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Abstract

Real-time imaging and functional assessment of the intestinal tract and its transit poses a significant
challenge to traditional clinical diagnostic methods. Multispectral optoacoustic tomography (MSOT), a
molecular-sensitive imaging technology, offers the potential to visualize endogenous and exogenous
chromophores in tissue. Herein we present a novel approach using the orally administered clinical-
approved fluorescent dye indocyanine green (ICG) for bed-side, non-ionizing evaluation of gastrointestinal
passage. We were able to show the detectability and stability of ICG in phantom experiments.
Furthermore, ten healthy subjects underwent MSOT imaging at multiple timepoints over eight hours after
ingestion of a standardized meal with and without ICG. ICG signals could be visualized and quantified in
different intestinal segments, while its excretion was confirmed by fluorescent imaging of stool samples.
These findings indicate that contrast-enhanced MSOT (CE-MSOT) provides a translatable real-time
imaging approach for functional assessment of the gastrointestinal tract.

Introduction

Despite the availability of sophisticated cross-sectional imaging techniques, anatomical and functional
assessment of the gut — especially in children - is still frequently performed using X-ray fluoroscopy [1].
Such procedures require skilled interpretation, use ionizing radiation, and may have limited diagnostic
information [2].

Alternatively, ultrasound imaging techniques offer high-resolution, real-time radiation-free imaging
capabilities [3, 4]. Multispectral optoacoustic tomography (MSOT) combined with ultrasound can be seen
as a further development in this field, which, in addition to anatomical B-mode information, also enables
molecular imaging of tissues [5]. MSOT relies on absorption of laser light excitation in the near-infrared
window to induce a thermoelastic response, resulting in detectable ultrasound waves [6], which allows the
visualization and quantification of different endogenous chromophores like hemoglobin, lipids, and
collagens [6—9]. Label-free clinical MSOT has already demonstrated feasibility for non-invasive
assessment of hemoglobin signals as surrogate markers for intestinal inflammatory activity [10, 11].

To increase the specificity for detection, externally applied contrast agents with distinct optoacoustic
spectra [12, 13] can be used for precise optoacoustic visualization [14-16]. While contrast-enhanced
imaging typically requires intravenous application and in optics, often near surface detection, [17, 18],
MSOT goes beyond these limitations and enables clinically relevant transabdominal deep tissue
penetration [19-21].

We hypothesized that oral administration of indocyanine green (ICG), a clinical approved dye, might
enable the visualization of gastrointestinal passage in a non-invasive radiation-free manner to close the
gap in the current standard-of-care. To test this hypothesis, we performed phantom experiments and a
clinical trial for immediate translation of this approach for clinical applications.
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Materials And Methods
Phantom experiments

For phantom experiments, custom-made molds were designed using Autodesk Fusion 360 (V2.0.14567,
Autodesk GmbH, Miinchen, Germany) and printed with a 3D printer (Form 2, Formlabs. Inc, Somerville,
MA, USA) using White Resin V4 (Formlabs. Inc, Somerville, MA, USA). Two molds were filled with 2%
Agarose (Biozym LE Agarose, Biozym Scientific GmbH, Hessisch Oldendorf, Germany) dissolved in
distillated water to cast an agarose phantom with the body dimension of 96 * 46 * 40 mm and a
matching cover of 96 * 46 * 10 mm. Inside the body part a 76 * 26 * 20 mm recess was used to be filled
with different contents and sealed with the agarose cover. For the experiments, a standardized meal [22]
(approximately 450 mL, Supplementary Table 1) was blended and divided into 112.5 mL portions for
each phantom setup. ICG (Verdye 5mg/mL, Diagnostic Green, Aschheim-Dornach, Germany) was
reconstituted according to the manufacturers recommendations and different amounts of the solution
were added to achieve the final concentrations in the blended meal samples. To test the stability of ICG
signals at varying pH levels, one portion of the blended meal was acidified to a pH of 2.5 using 1.2 mL of
32% HCI before ICG was added. Another portion was similarly treated and adjusted to a pH of 7 using 1.6
mL of 32% NaOH. This should simulate the change of pH during the gastrointestinal transit from the
stomach to the duodenum and small intestine. Furthermore, another portion was acidified with access
32% HCI to reach a pH below 1 (Supplementary Table 2).

For all experiments the MSOT imaging probe (MSOT Acuity CE, iThera Medical, Miinchen, Germany) was
mounted in a laboratory bracket and coupled to the agarose phantom using transparent ultrasound gel
(Aquasonic Clear, MDSS GmbH, Hannover, Germany).

