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The aim of the study was to evaluate a novel non-invasive method — optical coherence elastography (OCE) — for detecting early 
changes in the elasticity of tumor tissue in response to chemotherapy.

Materials and Methods. Female BalB/C mice were used in this experimentation. Cultured breast cancer cells (the 4T1 line) were 
implanted onto the surface of the mouse ear. The experimental animals were randomly separated into two groups: the control group (n=5) 
and the therapeutic group (n=5); the latter one received chemotherapy with cisplatin injected intraperitoneally at a dose of 6 mg/kg. We 
then studied the elastic properties of the tumor tissue using a spectral multimodal optical coherence tomograph (Institute of Applied Physics 
of the Russian Academy of Sciences, Russia) that allowed for measuring the mechanical characteristics in terms of elastography. The 
compression mode of the OCE is based on estimating the inter-frame variation gradient of the OCE signal phases when tissue images are 
pairwise compared in the process of tissue deformation. By using a silicone layer for calibration we were able to determine the absolute 
values of the tissue stiffness (the Young’s modulus of elasticity). The stiffness distribution across the tissue sample is displayed by images 
with a pseudocolor palette.

Results. The efficacy of chemotherapy with cisplatin was evaluated by the standard technique (kinetics of tumor growth), and then 
verified by histological analysis. Throughout the study, the tumor growth rate in the control group was significantly (p<0.05) higher than 
that in the therapeutic group. By means of OCE significant differences (p<0.05) in the stiffness of the tumor tissue were found between the 
therapeutic and control groups of animals already on day 5 after the start of chemotherapy.

By the end of the treatment, the OCE showed the lowest values of tumor stiffness, which correlated with the existence of extensive 
necrosis as confirmed by histology.

Conclusion. During chemotherapy, OCE can be used for in vivo monitoring of tumor stiffness as an index of treatment efficacy.

Key words: experimental tumor model; breast cancer; 4T1 mouse tumor model; optical coherence tomography; OCT; optical coherence 
elastography; OCE; cisplatin.
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Introduction

Breast cancer remains the most common type of 
cancer in women. In 10% of cases, a triple negative 
form of breast cancer is diagnosed; there, the tumor 

cells lack the HER2 membrane protein, estrogen, and 
progesterone receptors, which make the targeted 
therapy useless. In case of triple-negative breast cancer, 
chemotherapy is of little efficacy too [1].

In experimental oncology, the efficacy of antitumor 
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drugs is tested in animal tumor models [2]. The 
mouse tumor model 4T1 closely approximates the 
characteristics of human breast cancer. The 4T1 tumor 
is highly tumorigenic and invasive and, unlike most 
tumor models, can spontaneously metastasize from the 
primary tumor [3].

Cisplatin has been shown to effectively suppress 4T1 
cancer [4]. Cisplatin, the chloride-ammonia complex 
of divalent platinum, is a cytostatic antitumor drug. 
The drug bifunctionally alkylates DNA strands, inhibits 
the biosynthesis of nucleic acids and thereby causes 
regression of tumor cells. The tumor cell death under 
chemotherapy occurs mainly by necrosis [5, 6]. Necrotic 
tumor cells disintegrate and thus change the entire 
structure of the tumor tissue that leads to biomechanical 
properties changes, which can be measured to serve a 
marker of tumor degradation.

In recent years, biomechanical properties of breast 
tumors have been studied by ultrasonic elastography. 
The method provides for a qualitative and/or quantitative 
analysis of tissue elasticity based on the measurement 
of the Young’s modulus. This approach has found its use 
for monitoring and predicting the results of neoadjuvant 
chemotherapy [7]. However, the relatively low spatial 
resolution of the current ultrasound-based elastography 
[8] restricts its diagnostic value.

Recently, a number of reports demonstrated the 
benefits of using optical coherence elastography (OCE) 
with a micron-level spatial resolution for intraoperative 
detection of surgical margins in breast cancer [9], 
for the differential diagnosis of benign and malignant 
neoplasms in the human breast tissue [10, 11], as well 
as for evaluation of chemotherapy efficacy in tumor 
models [12, 13].

In the present study, OCE elastography was used for 
live detection of an early response of the 4T1 murine 
tumor to chemotherapy.

The aim of the study was to evaluate a novel non-
invasive method — optical coherence elastography — 
for detecting early elasticity changes in tumor tissue in 
response to chemotherapy.

