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This article has an accompanying continuing medical education activity, also eligible for MOC credit, on page e15. Learning
Objective: Upon completion of this CME exercise, successful learners will be able to evaluate the potential of raster-scanning
optoacoustic mesoscopy for gastrointestinal imaging.
                                     
                                        
                                       
                                     
                           
n vivo optical imaging modalities are mostly limited
Abbreviations used in this paper: OA, optoacoustic; RSOM, raster-scanning
optoacoustic mesoscopy.

                  

                      
                

                                            
I to cell cultures, superficial tissues, and intravital
imaging since they lack either resolution or penetration
depth.1 In contrast, optoacoustic (OA) imaging—combining
features of optical and ultrasound imaging—has been used
to visualize hemoglobin in depths of approximately 3 cm in
patients with Crohn’s disease.2,3 Realizing an even higher
resolution, raster-scanning OA mesoscopy (RSOM) pro-
vides intrinsic optical tissue contrast down to 10-20 mm
resolution at still high penetration depths of several mil-
limeters.4,5 In this article, with its accompanying videos,
we demonstrate the capability of RSOM to perform high
resolution in vivo gastrointestinal imaging and explore its
potential clinical use.

Description of the Technology
The imaging technology is integrated into a OA small an-

imal scanner that builds on a RSOM system (RSOM Explorer
P50, iTheraMedical GmbH,München, Germany; Figure 1B).5,6

It uses a custom-made spherically focused LiNbO3 detector
(center frequency, 50 MHz; bandwidth, 10-90 MHz; focal
diameter, 3 mm; focal distance, 3 mm; f-number, 1). The
recorded data are amplified by a low noise amplifier of 63-dB
gain. The illumination is generated by a 532-nm diode pum-
ped solid state laser (pulses, 1 ns; �1 mJ/pulse; repletion
rate, 2 kHz). The laser light is delivered through a customized
2-arm fiber bundle (spot size, 3.5� 5mm). The scanning head
is attached to 2 motorized stages, enabling raster scanning
over a field of view of �15 � 15 mm (step size, 20 mm). The
scan head is coupled to the sample surface by an inter-
changeable water-filled (2 mL) interface. The recorded data
are reconstructed with a beam-forming algorithm, which
models the sensitivity field of the focused detector.6–8
Video Description
The first video gives an overview of light- and

soundwave-based imaging technologies that are used
currently or in translation for high-resolution imaging. It
explains how RSOM combines optical and ultrasound im-
aging to provide excellent specifications for preclinical and
translational gastrointestinal imaging.

Then, the principle of OA imaging is explained. It is
based on the illumination of tissue with pulsed laser light at
532 nm. The light gets absorbed by tissue chromophores,
which undergo thermoelastic expansion followed by the
generation of pressure waves that are detected. Taking a
freshly excised liver as an example, we demonstrate the
ability of RSOM to visualize the vasculature of organs
(green, small vessels; red, big vessels) without any label
(Figure 1C–E).

In the second video, we show label-free images of freshly
excised murine colons bearing inflammation and tumors to
visualize neovascularization in neoplastic tissues. The
                                



Figure 1. (A) Technical setup. (B) Imaging principle. (C) Low-frequency (10-30MHz) detection of freshly excised liver tissue. (D)
High-frequency (30-90MHz) detection. (E) Three-dimensional volume overlay. Bars, 1 mm; XY-box, 8 mm.
capability of RSOM for noninvasive in vivo transabdominal
imaging in mice is demonstrated. The increased vasculature
of the colon wall during inflammation is compared to
healthy specimen (Figure 2A–D). In an adoptive T-cell
transfer colitis model, we provide the evidence that RSOM
could noninvasively detect structures resembling injected
Figure 2. In vivo raster-scanning optoacoustic mesoscopy ima
structed from single image planes of the murine colon (maximu
(10-90 MHz). (A) In vivo imaging from healthy mice. Full projec
In vivo imaging from colitis; FP YZ, XZ, and XZ. (D) Three-dime

808
labeled T cells infiltrating into the colon wall of mice with
colitis.

Take Home Message
We demonstrate that RSOM allows noninvasive imaging at

high resolution in vivo. In contrast with other optical imaging
ging from healthy and inflamed mice. The images are recon-
m depth, 3 mm). Detected signals originate from hemoglobin
tions (FP) YZ, XY, and XZ. (B) Three-dimensional volume. (C)
nsional volume. Bars, 1 mm; XY-box, 8 mm.



Figure 2. Continued
modalities, this technology is not generally restricted to the
application of exogenous dyes. Because we used a single
wavelength laser for illumination, the integration of multiple
wavelengths could further enable the label-free determination
of hemoglobin oxygenation, of further tissue molecules (eg,
collagens), and a broader range of fluorescent dyes or proteins.

In the future, the integration in endoscopic devices might
allow the label-free visualization of multiple, deeper layers
of the intestinal wall at single cell resolution.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2017.11.285.
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Tissue Preparation
For fresh tissue, C57B6/J mice were humanely killed and

organs were immediately transferred into phosphate buff-
ered saline (PBS; Sigma-Aldrich Chemie GmbH, Munich,
Germany). Raster-scanning optoacoustic mesoscopy (RSOM)
imaging was performed without any further preparation
and within <1 hour.

Isolation of Primary Cells
CD4þCD25- T cells were isolated from murine spleno-

cytes by MACS magnetic bead separation (CD4þ T Cell
Isolation Kit, CD25-PE Kit, Miltenyi Biotec, Bergisch Glad-
bach, Germany) to a purity degree of >95%.

