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Abstract
Neoadjuvant chemotherapy is increasingly becoming the first treatment step in breast cancer. 
Despite the enormous advantages of this therapy, it is a method characterized by a high level 
of toxicity and thus carries a huge burden for the patient. Therefore, it is highly desirable 
to begin monitoring the patient’s response to treatment at an earlier stage. Currently, apart 
from traditional imaging methods, a completely new technique (in the context of monitoring 
the outcomes of chemotherapy), called quantitative ultrasound, is gaining popularity. It is 
a method based on the exact same ultrasound echoes as in traditional ultrasound imaging. 
The innovative approach of the method is that these echoes are not used for visualization but 
to characterize the condition of the tissue by parameterizing it with the aid of ultrasound bio-
markers. The biomarkers make it possible to assess the state of the tissue at the microscopic 
level, and thus evaluate changes occurring in the tissue under the influence of treatment 
at a very early treatment stage. The present paper aims to familiarize the reader with the 
physical foundations of this method as well as present the latest results of related research.
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Introduction

Breast cancer is the most commonly diagnosed cancer 
among women worldwide. In 2018, there were 562,500 
new cases in the world, including the European Union 
countries. This places breast cancer first among other can-
cers in terms of the frequency of occurrence in women, 
accounting for 25.1% of all cancers(1). 

According to the GLOBCAN report, the number of new 
cancer cases in the world in the coming years will exhibit 
an upward trend. Forecasts indicate that in 2024 the num-
ber will exceed 3 million(2). A rising trend in the number 
of cancer cases can also be observed in Poland; however, 
it is not accompanied by an increase in the mortality rate. 
This effect is most likely the result of the impact of screen-
ing tests and increasingly modern therapeutic methods(3). 
Specifically, data provided by experts from Australia, 
Germany, Italy, the United Kingdom, and the United States 

showed that, in a group of patients diagnosed with breast 
cancer, 7–27% were treated with neoadjuvant chemother-
apy (NAC)(4). This therapy includes treatment before sur-
gery, specifically consisting of cyclical administration of 
chemotherapeutic agents in order to reduce the size of the 
tumor, lower the risk of local recurrence and distant metas-
tases and, consequently, achieve better clinical outcomes. 
Taking into account the latest recommendations regarding 
the application of NAC, it should be expected that the num-
ber of patient referred for NAC will increase.

Currently, the most reliable method of determining the effi-
cacy of NAC treatment is the assessment of the pathological 
response of tumor, which consists of the histopathological 
analysis of postoperative material. The lesion size, cellular-
ity, histological type, in situ component, surgical margins, 
and degree of histological malignancy are also assessed. 
The material examined during this assessment is the 
tumor that has been treated (marked with a marker before 
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treatment is started) or, in the case of complete regression, 
the tissues surrounding the marker.

However, the assessment is performed at the end of treatment. 
During therapy, which takes place over many weeks, changes 
occurring at the tumor cellular level are not subjected to 
histopathological verification, except for clinical tests.

The remaining diagnostic methods and the assessment of clin-
ical response are mainly based on the monitoring of tumor 
dimensions. According to the Response Evaluation Criteria 
in Solid Tumors (RECIST 1.1), the type of tumor response is 
determined by comparing the longest diameter of the lesion 
upon pre-treatment and during-treatment examination(5). 
Despite different imaging techniques used to monitor patients 
undergoing NAC, no unambiguous standards have been pub-
lished thus far. Currently, mammography (MMG), ultrasoud 
(US) imaging, and, in some patients, magnetic resonance 
imaging (MRI), are used as techniques for assessing tumor 
size before, during, and after chemotherapy(6).

