b). A 3D reconstruction of the total stomach volume based onmagnetic scan head tracking is depicted in
figure 5.

Not only volume estimation can be done by 3Dultrasound. By using a Fourier seriesmethod and 3D
ultrasound Liao and coworkers analyzed the surface of the gastric antrum, gastric fundus andwhole stomach.
They found that the geometry of the stomach cannot be assumed spherical, and this finding has implications to
mathematicalmodels of tension estimates based on Laplace’s law (Liao et al 2004). 3Dultrasonography has been
used tomeasure gastric volume and gastric emptying in several other studies (Tefera et al 2002, Gentilcore et al
2006, Van Lelyveld et al 2006,Dizdar et al 2007, Kuo et al 2009,Nair et al 2009, Vanis et al 2011, Giezenaar et al
2018).

Ultrasound of the small intestine

Small bowel physiology can be observed by investigating indirect consequences of digestion such as bowel
motility and bloodflow. This chapter will focus on these aspects of small bowel physiology and how they are
affected by ameal.

Motility
After ameal enters the small bowel from the stomach peristalsis eventually will propagate the chyme through to
the colon. The progression is not a steady one as the peristaltic contractionwill start in several locations and go in

Figure 5.A3D reconstruction of the total stomach volume based onmagnetic scan head tracking is depicted in the cube.
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both directions in the small bowel. The peristaltic contractions aremore frequent and the propagation faster in
the jejunumbutwill slow down going through the ileum. The slowing down is particularly apparent in the
terminal ileum (‘the ileal break’) before crossing the ileocecal valve. The contractions are caused by slowwave
activity from the interstitial cells of Cajal in Auerbachs plexusworking as a pacemaker. The signals can be excited
or inhibited leading to a contraction or notwith humoral, neuronal ormechanical stimuli (Stanghellini et al
2000, Thomson et al 2003, Rao et al 2011,Malagelada andMalagelada 2017).

Motility can be studied directly studying peristaltic contractions or indirectly by studying transit times.Most
methods in use cannot investigate all aspects ofmotility. To our knowledge, there is only one study that have
investigated small bowel transit timewith ultrasound. In 1996Ahmed et al investigated the use of a ‘sono-
capsule’ consisting of a 1 cm large latex balloonfilledwithwater and ametal core in 10 healthy volunteers. They
found that the passage through the small bowel took 1.5–3 h (Amend andGreiner 1996). No follow-up study
wasmade so reliability is not known, but it is safe to assume that such a test would be quite work intensive as the
average oropyloric timewas 2.4 hwhichwould require a repeated ultrasound investigation over a period of at
least 5–6 h. In actual patients with reducedmotility in the small bowel the investigationwould be even longer.

There aremore examples of studies that have investigated regional intestinalmotility. For instance, quite a
fewhave observed increased fastingmotility in patients with celiac disease (Dietrich et al 1999, Rettenbacher et al
1999,Micetic-Turk et al 2001, Fraquelli et al 2004). In a groupwith suspected celiac disease Fraquelli et al found
that 10/12 patients with celiac disease had frequent peristaltic activity everywhere in the small bowel during
fasting (Fraquelli et al 2004). Only 19/150 of thosewithout had the same finding. Unfortunately, this evaluation
ofmotility is rather coarse. During fastingmotility in the small bowel varies through three phaseswhere phase
three is short lasting (2–15 min) and is recognized by frequent peristalticmovement (Thomson et al 2003). The
authors have noway of knowing if patients were in phase III or not (Fraquelli et al 2004, 2006). In a study by von
Volkmann et al on patients with a defect in theGUCY2C gene causing familial GUCY-2 diarrhoea syndrome
(FGDS), regionalmotility in the jejunum and terminal ileumwas investigated using transabdominal ultrasound.
Theymeasured occlusive and non-occlusive contractions and found that the patients had significantlymore
non-occlusive and fewer occlusive contractions than the healthy volunteers in the terminal ileum. The patients
also hadmore back-and-forthmovement of intestinal content compared to the healthy volunteers.
Furthermore, the patients had vast amounts of fastingfluid in the small bowelmaking observation of peristalsis
easy. To achieve a similar volume effect on the intestine the healthy volunteers had to ingest a polyethylenglycol
(PEG) solution, a laxative that is not absorbed in the intestine (vonVolkmann et al 2016). In another study using
ameal challenge, the same group compared the FGDS groupwith healthy volunteers over several time points
and found that the FGDS patients had significantlymore non-occlusive contractions in the ileum at all time
points after themeal challenge. This time a PEG Solutionwas not used, but further validation of thismethod is
needed and also its usefulnessmust be investigated for other patient groups (vonVolkmann et al 2017) as non-
occlusive contractionsmight be a finding specific for FGDS patients.

