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The objective of the research was to study the features of transplantation, growth and visualization of experimental tumors of animals, 
using multimodal optical coherence tomography (OCT) to develop the methodology of evaluation of individual tumor response to anti-cancer 
therapy.

Materials and Methods. The research was carried out using an experimental high-speed spectral-domain multimodal OCT system developed 
at the Institute of Applied Physics of the Russian Academy of Sciences (Russia). The technical characteristics of the system are the following: 
speed of information acquisition, 20,000 А-scans per second; 1.3 μm wavelength; frame size, approximately 4×2 mm; lateral resolution, 25 μm; 
and depth resolution, 10 μm. we evaluated cross-polarized (CP) and microangiopathic (МА) OCT images.
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we performed an OCT study of the experimental tumor model of colon adenocarcinoma of mice Colo-26 on BAlB/с mice (transplanted by 
suspension of tumor cells culture) inoculated subcutaneously into the thigh, intradermally into auricle, and in a dorsal skinfold window chamber. 
In the case of a deep subcutaneous location of a nodule, skin flap over the tumor was surgically opened. CP OCT images were compared with 
histological preparations (stained using hematoxylin and eosine).

Results. It was established that a Colo-26 tumor growing subcutaneously is not suitable with OCT monitoring investigations. Applying 
of tumor model with opened skin flap made it possible considerably to increase the visualization depth; however, it is not feasible to use this 
method for everyday OCT monitoring. The tumor grown within a dorsal window chamber is optimal for the visualization of blood vessels by 
means the OCT. Nevertheless, the inflammation and edema sometimes observed at the tumor site impeded the МА OCT study. Superficial 
tumors on the auricle are available for OCT investigation throughout their entire depth if the size of nodule does not exceed 1.5 mm. The tumor 
model on the auricle is convenient for physiological studies of the state of the vessels during the tumor growth.

Conclusions. The optimal tumor model for dynamic multimodal OCT observation is a tumor on the auricle. unlike a tumor located on the 
thigh it is characterized by a subcutaneous location of the nodule yet one which still remains accessible for visualization. The tumor evolving in 
the ear can be studied using dynamics which would be impossible for the tumor with opened skin flap. Tumors in the dorsal skin window can 
also be used for research, but the monitoring of their growth is limited to those that are no larger than 5–7 mm, as the nodule goes beyond the 
window due to the decreased elasticity of the skin, typical of these mice.

Key words: experimental tumor model; colon adenocarcinoma Colo-26; optical coherence tomography; ОCТ; cross-polarized OCT; microan-
giopathic OCT.

The main trend in modern experimental and clinical 
oncology is towards the individualization of treatment, 
i.e., prescription and adaptation of anti-tumor therapy 
in accordance with the individual biological properties 
of the tumor and its primary response to treatment. To 
determine a therapeutic regimen in clinical practice, the 
oncologist considers a series of prognostic factors: the 
state/stage of the process, the receptor status of the 
tumor, the age and sex of the patient, the presence, 
extent and intensity of concomitant pathology, previous 
clinical experience of treating similar patients having 
analogous types of cancer, etc. However, tumors with 
similar clinical and biological characteristics often react 
differently in individual cases and can be considerably 
different in respect of their sensitivity and responses, 
both to various types of anti-tumor therapy (radiation 
therapy (RT), chemoradiotherapy (CRT), photodynamic 
therapy (PDT)) and to the prognosis [1].

Currently, the possibility of predicting how a tumor 
will respond to treatment is rather limited. Biophotonics 
methods are actively being used to evaluate changes 
in biological activity resulting from treatment of the 
neoplasia. For example, they make it possible quickly, 
non-invasively and relatively cheaply, to evaluate the 
oxygenation status of a tumor, which is nowadays 
considered to be one of the most important factors 
determining the prognosis of treatment and the 
effectiveness of therapeutic interventions [2].

Today it is evident that there is an important and unmet 
necessity for pre-clinical and clinical in vivo visualization 
methods for determining the early responses of tumors 
to the treatments being used [3]. Thus, the development 
of a sensitive tool for the optical visualization of early 
changes in the tumor tissues subject to cytotoxic 
treatment is matter of some urgency.

