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Abstract

In the practical work of radiologists or oncologists, particularly in individualized
treatment, a rapid and accurate diagnosis, timely assessments of drug effects,
and direction of disease progression are essential. Radiomics and neural networks
offer significant help in analyzing data from diagnostic imaging studies. This study
examines quantitative biomarkers derived from magnetic resonance imaging,
tentatively categorized as mathematical morphological markers, and explores their
relationship with osteoclast tumor regression in breast cancer. This study aims to
determine the consistency of imaging biomarkers in the stabilization, healing, and
progression of breast cancer bone metastases.

Keywords: Radiomics; Neural networks; Osteoclastic metastases; Magnetic resonance
imaging; Time sequences of biomarkers; Radial basis function

1. Introduction

The primary goal of breast cancer treatment is the reliable evaluation of its effectiveness,
focusing on the earliest possible detection of disease stabilization or progression
criteria, which allows timely adjustment of the therapy plan.' Using radiomics offers
significant opportunities for enhancing disease control through imaging methods,
particularly image processing, whose full capabilities remain underutilized.> The
challenges of the widespread application of radiomics include insufficient theoretical
developments, difficulties in correlating identified features with clinical manifestations
and morphological data, image artifacts, and image normalization, among others.*”* The
prolonged course of bone metastases creates a pathological cycle in which osteoclasts
stimulate increased activation of osteoblasts. In parallel, these processes are further
influenced by treatment, and from a conventional diagnostic perspective, they appear as
numerous mixed areas. According to multi-slice spiral computed tomography (CT) data,
metastases are defined by the alternation of fragments of compaction and rarefaction.
On magnetic resonance imaging (MRI), they appear as diffuse, heterogeneous zones
of peritrabecular edema, while positron emission tomography reveals multiple small
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merging foci with varying standardized uptake values.*®
In these cases, dynamic analysis of imaging studies is
crucial, as visual assessment by a radiologist alone may be
insufficient in the absence of obvious signs of progression.
Therefore, effective treatment monitoring now relies on
advanced machine-based analysis to identify imaging
biomarkers that correspond to phase changes in the
metastatic process.

The study aims to examine the relationship between
radiomic imaging biomarkers and the stages of osteoclastic
metastasis development processes.

2. Methods
2.1. Clinical characteristics

The MRI images were obtained from three patients
diagnosed with breast cancer initial states T2N2-3M1,
who underwent comprehensive treatment, including
neoadjuvant chemotherapy, mastectomy, and adjuvant
chemotherapy combined with remote radiation therapy at
doses up to 56 Gy. The patients are referred to as Spine-2
(three scans) and Spine-3 (four scans). In addition, in one
case, called Spine-1 (12 scans starting from the initial state),
CDK 4/6 inhibitors — palbociclib and abemaciclib - along
with radiation therapy were used. According to diagnostic
methods (biopsy), metastatic skeletal involvement
was confirmed in all patients. After the diagnosis was
established, foci in the spine were further monitored
using MRI with intravenous contrast enhancement with
gadolinium-based preparations. Follow-up intervals were
approximately 3 months, with each patient undergoing
a minimum of three MRI scans and a maximum of 12
scans. Osteoscintigraphy and CT served as conventional
reference methods for comparison.

The control group consisted of 10 MRI images of
healthy spines without fractures, and the patients’ age
range was 27 - 55 years.

2.2, Modeling of the radiomics process

The workflow consisted of two primary stages: Evaluation
of diagnostic images by a radiologist and machine-
based analysis. To objectivize the results, all data were
anonymized, and observations were assigned conditional
labels (i.e., Spine-1, Spine-2, and Spine-3), followed
by the corresponding study sequence. Notably, both
evaluation processes proceeded in parallel, generating a
report, in which the final diagnosis had a three-digit scale:
Improvement, stabilization, and progression.

Thesoftware used in this studyincluded both proprietary
modules and modules from well-known libraries, which
are summarized in DICOM Viewer. Programming was

conducted in the JAVA/JAVAFX language, which is
characterized by high portability, sufficient processing
speed, and extensive graphical and computational
capabilities. The experimental system was implemented as
a separately installed program module named “Radiomica
Applicata” For DICOM data processing, the DICOM
software library® was used. The user interface has a classical
structure: a menu at the top, an image tree on the left, and
images on the right. The operation is the same as in the
standard DICOM Viewer. To automate phase detection, a
radial basis function neural network was used."

2.2.1. Morphological markers and their time
sequences

Earlier studies analyzing MRI and CT tomograms with

bone metastases'"** have identified three radiomics and

morphologic biomarkers: Arcela, Caldera, and Contrast.

