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An  essential  basis  for the  understanding  of the  complex  interplay  between  oral  drug  delivery systems  and
gastrointestinal  physiology  is the  ability  to  relate  deposition  of  the  dosage  form  to the  plasma  concentra-
tion  time  profile.  The  pharmaceutical  scientist  requires  an  array  of  methods  that  provide  information  on
formulation  disposition  without  influencing  the  physiological  process,  commonly  termed  “non-invasive”
imaging  modalities.  In  this  paper,  a short  historical  view  on  the  suitability  of  different  imaging  modalities
for  the  investigation  of the  fate  of  drug  delivery  systems  in  the  GI  tract  is given.  The focus  of  the  review
is  the  presentation  of  currently  mostly  used  methodologies  scintigraphy,  magnetic  tracking  techniques
rug delivery systems
amma  scintigraphy
agnetic marker monitoring
agnetic moment imaging
agnetic pill tracking

like  magnetic  marker  monitoring  (MMM),  magnetic  moment  imaging  (MMI),  AC  biosusceptometry  (ACB)
and magnetic  resonance  imaging  and  the  discussion  of  their  strengths  and  weaknesses.

© 2011 Elsevier B.V. All rights reserved.
C biosusceptometry
agnetic resonance imaging

. Introduction

Drug substances have to reach the desired therapeutic target
nd maintain the appropriate concentration for a defined time
pan in order to be effective. In addition, the specificity of this
hysicochemical association determines the safety profile for the
rug. This prerequisite holds true for every kind of delivery system
nd every route of administration. Among the different possibili-
ies of introduction, the oral route is the most familiar mode for
he administration for pharmacologically active substances. On a
rst, and superficial view, this seems logical as the gastrointestinal
ract is the natural route for the uptake of all essential substances
ith exception of oxygen; however, unlike macronutrients poten-

ial drug substances are absorbed from the gastrointestinal tract
o a variable extent since appropriate biochemical triggers are not
timulated. In the past, we tended to think of the gut as a simple
uscular tube that responded strongly to acetylcholine; but we

re now aware of many short and longer range afferent/efferent
oops innervated by a staggeringly large range of neurotransmit-
ers, some of which are possibly generated by digestion. Over the
ast two decades, we have appreciated that the gastrointestinal pro-

essing of food is a very complex process that is in part managed
y the so-called “gut brain axis” which consists of about 30% of all
erve cells (Romijn et al., 2008).

∗ Corresponding author. Tel.: +49 3834 864813; fax: +49 3834 864813.
E-mail address: werner.weitschies@uni-greifswald.de (W.  Weitschies).
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Not every component of a meal is useful and some are harmful.
With precise and ultra-sensitive analytical methodology, we are
aware of naturally occurring “impurities” in meat and vegetables
including platicisers from packaging, sexual hormones in meat or
fish and of course, alkaloids in plant seeds which are toxic. Some
of these enemies are new, some have been around for millennia.
The human gut responded by selection of a defense line consist-
ing of metabolic enzymes and efflux transport systems which can
be traced through evolution and differs in species. In addition, the
gut is host to symbiotic microbes that also have the capability to
degrade xenobiotics (Sousa et al., 2008). As a consequence, the
delivery of drug substances via the oral route is more challeng-
ing than digestion of burgers and salad. In therapy, the problem
is solved by using less convenient routes of administration as for
example the direct delivery into the body via injection or infusion.
The complexity of oral drug absorption is challenging and despite
numerous attempts, a completely robust prediction of the rate and
extent of the absorption of drug substances from the human gas-
trointestinal tract is neither provided by in silico methods nor by
recourse to animal models.

Our knowledge of drug absorption and application of these prin-
ciples to drug design has moved beyond the simpler applications
of the pH-partition hypothesis, for example through application of
Lipinski rules. The key issue is that the new drug candidates get

bigger, with lower solubility and more chirality which generates
problems in delivery. In practice, for many promising candidates,
the lack of an appropriate mode of delivery is becoming a limiting
factor.

dx.doi.org/10.1016/j.ijpharm.2011.07.031
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:werner.weitschies@uni-greifswald.de
dx.doi.org/10.1016/j.ijpharm.2011.07.031
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The successful development of a medicine and even the choice
f an appropriate drug delivery technology requires a profound
nowledge of the interplay of the drug substance with the body
rom the cellular to the organ level. At the ligand level, the ente-
ocyte based micro-scale mechanisms of cellular uptake (apical
ransporters), intracellular transport, cellular escape (basolateral
ransporters), apical efflux transporters and enzymatic first-pass

etabolism (International Transporter Consortium et al., 2010)
ome into play. At the dose level, additional issues such as the
nteraction of the drug delivery system with the physiology of the
astrointestinal tract become important determinants of rate and
xtent of absorption. Thus we can contrast the interplay on the cel-
ular level as substance (or substance class) specific, the interplay

ith the physiology of gastrointestinal transport, fluid balance and
edia composition is delivery system related.