Optical coherence tomography (OCT) is a developing 
and promising method which can detect the dynamics of 
the structural and functional changes in tumor tissues in 
response to therapy [4, 5].

The system for multimodal OCT (mm OCT) described 
in this paper was designed on the basis of previous 
experience of constructing a variety of OCT systems. The 
value of mm OCT requires the ability to detect changes 
of the tumor in response to treatment: of the cellular 
component (the tumor cells), of the tumor stromata 
(the connective tissue and extracellular matrix) and of 
the microvasculature. The responses of the different 
components of the tumor are not the same but are finally 
measurable and can be evaluated quantitatively [6, 7].

Conducting mm OCT visualization before and 
after targeted therapy (PDT, RT and CRT) provides 
new knowledge and offers a step forwards for the 
individualization of treatment. This is possible because 
the principal mode of OCT (detection of the backscatter 
of the probing radiation by the tissues) is directed at 
the evaluation of a tumor tissue at a scale of ~10 μm; 
the polarization mode detects changes in the stroma;  
evaluation of changes in tumor vessels using such 
function of OCT as microangiography in dynamics can be 
considered as a potential criterion for the effectiveness 
of the therapy.

For the successful application of the mm OCT 
method in clinical practice, the conduct of experimental 
research on animal tumor models is a necessary step in 
developing techniques of mm OCT investigation and the 
detection of early prognostic signs of the tumor response 
to the provided treatment. The main requirement to 
an object of research using the mm OCT method is 
its superficial localization, i.e., on skin integuments or 
mucous membranes. While choosing an experimental 
model, we were guided by the fact that clinical studies 
into colorectal cancer were being planned. Thus, 
we selected an experimental mouse model of colon 
adenocarcinoma Colo-26. According to the scientific 
literature it is known that the Colo-26 tumor responds to 
PDT, RT and CRT [8–10].

We were aware of the experience of using OCT for 
studying tumors on the thigh, on the auricle and in a 
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dorsal skinfold window chamber model. Gobin et al. [11] 
had observed a change in the OCT backscatter signal 
resulting from nanoparticle accumulation in tumors 
implanted in the thigh. Due to nanoparticle scattering 
laser radiation, the visualization depth was considerably 
increased while the skin above the tumor did not impede 
the examination. In the study of song et al. [12] there 
was used a tumor on the ear for observing tumor nodules 
after the injection of cells. The tumor growing in window 
chamber has been used for the visualization of blood 
vessels [13].

The objective of the research was to study the 
features of transplantation, growth and visualization of 
experimental tumors in animals, by using multimodal 
OCT to develop the methods of evaluation of individual 
tumor responses to anti-cancer therapy.

Materials and Methods. Research was carried out 
using an experimental high-speed spectral-domain 
mm OCT system (Figure 1) developed at the Institute 
of Applied Physics of the Russian Academy of sciences 
(Nizhny Novgorod, Russia).

Technical characteristics of the MM OCT system. 
The mm OCT system is constructed using the principle 
of spectral signal reception [14–18] providing a speed of 
information acquisition of 20,000 А scans per second. 
To study the object we used a broad band light of the 
near-IR range (1.3 μm) with a power of about 15 mW. 
The system is equipped with a two-coordinate probe 
scanning the object across a 4×4 mm area. scanning 
can be performed by arbitrary manner which allows 
implementation of different modes of information 
acquisition. The system provides a spatial resolution of 
25×25 μm transversally and of about 10 μm in depth. The 
system is equipped with a module for cross-polarized 
reception of the image [19]. Beyond the visualization of 
OCT images in real-time, the software enables three-
dimensional image representation and the mapping of 
the microvasculature, based on an original approach 
[20]. The physical principle behind this differentiation 
of the vasculature is based on defining the temporal 
variability of the complete complex signal in each image 
element forming a speckle pattern. Where the scattering 
elements are moving, the phase and amplitude of the 

complex signal of the speckle pattern changes from one 
scan to the next considerably faster than does the image 
of the surrounding tissue and this makes it possible to 
infer that there is blood flowing in these regions. The 
processing is based on spatiotemporal filtration of 
sequentially written, strongly overlapped A-scans with a 
slow rate of lateral scanning (the so-called m-mode like 
OCT mode) [20].