Their definitions are given as follows:

1. Arcela: This operator evaluates the complexity of an
image, where one image is considered more complex
than another if the sum of the boundaries of its
constituent objects is larger

2. Caldera: Caldera: In breast cancer, many structures
in bone have radial symmetry,”” as seen not only
in metastases but also in inflammatory foci and
“sclerosing” zones induced by them. The caldera
varies in intensity relative to the intervertebral disc
(black, white, and ISO). If the intensity of the Caldera
is lower than the intensity of the intervertebral disk,
the Caldera is labeled as black

3. Contrast: Itiswidely known forits application in imaging.
Therefore, we propose using contrast accumulation
dependence as a marker of disease progression in our
software package as well.

2.2.2. Hilliness

In this study, the software package utilized the
aforementioned biomarkers: Arcela for tracking image
complexity, Contrast for measuring changes in contrast
accumulation, and Caldera for detecting radially
symmetrical objects. However, during disease regression,
a point may be reached where these changes become
insignificant, necessitating more subtle and targeted
markers than the MD Anderson criteria and response
evaluation criteria in solid commonly used clinically. For
example, this is applicable in the “healing” phase, which
can be interpreted in a first approximation as wound
healing, that is, as a stage of growth of loose fibrous
connective tissue. Although the fibrous structure is
hardly detectable by the existing devices, its appearance
and development are reflected in changes in the relief
of image intensity. During tumor regression, tissues
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gradually change their texture, returning to the original
state, though not exactly replicating it. Vertebrae of young
and healthy individuals display a faint “noise” in relief
in sagittal projection, corresponding to the trabecular
structure. With age, this “hilliness” increases due to
osteoporosis. However, the intensity of relief exhibits
less variation in heights and depressions compared to
the disease period. To quantify these variations, we
define hilliness as the standard deviation from the mean
intensity in the region of interest (ROI), normalized by
the mean intensity in the ROL.

3. Results
3.1. Using hilliness as a morphological marker

Before exploring the relationship between all the
developed markers, is important to note, that the
functionality of hilliness fits well into the Hanahan and
Weinberg scheme' of important cancer traits based on
object complexity.

From the results of time sequences based on hilliness in
the Spine-1 observation, diffuse metastatic bone lesions led
to a generalized decrease in bone marrow signal intensity
(discs on T1 and T2-weighted images appear brighter than
bones). The time sequence of changes in the Th7 vertebra
is displayed in Figure 1. Here, the general stabilization of
intensity against a background of decreasing fluctuations
over time, which is a characteristic of healing wounds,
is visible. To visualize changes over time, the program
module can plot a graphical curve depending on the
biomarker type.

A more detailed analysis of Spine-1 (thoracic spine)
over 12 studies revealed that the contrast agent initially
accumulates distinctly in the nidus, followed by the
introduction of palbociclib and its accumulation in the
surroundings. The Arcela marker, which measures image
complexity and is associated with chaotic angiogenesis in
the nidus, performs well during this period. In addition,
the curve displays variations in the mean ROI intensity,
corresponding to the withdrawal of palbociclib and the
switch to abemaciclib.

Reduced complexity in the lytic focus was also observed
in T1 at hypointensity. The increase in complexity (i.e., the
increase in the sum of object boundaries) with the positive
effect of therapy, such as palbociclib, grows rapidly, enabling
the physician to ensure the effectiveness of the medication
within the first 3 months. Further Caldera values decrease
and Hilliness becomes more prominent. Caldera values
decrease and Hilliness becomes more prominent. Over
time, as intensity stabilizes the variance of deviations from
the mean intensity decreases and eventually stabilizes in
the Th7 vertebra (Figure 2).

Time sequence of hilliness
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Figure 1. Hilliness of Iytic metastasis without contrast agent accumulation.
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Figure 2. Hilliness of lytic metastasis with contrast agent accumulation.

3.2. Relationship between different morphological
markers and phases of tumor development

We used parallels between healing wounds and cancerous
tumors to establish the relationship.'>'® These phases were
defined based on the known processes of bone remodeling
markers in osteopenia and osteoporosis, as well as the
development of bone metastases,'”'® which can be generally
distinguished into three main phases:
1. Inflammation phase: The reaction of the bone
microenvironment to the implantation of metastases
or the therapeutic effect
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2. Proliferation phase: The progression of the tumor
process or focusing on the early “healing” stages, when
the tissue is replaced by fibrous connective tissue

3. Recombination phase: The effect of therapy with

activation of osteoblasts; in this phase, the tissue may
be replaced by bone tissue, which is often unstable,
or the process may return to the inflammation phase
with the development of metastases.