.1. The need for Images

An essential basis for the understanding of the complex inter-
lay between oral drug delivery systems and gastrointestinal
hysiology is the ability to relate deposition of the dosage form
o the plasma concentration time profile. The pharmaceutical sci-
ntist requires an array of methods that provide information on
ormulation disposition without influencing the physiological pro-
ess, commonly termed “non-invasive” imaging modalities. Ideally,
uch methods should cover the complete fate of the drug molecules
ontained in the delivery system from ingestion until their appear-
nce in the circulation. This would include the transit of the delivery
ystem through the gastrointestinal organs, the release pattern
f the drug molecules contained in the formulation, the fate of
he active pharmaceutical ingredient in the gastrointestinal milieu
ith respect to chemical stability and physical state and, finally,

lso the route through the gut into the blood or the lymphatic sys-
em. Unfortunately, there is at the moment no single technique
vailable that has the capabilities to meet all of these requirements
nd many methods provide approximations of the probable behav-
or.

In medical imaging five imaging modalities are at the moment
redominant: (1) techniques based on the application of X-rays

ike radiography, mammography, computed tomography (CT),
uoroscopy and angiography, (2) ultrasound based techniques

ncluding B-mode imaging and colour doppler, (3) magnetic
esonance tomography (MRT), (4) radionuclide based imaging tech-
iques including scintigraphy, single photon emission computed
omography (SPECT) and positron emission tomography (PET),
nd (5) endoscopy including endoscopic in situ microscopy (Singh
t al., 2010) and wireless swallowable camera systems (Sidhu
t al., 2006). Other imaging modalities such as impedance tomog-
aphy (Bayford, 2006) and near infrared imaging (NIR) (Klohs
t al., 2008) are evolving. In addition to technologies that provide
mages in a more or less “classical” sense, there are data measure-

ent and recording techniques which provide cruder maps – for
xample methods based on the recording of electric activity of
rgans:electrocardiography (EKG), electroencephalography (EEG)
nd electrogastrography; and the magnetic activity of organs: mag-
etocardiography (MCG) and magnetoencephalography (MEG) and
nally measurements of mechanical forces inside organs such
s gastrointestinal manometry. Other examples of such indirect
maging techniques are swallowable radiotransmitting sensors
omparable to the capsule endoscope (Singh et al. 2006) that are
apable to record either only pH (Noeller, 1960) and in addition to
H, further parameters including pressure and temperature (Kuo

t al., 2008).

Many of these direct or indirect medical imaging modalities
ave already been applied for the investigation of the fate and
ehavior of drug delivery systems within the gastrointestinal tract.
al of Pharmaceutics 417 (2011) 216– 226 217

We include in this paper, a short historical view on the suitabil-
ity of the different imaging modalities for the investigation of
the fate of drug delivery systems in the GI tract but the focus of
the review is the presentation of currently mostly used method-
ologies scintigraphy, magnetic tracking techniques and magnetic
resonance imaging and the discussion of their strengths and weak-
nesses.

1.2. The historical perspective

Gastric and duodenal ulceration were commonly encountered
conditions in general surgery and required immediate medical
intervention if serious. Measurement of gastrointestinal transit,
especially gastric emptying, was  therefore a key task in medical
physics and radiopharmaceutical investigation clinics (for a review
of this subject, see Wilson, 2010). Planar radiography in combina-
tion with barium sulfate as a contrast agents was applied as early
as 1935 in the determination of gastric emptying times in humans
(Van Liere and Sleeth, 1935) since the gut is translucent in X-ray
examination. At this very early stage, radiographic imaging was also
utilised for the determination of the in vivo disintegration behav-
ior of enteric coated tablets (Bukey and Rhodes, 1935). Since then
radiographic studies have been widely used for the investigation of
the performance of oral dosage forms, a practice that continued to
the beginning of the 1980s (Galeone et al., 1981, 1982). Although
radiography provides excellent spatial resolution, its application
in pharmaceutical research is severely hampered by the health
risks associated with the use of high doses of ionizing radiation
(0.16–1.71 mSv, Ogundare et al., 2004). This problem is amplified
in gastrointestinal transit studies as typically, a series of images
are required. Another disadvantage of the use of contrast agents
is the very density of barium sulfate which may alter the char-
acteristics of the dosage forms. As alternatives became available,
radiography generally diminished as a choice for pharmaceutical
applications.

A further possibility for the in vivo imaging of dosage forms is
their direct visualization in the stomach or colon via endoscopy.
A first attempt to use endoscopy for the visualization of tablets in
the stomach was  reported by Steinberg et al. (1965).  A successful
endoscopic study has been performed by Ehrhardt et al. (1972).
They determined the behavior of different pancreatin tablets in the
stomach. Although this method provides direct visualization of the
dosage form and the surrounding anatomy it has to be regarded
as highly invasive. However, interesting new applications might in
future be found in the application of the wireless capsule endoscopy
technique for biopharmaceutical studies.

First attempts to visualize dosage forms in the gastrointestinal
tract using diagnostic ultrasound failed as early as 1965 (Steinberg
et al., 1965). Successful localizations of tablets in the stomach using
ultrasound were later reported (Maublant et al., 1988; Amitai et al.,
1992). The use of ultrasound for the detection of dosage forms in the
GI tract is hampered by many difficulties. First, the gastrointestinal
tract contains plenty amounts of gas; and gas serves as an efficient
reflector for ultrasound waves. Therefore, ultrasound investiga-
tions of the colon or the small intestine are very difficult. Secondly, it
is impossible to measure proximal and distal gastric regions simul-
taneously. For these reasons ultrasound is at the current stage of
technical development not employed for the determination of the
in vivo fate of oral drug delivery systems.

