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Cancer—Yesterday, Today, Tomorrow
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The COVID-19 pandemic has brought infectious and contagious diseases back to the
forefront of medical concerns worldwide [1]. Prior to this period, the global mosaic of
pathologies was dominated by cardiovascular diseases and cancers, as a cumulative result
of the risk factors of our civilization [2,3].

Oncological pathology, unfortunately, has permanently occupied an undesirable lead-
ing position, even if, in previous decades, it was underdiagnosed. The more consistent
application of screening methods and the improvement of diagnostic tools have given us
an understanding that is closer to the true dimension of the phenomenon [4].

Genetic, molecular, histopathological, immunohistochemical, clinical and statistical
studies have highlighted new facets of the neoplastic disease and found certain mutations
suffered due to it (appearance at younger and younger ages, atypical evolutions, accom-
panying bizarre paraneoplastic phenomena, resistance to established therapeutic means,
more frequent and more aggressive recurrence, etc.) [5,6].

The increase in average life expectancy has also induced an increase in the incidence
of neoplasms in older people, with the appearance of new histological or evolutive types
and the association of several concurrent or successive neoplasms in the same person [7,8].

Given that almost any component structure of the human body can develop multicel-
lular malignant degeneration, with the possibility that the biology and “own strategy” of
development and manifestation are different for each; that confirmed histological forms
evolve (in the sense of worsening) from one stage to another; and that there is a loss of
efficiency of some therapeutic means used (increasing resistance to chemotherapy, drug
tachyphylaxis, radioresistance, etc.), we have a more complete picture of this puzzle [9,10].

The therapeutic means, in turn, have been developed and improved considerably, but
must be permanently aligned with the dynamics of the development and manifestation of
the neoplastic disease. Oncological surgery is often the pivot in cancer treatment as a prac-
tice of radical interventions on the primary tumor and resectable metastases. Unfortunately,
it is possible to reach a capping of the surgical performance, considering that multivisceral
resection (in locoregionally advanced forms) is not always applicable, and sometimes, its
consequences are incompatible with survival or generate unacceptable suffering or seque-
lae. Often, oncological cases are completely inoperable and only palliative interventions
can be practiced [11,12].

Transplantation surgery in oncology has obtained encouraging results, but currently,
it is only applicable in a limited number of cancers that are in an early evolutive stage [13].

From this perspective emerges the idea that superior results in the fight against this
disease can be obtained through a better understanding of predisposing genetic factors, of
the particular neoplastic biology of each individual variant, of risk factors (environment,
food, toxins, etc.) and of the development of nonsurgical therapeutic methods.

The COVID-19 pandemic has also produced profound changes regarding the issue
of oncological pathology. It is worth noting, on the one hand, the reluctance of patients to
access medical services during that period, and on the other hand, the overcrowding of
medical units with the prioritization of medico-surgical emergencies.
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Certainly, the effect of the SARS-CoV-2 infection on the patient’s oncological back-
ground could potentiate immunosuppression, along with other systemic effects, but, thus
far, this has been insufficiently studied. Medical researchers are also called to clarify the
general biological, disimmunity, vascular and individual reactivity mutations produced by
the virus in the body of oncological patients [14].

Despite the significant progress made in the area of diagnosis and treatment of neo-
plastic disease, there remains a huge field to explore, considering the current unknowns
and the alert dynamics under which cancer evolves. Oncology is the medical field that
requires the mobilization of most medical specialties in order to outline the particular
profile of each individual patient and optimize the necessary treatment [15].

The results of research from the various fields that deal with oncological issues must
be capitalized and “assembled” into a unitary whole in order for them to have scientific
and practical value.

This is the direction in which this Special Issue of the Medicina journal is headed, and
is an invitation for all specialists working in the oncological field to present their experience
and research results.