Design and flow of the study

The prospective single-center investigator initiated trial (IIT) was conducted from November 2021 to
January 2022 at the Department of Pediatric and Adolescent Medicine at the University Hospital
Erlangen. Approval from the local ethics committee was granted (346_21B) and the clinical trial was
registered (clinicaltrials.gov identifier NCT05160077) before study initiation. The Declaration of Helsinki
was respected and all subjects gave their written informed consent.

This study included n = 10 healthy subjects aged over 18 years. Exclusion criteria were pregnancy, nursing
mothers, tattoo in the field of investigation, subcutaneous fat tissue over 3 cm, preexisting chronic or
acute diseases of the gastrointestinal tract or symptoms suggestive of such a disease, a diseases
requiring acute treatment and the lack of written consent. Futhermore, any known hypersensitivity to ICG,
sodium iodide or iodine, hyperthyroidism, focal or diffuse thyroid autonomy, treatment with radioactive
iodine for the diagnostic examination of thyroid function within two weeks before or after the study and
restricted renal function. The following co-medications also lead to an exclusion: Beta-blockers,
anticonvulsants, cyclopropane, bisulphite compounds, haloperidol, heroin, meperidine, metamizole,
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methadone, morphine, nitrofurantoin, opium alkaloids, phenobarbital, phenylbutazone, probenecid,
rifamycin, any injection containing sodium bisulphite.

After inclusions, subjects were examined on two seperate days, one with standardized meals, the other
with standardized meals and oral ICG intake. For every day, two subjects were fasting since the evening
before and started the examinations on the next day at 8:00 or 8:30am, respectively. All subjects were
imaged at n = 8 timepoints with an interval of 60 minutes inbetween. Before each imaging timepoint,
subjects were advised to drink 150 mL of water, which reflects the recommended daily water amout of
1.500-2000 mL. 30 minutes after the first and fourth imaging timepoint a standardized meal (500 kcal
for women and 650 kcal for men - 55% carbohydrates, 29% fat, and 16% proteins [22]) was given. On the
second day 50mg of ICG (Verdye 5mg/ml, Diagnostic Green GmbH, Aschheim-Dornach, Germany)
dissolved in 150mL water) was orally administered in one go with the first meal. Anatomical locations for
imaging were as follows: gastric antrum, terminal ileum, transverse colon, sigmoid colon. Two MSOT
scans per location were performed at each timepoint.

MSOT Device

The identical CE-certified MSOT system (Acuity ECHO CE, iThera medical GmbH, Munich, Germany) was
used for experimental and clinical studies. This system enables hybrid B-mode and optoacoustic imaging
[23, 24]. All subjects were investigated with a handheld 2D detector and coupling was achieved by
transparent ultrasound gel (Aquasonic Clear, MDSS GmbH, Hannover, Germany). All attending persons
wore laser safety goggles during imaging. All anatomical regions were identified by B-mode imaging and
optoacoustic signals were acquired at 700, 730, 760, 800, 850, and 900 nm.

Fluorescence imaging

On the next day after ICG ingestion, n = 3 consecutive stool samples were collected from n = 5 subjects.
The fluorescent properties of these samples were examined using an in vivoimaging system (IVIS®
Spectrum, PerlkinElmer Inc., Waltham, Massachusetts, United Staates) using excitation wavelengths of
570, 605, 640, 675,710, 745 nm and emission wavelengths of 760, 780, 800, 820, 840 nm. To spectrally
unmix for ICG signals in the stool samples, the factory presets for ICG fluorescence and tissue
autofluorescence signals were used.

Data analysis of MSOT scans

For analysis of phantom experiments, regions of interest (ROI) were drawn directly below the upper border
of the recess in the agarose phantom to include the ICG signal using software supplied by the vendor
(ViewMSOT version ??; iThera Medical GmbH). For all scans of the clinical study, ROlIs resembling the
upper bowel wall were drawn directly after image acquisition guided by the B-mode image. The data were
then transferred and processed with iLabs software (V 1.3.16, iThera medical GmbH, Munich, Germany)
as follows: ROIs were checked by a second reader. After final placement, ROls of the clinical study were
automatically enlarged by 2mm in depth using a custom-written script to include the bowel lumen/stool
as the potential area of ICG signals. This approach was used to ensure similar analysis of scans with and
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without visible ICG singals. Within each ROI the mean of the highest 10% of pixels were used for batch
mode quantification of single wavelengths and unmixed ICG signal levels. Spectral unmixing of ICG was
performed using four different presets (A-D), each of which used a different reference spectrum for ICG in
plasma, to account for the concentration-dependent change in the ICG spectrum (reference spectra taken
at 6.5, 65, 650, and 1290uM). Spectral unmixing was applied to MSOT data acquired using the following
wavelengths: 700, 730, 760, 800, and 850nm.