Bloodflow
Just asmotility of the small bowel is dependent on fasting state, blood flow in the bowel will also vary according
tomeal digestion. The regulation of the blood flow is complex and is dependent on central regulation and local
adjustments. In contrast tomotility, the flow is quite stable when the patient is fasting even during peristalsis as
most of the increase inflow after ameal is due to increasedmucosalflow (Granger andKvietys 1981, Rosenblum
et al 1997).

Ultrasound-quantification of blood flow can be performedmainly at two anatomical levels. The arterialflow
to the small bowel goesmainly through the superiormesenteric artery. However, this vessel also supplies half of
the colon and that is a confounding factor. Bloodflow can also bemeasured directly in the bowel wall. Here
several different ultrasound techniques such as color and powerDoppler, pulse waveDoppler and contrast-
enhanced ultrasound (CEUS) can be applied. The bowel wall is very thin, however, and it is challenging to do
measurements in healthy bowel to establish normal values (Nylund et al 2017).

With pulse waveDoppler you canmeasure several parameters such as peak systolic velocity (PSV), end
diastolic velocity (EDV) and derivatives of the flow curve over time ofwhich one is the time averagedmean
velocity (TAMV). Bymeasuring the vessel area, the actual blood flow through the vessel inmilliliters can be
calculated. The sample area is placedwithin the vessel and for accuracy the direction of the vessel should be as
close to the direction the ultrasound as possible. The angle cannot bemore than 60 degrees because then the
calculation errors will be too large. This can be a challenge for the SMAas it runs in parallel to the abdominal wall
but is solved by tilting the probe asmuch as possible. There are two other parameters where you can avoid some
of the inaccuracies of angle estimation. The fractions (PSV-EDV)/PSV and (PSV-EDV)/TAMVare called the
resistive index and pulsatility index, respectively (Nylund et al 2017).
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A large variability in the normal values limits its use for diagnostic purposes (Dietrich et al 2007). The
method is well documented for identifying a stenosis of the SMA in patients with suspected chronicmesenteric
ischemia (Revzin et al 2019). UsingCT angiography as a reference standard the accuracy for detecting a
significant stenosis in the celiac artery ranges from82% to 93%and in the superiormesenteric artery from81%
to 96% (Moneta et al 1993, Zwolak et al 1998). PulsedDoppler has no place in the diagnostics of patients with
inflammatory bowel diseasewhere there ismuch overlap between patients with active and inactive disease
(Maconi et al 2018).

With color or powerDoppler slowmoving blood in intramural vessels can be detected.When performing
the examination, themeasurement is donewithin an adjustable region (box) and the size of the box should be
fitted to andmade as small as possible to ensure an adequate frame rate. The color hue describes the direction of
movementwhile the intensity describes themovement speed. The settings should be optimized to ensure
optimal detection of small vessels with slowmoving bloodwithin the bowel wall (Nylund et al 2017). Regardless
of equipment, it is rare to detectmore than one or two vessels within a normal bowel wall. The examination
should bemade on fasting patients for standardization, and to reducemovement artefacts caused by peristalsis
making it difficult to separate noise from actual blood flow. In clinical practise different semi-quantitative scores
are used describe the blood flowwithin the bowel wall and these are particularly used for patients with
inflammatory bowel disease (Bots et al 2018,Maconi et al 2018).

