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Abstract
Tumors in colon-specific models of intestinal cancer are accessible for luminal and transcutaneous
imaging approaches. Here, we describe a protocol for three-dimensional high frequency micro-ultrasound
\(3D-µUS) to assess colonic tumor volumes and vascularization in a model of colitis-associated colon
cancer. The technique complements established methods for imaging colonic disease, such as murine
endoscopy, micro-computed tomography, and magnetic resonance imaging.

Introduction
Cancer models based on the subcutaneous \(s.c.) transplantation of tumor cells into rodents have been
employed for over a century 1. Tumor growth is easily quantifiable from the outside in such models,
justifying their continuous use for specific research questions 2. However, the heterotopic inoculation of
cells fails to recapitulate the complex tumor microenvironment and does not reliably predict treatment
efficacy in humans 3. Models that resemble the key features of human tumors more closely are based on
either orthotopic transplantation 4,5, tumor induction with carcinogens 6, or genetically engineered models
7. Rodent models of all three kinds are available for colorectal cancer \(CRC) and particularly genetic
models are constantly refined 7–11. With the increasing availability of such models goes an increasing
need for _in vivo_ imaging techniques that allow longitudinal measurements of tumor growth similar to
those used to analyze s.c. tumors. At present, murine endoscopy is probably the most widely used
method for this purpose 7,12. Its advantages lie in the direct visualization of tumors and the possibility of
taking targeted biopsies 12. However, tumor size cannot be measured directly as tumors are viewed in a
two-dimensional \(2D) projection, and functional imaging cannot be performed routinely. Cross-sectional
imaging techniques such as micro computed tomography \(µCT) and micro magnetic resonance imaging
\(µMRI) have limitations in soft tissue contrast \(µCT), or are not widely available, costly, and time-
consuming \(µMRI). Here, we provide a protocol for a complementary technique for colonic tumor
imaging in mice based on three-dimensional \(3D) _in vivo_ measurements of colonic tumors using 3D
high-frequency micro-ultrasound \(3D-µUS). 3D-µUS allows the scanning of one mouse in less than ten
minutes with volumetric registration of the colonic tumor burden. Within this scanning time, tumor
volume measurements can be combined with Doppler-based assessments of tumor vascularization in
3D. The procedure is suitable for repeated imaging in pharmaceutical studies, compatible with all CRC
models, and devoid of ionizing radiation. We have previously used this method to follow tumor growth of
colitis-associated murine colon tumors upon genetic manipulation of the colon stroma 13 and, in
combination with photoacoustic measurements, to assess tumor hypoxia in chemically induced colon
tumors 14.

Reagents
**Mice**: We use C57BL/6J mice, or immunocompromised mice such as the NOD/SCID strain for
xenograft studies specifically. For photoacoustic studies, nude mice or mice with white fur \(e.g. the
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FVB/N strain) are preferable, as melanin in the skin of black mice interferes with the photoacoustic
signal. Prior to all experiments, ethical approval from the appropriate ethical review board must be
obtained.
**Depilatory cream** 15 such as Veet® or Nair® hair removal creams. **Inhalative anesthetic**:
Isoflurane \(KDG9623, Baxter, US) or similar. Alternatively, intraperitoneal \(i.p.) administration of
Ketamine/Xylazine, for example, can be considered; however, one disadvantage of i.p.-administered
substances is that the anesthesia depth cannot be readily adjusted. **Plastic feeding tube**: e.g. 20
gauge \(20G), 38 mm \(Instech, PA, USA) for intraluminal instillation of US gel and other substances.
**US gel**: clear ultrasound gel \(Parker Laboratories Inc., USA). Non-colored gel is preferable for
photoacoustic imaging.
**I.v. microbubble contrast agents** such as Vevo MikroMarker Non-Targeted
Contrast Agent \(Visualsonics, Canada), or SonoVue \(Bracco, France) contrast agent \(not elaborated
further here). **Butterfly needles**, e.g. 27G for i.v. injection with suitable tubing.
---
_Additional Methods_:
**Induction of Colitis and Colitis-associated Carcinomas**
The AOM/DSS protocol used for tumor
induction is described in ref 13.
**Statistics**
GraphPad Prism v6.0 was used to analyze the data. To
assess inter-rater agreement of tumor size measurements, two raters \(S.N. and M.G.) measured the
tumor volumes independently \(n = 20 tumors). First, correlation was assessed by fitting a linear curve
through the data points using the least squares method without additional weighting, and goodness-of-fit
was determined by calculating R2. Second, a Bland-Altman plot was used to compare the results of the
two raters 22.