Both cross-polarized images (CP OCT) in the initial 
and orthogonal polarizations, and microangiopathic 
OCT images (МА OCT) were evaluated as a part of the 
optimization of the tumor models.

Experimental tumor models. In our experiment, 
the tumor used was the Colo-26 undifferentiated 
adenocarcinoma of mice. The tumor was transplanted 
by subcutaneous or intradermal injection of a tumor cell 
suspension culture into BALB/с mice. In the paper, we 
have compared subcutaneous and intradermal injections 
into the thigh; intradermal injection into the auricle and 
the dorsal skinfold window chamber. In all cases the 
inoculated dose was 200 thousand cells. In the case of 
the deep subcutaneous location of the tumor transplanted 
into the thigh, we used an open skin flap technique. The 
intradermal injection into the ear was performed according 
to the study [12], and the growth of a tumor in the dorsal 
skinfold window chamber was modelled according to the 
scheme described in the work [21].

To verify the tumor structure on OCT images and the 
localization depth, we conducted a parallel correlation 
with corresponding histological preparations stained with 
hematoxylin and eosine using standard techniques.

While working with the animals we followed the 
Guidelines for Works Involving Experimental Animals 
[22] and International Guiding Principles for Biomedical 
Research Involving Animals [23], observed ethical 
principles established by the European Convention 
for the Protection of Vertebrate Animals Used for 
Experimental and Other scientific Purposes (adopted on 
18.03.1986 in strasbourg and confirmed on 15.06.2006 
in strasbourg). The performance of experimental study 
on animals is allowed by the Ethical Committee of the 
Nizhny Novgorod state medical Academy (minutes 
No.14 as of December 10, 2013).

а b c

Figure 1. system used for OCT imaging: (a) multimodal OCT device; (b) and (с) OCT probe
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Figure 2. study of the Colo-26 tumor in the thigh: (а) OCT image of the subcutaneous nodule; (b) OCT image of the intradermal 
nodule; (c) histological preparation of the subcutaneous nodule (stained with hematoxylin and eosine, frame size 936×702 μm, 
scale bar 50 μm); (d) histological preparation of the intradermal nodule (stained with hematoxylin and eosine, frame size 
936×702 μm, scale bar 50 μm). The upper OCT image is the initial polarization, size 2.7×1.7 mm; the lower OCT image is the 
orthogonal polarization, size 2.7×1.7 mm; scale bar 1 mm. The tumor is indicated by the arrows

b

Results and Discussion. The morphological analysis 
of preparations of Colo-26 tumors indicate that their 
structure is characterized by the tumor cells forming 
both complexes and strands. The tumors are poor in 
conjunctive tissue but have a well-developed vasculature 
(Figure 2 (c), (d)).

With the subcutaneous transplantation of Colo-26 
tumors in the area of the thigh the depth of the tumor 
nodule was 130–200 μm (Figure 2 (c)). The tumor 
could not be visualized in the OCT images because 
of the strong scattering by the epidermis and dermis 
(Figure 2 (а)). This hypodermal model is therefore 
unsuitable for OCT monitoring research.

By using thin needles, 31G (0.26 mm), it is possible 
to provide for superficial injection of the Colo-26 cell 
culture and the formation of single intradermal tumor 
nodules of size 3–5 mm (Figure 2 (b), (d)) by days 
5–7. Accordance to the morphological data, the tumor 
nodules form at a depth 40–100 μm from the surface 
of the epidermis (Figure 2 (d)). However, with the CP 
OCT image, the depth of signal penetration does not 
exceed 350–380 μm (Figure 2 (c)). As the optical signal 
quickly deteriorates as depth increases, especially for 
the orthogonal polarization, such study of intradermal 
tumors is also unfeasible.