Swallowable radiotransmitting capsules that are capable to
measure the luminal pH have also been used for the last 50 years
for the determination of gastric emptying of solids (Noeller, 1960;

Gröning and Heun, 1984). However, such systems can only serve as
a model for non-disintegrating dosage forms.

The breakthrough towards an comprehensive understanding of
the fate and behavior of drug delivery systems in the gastroin-
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estinal tract based on imaging was achieved when the application
f gamma  scintigraphy was introduced for these purposes (Casey
t al., 1976; Hardy and Wilson, 1981).

.3. Scintigraphy

In physiological measurement of soft tissues where X-ray tech-
iques had issues of contrast, the development of nuclear medicine
echnology greatly increased the potential scope of investigations.
his was based on two emerging sciences: the development of radi-
labelled ligands which could be used to identify and measure
he physiological or metabolic activity of tissues and instrumen-
ation which could non-invasively monitor the temporal changes
n organ activity to calculate uptake and emptying. It was  soon
pparent that radionuclide imaging had great potential as a tool
n pharmacological and physiological research studies in animals
s well as in the clinic (Hardy and Wilson, 1981). In particular, our
roup and others began to utilize the technique to study the fate of
ormulations in the gut, lungs and eye as well as formulation influ-
nces on parenteral deposition. Early limitations of the technique
ere due to the range of radiopharmaceuticals available gener-

lly based on technetium, iodine and indium chemistry and the
iability of the label (see Hardy and Wilson, 1981). Nevertheless,
he technology was clearly invaluable in the study of formula-
ion deposition. The scintillation detector used in early studies
ave rise to a system based on a photomultiplier array optically
oupled to a thallium-doped crystal of sodium iodide, The whole
tructure was enclosed in lead with removable lead collimators
o facilitate focusing gamma rays emission onto the crystal. The
ptimal isotope in clinical imaging remains the gamma-emitting
sotope technetium-99 m (gamma  energy = 140 keV) due to the low
osimetry. In addition, for pharmaceutical imaging (formulations),
he dose can be greatly reduced compared to that used for a clinical
nvestigation.

Radiopharmaceuticals based on [99mTc-] technetium chem-
stry are short-lived (t1/2 = 6.03 h) and formulations are generally
repared within 12 h of administration. [111In-] indium is a longer-

ived isotope (t1/2 = 2.8d, gamma  energies 173, 247 keV), facilitating
maging or preparation of the dosage form over several days.
he radiation dose from [111In-] indium is higher than that of
echnetium-99 m but acceptable for oral studies. Iodine radio-
harmaceuticals are occasionally used in oral formulations – for
xample Malagelada et al. (1984) used for covalently labeling cellu-
ose, but due to concern about uptake in the thyroid of labile isotope,
he use is uncommon.

.4. Dual isotope studies

A significant advantage of gamma  scintigraphy is that the
nergies of the two isotopes can be gated in separate energy
indows, and dual-channel acquisition enables multiple phases

abeled separately with [111In] and [99mTc] to be followed simul-
aneously. Overlap of the [111In] energy causes cross-talk (about
0%) into the lower-energy [99mTc] channel and must be accounted
or. In theory, the collimators could also be switched with the
se of a higher energy collimator to filter [99mTc] channel activ-

ty but this is impractical for most studies and rarely used.
he decay-out approach has been used in our laboratories to
easure lung deposition in which the patient breathes a radioac-

ive gas with an extremely short half-life (for example [81mKr,
1/2 = 13 s] while standing in front of the gamma  camera (Ashworth

t al., 1991; Harnor et al., 1993). Such a technique might also
e of use in following swallowed water in the measurement of
esophageal clearance where the tablet is labeled with [111In] or

99mTc].
Fig. 1.

1.5. Gastrointestinal transit studies using gamma scintigraphy

Scintigraphic measurements of the gastrointestinal transit of
meals become a standardized methodology in the clinic. It proved
more relevant than use of radio-opaque markers, which as an ‘off-
line’ measurement was  less sensitive (Wilson, 2010). Moreover, the
regional measurement of movement of the labeled meal showed
previously unrecognized phenomena, for example how conditions
such as diarrhoea involved earlier segments of the intestine (Read
et al., 1986). Read’s group noted that at the end of the small
intestinal transit of the meal, the caecum appeared to fill in a lin-
ear manner, with approximately 16% of the labeled meal residues
entering the colon every hour. The shape of the filling curve mir-
rored that of gastric emptying curve, and from that a symmetrical
bell shaped curve describing small intestinal exposure (SITT) was
easily derived. Fig. 1 illustrates a typical example of how the small
intestinal transit time may  be calculated. McConnell et al. (2008)
comment that although the small intestine transit time of dosage
forms is almost invariably quoted at 3–4 h, individual transit times
vary greatly. Dr. Basit, in the same paper, has commented that serial
measurements, of his own  gastrointestinal transit have varied over
the years, and not in an age-related manner.