MMG, in the context of assessing the presence of residual 
tumor after treatment, is characterized by low specificity 
due to the frequent underestimation of the rate of response 
to treatment. Insufficient measurement accuracy is often 
related to parenchymal distortion; the presence of spicules; 
and difficulties in identifying the border of the lesion, which 
may be masked by normal tissue, especially in patients with 
aglandular breast structure. Additional drawbacks include 
the monitoring of the presence of microcalcifications, 
which do not correlate with tumor response to treatment. 
US imaging is characterized by a higher sensitivity com-
pared to that of MMG(6). The assessment of lesion size on 
the basis of the US image is, however, subjective in nature, 
largely dependent on the operator(7–8). 

Other advanced methods that do not only rely on changes 
in tumor dimensions as a criterion for response to treat-
ment but instead analyze physiological alterations and 
changes at the molecular level include functional MRI 
imaging, diffusion MRI imaging, proton MRI spectroscopy, 

fluorodeoxyglucose-positron emission tomography 
(FDG-PET), fluorothymidine-positron emission tomog-
raphy (FLT-PET), and choline C-11-PET(9,10). However, 
these methods cannot be adapted to evaluate the efficacy 
of response to NAC in everyday clinical practice. Apart 
from the high cost of these techniques, they also require 
the administration of a contrast agent and/or the use of 
ionizing radiation.

However, there is a method based on the use of quantitative 
ultrasound (QUS) that can fill the gap between histopatho-
logical examinations and imaging.

This method has the advantages of modern US imaging (e.g., 
non-invasiveness, safety, and low examination costs) but can 
also characterize the state of the tissue microstructure using 
quantitative parameters (i.e., biomarkers) determined by the 
analysis of raw US echoes. Ultrasonic echoes (also called 
raw radio frequency [RF] signals) are the same ultrasonic 
echoes on which modern US imaging is based. Today, most 
major clinical ultrasound manufacturers can provide RF 
access in addition to clinical imaging packages. However, 
research contracts may still be required to gain RF access.

This paper aims to familiarize the reader with both the 
physical basics of QUS and the results of research pub-
lished at both preclinical and clinical research stages.

Basic information on quantitative ultrasound 
in the context of monitoring changes in breast 
tumors during NAC treatment

The RF ultrasonic echo, received by the transducer at the 
moment of examination, is the sum of many echoes originat-
ing from microstructures (scatterers) located in the measur-
ing volume (defined by the beam width and length of the 
transmitted ultrasonic pulse)(11). Depending on the physical 
and material properties as well as the spatial distribution 
of the scatterers interacting with the propagating wave, it 
is characterized by a specific amplitude and phase (Fig. 1).

Fig. 1.  Diagram of ultrasonic RF signal formation as a result of scattering on inhomogeneities present in the tissue



e88 J Ultrason 2022; 22: e86–e92

Hanna Piotrzkowska-Wróblewska, Katarzyna Dobruch-Sobczak, Jerzy Litniewski

In the case of breast tumors, microstructures interact-
ing with the propagating wave at a central frequency of 
10 MHz (the typical frequency used in clinical studies 
of the breast) can be understood as tumor cell clusters, 
stroma fragments, adipocytes, micro- and macrocalcifi-
cations, and blood morphotic elements(12,13). As a result of 
NAC therapy, in the case of tumor response to treatment, 
the microstructure of the malignant lesion is remodeled 
(i.e., the microstructures that interact with the US wave 
are also modified)(14). Commonly used US scanners, which 
generate a traditional B-mode image of the examined 

organ, consider the envelope of RF signals, which is post-
processed to obtain the best image quality. Although these 
images can show some qualitative and quantitative infor-
mation, most of the information on the microstructure of 
the tissue is lost. QUS makes it possible to use all informa-
tion contained in the RF signal(15). Through the quantitative 
analysis of RF signals based on, e.g. spectral analysis or 
evaluation of the statistical properties of the signal enve-
lope, the state of the tissue is characterized by a number 
of QUS biomarkers(16). Some of them are listed in Tab. 1. 
The underlying principle of QUS is illustrated in Fig. 2.

In classic imaging, only filtration is used to obtain the best 
image quality. The quantitative assessment is based on 
a more advanced analysis of the RF signals, with the aim 
of extracting as much information as possible in the form of 
quantitative parameters to characterize the microstructure 
of the tissue.