A greater depth of tumor visualization (up to 800–
900 μm) can be achieved by ‘opening’ the tumor; in other 
words, by working using an open flap (Figure 3). The 
tumor on the OCT image shows no obvious structure but 
the availability of the signal in both initial and orthogonal 
polarization makes it possible to use different approaches 
for quantitative evaluation of the OCT signal [24, 25]. By 
working with the ‘open’ tumor, it was possible to avoid 
skin irritations above the tumor because of hair depilation 

Figure 3. Example of OCT images of Colo-26 ‘open’ tumor 
using open skin flap technique. The upper OCT image is the 
initial polarization, size 2.7×1.7 mm; the lower OCT image is 
the orthogonal polarization, size 2.7×1.7 mm; scale bar 1 mm. 
The tumor is indicated by the arrow

and (or) skin necrosis as the tumor grows. However, 
there is a significant disadvantage limiting the application 
of this technique in that it is not possible to conduct daily 
monitoring of the state of the tumor nodule.

A promising alternative to the ‘open’ tumor is modelling 
of the tumor in a dorsal skinfold chamber window. Here, 
the tumor nodule remains open while the growth under a 
coverglass provides the opportunity to perform dynamic 
observations of the process (Figure 4) from the moment 
of injection of the tumor cells to the formation of a tumor 
5–6 mm in size. A significant advantage of this model 
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Figure 4. model of Colo-26 tumor in a dorsal skinfold window 
chamber: (а) CP OCT image on day 3 after inoculation of the 
cell culture; the upper OCT image is the initial polarization, 
size 2.7×1.7 mm; the lower OCT image is the orthogonal 
polarization, size 2.7×1.7 mm; scale bar 1 mm; (b) histological 
preparation, stained with hematoxylin and eosine, frame size 
3741×2809 μm, scale bar 50 μm; (c) photo of the tumor in a 
window chamber model; (d) МА OCT on day 3 after inoculation 
of the cell culture, size of image is 2×2 mm. The tumor is 
indicated by the arrows

bа c

d

Figure 5. model of Colo-26 tumor in the ear: (а) and (b) CP OCT images on days 5 and 11 after transplantation; the upper OCT 
image is the initial polarization, size 2.7×1.7 mm; the lower OCT image is the orthogonal polarization, size 2.7×1.7 mm; scale bar 
1 mm; (c) histological preparations, stained with hematoxylin and eosine, frame size 3745×2809 μm, scale bar 50 μm; (d) and 
(e) МА OCT images on days 5 and 11 after transplantation, size of image 2×2 mm
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Characteristics of models using the Colo-26 tumor in BALB/с mice

Model characteristic Colo-26 tumor localization

Transplantation area In the thigh On the auricle In a dorsal skinfold window 
chamber

Superficial location  
of the tumor (availability  
for OCT research)

usually at late periods of growth Yes Yes

Possibility of intradermal 
transplantation

Injected with thin needles (31 G) Always intradermal Yes

location depth  
of the nodule

130–200 μm for the subcutaneous 
nodule; 40–100 μm for the 
intradermal nodule

20–65 μm 20–50 μm

Characteristics of CP OCT 
image

The OCT signal from the tumor 
is moderate, but the visualization 
depth is no more than 350 μm

The tumor is visible in its entirety 
even at late periods of growth up  
to up to 14–17 days from injection; 
the OCT signal penetrates  
the whole depth of the nodule

The tumor is visible in its entirety 
during early periods of growth,  
up to the 7–10th days; the OCT  
signal penetrates the whole depth  
of the nodule

Skin necrosis above  
the tumor

Extensive necrotic areas  
are formed

Small necrotic areas may form  
in very rare cases, but only  
at late periods of growth (more  
than 20 days from the inoculation)

No

Duration of observation limited by occurrence of necrosis 
on days 7–10

In 80–90% of cases, the duration 
of observation is up to the 21 days. 
limited by the occurrence  
of necrosis on days 14–21

In 80–90% of cases, the duration 
of observation is until the 7th day. 
limited by the volume of the tumor. 
The tumor should not go beyond the 
window chamber

Inoculation success 100% 60–80% 80–100%

Possibility of CP OCT  
and МА OCT monitoring

limited due to the small 
visualization depth

Optimal for CP OCT, МА OCT Possible for CP OCT, МА OCT, 
limited when the size of the tumor 
reaches 5–7 mm

is its convenience for the observation of tumor blood 
vessels and the study of its angiogenesis.