For drugs whose absorption is neither limited by solubility or
permeability i.e., Case I in the biopharmaceutics classification pro-
posed by Amidon and others, the rate of gastric emptying is the
primary variable influencing drug absorption (Amidon et al., 1995).
In the pursuit of more effective control of pain, it is a requirement to
have as fast an onset of action as is possible; however, it is undesir-
able to take so many early plasma samples that the haemodynamics
of the body may  be disturbed. In the interests of the safety of the
patient for volunteer, we must be prudent in the number of samples
we take. This generally confounds the ability to discriminate a ideal
pharmacokinetic sampling regime, as a variable lag time in gastric
emptying, and usually prevents accurate prediction of the ‘ideal’
sampling scheme. It is however possible to take an almost contin-
uous sequence of imaging and from this, to be able to discern small
differences in the rate of gastric emptying. Thus if a formulation
has a faster gastric dissolution rate, or encompasses a mechanism
to aid early exposure to the intestinal tissue, it can be detected by
gamma  scintigraphy reasonably well.

We  previously described the general the performance of a novel
formulation of paracetamol which was  shown to yield faster gastric

emptying rates in both fasted and fed conditions (Kelly et al., 2003).
In this study paracetamol (1 g) was  administered as either Panadol
Actifast® or as a conventional Panadol® formulation in fasted and
fed conditions in a four way, within-subject, crossover study. The
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Fig. 2.

ablets were each radiolabelled with 2 MBq  technetium DTPA at the
ime of dosing. 11 of the 12 healthy volunteers completed the study.
owever, two subjects showed dramatically retarded gastric emp-

ying of the new tablets in the fasted state (T50 = 70.3 and 104.6 min)
hich against an overall mean of 22.4 min  could be regarded as

typical. The rate of paracetamol absorption, as expected, reflected
he gastric emptying profiles but it was a surprise that the formu-
ation also showed a faster onset in the fed state. It was expected
hat the key ingredient sodium bicarbonate would be diluted by
he gastric contents. An explanation was eventually found from the
cintiscans which revealed that dissolution was occurring at the top
f the stomach, with the dissolved material moving around the bulk
f the food along the Magenstrasse, an interfacial zone created by
ecretion of fluid around the bulk of the semi-solid food mass (Fig.
).

In later studies, the same techniques have been used to refine
ariants of the concept, gamma  scintigraphy being shown to be
xtremely useful as a method of exploring the relationship between
n vitro and in vivo performance (Palmer et al., in press).

Scientists at AstraZeneca noted that in the clinical development
f gefitinib, a subset of around 18% of the healthy subjects routinely
ecruited into pharmacokinetic studies showed a different phar-
acokinetic profile for the drug compared to the majority of the

osed cohort. The ‘abnormal’ profile was characterized by a faster
limination and a lower Cmax resulting in lower systemic exposure
nd was consistent over long time periods. A study that com-
ined scintigraphy with pharmacokinetic analysis was  conducted
o examine whether gastrointestinal transit was an important vari-
ble (Wilson et al., 2009). Five subjects were selected from the fast
xcretor group and balanced against seven normal volunteers. The
wo cohorts were dosed with a 250 mg  gefitinib tablet labeled with
111In]-DTPA. Blood samples were taken and it was  found that the
apid excreters had faster gastric emptying and faster colon filling
pproximately halving the small intestinal exposure. These data
howed the clear effects of afternoon mass movements in the colon,
acilitating earlier emptying of the distal small intestine.

.6. Tracking of magnets

As an alternative to the application of radioisotopes in human
olunteer studies methods that are based on the detection of mag-
etic material have been developed (Weitschies et al. 2004; Corá
t al. in press; Weitschies et al., 2010). The basic idea is to label

osage forms with magnetic material instead of radioisotopes and
o use a magnetic sensor system instead of a scintillation camera
or the tracking of the magnetically labeled delivery system inside
he gastrointestinal tract.
Fig. 3.

In a first approach biomagnetic measurement equipment has
been used as detection system (Weitschies et al., 1994) as it is
used for the recording of magnetic signals derived from currents
generated within the body, mainly magnetoencephalography and
magnetocardiography (Schittenhelm, 1990). The basic concept of
this magnetic tracking method is to label the dosage from as
a permanent magnetic dipole. The dipole field is measured by
appropriate magnetic sensor systems. From the recorded data
the three-dimensional localization and orientation as well as the
strength of the magnetic dipole are reconstructed. This methodol-
ogy is known as Magnetic Marker Monitoring (MMM)  (Weitschies
et al., 1994; Corá et al., in press) or GI magnetomarkergraphy
(GIMG) (Hu et al., 2000). An example for a localization result is
given in Fig. 3.

There are two principle strategies that can be followed. The first
strategy is to use only trace amounts of magnetic labeling mate-
rial in order to preserve the original properties of the dosage form.
However, the obtained magnetic dipolar moments are very low.
This can be illustrated that after labeling of a tablet with about
5–10 mg of magnetite (black iron oxide, Fe3O4) a dipolar moment
of about 50 �Am2 is obtained. Such a magnetically labeled tablet
generates in a distance of 10 cm below to abdominal wall a mag-
netic flux density at the surface of the abdominal wall of less than
10−12 T (Weitschies et al., 2005a,b). This is more than 6 orders
of magnitude less than the earth’s magnetic field, which is about
5 × 10−5 T. In order to detect such a weak signal extremely sensi-
tive magnetic sensor systems have to be used. Furthermore, the
earth’s magnetic field as well as magnetic noise as it is generated
by electrical currents or elevators has to be reduced.