Labeling of Primary Cells
Before further experiments, CD4þCD25- T cells were

labeled with CellTrace Yellow (Life Technologies, Carlsbad,
CA) according to manufactures instructions. First, a Cell-
Trace stock solution (5 mmol/L CellTrace in DMSO) was
prepared. Then, 1 mL of stock solution was added to each
milliliter of cell suspension. This was incubated for 20 mi-
nutes at 37�C and protected from light. Next, culture me-
dium (RPMI; Sigma-Aldrich) was added to the cells (5 times
the original staining volume) and it was incubated for 5
minutes. Finally, the cells were centrifuged and resuspended
in fresh, prewarmed complete culture medium and incu-
bated for �10 minutes before further experiments.

Models of Colitis and Colitis-associated
Cancer

All animal studies were conducted at the University of
Erlangen-Nuremberg and approved by the Institutional
Animal Care and Use Committee of the State Government of
Middle Franconia. All mice were bred and maintained in
individually ventilated cages.

Adoptive Transfer Colitis
Freshly isolated CD4þCD25� splenocytes T cells (2.8 �

106) from gender-matched C57BL/6 mice (12 weeks old)
were administered intraperitoneally into RAG�/� mice in
200 mL of PBS.1

Chemically Induced Colitis and Colitis-associated
Cancer

C57BL/6 mice (8–10 weeks old) were obtained from the
central animal facility of Erlangen. Colitis and colitis-
associated cancer was induced as previously described.2

For acute colitis, mice received one week of 1.8% dextran
sodium sulfate (DSS; MP Biomedicals LLC, Santa Ana, CA) in
the drinking water. For chronic colitis, mice were provided
with 3 cycles of 1.8% DSS in the drinking water for 1 week
followed by normal drinking water for 2 weeks. For colitis-
associated cancer, mice were injected with a single dose of
the mutagenic agent 7.4 mg/kg azoxymethane (Sigma-
Aldrich), followed by 3 similar cycles of 1.8% DSS in

drinking water for 1 week followed by normal drinking
water for 2 weeks.

Image Reconstruction
To enhance the high-frequency signal of small structures,

the acquired signals were divided into 2 frequency bands,
10–30 MHz (low) and 30–90 MHz (high) before reconstruc-
tion.3,4 In the final images, an overlay of the low-frequency
reconstruction (red) and high-frequency reconstruction
(green) is shown. Additionally, we performed a reconstruc-
tion of the frequency band of 85–87 MHz, which filters out
anatomic structures with very high frequency content to
detect signals that potentially came from the labelled cells.

Motion Correction
For in vivo applications a motion correction processing

was applied as previously described by Schwarz et al.5

Briefly, the algorithm is based on the observation of dis-
ruptions of the ultrasound wavefront generated by periodic
vertical movements of the melanin-containing skin layer.
These disruptions are used to generate a smooth synthetic
surface. Subsequently, the offset between these 2 surfaces is
used to correct for the relative position of the detector
(Supplementary Figure 1).

Image Visualization
For image 3-dimensional visualization, the commercially

available software platform Amira (FEI; ZIB, Berlin, Ger-
many) was used. Maximum intensity projections and
3-dimensional images were generated using standard Amira
tools. Different frequencies were pseudocolored and over-
laid with the software. Images were sharpened using the
software provided unsharp mask filter. Single fibroblast
cells were highlighted by using the segmentation tool on the
image stack in which signals were filtered from 30–90 MHz.
All images were adjusted in hue and saturation using Pho-
toshop elements (Adobe, San Jose, CA) on the entire image
without adding or changing features.

Multiphoton Microscopy
Ex vivo multicolor multiphoton microscopy with spectral

separation was performed on corresponding murine colonic
tissues sections as described previously.6 Briefly, an upright
system (TriM-Scope II; LaVision BioTec GmbH, Bielefeld,
Germany) equipped with a femtosecond Ti-Sa-laser and a
HC Fluotar L25x/0,95 W Visir objective (Leica, Wetzler,
Germany) was used to detect signals in 3 photomultiplier
tubes: second-generation harmonics at 395–415 nm (colla-
gens, blue); autofluorescence in the ranges of 415–485 nm
(NADH, green) and 540–580 nm (FAD, red).

Quantification of Vessel Diameter and
Blood Volume

Vessel diameter and volumes were calculated from raw
images in triplicate. The blood volume was calculated using

809.e1
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ImageJ 3D manager plugin (public-domain Java-based image
processing software; available at https://imagej.nih.gov).
Differences were tested with 2-sided Student’s t test and
P < .05 was considered statistically significant.

Quantification of Labeled Primary Cells
For quantification of labelled CD4þCD25- T cells ex vivo

and in vivo, the open-source software Icy (version 1.9.1.0)
was used. By using the detection plugin ‘Spot detector’ with
adjusted filter settings, bright spots of a certain size that most
likely correspond with the labelled cells were automatically
counted in the entire image or single regions of interest. For
the quantification of bright spots in the multiphoton images,
the following settingswere used: detected bright spot, Scale 2
90 (3 px) and Scale 3 90 (7px); size filter, 10-3000. For
the quantification of bright spots in RSOM images from the
reconstruction in the frequency band 85–87 MHz, the
following settings were used: detected bright spot, scale 1
(1 px); size filter, 30–60. For comparison of multiple groups,
analysis of variance with Bonferroni posttest was used. P <
.05 was considered statistically significant.
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Supplementary Figure 1. (A) Schematic overview of dimensional orientation and skin line movements/discontinuation during
motion. (B) Skin surface raw data before motion correction. (C) Skin surface raw data after motion correction. (D) Raster-
scanning optoacoustic mesoscopy (RSOM) image of murine intestine before motion correction. (E) RSOM image of murine
intestine after motion correction. Blue boxes indicate area of magnified panel in the upper left corner.
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