Results of studies using QUS to evaluate the 
efficacy of NAC in patients with breast cancer

US parameters that enable the monitoring of tissue proper-
ties under the influence of NAC may be related to both the 
physical properties and microstructure of the medium (e.g., 
the examined tissue). The most commonly used method 
involves evaluating the condition of the tissue based on the 
use of scattering properties. US scattering is a fundamental 
phenomenon that occurs when a wave interacts with the 
tissue microstructure. The shape of the frequency spectrum, 
the backscattered signal, is related to the shape, size, and 
elastic properties of the scattering medium (e.g., frequency 
dependencies), and its amplitude with the shape, density 
(e.g., quantity of scatterers in the measuring volume), 
and scattering force of the scatters (e.g., the difference in 
acoustic impedance between the scatterers and the defer-
ring medium). By analyzing the spectrum of the RF signal, 
it is possible to determine the number of US biomarkers, 
such as the integrated scattering coefficient (IBC), spectral 

Tab. 1.  Characteristics of the ultrasonic parameters discussed in the article

Determination method Parameter name and definition Tissue features affecting its value

Spectral parameters – determined 
directly from the signal spectrum in 
the frequency range corresponding 
to the transducer frequency band

Mid-band fit (MBF) [dB] Size, shape, quantity, and elastic properties of scatterers

0-MHz intercept (SI) [dB]: Size, shape, quantity, and elastic properties of scatterers 

Spectral slope (SS) [dB/MHz]: Size, shape of scatterers 

Backscatter scattering parameters – 
determined on the basis of the  
backscattering coefficient in the 
frequency range corresponding  
to the transducer frequency band

Average scatterer diameter (ASD) [μm] Average size of the scatterers (e.g., single cells or clusters 
of cells)

Average acoustic concentration (AAC) [dB/cm3] Spatial density, organization, elastic properties of 
scatterers

Integrated backscatter coefficient (IBC) [dB] Size (AND), shape, quantity, organization, and elastic 
properties of scatterers

Statistical properties 

First-order statistical properties of the 
RF echo envelope – basic concept 
relies on modeling the magnitude 
of speckle with probability density 
functions, shape parameters  
of the K homodyne distribution

ENS – effective numbers of scatterers the 
scatterer clustering parameter

Quantity, organization, and elastic properties of 
scatterers

k – the structure parameter  Size, elastic properties of diffusing structures

Fig. 2.  Principle of operation of traditional ultrasonography 
(B-mode imaging) and quantitative ultrasound. In the case 
of a parametric map (generated based on the analyzed bio-
marker value – the effective number of diffusers), red denotes 
high values of the parameter (indicating a large number of 
identical small scatter structures), while blue represents low 
values (indicating a small number of large scatterers, e.g., 
clusters of cancer cells)
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changes in tissue echogenicity. The changes taking place 
at an early stage are reflected in changes in the textural 
characteristics of the spectral parametric ultrasonic maps. 
As demonstrated by Tadayyon et al., the simultaneous use 
of parameters characterizing the texture of the spectral 
parametric maps along with changes in their mean values 
allowed for predicting the final response of patients with 
breast cancer to chemotherapy with a sensitivity of up to 
100% and specificity of 93% (p = 0.002)(22).

In addition to the spectral analysis of RF signals, there are 
also QUS methods based on the statistical analysis of the 
envelope of the backscattered signal. The key issue in the 
context of modeling the statistics of the envelope of the sig-
nal recorded from the medium featuring changes in the 
number and characteristics of the scatterers is the selection 
of the probability density distribution function. One type 
of probability density function with a wide range of pos-
sible applications is called K homodyne distribution. This 
density function does not require assumptions regarding 
the number or spatial distribution of diffusers. Specifically, 
the distribution is characterized by two quantitative param-
eters that can be related to the microstructure of the tissue: 
one is the effective number of scatterers (ENS), a param-
eter whose size is related to the actual number of scattering 
structures and the parameter modeling of their real con-
tribution (e.g., efficiency) to the echo of the signal, and the 
other is (k), a parameter describing the ratio of the coherent 
signal to the scattered signal. The value of this parameter is 
equal to 0 in the absence of a coherent component (i.e., no 
reflections)(23,24). Analyzing the tissue microstructure, it can 
be concluded that the lack of a coherent component cor-
responds to the lack of large (in terms of the wavelength) 
scattering structures (e.g., microcalcifications).