Equipment
In the current study, the Vevo LAZR system \(Visualsonics, Canada) was used for 3D-µUS measurements
16. Other high-frequency US systems employing an automatic motor to determine the z-axis and 3D
rendering can also be used. The system \(**Figure 1a**) is additionally equipped with a heated plate, on
which the animal is placed, and a setup to maintain Isoflurane anesthesia during the procedure via a
nozzle. The animal can be monitored using electrocardiogram \(ECG) electrodes, which allows the depth
of anesthesia to be adjusted constantly.

Procedure
**Preparation**
_Disclaimer_: _The reader should obtain independent verification of dosages and
applications for each drug/substance and check for changes in indications and dosage as well as for
warnings and precautions in the accompanying information for each drug/substance_. _The authors
have taken all reasonable precautions to verify and check drug names and dosing schemes; the
responsibility of their usage lies within the individual researcher performing experiments_. The mouse is
anesthetized either by i.p. injection of an anesthetic agent such as Ketamine/Xylazine \(Ketamine 80
mg/kg bodyweight \[bw] and Xylazine 8 mg/kg bw) or by inhalational anesthesia with Isoflurane or
similar. For induction with Isoflurane, the animal is placed in a chamber with a constant flow of 2–3 l/min
2-3% Isoflurane in medical air \(21% O2). Induction usually takes less than a minute, after which the
animal is transferred to the heated imaging pad. The paws are gently taped to the ECG electrodes to
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register the animal’s vital signs during imaging \(ECG electrode gel might be needed to establish electrical
contact) and the animal’s nose is placed into the Isoflurane/air nozzle. The Isoflurane concentration can
be reduced to 0.5–1% at this point and must be adjusted if the animal shows signs of arousal or
extensively deep anesthesia. Protective eye ointment should be applied. Hair can be removed at this point
\(hair can also be removed one day before image acquisition to accelerate the scanning procedure). The
hair should be removed from a ventral area rostral to the anus and as far as the xiphoid process to ensure
that the whole colon can be imaged \(**Figure 1b**). An electric hair clipper can be used to remove long
hair, followed by hair removal cream \(under no circumstances should the recommended incubation
times for chemical hair removal be extended as murine skin can be very sensitive. Creams without
fragrances should be used). After hair removal, the skin can be cleaned carefully with physiological saline
solution or water to avoid artifacts. **2D Imaging in Brightness \(B)-Mode**
US gel is applied generously
to the abdomen. Care should be taken not to introduce air bubbles and it is particularly important when
using photoacoustic imaging that the gel is free of bubbles. Optionally, the gel can be centrifuged briefly
to remove bubbles. The transducer is then carefully lowered under US guidance towards the lower
abdomen of the mouse until the first structures below the abdominal musculature become visible.
Intraluminal contrast can be used to facilitate assessment of polypoid lesions. To this end, a 1 ml syringe
is filled with US gel \(a Luer-Lok syringe avoids the accidental disconnection of syringe and gavage tube).
The syringe is connected to the plastic feeding tube \(**Figure 1c**) and a small amount of US gel is
pushed out to moisten the tip. Subsequently, the tube is inserted carefully into the anus of the animal
while soft pressure is applied to the plunger to gently open the lumen. The tube should become visible in
the live US image, although the imaging depth or the position of the transducer might need to be adjusted
to visualize the tube. Once the tube is visible, US gel is injected to carefully inflate the lumen \(**Figure
2a**). Depending on the position of the colon in the abdomen and the possible presence of feces that
might interfere with the distribution of the gel, the amount of gel needed to inflate individual regions
varies. Care should be taken not to cause a rupture \(a very rare event that only occurred once every
several hundred imaging sessions in our hands). A ruptured colonic wall may be identified by the
presence of US gel in the abdominal cavity, and is immediately recognizable under B-mode µUS as a
black, hypoechoic area \(**Figure 2b**), so that the animal can be euthanized upon diagnosis while
under anesthesia. Intra-abdominal US gel can be differentiated from blood, which also appears
hypoechoic, by using the Doppler function, which is described in more detail below. While intra-abdominal
US gel does not show any Doppler signal, adjacent vessels depict signals characteristic of blood flow \
(**Figure 2c**). Feces can easily be distinguished from tumor tissue by their ragged shape and strong
acoustic shadowing \(**Figure 2d**). To further aid in the differentiation of feces from tumors, the
Doppler function can be used to ensure that no blood flow is present \(**Figure 2e** and below). To count
the number of tumors, a video loop can be recorded from the rectum rostrally 13. While recording a video,
the scanning table is slowly moved manually towards the investigator to image the colon completely. In
most cases, a single scan is sufficient to determine the total tumor count. A series of video loops may be
required in cases where overlying anatomical structures, bends in the colon, or inconsistent fillings with
intraluminal contrast, compromise imaging. Applying gentle manual pressure to the abdomen, or
lowering the rostral end of the imaging table may help to remove gas-filled loops in the small intestine
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from the imaging plane. In male mice, the testes and the penis may impair the view of the most distal
portion of the colon; however, this problem can often be overcome by tilting the imaging table to obtain
an oblique view. In most cases, a full view of the rectum can be achieved. We find a 38 mm tube in most