While pulse waveDopplermeasurement of the SMA are too far away from the target organ and color/power
Doppler cannot be used for quantitative blood flowmeasurements, CEUS can be used for perfusion
quantification. Ultrasound contrast consist of gas-filledmicrobubbles with a lipid coating that will oscillate
when they are suspected to ultrasound of a certain frequency (Postema andGilja 2011). The ultrasound contrast
is injected intravenously, but contrary toCTorMRI contrast they stay inside the capillaries and are not
dependent on functioning kidneys for expulsion. The gas is expelled through the lungs while the lipid coating is
broken down in the liver. A specific contrastmode is used on the ultrasound scanner as the nonlinear signals that
are reflected from thesemicrobubbles can be detectedwhile suppressing the tissue signal (Postema and
Gilja 2011). There is also a clear relationship between the signal intensity and the amount of bubbles in the region
of interest which shouldmake it ideal for perfusion quantification (Lampaskis andAverkiou 2010).

Contrast-enhanced ultrasound has been available now for two decades and amultitude of different
techniques have been introduced for interpreting the results. Some of the simplermethods used have been to
measure the intensity of contrast in theGIwall at peak enhancement after a bolus injection (Ripolles et al 2011,
Lu et al 2017). This has been introduced in clinical practice as it feasible withoutmuch post-processing but has
not gained universal interest. Contrast-enhancement can also be analyzed over time (figure 6). This is called
dynamic contract-enhanced ultrasound (DCE-US). The analysis ofDCE-US recordings gives time-intensity
curves (TIC) and require post-processing. It allows the investigator to look at both spatial and temporal changes
in intensity. Some scanners have implemented software for generating TICs, but again it ismostly used as a
research tool.

The reason for this ismost likely because of themultitude of factors that influence the intensity values and
thus the perfusion quantification (Gauthier et al 2012a, 2012b, Jirik et al 2013, Frohlich et al 2015). Jirik et alhave
however suggested a solution for this using amethod for estimating the arterial input function (Jirik et al 2013)
and for scaling the blood volume to the flow in a vessel (Nylund et al 2013). The arterial input function
dominates the first part of the time-intensity curve and is affected by such factors as the injection speed of the
contrast bolus, the distance from the point of injection to the heart, the size and blood volume of the patient. By
correcting for the arterial input function from the time-intensity curve you are left with the tissue residue
functionwhich is only dependent on the actual local bloodflow.When combinedwith scaling the absolute
bloodflow in the bowel wall can be calculated. Nylund et al found that healthy volunteers had a blood flowof
44.9 ml/min/100mltissue although the values varied from6.6 to 91.2 ml (Nylund et al 2013). The large
variability is probably due to the difficulties of performing perfusionmeasurements in the normal small bowel
wall. Themeasurements using absolute perfusion estimation should be independent of patient- and equipment-
related factors. Though not demonstrated in the bowel, studies suggest that the interobserver data for this
method is promising (Engjom et al 2018) and that you can indeed compare perfusion parameters between
different scanners (Stangeland et al 2017). Currently there are no commercial systems providing these data and
since the post-processing is cumbersome, it is primarily a research tool. Absolute perfusionmeasurements in the
intestinal wall in humans is not commonly performed as it is difficult to study. The values in the study byNylund
et al comparewell to the results fromHulten et al from1976. In a study using a gaswashout technique they found
that blood flow in the small intestinal wall was 38 (17–75)mlmin−1 per 100 g in patients with a healthy bowel
(Hulten et al 1976). Thisfindingwas later confirmed byAhn et al using laserDoppler also in an intraoperative
setting. Since interventions such as abdominal surgery tend to lower the perfusion in the bowel, the true value is
probably higher (Ahn et al 1986).
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Meal effects
The effects of a testmeal on the small bowel have to some extent been studied using ultrasound. In a study by
Nylund et al ameal of 300 kcal was given to 23 healthy volunteers. Thewall thickness in the terminal ileum after
30 min increased from1.2 to 1.3 mm.Whenmeasuring the individual wall layers it was clear that the changes
could be attributed to increased thickness of themucosa and submucosa (Nylund et al 2012).