Statistical analysis using ENS as a parameter differentiat-
ing patients responding and not responding to NAC treat-
ment was carried out on a group of 34 cancerous lesions by 
Klimonda et al.(25). US data from the patients participating 
in the studies was recorded before the start of treatment 
and one week after each administration of the chemo-
therapeutic agent. On average, the tumors were subjected 
to five cycles of chemotherapy. The authors showed that 
classifiers based on only one statistical parameter had 
a great potential as predictors of responses to NAC. Based 
solely on ENS, it was shown that it was possible to differ-
entiate between responders and non-responders, with the 
most accurate prediction in the study occurring after the 
fourth course of NAC treatment (after course I, AUC = 0.6; 
after course II, AUC = 0.7; after III, AUC = 0.75; after IV, 
AUC = 0.9).

Tissue remodeling at various stages of treatment is a com-
plex process, featuring changes in both the neoplastic 
cells and in the stroma. In the case of changes within 
cells, one can consider both changes in the cellular orga-
nization of the tumor (e.g., dissociation, discohesion) and 
changes related to the death of cancer cells (e.g., nuclear 
and cytoplasmic vacuolization, pyknosis, karyolysis). These 
changes are usually accompanied by a stromal response 
that includes fibrosis, elastosis, collagenization, and 

slope (SS), spectral intersection (SI) at 0 MHz, middle 
band (MBF), mean diameter of the spreader (ASD), aver-
age acoustic concentration (AAC), and spacing between 
the scatterers (SAS). The parameters are related to spe-
cific tissue characteristics, such as the AAC number and 
spatial density of the scatterers, the SI organization of the 
scatterers, and the SAS distances between the scatterers. 
Structures dispersing in neoplastic tissue refer, for example, 
to the elements of stroma or clusters of cells(17,18).

The first results of a pilot study on the use of spectral analy-
sis in the assessment of the efficacy of NAC in women with 
breast cancer were presented in 2013 by Czarnota’s team 
from the Sunnybrook Health Sciences Center in Toronto. 
This pioneering research was conducted on a small group 
of patients (n = 24) with locally advanced breast cancer. 
US data was recorded before treatment initiation and four 
times during treatment (1, 4, and 8 weeks after treatment 
initiation and before surgery). The authors showed that, in 
using the average values   of parameters, such as the mid-
band fit (MBF), slope (SS), and spectral crossover (SI), it 
was possible to distinguish a group of patients not respond-
ing to treatment. Moreover, the study exhibited a sensitivity 
of 100% and specificity of 83.3% within four weeks after 
treatment initiation(19).

A year later, the same research group used the other three 
scattering parameters (i.e., IBC, ASD and AAC) with the 
aim to predict NAC’s results. Based on the same mea-
surement scheme as in their previous study, in a group of 
30 patients, they showed the AAC parameter to be a bio-
marker enabling the identification of patients responding 
to NAC as soon as one week after the start of treatment. It 
was also found that the IBC values   increased throughout 
therapy only in the group of responding patients; in the 
absence of any tumor response, the IBC remained con-
stant. Using the multi-parameter approach, the authors 
demonstrated that it was possible to predict the response to 
treatment with a very high sensitivity and specificity (82% 
and 100%, respectively) after four weeks of treatment(20).