Statistics

Demographic data of all subjects is presented as numbers and percentages or mean and standard
deviation. For MSOT signal analyses, data was tested for normal distribution by Shapiro Wilk test. The
MSOT spectra in phantom experiments were normalized to the value at 760 nm, since at this wavelength
the molecular extinction coefficient is stable between spectra. For clinical data, absolute values were
used. For each imaging timepoint during the meal + ICG experiment, the value was tested against the
mean of day meal without ICG using Kruskal-Wallis test with Dunn’s correction. P-values < 0.05 indicate
statistical significance. All statistical analyses were calculated by GraphPad Prism (Version 9, GraphPad
Software Inc., La Jolla, USA).

Results
ICG imaging in phantom

For all experiments, a handheld clinically-certified MSOT was used for ICG imaging (Fig. 1a). To
differentiate ICG from background chromophores such as hemoglobin, spectral unmixing was applied
using the unique absorption spectra of the molecules of interest. The absorption spectra of ICG are
known to change slightly in a dose-dependent manner, but all peak at around 800nm (Fig. 1b). In
phantom experiments, blended meals with and without ICG at five different concentrations (1.06—212uM)
were examined for their respective optoacoustic spectra (Fig. 1c+d). ICG concentrations ranging from
10.6—212uM confirmed a signal maximum at 800nm in accordance with the molecular extinction
coefficient derived from literature (Fig. 1b +d). In anticipation of the clinical study, in which all subjects
had a standardized meal with an ICG concentration of about 106 uM (50 mg ICG in 150 mL of water with
a meal of approximately 450 mL), we wanted to investigate the limit of detection for ICG in the phantom
setting. Assuming the concentration decreases due to large distribution volume in gastrointestinal tract,
ICG concentrations between 0 and 212 pM were tested. As demonstrated, all concentrations down to
0.106uM were detected by MSOT while the negative control did not show any evidence of ICG (Fig. 1e).
To mimic gastric passage and its acid condition, we confirmed that changing of pH leveles had no
relevant influence on the dection of ICG by MSOT (Fig. 1e). With the clinical MSOT system, four ICG
spectral unmixing settings were available for data analysis derived from the concentration-dependent
molecular extinction spectra of ICG in plasma from Landsman et al [13]. The use of preset A (using the
spectrum derived from an ICG concentration of 6.5 uM) showed the best discrimination between different
samples (Fig. 1f).
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Clinical proof-of-concept trial

n =10 healthy subjects (n = 6 female) were investigated within the clinical trial. The subjects had a mean
+ SD age of 22.5+ 1.2 years, height of 174.7 +9.1 cm, weight of 66.5+ 7.8 kg and BMI 21.7 + 1.1 kg/mZ.
Transabdominal MSOT imaging of four anatomical locations was performed consecutively at each of
eight imaging timepoints every 60 minutes on two days with an interval of at least 48 hours inbetween
(Fig. 2a +b). All subjects had two standardized meals and on the second imaging day with an additional
oral intake of 50mg ICG. MSOT imaging was guided by hybrid B-mode ultrasound to identify the
intestinal segments. After image acquisition, semi-automated ROI extension and subsequent batch mode
analyses of MSOT ICG signals with different ICG spectral unmixing presets was performed (Fig. 2c). The
presented analyses were computed with an ICG unmixing preset A (derived from ICG concentration of
6.5uM in plasma). As described above, this showed the most distinguishable results in phantom
experiments and might reflect the in vivo situation best with decreased ICG concentrations in the
downstream intestinal segments. All analyses were similiarly re-performed with the other spectral
unmixing presets, indicating similar results (see Supplementary Fig. 1-3).