Apart from the previouslymentioned study by vonVolkmann et alwedid notfind any studies investigating
themotility of the small bowel after ameal challenge (vonVolkmann et al 2017). In this study, the results from
the analysis comparing the healthy before and after themeal are not shown. Afigure showing boxplots of the
amount of small bowel contractions at time periods 30, 60, 120 and 240 min seems to suggest that there aremore
occlusive contractions in the jejunumafter themeal.

Several have investigated the changes in SMA flow. Already in 1988Moneta et al examined seven healthy
volunteers and before and after differentmeal challenges. The study included awater ‘meal’, a fattymeal, a
carbohydratemeal, a proteinmeal and amixedmeal. They found a clear increase in allflowparameters with
peak after 30 min. Similar studies have been performed several times, but oftenwith slightly different set ups

Figure 6.The bolus-and-burst technique: The ultrasound contrast agent Sonazoidwas given as a bolus to a patient withCrohn’s
disease and terminal ileitis. In the upper panel the B-mode image on the left shows a slightly thickened terminal ileumbetween the
abdominal wall and the psoasmuscle. The contrast image on the right shows the intensely enhancing small bowel wall 13 s after the
arrival of contrast and a yellow region of interest drawn in the anterior wall. Finally, the lower panel shows the evolution of the contrast
enhancement over time. In the curve the first and second pass of contrast through the bowel wall is quite visible in the dataset as two
intensity peaks. This is amix of the arterial input function and the tissue perfusion function. After about 700 images (1 min after the
bolus injection) the sharp increase in intensity is due to a burst of the bubbles due a brief exposure to ultrasoundwith a high
mechanical index. Afterwards the tissue reperfusion can be observedwithout the contribution of the arterial input function.
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such as changes inmeal composition or parameters being investigated (Giovagnorio et al 1998, Ludwig et al
1999). Generally, a fattymeal causes the largest increase inflow (Moneta et al 1988, Sidery et al 1994), but itmay
be delayed due to differences in gastric emptying. This can be avoided by giving themeal directly into the
duodenum (Symersky et al 2007). Even the type of fatty acids used in the fattymeal can have different effects on
theflowwith long chain fatty acids (12–18 carbons) having the largest effect (Vu et al 2001). Also giving an
parenteral nutrition actually seems to lower the flow in the SMA (Gatt et al 2009).

MRI has the last couple of years emerged as an interestingmethod for studyingmotility with several studies
coming out only recently (Khalaf et al 2018, 2019, de Jonge et al 2019a, 2019b). Access to this technology could
serve as an inspiration to develop similar ultrasoundmethods.

Ultrasound of the large intestine

In trained hands, ultrasound is easy to perform and can be used as afirst-line diagnosticmodality for the diseases
of the colon. The best validatedmeasure of disease is the bowel wall diameter. The thickness of the normal
colonic wall does usually not exceed 3 mmand thewall layer stratification is preserved. By adding ultrasound
elastography, the stiffness of chronic diseases due to increasedfibrosis is possible to estimate. The bowel wall
vascularity can similarly to the small intestine be assessedwithDoppler and contrast techniques.

Bowelwall thickness
Nylund et al published a study of 122 healthy subjects aged 23–79 demonstrating wall thickness distribution
throughout theGI tract. An abnormal GIwall should be suspected if the thickness exceeds 2–3 mmdepending
on localization, except for in the gastric antrum and rectum (Nylund et al 2012).