It was established during the experiment that the 
research duration for the tumor growing within the 
skinfold window chamber on BALB/с mice is ended once 
it has reached a size of 5–7 mm. When the nodule grows 
further, it goes beyond the window chamber because of 
relatively poor elasticity of the skin of these mice. The 
tumor growing within the window chamber is a suitable 
model for vessel visualization, including the use of OCT 
(Figure 4 (d)). However, sometimes mice used with this 
model developed inflammation and edema at the tumor 
site and this interferes with МА OCT research.

Alex Vitkin’s group has used athymic nude mice for 
modeling the tumor in the window chamber to observe 
МА OCT [26, 27]. The advantage of these mice is the 
high elasticity of their skin, which allows observation of 
the tumor growth in within the window chamber much 
longer. However, the low availability and high price of 
these mice limit their use in experiments.

The superficial tumor can be modelled by 
transplantation of the tumor into the surface of the mice 
auricle. An important advantage of this inoculation is the 
assured superficial growth of the nodule that is the main 
requirement for studies using OCT. A peculiarity of this 

inoculation into the ear is the limitation of injected fluid 
which can be used, 10–20 μL (in the thigh we were able 
to inject 50 μL of the cell suspension) and this is probably 
the cause of the relatively low success of this tumor 
inoculation technique (60–80% compared with 100% for 
the thigh) and the greater spread of nodule occurrence 
in different species: from 3–4 to 11 days. Despite these 
features (which can be taken in mind for the planning of 
experiments correctly), the tumor model on the auricle is 
optimal for OCT studies. The inoculation into the auricle 
does not need depilation before the study. Thus the skin 
above the tumor is not irritated and nothing interferes 
with OCT visualization.

With the early stages of nodule formation the depth of 
CP OCT visualization makes it possible to observe the 
whole tumor nodule both in the initial polarization (co-
polarized) and orthogonal polarizations (cross-polarized) 
(Figure 5 (а)). The OCT image clearly displays the tissue 
layers including the cartilage with the perichondrium, the 
own vessels of the dermis typical of the auricle tissue 
and confirmed by morphological study (Figure 5 (c)). 
Development of the tumor nodule is characterized by the 
erosion of layers specific to the normal structure of the 
ear and a decrease of optical signal intensity, especially 
in the orthogonal polarization (Figure 5 (b)).

Choice of an optimal tumor model for multimodal oCt
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According to the morphological data, while the tumor 
nodule grows it can be located either at a certain depth 
below the epidermis, or close to the epidermis (but without 
invasive growth into it). The depth of the nodule location 
is within the range from 20 to 65 μm (Figure 5 (c)). Thus 
it was established that a tumor transplanted into the 
ear is the most superficial and easy accessible for OCT 
observation over its entire depth provided that its size 
does not exceed 1.5 mm (Figure 5 (а), (b)).

The Table represents comparative data on the model 
using Colo-26 tumors transplanted into the thigh, the ear 
or in a dorsal skinfold window chamber of BALB/с mice.

Conclusion. In a comparative study of the features 
of the transplantation, growth and multimodal OCT 
visualization of experimental models of Colo-26 tumors 
in BALB/с mice transplanted into the thigh (including 
‘open’ tumors), the auricle, and in the dorsal skinfold 
window chamber. It was established that the optimal 
tumor model for dynamic mm OCT observation is a 
tumor in the auricle. Unlike the tumor in the thigh this 
model is characterized by the subcutaneous location of 
the nodule, while it remains accessible for visualization. 
The dynamics of the tumor developing in the ear can 
be studied in ways which are impossible for the ‘open’ 
tumor. The tumor in a window chamber can also be used 
for mm OCT, but monitoring of its growth is limited to a 
5–7 mm sized tumor as further growth of the nodule then 
goes beyond the window chamber, which is restricted by 
the poor skin elasticity, typical of mice of this line.
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