The tracking of dosage forms that are labeled as a magnetic
dipole by the incorporation of less than 50 mg  of ferromagnetic
iron oxides and subsequent magnetization requires the use of bio-
magnetic measurement systems. Biomagnetic instrumentation is
based on Superconducting Quantum Interference Devices (SQUIDs)
as the most sensitive magnetic sensors available, which provide
a noise level of only a few fT/Sqrt (Hz). SQUIDs are usually oper-
ated in Dewar flasks filled with liquid Helium. Modern biomagnetic
measurement devices are equipped with up to several hundred
SQUIDs in various arrangements, which simultaneously record the
development of magnetic field components at multiple locations
with a temporal resolution of up to 20 kHz (Drung, 1995). In order
to reduce environmental magnetic disturbance and the influence
of the earth’s magnetic field, biomagnetic measurement devices
usually are operated in so-called magnetically shielded rooms,
where magnetic perturbations are damped by a factor of typically
30–100,000 depending on frequency and the quality of the shield-
ing (Bork et al., 2001).

During the in vivo examination the magnetic dipolar field of

the ingested magnetically labeled delivery system is continuously
measured at different, fixed positions above thorax or abdomen.
The recorded signal can directly be used for the localization proce-



2 l Journ

d
m
h
o
i
d
o
t
o
F
o
i
1

b

20 W. Weitschies, C.G. Wilson / Internationa

ure, a correction for attenuation by tissues in not required, as the
agnetic dipolar field generated by the delivery system penetrates

uman tissue without distortions. In order to reconstruct location,
rientation, and strength of the dipole the field of a magnetic dipole
s fitted to the measured magnetic field components as described in
etail elsewhere (Weitschies et al., 2005a,b). The overall accuracy
f the localization procedure depends on several parameters like
he sensitivity, arrangement and number of sensors, the strength
f the magnetic dipolar moment and the level of magnetic noise.
or a region of interest within 15 cm below a planar arrangement
f 56 SQUID channels covering an area of 21 cm diameter, the local-

zation accuracy in all three dimensions was found to be better than

 mm (Weitschies et al., 2001a,b, 2010).
Magnetic labeling of solid dosage forms for MMM  is achieved

y the incorporation of small amounts of the black ferrimagnetic

Fig. 4.
al of Pharmaceutics 417 (2011) 216– 226

iron oxide magnetite (Fe3O4) as it is used as a colorant for food
and pharmaceutical products (E172, 21CFR73.1200, 21CFR73.200).
Alternatively, the red iron oxide maghemite (�-Fe2O3) can also be
used. Both ferrimagnetic iron oxides are not soluble in gastroin-
testinal fluids and are not absorbed from the gastrointestinal tract.

In order to generate a dipolar magnetic moment the mag-
netic orientations of the individual magnetic particles in the
dosage form have to be aligned by magnetization using strong
bar magnets or electro magnets prior to administration. Any
magnetic particle loss or magnetic particle reorientation results
in a decrease of the net magnetic moment. This can be used for

the determination of dosage from disintegration or drug release
patterns as long as the loss of magnetization is correlated with
the release process. The correlation function can be investigated
in dissolution experiments using modified dissolution test appa-
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atuses with integrated magnetic field sensors (Weitschies et al.,
001a,b).

The quantity of iron oxide required for labeling depends on the
ensitivity of the measurement device and the aims of the study.
uccessful transit studies of single alginate particles with a size of
–2 mm have been performed with very small amounts of about
.1–0.2 mg  of magnetite (Anschütz et al., 2009). For transit stud-

es of tablets or capsules amounts of 1–5 mg  iron oxide have been
ypically applied. In case a high magnetic contamination caused
y other instruments is likely during the investigation, e.g., when
atheters with pressure sensors are additionally applied for simul-
aneous manometry amounts of up to 10 mg  might be favourable
Osmanoglou et al., 2004). The incorporation of the iron oxide can
e achieved in different ways depending on the product and the
ccessibility of the production process. Tablets can be labeled by
dding the iron oxide to the powder mixture or the granulate that
s used for tabletting. Alternatively, tablets can also be labeled by
lling of a suitable amount of iron oxide into a bore hole. In case of
odified release formulations like enteric coated tablets or matrix

ormulations the drill-hole can effectively be closed by using either
ome biocompatible glue like butyl cyanoacrylate or by magnesium
tearate (Weitschies et al., 2010).