Measurements were performed on several vertebrae,
and the most typical ones were selected for illustration.
Figure 3 displays the time sequences of marker values in
the Spine-1 observation: Arcela (A), Black Caldera (B),
and Hilliness (C).

The Hilliness window initially ranged from 9 to 17
but decreased to 10 — 12. Meanwhile, Caldera generally
increased and then decreased. Notably, immediately after
the start of medication (palbociclib), the Arcela growth
value increased from 6.7 to 11.7; this phenomenon
indicates a positive response to the medication. It is also
evident that each time sequence reacts not only to its key
phase but also to all other phases, though less actively.

The transition to phase III (in this case, the “healing”
phase) does not always occur and depends on the success
of treatment. Figure 4 displays the disease progression in
T1 sagittal Spine-2 L2. The observation interval is close to
Spine-1, making it comparable.

Instead of progressing to phase III, metastasis returned
to phase I, which was confirmed in all markers. Hilliness
(C) was practically unchanged (between 0.14 and 0.17),
with a lower intensity compared to the intervertebral disc
(129 - 130 RGB). The deviations were small, resulting in a
relatively “smooth” bottom. Arcela (A) decreased from 10.9
to 6.4; that is, the complexity of the structure decreased.
Meanwhile, Black Caldera (B), representing areas of dark
elliptical structures, increased.

An example from the “yellow” zone and the “turbulence”
zone was observed in Spine-3 (T1 sagittal Th9). Figure 5
displays the changes in the markers.

We observed a slight increase of Arcela (A), but
it remained within a small range of values (5.2 - 7),
indicating low near-constant complexity. Caldera (B)
exhibited turbulent behavior, tending to increase. Hilliness
(C) did not remain constant, fluctuating between 6 and 8,
but remained above the intensity of the intervertebral disc.
These data suggest an intermediate change in metastases
(phase II) in the spine, although a stable condition was not
yet observed.

Table 1 presents the currently developed criteria for
defining the phases. Significant deviations from the pattern
should raise suspicion of exacerbations of some kind. For
contrast in phase I, a decrease >25% should be considered
a positive indicator. Thus, the different phases of the
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Figure 3. Metastasis regression to the “healing” phase (phase IIT). Arcela (A), Black Caldera (B), and Hilliness (C)
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Figure 5. Metastasis in phase II. Arcela (A), Black Caldera (B), and Hilliness (C)
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Table 1. Phase control in stable disease over a time interval
(maximum 60 months)

Marker/ Arcela (%) Caldera (%) Hilliness (%) Additional

phase information

PhaseI = Growth>25  Value<5 Deviation>10 NA

Phase Il ~ Deviation<10 Value>5 Deviation>10 NA

Phase III Deviation<10 Value<5 Deviation<10 Intensity
>~125

Note: NA: Not available.

disease are effectively monitored through the sequential
application of the developed markers.

4, Discussion

The findings suggest that the selected markers, which
indicate phase changes, are responsible for all the main
phases of “healing,” the primary goal of this work. Such
markers are especially important when the disease
is asymptomatic and there are no visible signs to the
radiologist. Similar coverage of the main phases of
processes by markers, which physically correspond to
the morphological and pathophysiological processes
in vertebrae, should likely be expected in the analysis of
other bones. One of the important topics for discussion is
the choice of the analyzed area (ROI),"” as measurements
in different planes can vary due to the internal structure
of the vertebra and the asymmetric growth of tumor
tissue. In this study, we focused on the sagittal section
of the vertebra. For future work, we have considered the
development of software for recognizing the phases of
tumor process development using neural networks.” This
approach is promising due to the significant non-linearity
of relationships between the data and the phases, which can
provide valuable insights for the doctor. Neural networks
do not replace the work of the doctor but only complement
it. There are also obvious difficulties in cases of sarcoidosis
or deep “sclerosing”

5. Conclusion

The recommendations for MRI T1 sagittal ROI include
several positive and negative indicators. A positive indicator
isarapidrisein Arcela under the influence of the medication,
as well as the presence of Black Caldera at the onset of a new
medication. In addition, a long-term decrease and leveling
off of Hilliness, along with the slow rise or constancy of
intensity, serve as an indicator of healing.

Conversely, negative indicators include a consistently
low value of mean intensity compared to the intervertebral
disc, as well as low deviations from the mean intensity
for ROI (Hilliness). A decrease in Arcela and a long-term
increase in Black Caldera also suggest a negative response.

These recommendations provide examples of practical,
numerical use of morphology based on radiologic images,
which can be valuable clinically for monitoring the
progression or regression of disease and treatment efficacy.
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