Materials and Methods
Animal tumor models. Female BalB/C mice were 

supplied by the lab animal breeding farm in Pushchino 
(Moscow region, Russia). The order No.199н “On the 
Approval of the Rules of Good Laboratory Practice” [14] 
and the International Guiding Principles for Biomedical 
Research Involving Animals (CIOMS and ICLAS, 2012) 
[15], as well as the ethical principles established by the 
European Convention for the Protection of Vertebrate 
Animals used for Experimental and other Scientific 
Purposes (Strasbourg, 2006), were strictly observed. 
The permission from the Ethical Committee of the 
Privolzhsky Research Medical University to conduct 
these specific experiments was obtained.

4T1 cells culture were implanted onto the surface of 

the mouse ear at a concentration of 2·105 cells/20 μl of 
phosphate buffer solution [16]. Morphological structure 
and other details of this tumor model are described in 
[3]. As shown earlier [17, 18], the 4T1 model is a triple 
negative tumor, morphologically similar to the duct 
breast cancer and characterized by a high degree of 
malignancy and high metastatic activity.

It is important for the present OCE study that this 
tumor is located on the ear surface and allows for 
accurately measuring its size, visually assessing 
its growth and monitoring the changes in the tissue 
elasticity [19]. All the experimentation was performed 
under general anesthesia (0.05 ml of Zoletil 100 + 
Rometar 2% in a 1:1 ratio).

Chemotherapy. The experimental animals were 
randomly divided into two groups: the control group 
(n=5) and the therapeutic group (n=5); the latter one 
received the cytostatic chemotherapeutic drug cisplatin 
at a dose of 6 mg/kg intraperitoneally, according to 
the earlier proposed treatment regimen [20]. Cisplatin 
was administered on day 2 post tumor inoculation. The 
subsequent therapy was carried out on days 3, 5, 7, 10, 
and 12, in total, 6 treatment sessions.

Criteria of the antitumor efficacy. During the first 
14 days, the therapeutic effect by following tumor growth 
kinetics in the control and therapeutic groups was 
assessed. The tumor volume was determined using the 
formula: Vtu=p/6 a·b·c, where a, b, c — length, width and 
depth of the tumor as measured with a caliper. Since at 
the baseline (day 0), the tumor volume varied greatly 
from mouse to mouse, the values of tumor volume on 
days 1–14 per the baseline value to get the ratio V/V0 for 
the very same mouse were normalized.

Histological examination. To assess the degree 
and the mechanism of the tumor damage under 
chemotherapy, the areas of necrosis in the therapeutic 
and experimental groups were compared. To that end 
of the study, on day 14 after the tumor implantation the 
animals were euthanized by dislocating the cervical 
vertebrae. The histological slides prepared from the 
tumor tissues were stained by hematoxylin and eosin. 
The Avtandilov’s morphometric technique was used 
to measure the areas of necrosis and the percentage 
of tumor cells with nucleus and cytoplasm irreversible 
changes (karyolysis, karyopyknosis, karyorrhexis, 
vacuolization of the nucleus and the cytoplasm). The 
resulting cell counts were expressed per total area of the 
histological slide. At least three histological specimens 
from each tumor were examined.

Optical coherent elastography. The elasticity 
characteristics of tumor tissues were measured using 
a spectral multimodal optical coherence tomograph 
(Institute of Applied Physics of the Russian Academy 
of Sciences, Russia) in the elastography mode. The 
multimodal optical coherence tomograph is based on 
the spectral principle of signal reception and can provide 
20,000 A-scans per second [21, 22]. In this study, we 
used a broadband near infrared signal (1.3 μm) with 
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a power of about 15 mW. The device has a spatial 
resolution of 15 μm wide and about 10 μm (in air) 
deep [23].

The compression OCE mode is based on estimating 
the inter-frame variation gradient of the OCE signal 
phases when tissue images are pairwise compared 
in the process of tissue deformation. To process the 
information brought by the OCE signal, an improved 
(hybrid) version of the phase-associated monitoring 
of tissue scattering [24] and a robust vector method 
for estimating phase gradients [25, 26] were used. 
A calibration (silicone) layer with a known stiffness 
(200 kPa) was placed on the tissue surface to help 
calculate the absolute values of the tissue stiffness (the 
Young’s modulus of elasticity) from the ratio of silicone 
deformation to tissue deformation. The resulting image 
is represented with a pseudocolor palette, where the 
rigid (poorly deformed) areas are shown in blue, and the 
soft (markedly deformed) areas are red. The principle 
behind obtaining the images has been described earlier 
[25, 26]. The OCE-related measurements were carried 
out on day 3, 5, 7, 10, 12, and 14 after the tumor 
initiation. When an OCT probe was used to study the 
mechanical properties of the tumor tissue, the calibration 
silicone was placed on top of the tissue sample, and 
compression was applied to both materials. The primary 
data were processed in the MATLAB environment to 
result in stiffness distribution maps for the tumor tissue 
specimen [27].

Results
Changes in tumor volume after chemotherapy. 