The second strategy that can be followed is the use of a strong
agnet as detectable marker. Typically rare earth magnets are used

ue to their very high magnetic moments. These magnets are cov-
red with insoluble material (mostly plastics) in order to avoid
issolution inside the gastrointestinal tract. The use of strong mag-
ets as marker has the advantage that the magnetic dipolar field

s several orders of magnitude higher than in case of using only
race amounts of iron oxides. Such strong dipolar fields can be
etected with magnetic sensors like fluxgate sensors or magneto
esistive sensors that are much cheaper and much easier to operate
han SQUIDs. Furthermore, such systems do not require shield-
ng from external magnetic fields, they can be operated in regular
nshielded environment. Several different not SQUID-based mea-
urement devices for the detection of the field of ingested magnets
ave been reported during the last ten years (Andrä et al., 2000;
tathopoulos et al., 2005; Hocke et al., 2009; Goodman et al., 2010).

n example for results obtained with these modalities is given in
ig. 4. Goodman and co-workers performed even a comparison
etween scintigraphy and magnetic tracking (Fig. 5). In order to be
ble t o detect the in vivo disintegration behavior of solid dosage
forms they used high amounts (about 1 g) of black iron oxide for
labeling.

1.7. Alternating current biosuscceptometry (ACB)

As an alternative to the detection of the field generated by a
solid dosage form that is labeled as a magnetic dipole the pres-
ence of magnetic material in the gastrointestinal tract can also be
detected using a setup of detection and excitation coils. This was
first demonstrated by Benmair and co-workers. They added mag-
nesium ferrite to a test meal and investigated the rate of gastric
emptying using such a coil system (Benmair et al. 1977). Baffa et al.
(1995) reported the development of an alternating current biosus-
ceptometer for the investigation of transit times of ferrimagnetic
tracers throughout the gastrointestinal tract. Since that time the
method was developed also for the investigation of the behavior of
different dosage forms like fast disintegrating tablets (Corá et al.,
2003) and enteric-coated tablets (Corá et al., 2006) as well as multi-
particulate systems like pellet formulations (Miranda et al., 2010).
The data obtained by ACB can also be transformed into images as it
is illustrated in Fig. 6 (Corá et al., 2005).

ACB is based on the use of ferrites with high magnetic suscep-
tibility like MgFe2O3 as signal generators. The material does not
need to be premagnetized, as it is continuously magnetized by an
alternating field with a frequency of 10 kHz and a magnetic field of
20 G generated by the excitation coils. The flux variation generated
between excitation and detection coils is measured. The magnetic
signals detected by the ACB sensors depend on the surface area of
the detection coil, number of turns, rate of change of the magnetic
flux (i.e., applied field), amount of ferromagnetic material and dis-
tance among the sensors. Typically, at least 1 g of ferromagnetic
material is required (Corá et al., in press).

1.8. Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is a noninvasive imaging
technique that is based on the principle of nuclear magnetic res-

onance (NMR). In clinical practice, MRI  is used to distinguish
pathologic tissue from normal tissue. MRI  provides very high spa-
tial resolution in combination with very good contrast resolution,
which is achieved by a complex library of available pulse sequences.
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Since the first report on the application of MRI  for the monitor-
ng of a the distribution of an oil based formulation in the human
astrointestinal tract (Wilson et al., 1997) a number of studies on
he transit behavior and distribution of drug delivery systems using

RI  have been published (Faas et al., 2001, 2002; Steingoetter et al.,
003a,b, 2005; Kagan et al., 2006; Knörgen et al., 2010).

Although MRI  has many advantages like the avoidance of ioniza-
ion radiation, excellent anatomical imaging and high scan volumes
ts application for pharmaceutical research in the gastrointesti-
al tract is also hampered by several problems. Main issues are
he acquisition time and the signal to noise ratio. A typical fast
can requires roughly one second. This results for a typical slice
hickness of 5–7 mm even for the visualization of the stomach
n an acquisition time of at least 20 s (i.e., 20 slices). During that
ime motions have to be avoided. This is usually achieved by
reath holding. Motility derived motions can only be suppressed
sing anticholinergic drugs, however this influences gastrointesti-
al transport heavily and has to be regarded as being invasive.
herefore, motion derived artifacts are a serious problem limit-
ng at most the imaging of the small bowel as the most flexible
astrointestinal organ with the highest motility. Furthermore, due
o required acquisition times of about 20–90 s per abdominal scan
he detection of gastrointestinal transport events in real time is
mpossible.

Fast imaging sequences provide a low signal to noise ratio.
hereby it becomes very demanding to clearly distinguish in MRI
mages dosage forms from other material like food particles or even
ir bubbles. In order to solve this problem different strategies can
e followed. Very common is the use of either paramagnetic or fer-

imagnetic contrast agents for the labeling of the delivery system
Faas et al., 2001, 2002; Steingoetter et al., 2003a,b; Kagan et al.,
006; Knörgen et al., 2010). In particular the ferromagnetic iron
xides may  be helpful as they provide a strong disturbance (arti-
fact) in the signal that can be identified. Using this strategy several
small pellets that were labeled with 1% black iron oxide (magnetite)
could recently for the first time be quantitatively identified in the
stomach (Knörgen et al., 2010). For larger objects a significant com-
bination of materials with very different contrast properties can
also be used (Schiller et al., 2005).

In Fig. 7 the use of MRI  for the determination of the distribution
pattern of a liposomal encapsulated paramagnetic contrast agent
as a model for a drug delivery system is shown.