In vivo contrast-enhanced MSOT in humans

At the beginning of the clinical study, no relevant ICG signals were seen throughout all observed intestinal
segments. In the gastric antrum, ICG signals were increased after 1.5h (25.4+3.8 x107° vs. 30.5
2.7x107° a.u., P=0.0010). At this timepoint, first signal increases were also detectable in the more distal
terminal ileum (Fig. 3a, Supplementary Video 1). Herein, unmixed ICG signals were elevated over the time
range from 2.5 to 24h with a maximum after 5.5h (34.8 +18.3 x10"°vs. 113.5+81.1x10"° a.u., P<
0.0001). However, no significant differences in MSOT ICG signal intensity was found in the transversal
colon. In the more distal locations, such as the sigmoid colon, there was an enrichment of the signal after
24 hours (29.4 + 6.4x107° vs. 77.1 £ 44.7x107° a.u., P=0.0008) (Fig. 3b, Supplementary Video 2).

Proof of successful gastrointestinal passage

As MSOT ICG signal increase in the colon was only seen 24 hours after ICG intake, we wanted to confirm
a successful passage of the compound through the gastrointestinal tract without systemic uptake or
intestinal degradation (Fig. 4a). Therefore, fluorescent imaging was performed on three subsequent stool
samples from n = 5 subjects and confirmed its presence in the faeces of the participants (Fig. 4b). The
three stool samples were collected 16.7 + 17.25h, 30.6 + 23.59h and 42.75 + 30.55h hours after ICG
ingestion. 3 out of 5 samples from the first timepoint and all further sample were positive for ICG
fluorescence. To further confirm the presence of ICG, optoacoustic spectra were compared at the imaging
timepoints with the greatest ICG signal intensities. The optoacoustic spectra 5.5 hours after ICG intake
the terminal ileum and 24 hours after ICG intake in the sigmoid colon were found to be similar to the one
derived from ICG phantom experiments as compared to standardized meal without ICG (Fig. 4c).
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Discussion

In this translational study we have demonstrated the technical and clinical feasibility of CE-MSOT for
functional imaging of the intestine. While phantom experiments showed that ICG detection is possible
over a wide range of concentrations and pH conditions, subsequent human imaging confirmed feasibility
for in vivoimaging of the human intestine. Furthermore, fluorescent ICG signals were also detectable in
stool samples after application of the dye.

ICG, a dye already approved for intravenous use in children, adolescents and adults, was already shown
for broad applications in preclinical [25-27] and clinical studies [28, 29]. Similarly to the current study,
Morscher et al demonstrated its oral use for imaging gastric emptying in mice [30]. Beyond these animal
experiments, we demonstrated the feasability of this drug/device combination for hand-held, bed-side
imaging of the intestine with broad clinical implications. CE-MSOT could provide a bed-side assessment
of the gastrointestinal passage and prolonged transit times in patients chronic constipation without
harmful ionizing or radioactice radiation of diagnostic standards like radio opaque marker testing [31, 32]
and szintigraphy [33]. Furthermore, very young patients suspected of intestinal malformation, obstruction,
functional bowel disorders or fistulae [34, 35] and chronic ill patients with strictures caused by
inflammatory diseases [36] could benefit from such a non-invasive, radiation-free molecular-sensitive
imaging approach, which could complement established magnetic resonance imaging or computed
tomography protocols [37].

In contrast to other studies, we used a clinical-grade ICG compound and avoided the generation of any
encapsuled formulations in order to potentially reduce degradation of the contrast agent [38]. Our
phantoms experiments prove that an acid environment does not affect the optoacoustic properties of ICG
and its stability within the gut was proven by its detection in stool samples.

In the future, targeting of the imaging compound may enable targeted imaging in the human intestine to
directly flag inflammatory or malignant processes [39]. In comparison to molecular endoscopy [17, 40],
which uses similar principles, targeted CE-MSOT with oral administration may avoid any invasive
imaging procedures. However, prior targeted optoacoustic imaging studies using intravenous application
of either cetuximab-800CW [41] or panitumumab-IRDye800CW [42] for detection of cancer metastasis
showed heterogeneous results. The amounts of imaging agents given via systematic circulation might
not have been sufficient to produce enough signal in comparison to background noise. This problem was
not present in our study, wherein we used 50mg of ICG, which is significantly below the maximum
recommend daily intravenous dose of 1.25mg/kg per bodyweight. Thus, a systematic uptake of ICG in
inflamed intestinal segments should not represent a relevant problem. In addition, oral as opposed to
intravenous administration allowed us to circumvent the problem of possible misinterpretation of strong
interfering hemoglobin signals in vessels. However, the influence of light absorption and optoacoustic
signals arising from intestinal contents is unclear and should be investigated in further studies.