In the tumor growth kinetics, statistically significant 
differences were found between the control and 
therapeutic groups (p≤0.05). Throughout the study, 
the growth rate of tumors in the control group was 
significantly higher than that in the therapeutic group 
(Figure 1). Thus, three days after the first chemotherapy 
session, the average tumor volume in the therapeutic 
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Figure 1. Kinetics of tumor growth 
under chemotherapy with cisplatin 
at a dose of 6 mg/kg
The tumor volume (V) at each time 
point was normalized to the initial value 
(V0) measured on day 0; the green 
arrows indicate the timing of cisplatin 
administration;     *    statistically significant 
difference from the control group 
(p<0.05)

group increased 1.83-fold from day 0, while the average 
tumor volume in the control group increased 4-fold.

On day 14, after six chemotherapy sessions, the 
following dynamics was observed: the average tumor 
volume in the therapeutic group increased 9.84-fold from 
day 0 as compared with a 40-fold increase in the control 
group (p≤0.05). The significant difference in the tumor 
growth rate between the control and therapeutic groups 
indicated a chemotherapeutic effect of cisplatin.

Histological examination. In the histological 
preparations obtained on the final day of the experiment 
(day 14), the tumor tissue in the control group had 
a morphological structure with the characteristic 
predominance of parenchymal components (98–99%) 
over stromal ones (~1%) (Figure 2 (a)). The stroma was 
represented by small diffuse bundles of collagen fibers 
occupying 1–2% of the neoplasm, and by tiny capillaries 
of the sinusoidal type. In the upper part of the slide, 
necrosis of epidermal cells and (partially) tumor cells 
was observed; the necrotic areas occupied up to 20% of 
the entire preparation (Figure 2 (c)).

In the therapeutic group, tumors were characterized 
by large foci of necrosis (up to 55% of the tumor 
area) associated with a loss of histological structure 
(Figure 2 (b), (d)); a moderate tissue swelling was also 
detected. Diapedesis, hemorrhages, stasis, sludge, 
and full-blooded capillaries were seen, mainly on the 
border between the tumor and normal ear tissue. In the 
remaining areas of the tumor tissue, about 10–25% of 
the cells showed irreversible changes in the nucleus 
and/or cytoplasm — e.g., karyolysis, karyopyknosis, 
karyorrhexis, and vacuolization (Figure 2 (e)). In about 
25% of the cells, there were signs of an abnormal 
nucleus division such as non-viable forms of mitosis. 
The similar changes were detected both in the central 
parts of the tumors and in their periphery, in all animals 
of the therapeutic group.

Elastic properties of the tumor. For the first 4 days 
of the tumor growth, its volume was too small to perform 
accurate elastography. Therefore, reliable results 
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Figure 3. Change in the tumor stiffness during chemotherapy with 
cisplatin at a dose of 6 mg/kg
× The number of chemotherapy sessions by a given time point; 
* statistically significant difference from the control group (p<0.05)
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Figure 2. Histological examination of the 4T1 model:
(a) tumor from the control group; (b) tumor from the therapeutic group; (c) superficial necrosis in tumors from the 
control group; (d) total tumor necrosis in the therapeutic group; (е) karyopyknosis and karyolysis in tumors from the 
therapeutic group; the red arrows show areas of tumor necrosis, the yellow arrows indicate areas of edema in the 
tumor tissue, the orange arrows point to tumor cells with nuclear damage (karyorrhexis), the black arrows indicate 
karyopyknosis in tumor cells, the green arrows point to the areas of irreversible nuclear changes — karyolysis

were obtained only starting from day 5 of the 
experiment. In Figure 3, changes in the tumor 
stiffness without and with chemotherapy are 
shown. On day 5, the tumors in the treatment 
group were significantly softer (386±26 kPa) 
than those in the control group (600±66 kPa) 
(p≤0.05). This trend continued up to day 12 
when the average stiffness of tumors in the 
therapeutic group was 323±16 kPa versus 
451±79 kPa in the control group (p≤0.05). 
By the end of the observation, the tumors 
in both groups had low stiffness values, 
which were most likely due to the developing 
necrosis of cancer cells, either spontaneous or 
chemotherapy-induced.

The elastographic maps showed that in 
control, the tumors had high stiffness values at 
the early growth period (Figure 4 (a)). Later on, 
softer areas appeared and stiffness decreased 
(Figure 4 (b), (c)). In the therapeutic group, low 
stiffness areas appeared at the early stages 
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of tumor growth (Figure 4 (d)), and thereafter, even 
lower stiffness values were detected (Figure 4 (e), (f)). 
After 14 days, a dense layer of dead epidermal cells 
developed on the tumor surface, which was typical for 
this murine tumor model. Because of that no further 
OCE measurements were feasible and the elastography 
studies were stopped.