1.9. Strengths and weaknesses

A comparison of characteristic parameters of the different
imaging modalities used for the monitoring of dosage forms in
the gastrointestinal tract is given in Table 1. Scintigraphy and
methods based on magnetic tracking techniques require intrinsi-
cally the inclusion of detectable labels into the dosage form. The
detected signal is always the label, never the drug substance con-
tained. Imaging of the behavior of labeled drug substances without
changing their properties is only possible using detectable radioiso-
topes with sufficiently high emitted energy. In principle suitable
radioisotopes are the positron emitting radioisotopes carbon-
11 (half-life about 20 min), nitrogen-13 (half-life about 10 min),
oxygen-15 (half-life about 2 min), and fluorine-18 (half-life about
110 min). However, the short half-lives of these positron-emitting
radioisotopes are prohibitive with respect to the required chemical
synthesis of the radio labeled drug substance, the manufacturing of
the dosage form and the transit times within the GI tract.

In case of magnetic dipole tracking methods like MMM  that are

based on the incorporation of ferromagnetic particles the detected
signal is a cooperative function of an ensemble of particles with
aligned magnetization. Any loss of alignment of particles e.g., by
disintegration of the dosage form, erosion (i.e., release of magnetic
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Table 1
Characteristics of methods used for the imaging of delivery systems in the gastrointestinal tract.

Factor Scintigraphy MMM  ACB MRI

High sensitivity Low sensitivity

Temporal resolution >1 sa Real time Real time Real time >1 minb

Spatial resolution mm mm mm cm mmb

Dimensions 2D 3D 3D 2D 3D (cross
sections)

Availability High Very low Low Extremely low Very high
Ease  of performance Specialized Very specialized Easy Specialized Easy
Number of objects to be

imaged
No restriction One One No restriction No restriction

Number of objects than can be
identified

Two (dual labeling) One One One –c

Size of objects No restriction Limitation only by
required magnetic
moment

Limitation only by
required magnetic
moment

Limitation only
by required
magnetic
moment

–c

Types of dosage forms that can
be monitored

No restriction Only solids Only solids Solids and
suspensions

No restriction

Capability for quantification of
dosage form disintegration

Good Very good Limited to model
dosage forms

Limited to
model dosage
forms

Poor

Capability for determination of
in vivo drug release profiles
(extended release)

Difficult but
possible

Very good for
erosion based
systems

No No ?d

Kind and required amount of
labeling material

99m-Tc, 111-In:
trace amounts

Black iron oxide:
≥0.1 mg

Black iron oxide:
≥500 mg;  high
permeability
magnets: ≥50 mg

Ferric oxides:
≥1000 mg

Labeling
material not
intrinsically
required;Black
iron oxide: �g

Availability of labeling material
in pharmaceutical quality
(IMPD)

Yes: 99 m-Tc,
111-In; No: Sm

Yes Yes No Yes

Complexity of labeling
procedure for delivery
systems

Very high (unstable
isotopes, dedicated
equipment
required)

Low (stable
material, no
dedicated
equipment
necessary)

Not applicable Not applicable Low if required
at all (stable
material, no
dedicated
equipment
necessary)

Radiation exposure Yes No No No No
Expense High High Low Low Low

a Depends on several parameters like radiation dose and emitted energy.

aged.

p
n
m
n
r
fi
n
p
m

b Depends on several parameters like scanned volume and imaging sequences.
c Depends on several parameters like size of objects, kind of label, organ to be im
d Not demonstrated yet.

articles) or even swelling results in a decrease of the measured sig-
al. Released particles are not “visible”. The spreading of released
aterial over the GI tract as it can be seen in scintigraphy using

on-absorbable radiolabels cannot be seen in MMM.  This is also the
eason why only solid or at least semi-solid dosage forms with suf-

ciently high viscosity can be monitored by MMM.  Otherwise the
et magnetization is due to rotational diffusion of the magnetized
articles not stable enough for the time of the magnetic measure-
ents. On the other hand, as released magnetic particles do not

Fig. 7.
disturb the measured signal MMM  is very strong in the detection
of disintegration, erosion or even swelling what can be used for the
determination of in vivo release profiles as shown in Fig. 8.

In contrast to radio-emitting isotopes magnetic labeling materi-
als like iron oxides or gadolinium chelates are very stable. Magnetic

labeling of dosage form can be performed in advance of the imaging
study without any time pressure. Furthermore, for magnetic label-
ing regular production equipment can be used, while radio-labeling
requires dedicated environment.
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Er] + n ⇒ [171Er](Digenis et al., 1991; Watts et al., 1994). The stud-
Fig. 8.

Methods with low sensitivity like AC biosusceptometry and
agnetic dipole tracking without using biomagnetic sensors

equire such high amounts of physiologically acceptable labeling
aterial like iron oxides, that these methods cannot be applied

or the labeling of commercial drug delivery systems. Accordingly
hese methods are restricted to the investigation of the transit
ehavior of the magnetic dipole that can either be a model for a drug
elivery system (Corá et al., 2003; Goodman et al., 2010; Laulicht
t al., 2010) or serve as a medical device to study the physiology
f intestinal transport (Andrä et al., 2005; Hocke et al., 2009; Hiroz
t al., 2009). These systems can also be applied for pharmacokinetic
tudies with regard to the investigation of absorption sites of drug
ubstances or release characteristics of formulation principles like
or example enteric coatings (Corá et al., 2006). A very promising
ombination might be seen in magnetically labeled drug delivery
ystems with programmable or remote switchable drug release.
uch systems might be used as tools for the investigation of drug
bsorption sites and a fast verification of the suitability of modi-
ed release profiles. Ideally, such systems might combine magnetic
racking, remote drug delivery and recording of parameters like pH
nd pressure.