cases sufficient to inflate and image the area in which tumors in the model used predominantly arise \
(chemically induced with azoxymethane \[AOM] and dextran sulfate sodium \[DSS]).
**2D-Color Doppler
Imaging and Pulse-Wave \(PW) Doppler**
In addition to anatomical images acquired in B-mode,
functional information on vascularization can be obtained during the same imaging session. The tumor
vasculature can be visualized by switching to Color Doppler mode once the transducer is positioned over
a tumor. Color Doppler images represent a function of the mean blood flow through the arteries and veins
that supply the tumor. Conventionally, vessels with flow towards the transducer are colored red, while
those with flow away from the transducer are blue \(note that this does not relate to veins and arteries,
but to the direction of flow relative to the transducer). Alternatively, Power-Doppler can be used, which has
a higher sensitivity for signal detection, but does not differentiate between the directions of blood flow.
For Doppler mode in our setup, we commonly employ the Vevo probe MS550D \(40 MHz center
frequency, 40/90 µm axial/lateral resolution), which can also be used to acquire B-mode images so that it
is not necessary to switch between probes. This allows changing back and forth between Doppler mode
and B-mode in order to obtain optimal positioning of the transducer. Non-vascularized tissue \(e.g.
necrotic tissue) is clearly visible using this method as Doppler signal is lacking 14. For reliable inter- and
intra-individual comparisons of blood flow and vessel density, anesthesia depth should be tightly
controlled to generate comparable hemodynamic conditions. Isoflurane may be advantageous to
Ketamine/Xylazine for this application, as Ketamine/Xylazine anesthesia has a marked effect on blood
flow, at least in the brain 17, and is known to reduce cardiac output 18. Hemodynamic alterations also
occur when using Isoflurane, but these can be controlled for to some extent by keeping the anesthesia
depth as shallow as possible 19. It is worth noting that anesthesia with Ketamine/Xylazine seems to have
a strong effect on glucose metabolism, which may significantly affect any additional positron emission
tomography \(PET) imaging with fludeoxyglucose, for example 20.
Optimal heart rates and respiratory
rates may vary among mouse strains, as well as between males and females 21. Generally, we found a
heart rate >450 beats/min and a respiratory rate >100 breaths/min suitable standard parameters for
C57BL/6J and FVBN/J mice.
Depending on the US system used, a multitude of technical settings can be
adjusted to improve imaging quality, for example, varying the imaging depth, resolution, or dynamic range
of the input signal strength. Generally, it is important to maintain the same settings between individual
measurements. The system used here allows all preferences to be saved and reloaded in the next
imaging session. To acquire steady images devoid of breathing artifacts, respiratory gating can be used
when acquiring Doppler images. Additionally, image averaging can be performed to further reduce
artifacts \(this increases acquisition time, particularly when used in 3D, see below). Color or power
Doppler images visualize the vasculature of the tumors and the velocity of the blood flood through the
vessels. For single vessels, the measurements can be quantified using pulsed-wave \(PW) Doppler \
(**Figure 2g**). From the Color Doppler window, PW Doppler can be selected, which then displays a scout
window to locate the respective region of interest for PW measurements; the beam angle is then adjusted
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to match the flow direction of the vessel of interest \(**Figure 2g**). **3D Image Acquisition**
A
particular asset of µUS is the straightforward acquisition of 3D volumetric data, which allows for
measurements of tumor size at high resolution. It is worth noting that 3D imaging can be combined with
B-mode, Doppler mode, or photoacoustic imaging. The z dimension is computed using a 3D-motor, to
which the imaging probe is attached \(**Figure 1a**). Z-axis resolution can be as low as 76 µm, while the
scanning time in B-mode does not exceed a few seconds. For 3D scanning, the transducer is placed
exactly in the middle of the tumor of interest and the z-axis length, which includes the axial tumor
diameter from its proximal to distal borders, is then set \(typically 2–10 mm). To avoid breathing artifacts
in the 3D images, physiological settings should be adjusted accordingly, resulting in steady 3D-images of
tumors of different sizes \(**Figures 3a–c**). Volumetric measurements made by several investigators
were generally consistent with limited absolute deviations \(**Figure 3d**), while in our hands, relative
differences between two independent raters were highest for smaller tumors \(**Figure 3e**). The 3D-
Doppler imaging process allows for concise visualization of the tumor vasculature, for example, 3D Color
Doppler µUS reveals AOM/DSS-induced colonic tumors to be highly vascularized \(**Figures 4a-c** and
ref. 14). Note that 3D imaging with Color Doppler mode cannot be achieved within the scanning time of a
few minutes per mouse, as correction for breathing artifacts and averaging is crucial to acquire steady
images, and this prolongs the imaging time considerably. In addition, 3D images can be acquired with the
Vevo US system photoacoustic add-on 14. The basic principle of photoacoustics is the optical excitation
of fluorophores, which induces a thermoelastic acoustic wave that can be detected with the US array
element 16. Previously, we have used this method to detect tissue oxygenation _in situ_ in xenografts and
autochthonous colon tumors. We observed high levels of oxygenated hemoglobin in both tumor types,
which is in line with the excellent vascularization of these tumors as detected with Doppler imaging 14.
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Figure 1