This study has several limitations. The reliable identification of anatomical structures is significantly

more difficult with optoacoustic imaging, so a hybrid approach with B-mode imaging was required to
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guide the examiner [23, 24]. Imaging of signals in the gastric and transversal colon regions was not equal
to the terminal ileum and sigmoid colon. In the stomach, no ICG enhancement was detectable after ICG
ingestion even though an increased gastric filling was visible in the B-mode image on timepoints directly
after the meals. One reason might be the quick transit of liquids through gastric canals along the small
curvature without proper mixing with solid food components [43, 44]. For the transverse colon chyme
retention time is most likely too short that the ICG could be imaged. Also the distribution and
dilution/concentration of ICG in the intestine at different anatomical locations is largely unknown. In this
regard, we have shown that ICG was detectable from in a concentration of of 200—-0.1% ofthe original
meal with ICG (106 pM). Visually ICG signals within the intestine had the greatest similarity with signals
from the phantom at 1.06 yM, indicating a rather low concentration in the gut.

In summary, the present translational study demonstrated the feasibility of MSOT for detection of an oral
applied clinical approved dye inside the gastrointestinal tract. In contrast to other modalities, CE-MSOT
does not require any radiation and enables deep tissue detection. This suggest an immediate clinical
translation in order to minimize the number of more invasive and burdensome examinations, while
opening the window for novel molecular imaging of gastrointestinal pathologies of functional and
structural nature.
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Figure 1

Multispectral optoacoustic imaging of ICG in phantoms

A: Handheld multispectral optoacoustic tomography emits laser light at different wavelengths allowing
differentiation of various chromophores such as hemoglobin or indocyanine green (ICG). Hb =
hemoglobin, ICG = Indocyanine green. Image created with BioRender.com.
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B: Endogenous (hemoglobin) and exogenous (ICG) chromophores and their respective molecular excition
coefficients in the near infrared range of light. HbR = deoxygenated hemoglobin, HbO2 = oxygenated
hemoglobin, ICG = indocyanine green

C: Agarose phantoms from 3D printed molds filled with standardized blended meals with and without ICG
for MSOT imaging.

D: Optoacoustic spectra derived from phantoms with blended meals with and without ICG
(concentrations range between 1.06 and 212uM). Absolute values are normalized on the 760 nm signals
for each dataset.

E: MSOT ICG signals detected in phantoms with blended meals with and without ICG (concentrations
range between 0.106 and 212pM). White bar represents 1cm.

F: MSOT ICG signals derived from different spectal unmixing settings (present A-D) in phantoms with
different ICG concentrations and pH levels.

Spectra derived from https://omlc.org and [13]; last accessed 12/01/2022. Molecular structure of ICG
derived from http://molview.org on 12/01/2022.
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Figure 2

Study flow and MSOT data processing

A: Four intestinal segments (gastric antrum, terminal ileum, transverse colon, and sigmoid colon) were
images by handheld MSOT.

B: MSOT imaging was performed on eight imaging timepoints on two separate days. On both days
subjects received two standardized meals 30 minutes after the first and fourth imaging timepoint. On the
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second day 50mg of ICG in 150ml water was ingested by every subject immediately before the second
imaging timepoint.
C: Co-registered B-mode images were used for anatomical guidance an region of interest (ROI)

placement. Thereafter, semi-automated ROI extention was applied to outline the area of potential ICG
signal detection. White bar represent 1cm.
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Figure 3

Contrast-enhanced MSOT for the assessment of gastrointestinal transit

A: MSOT ICG signals were detected from 1.5 hours after oral ICG intake in the terminal ileum. In contrast,
no ICG signals were detected in the control study arm. White bars represent 1cm.

B: MSOT ICG signal quantification of each imaging timepoint of the day with and without ICG ingestion
in the gastric antrum, terminal ileum, transverse colon, and sigmoid colon. Dots and whiskers represent
mean and SD. Asterisks represent significant differences. * P<0.05 ** P<0.01 *** P<0.001 **** P<0.0001.
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Figure 4

Confirmation of MSOT ICG signals in the stool

A: MSOT ICG signals were detected timely after oral ICG intake in the terminal ileum and with expected
delay on the next day in the sigmoid colon. White bars represent 1Tcm.

B: From n=5 subjectes three conescutive stool samples after oral ICG intake were analysed by flourescent
imaging. Factory presets for ICG fluorescence and tissue autofluorescence signals were used.

C: Optoacoustic spectra 5.5 hours after ICG intake in the terminal ileum and 24 hours after ICG intake in
the sigmoid colon compared with corresponding timepoints of the day without ICG intake. Dots and
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whiskers represent mean and SD.
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