Magnetic tracking methods that do not require magnetic shield-
ng can be operated in regular clinical environment. Therefore, they
eem ideally suitable for the investigation of the transit behav-
or of formulation principles in different populations (for example
he elderly) and patients (for example diabetic patients). The easy
ccessibility in combination with the very low health risks due
o the avoidance of radiation or external fields makes such mag-
etic tracking methods also suitable as a tool for medical imaging

n children (Stathopoulos et al., 2005).
A further strength of MMM  and related methods is the very

igh temporal and spatial resolution that allows the determination
f gastrointestinal transport in real time in all three dimensions.
hereby, velocity profiles can be calculated (Weitschies et al.,
005a,b) and fast transport events like duodenal passage can be
onitored (Weitschies et al., 1999). Furthermore, the analysis of

erpendicular movements of the dipole proved very helpful for the

etermination of motility patterns (Hocke et al., 2009).

A major disadvantage of the imaging methods based on the
easurement of dipolar magnetic fields is their limitation to the
al of Pharmaceutics 417 (2011) 216– 226

detection of one single dipole. All attempts to develop method-
ologies that achieve a reliable detection of two or more dipoles
simultaneously failed so long. Thereby, at the moment MMM  and
related methods cannot be used to investigate an ensemble of parti-
cles like it is useful for multiple unit dosage forms. In case of MMM
the very high costs of biomagnetic measurement equipment and
the low number of available devices hampers the spreading of the
methodology.

ACB systems have the advantage that they are robust, easy to
construct, do not need to operate in magnetically shielded rooms,
and allow for simplification of electronic instrumentation. Due to
the high data acquisition frequency of 10 kHz the system allows
real time measurements and accordingly the determination of fre-
quency patterns of gastrointestinal motility. Furthermore, ACB can
be applied for single unit and multiple unit dosage forms. The
method allows for the detection of the disintegration of dosage
forms as well as for the correlation of magnetic disintegration
data with pharmacokinetic parameters derived from simultaneous
blood sampling (pharmacomagnetography) (Corá et al., in press).
A major disadvantage is the requirement of high amounts (at least
500 mg)  of ferrimagnetic material like magnesium ferrite that is
currently not available in pharmaceutical quality.

MRI  provides excellent anatomical imaging. It offers the unique
possibility to determine the water distribution quantitatively
within gastrointestinal organs without the need for contrast agents
(Schiller et al. 2010; Hoad et al., 2005; Marciani et al., 2010). At the
current stage of development it is very suitable for the detection of
large single delivery systems in the stomach and the colon when
they are labeled in a way that they can be clearly identified (see
for example Kagan et al., 2006). Recent work shows that a reliable
detection of delivery systems in the stomach can also be achieved
for a number of small objects that are labeled with ferrimagnetic
iron oxide (Knörgen et al., 2010). However, dynamic imaging of the
progression of delivery systems through the gastrointestinal tract
remains an unsolved problem in MRI.

Scintigraphy is probably regarded as the gold standard with
regard to the non-invasive imaging of dosage forms in the clinic.
It has the advantage of being able to follow the dispersion of a
formulation when applied to the eye, administered into the lungs
and formulated into an oral dose in almost any physical form. The
low dosimetry associated with [99mTc-] technetium and [111In-]
indium typically permits up to a 4 way crossover in a pharma-
cokinetic study. The use of dual isotopes allows the simultaneous
study of multiple phases; for example, a dosage form and a meal
(Washington et al., 1990), or two  formulations swallowed together
(Davis et al., 1984), or different parts of the same labeled formula-
tion (Watts et al., 1992). In addition, nuclear medical departments
are generally based on gamma  scintigraphy for physiological mea-
surements and therefore the instrumentation is widely available.

The negative issues associated with scintigraphy include
radiation exposure which is unacceptable for children and
mothers-to-be, high atomic weights associated with the radionu-
clide and thus unlikely to be a component of drug molecule, and
the short half life is associated with gamma  emitting isotopes
of carbon, nitrogen and oxygen. This necessitates the production
of the radiopharmaceuticals for positron emission tomography
close to the point of administration. Complex formulations which
require significant handling might expose formulators to high lev-
els of radioactivity and in this situation, and ‘cold’ precursors
such as the oxides of samarium or erbium are used. These are
irradiated in a nuclear reactor to generate the gamma-emitting
radiopharmaceutical in situ, e.g., [152Sm]  + n ⇒ [153Sm]  and [170
ies are generally restricted to incorporation of the powdered oxide
in the formulation. The oxides are not available in pharmaceuti-
cal quality. The number of available sites for this kind of work in
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he UK has decreased sharply in recent years; however, there has
een a great increase in the interest in radiolabelled ligands that
re suitable for PET. This innovation has however had little impact
n conventional pharmacoscintigraphic studies.

The comparison shows that the choice of a suitable method for
he imaging of drug delivery systems in the gastrointestinal tract
epends on several factors. There is not one ideal method that fits
or all tasks and systems.
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