Bowel wall thickness in inflammatory bowel disease
The use of transabdominal ultrasound to follow-up active Crohn’s disease is recommended in recent ECCO
diagnostic guidelines (Maaser et al 2018), and an example is shown infigure 7. The role of ultrasound in
ulcerative colitis (UC) is less documented.Maaser et al recently published a large study onUC. They evaluated
intestinal ultrasound (IUS) in 224 patients withUC in routinemedical practice. At baseline, 88.5%of the
patients had an increased bowel wall thickness (BWT)>3 mm in the descending or sigmoid colon. After
treatment the bowel wall thickness decreased in the sigmoid and descending colon and remained low atweek 6
and 12.Normalization of BWTand clinical response after 12weeks of treatment showed a high correlation
(Maaser et al 2020).

To characterize vascularity in IBD,Girlich et al examined the use of CEUS in 11 patients withUC. They
found a significant correlation between disease activity by histology and the ratio of the time taken to reach peak
the peak signal activity (Girlich et al 2012). Socaciu et al evaluated the usefulness of CEUS to assess disease
activity in 65 patients withUC and found that AUCof time-intensity curves correlatedwith endoscopic activity.

Figure 7.Wall thickness in sigmoid colon in a patient with active Crohn’s colitis. The asterixis indicate themuscularis propria of the
colonic wall, and the luminal layer of themucosa. A bowel wall thickness>3 mm is considered pathological.
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Furthermore, the sensitivity of CEUS in 22 patients withUC after repeating themeasurements 3months apart,
the authors found that AUCdemonstrated the best predictivemarker of endoscopic activity (Socaciu et al 2015).

Diverticular disease and diverticulitis
Diverticulitis is also characterized usingmeasures of the thickness of the colonic wall. In contrast to
diverticulosis, diverticulitis is an inflammation complicatedwith fewer, transmural signs of infectionwhichmay
lead to perforation, abscesses and end upwith surgery if not treated.

In case of diverticulitis, intestinal wall thickening, pericolic inflammation andfluid can be detected adjacent
to the diverticula. Using colorDoppler US increased vascularity can be detected in the affected, inflamed, and
thickened gut wall. Diagnostic accuracy ofUS andCT are comparable in diagnosing diverticulitis (Laméris et al
2008). US is recommended as the primary imagingmodality (Bor et al 2016).

Another common cause for hospitalizationwith abdominal pain is appendicitis. This is routinely diagnosed
by a combination of laboratory tests, clinical examination and imaging. CT andUS are both frequently used and
show comparable diagnostic accuracy (Laméris et al 2008).

Ultrasound of the rectum
The rectal diametermay be a relevantmeasurement in the assessment of constipation.Momeni et al examined
childrenwith constipationwith transabdominal sonography for the evaluation of rectal diameter and rectal wall
thickness. Ultrasonographywas performedwith a full urinary bladder to improve visualization of the lowerGI
tract. The rectal diameter was larger in childrenwith constipation than in childrenwithout constipation, and the
rectal wall was thinner. They concluded that transabdominal rectal diametermeasurementmay be useful in the
diagnosis of constipation (Momeni et al 2019).

Conclusion

Ultrasound offersmany possibilities of physiologicalmeasurements of theGI tract ranging from the basics of
wall thickness and estimation of organ size and volume, to assessments of strain, stiffness, and vascularization.
Being a real-time examination, ultrasound enables the user tomeasure and evaluate the function of theGI tract
in various diseases.Most parts of theGI tract can be imagedwith ultrasound non-invasively, although not every
single loop of the intestines would be accessible due to overlaying gas-filled intestine. Regarding physiological
measurement using ultrasound, themost frequent application is evaluation of gastricmotility. Its wide
availability and radiation-free technologymakes ultrasound a practical and safe choice both for research and a
large range of clinical applications.
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