Discussion
This is a preliminary research into the ability of the 

new method — OCE — to monitor antitumor therapy (in 
this case, with cisplatin) at an early stage.

To date, a number of non-invasive methods have 
been used to evaluate the efficacy of chemotherapeutic 
agents: among them, kinetics of tumor growth inhibition, 
changes in body weight, the life span and overall 
survival of experimental animals [28, 29]. Yet, the gold 
standard has been and still is the morphological analysis 
of both the primary tumor and distant metastases in 
various organs [30]. The histological method though is 
logistically complicated and time-consuming because 
it requires the animals to be sacrificed at each time-
point, which considerably increases the total number of 
animals in the experiment. Therefore, the development 
of high-precision non-invasive techniques to follow the 
tumor growth during antitumor therapy is important.

In the present study, the standard methods of 
evaluating the antitumor activity confirmed that cisplatin 
exerted a noticeable chemotherapeutic effect on the 4T1 
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Figure 4. Elastographic maps of stiffness distribution in the tumor tissues of mice in the control and therapeutic groups:
(a)–(c) changes in tumor stiffness in the control group as detected on days 5 (a), 10 (b), and 14 (c); (d)–(f) changes in tumor 
stiffness in the therapeutic group as detected on days 5 (d), 10 (e), and 14 (f); the dotted line indicates the boundary between the 
calibration (silicone) layer and the tumor tissue; the boundary was determined by the structural images; on the left, the stiffness 
scale expressed in the units of the Young’s modulus of elasticity (kPa); the pseudocolor palette: blue color — the areas of the 
highest stiffness (about 800 kPa), yellow-green color — the medium stiffness (300–400 kPa) and red color — the softest (lowest 
stiffness) areas (about 0 kPa)

tumor. This was evidenced by the significantly lower rate 
of tumor growth in the therapeutic group. The results 
(see Figure 2) were in a good agreement with those 
reported by others [4, 20].

In the therapeutic group, the histological changes in 
the tumor tissues are similar to described in the literature 
[31]. Thus, Li et al. reported that after treatment by 
cisplatin in combination with doxorubicin, extensive 
areas of necrosis were observed in tumor cells; in other 
cells, various nuclear abnormalities — nuclear clamping 
and fragmentation — were revealed. Fragmentation of 
nuclei (karyorrhexis) may indicate the mechanism of 
apoptosis in tumor cells [32]. Other authors [32, 33] also 
demonstrated an apoptotic response in 4T1 tumor cells 
exposed to cisplatin in vitro. In our study, karyorrhexis 
was observed in tumors of the therapeutic group, which 
might indicate the mechanism of apoptotic cell death 
caused by cisplatin.

Although both necrosis and apoptosis can occur 
under exposure to chemotherapeutic drugs, the role 
of necrosis in tumor cell death is considered the most 
significant [6]. In line with this concept, the antitumor 
activity of chemotherapeutic agents is classified by 
the volume of tumor necrosis [34]: more than 90% of 
necrosis in a tumor is considered a good antitumor 
response. In our study on the 4T1 model, the histological 
tests revealed a moderate (55% necrosis) antitumor 
effect of cisplatin.

The OCE measurements during the tumor growth 
allowed us to monitor its response to chemotherapy 
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by changes in the mechanical stiffness of the tumor. 
Significant differences in the stiffness values were found 
between the therapeutic and control groups, and the 
stiffness value decreased during the treatment. These 
results are consistent with experimental and clinical 
studies using ultrasonic elastography, where changes 
in tumor stiffness were reported at 2 and 4 weeks after 
the initiation of chemotherapy for breast cancer [12] 
and rectal cancer [13]. In our study, the stiffness values 
differed between the two groups starting as early as 
day 5 after the tumor implantation. In this early period, 
the tumor stiffness changed only in the therapeutic 
group (p<0.05), while in the control group it remained 
unchanged.

Thus, the OCE method can be used for in vivo 
monitoring of early changes in tumor stiffness as an 
efficacy index of chemotherapy. Detailed interpretation 
of the stiffness distribution maps by comparing them with 
the histological preparations at different time-points will 
allow us to rationalize the use of OCE for non-invasively 
evaluating the efficacy of antitumor drugs.

Conclusion
Optical coherent elastography is able to detect 

a tumor softening, starting from day 5 of cisplatin 
chemotherapy. By the end of the treatment, the tumor 
stiffness decrease to its lowest level, which correlates 
with extensive necrosis, as revealed histologically. 
This allows us to propose the OCE as a reliable and 
sensitive method for non-invasive in vivo monitoring of 
biomechanical changes in tumors under chemotherapy.
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