To evaluate the effectiveness of NAC, the above-mentioned 
pilot studies used the mean values   of biomarkers deter-
mined for the entire mass of the tumor. The analysis of 
tumor changes due to chemotherapy may suggest that this 
is not always the best method(21). Mean values   represent 
global changes that may mask subtle remodeling of the tis-
sue microstructure, especially at the beginning of therapy. 
Generating and analyzing the previously mentioned para-
metric maps seems to represent a solution that can provide 
more accurate information. Textural parameters such as, 
for instance, homogeneity, variance, contrast, and correla-
tion, which quantify the spatial relationship between local 
acoustic properties within tissue microstructures, are capa-
ble of characterizing the heterogeneous response within 
a tumor, particularly early on in the treatment process.

Such an approach was presented by Tadayyon et al. (2014). 
The authors showed that the mechanisms of cell death 
induced by chemotherapy within the tumor elicited mor-
phological changes in the tumor cells, causing measurable 
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infiltration by lymphocytes, plasma cells, and fibroblasts(26). 
Because of this, different kinds of parameters are able to 
characterize the changes taking place in the tumor at each 
stage of therapy. Meanwhile, a multi-parameter approach 
combining statistical analysis with spectral analysis was 
proposed by Piotrzkowska-Wróblewska et al.(27). The study 
participants included a group of patients with lesions of 
varying size, referred for neoadjuvant treatment. US data 
was recorded one week after each NAC course and imme-
diately before surgery. Changes in the parameter values, 
occurring in tumors, were presented by the authors using 
parametric maps. An example of a series of quantitative 
images for a responder and non-responder is shown in 
Fig. 3 and Fig. 4.

Using the IBC and ENS parameter values, on a group of 
24 tumors, Piotrzkowska-Wróblewska et al. showed that 
the simultaneous use of spectral analysis and the statis-
tical evaluation of the signal envelope allowed for the 
differentiation between responders and non-responders 
after the second and third course of chemotherapy, with 
AUC = 0.82 and AUC = 0.91, respectively(16). In a single-
parameter assessment, for IBS, the respective AUC values 
were AUC = 0.7 and AUC = 0.81, and, for ENS, they were 
AUC = 0.79 and AUC = 0.80.

The analysis of the test results presented in the above-men-
tioned studies indicate the potential of QUS as a tool for 
predicting the response of patients with breast cancer to 
the applied treatment in the form of NAC.

The advantages of quantitative methods were also dem-
onstrated by Dobruch-Sobczak et al., who showed (based 
only on ultrasonic images) that changes in tumor echo-
genicity are closely related to the level of cancer lesion 
response to treatment. Moreover, based on changes in tis-
sue echogenicity in B-mode after the third course of che-
motherapy, these authors were able to predict a decrease 
in tumor cellularity with a sensitivity of 84% and specific-
ity of 93%(28).

However, it should be noted that the observation and 
assessment of the level of changes in tissue echogenicity 
based on image analysis may be a great challenge, as its 
evaluation may be influenced by both the operator’s experi-
ence and image settings. However, the approach proposed 
by Dobruch-Sobczak et al. can be fully objective through 
using the IBC parameter which quantitatively provides 
information about the scattering properties of microstruc-
tures present in the medium and thus characterizes tissue 
echogenicity in a quantitative manner(29). In another study, 
which was a continuation of the above-discussed topic, 
Dobruch-Sobczak et al. confirmed this hypothesis(30). 

The application of QUS methods is associated with the 
parameterization of tissues and thus enables the compari-
son of test results performed by different operators and 
using varying equipment.

This information was confirmed by DiCenzo et al., who 
were the first to publish the results of multi-center studies 

Fig. 3.  B-mode ultrasound images with overlaid parametric IBC 
images determined for a patient responding to NAC before 
(A) and one week after each chemotherapy cycle (B–F). Blue 
indicates low IBC values; red indicates high values

A D

B E

C F

Fig. 4.  B-mode ultrasound images with overlaid parametric IBC im-
ages determined for a non-responder to NAC before (A) and 
one week after each chemotherapy cycle (B–F). Blue indicates 
low IBSC values; red indicates high values

A D

B E

C F
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