Setup of 3D-µUS for imaging of colonic tumors a) US work station: The animal is placed on the heated
table, which can be tilted in all directions and moved along two axes with a micromanipulator. The US
transducer is fixed above the scanning area. b) Schematic of the imaging setup; anesthesia is achieved
through the nozzle supplying Isoflurane in medical air. The checkered area indicates the region that
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should be shaved for complete imaging of the colon. c) Flexible gavage tubes attached to a Luer-Lok
syringe for administration of the intraluminal contrast agent.

Figure 2

Imaging of colonic tumors in 2D. a) Schematic of the procedure. The plastic tube is advanced carefully
via the anus and can be placed directly next to the tumor. Instillation is done under US guidance. b)
Perforations, which occur rarely, can be diagnosed during imaging by the presence of extraluminal US gel
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in the abdominal cavity. c) Color Doppler is used to distinguish gel from vessels. The black area without
Doppler signal (arrowhead) corresponds to US gel. Yellow arrows indicate ruptured area in b) and c). d)
Feces (f) next to a tumor (tu). Droppings have a ragged shape and give a strong hyperechoic US signal at
the surface leading to nearly complete acoustic shadowing (dotted blue lines). e) Color Doppler
demonstrates blood flow in the tumor area, while there is no Doppler signal in the feces. f) Histologic
appearance (Hematoxylin & Eosin) of an AOM/DSS-induced tumor for comparison to US images. g) PW-
Doppler image of an AOM/DSS-induced tumor, measuring the Doppler signal in a supplying vessel.
Velocity of flow towards the transducer is indicated by a red Doppler signal. The heart rate of 456 beats
per minute is measured over four pulse beats and lies within the pre-defined range for imaging (yellow
line). Vaw: ventral abdominal wall; ln: lymph node; lum: colonic lumen; al: artificial lumen (US gel); f:
feces; tu: tumor.
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Figure 3

Imaging of colon tumors in 3D a–c) Series of 3 tumors from one mouse: imaged in 2D (left-hand panels);
imaged in 3D with measurements of the tumor volumes (middle panels); macroscopic appearance of the
tumors after euthanasia and longitudinal opening of the colon (right-hand panels). d) Correlation plot of
the assessment of tumor sizes by two independent raters; curve fitted as described in Methods; r2 is
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indicated in the figure. e) Bland-Altman plot of the data in d), showing percentage differences between
the two raters as a function of the mean tumor size.

Figure 4

Color Doppler imaging a) Color Doppler projection in 3D of the tumor presented in figure (2g). The three
different imaging planes are indicated with red, yellow, and blue lines. Red color represents flow to the US
transducer, blue color represents flow away from the transducer. b) The same 3D Color Doppler data
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rendered and presented orthogonally and c) from the lumen after virtual excision of the abdominal wall
and the ventral tip of the tumor.