Conflicts of Interest: The authors declare no conflict of interest.
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The Role of Lymph Node Downstaging Following Neoadjuvant
Treatment in a Group of Patients with Advanced Stage
Cervical Cancer
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1,2,*, Anca-Angela Simionescu 1,3,*,
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and Laurent,iu Simion 1,2
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Abstract: Background and Objectives: Cervical cancer is the fourth most frequent type of neoplasia in
women. It is most commonly caused by the persistent infection with high-risk strands of human
papillomavirus (hrHPV). Its incidence increases rapidly from age 25 when routine HPV screening
starts and then decreases at the age of 45. This reflects both the diagnosis of prevalent cases at
first-time screening and the likely peak of HPV exposure in early adulthood. For early stages, the
treatment offers the possibility of fertility preservation.. However, in more advanced stages, the
treatment is restricted to concomitant chemo-radiotherapy, combined, in very selected cases with
surgical intervention. After the neoadjuvant treatment, an imagistic re-evaluation of the patients
is carried out to analyze if the stage of the disease remained the same or suffered a downstaging.
Lymph node downstaging following neoadjuvant treatment is regarded as an indubitable prognostic
factor for predicting disease recurrence and survival in patients with advanced cervical cancer.
This study aims to ascertain the important survival role of radiotherapy in the downstaging of
the disease and of lymphadenectomy in the control of lymph node invasion for patients with
advanced-stage cervical cancer. Material and Methods: We describe the outcome of patients with
cervical cancer in stage IIIC1 FIGO treated at Bucharest Oncological Institute. All patients received
radiotherapy and two-thirds received concomitant chemotherapy. A surgical intervention consisting
of type C radical hysterectomy with radical pelvic lymphadenectomy was performed six to eight
weeks after the end of the neoadjuvant treatment. Results: The McNemar test demonstrated the
regression of lymphadenopathies after neoadjuvant treatment—p: <0.001. However, the persistence
of adenopathies was not related to the dose of irradiation (p: 0.61), the number of sessions of
radiotherapy (p: 0.80), or the chemotherapy (p: 0.44). Also, there were no significant differences
between the adenopathies reported by imagistic methods and those identified during surgical
intervention—p: 0.62. The overall survival evaluated using Kaplan-Meier curves is dependent on
the post-radiotherapy FIGO stage—p: 0.002 and on the lymph node status evaluated during surgical
intervention—p: 0.04. The risk factors associated with an increased risk of death were represented
by a low preoperative hemoglobin level (p: 0.003) and by the advanced FIGO stage determined
during surgical intervention (p-value: 0.006 for stage IIIA and 0.01 for stage IIIC1). In the multivariate
Cox model, the independent predictor of survival was the preoperative hemoglobin level (p: 0.004,
HR 0.535, CI: 0.347 to 0.823). Out of a total of 33 patients with neoadjuvant treatment, 22 survived
until the end of the study, all 33 responded to the treatment in varying degrees, but in 3 of them,
tumor cells were found in the lymph nodes during the intraoperative histopathological examination.
Conclusions: For advanced cervical cancer patients, radical surgery after neoadjuvant treatment may
be associated with a better survival rate. Further research is needed to identify all the causes that
lead to the persistence of adenopathies in certain patients, to decrease the FIGO stage after surgical

Medicina 2024, 60, 871. https://doi.org/10.3390/medicina60060871 https://www.mdpi.com/journal/medicina3
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intervention, and, therefore, to lower the risk of death. Also, it is mandatory to correctly evaluate and
treat the anemia, as it seems to be an independent predictor factor for mortality.

Keywords: cervical cancer; lymph node; downstaging; neoadjuvant treatment; adenopathy

1. Introduction

With more than 604,000 new cases reported in 2020, cervical cancer is the fourth most
frequent cancer in women worldwide, according to GLOBOCAN [1]. It is most commonly
caused by the the persistent infection with high-risk strands of human papillomavirus
(hrHPV), especially HPV 16, 18, 31, and 45, and favored by some additional risk factors [2,3].
These risk factors are represented by a weakened immune system caused by co-infection
with HIV/AIDS [4], age [5], obesity [6], smoking [7], multiple sexual partners and multi-
parity [8], or a diet low in fruits and vegetables [9]. It is important to highlight that, of these
factors, the co-infection HIV-HPV is a significant one, as women who are HIV positive
have a six-fold increased risk of developing cervical cancer compared to the non-exposed
population. Moreover, it is believed that the two viral infections are linked to 5% of all
cases of cervical cancer [10]. Regular follow-up through Pap smear-based testing, detection
and typing of HPV, and using HPV vaccination has remarkably reduced cervical cancer
incidence worldwide [11]. Also, high-risk HPV is an important biomarker of prognosis in
cervical cancer [12]. When routine screening begins at age 25, the incidence rises quickly
and then starts to decline at age 45. This reflects both the diagnosis of prevalent cases at
first-time screening and the likely peak of HPV exposure in early adulthood [13].

About 90% of deaths reported to be due to cervical cancer in 2020 (342,000 deaths)
occurred in low- and middle-income countries [4]. The level of income is correlated with the
screening measures and programs that allow the identification of pre-cancerous lesions and,
consequently, an earlier therapeutic approach. In low- and middle-income countries, there
is limited access to these measures, and consequently, cervical cancer is often identified in
advanced stages [14]. Furthermore, access to treatment, for example, surgical interventions,
radiotherapy, and chemotherapy, may be also limited, leading to a higher death rate.

After establishing an accurate diagnosis and stage confirmed by the post-biopsy
histopathological result and by imagistic exploration, the treatment plan is elaborated
according to The European Society of Gynaecological Oncology (ESGO), the European
Society for Radiotherapy and Oncology (ESTRO), the European Society of Pathology (ESP)
and National Comprehensive Cancer Network (NCCN) [15–17]. This treatment plan takes
into account the age of the patient, the stage of the tumor, and other tumor-related factors,
and comorbidities [18].

Figure 1 briefly presents a summary of ESGO/ESTRO/ESP guidelines for treatment
of cervical cancer [19].

The options vary according to the International Federation of Gynecology and Obstet-
rics (FIGO) staging of the disease so that in the early stages (IA1, IA2) patient can opt for
fertility-preserving methods such as cervical conization or radical trachelectomy [20], or
non-fertility-sparing surgery such as extrafascial hysterectomy (Type A Querleu-Morrow
classification [21] for stage IA1) or modified radical hysterectomy (Type B for Stage IA2) [13].
For stages IB1, IB2, and IIA1 in which the tumor does not exceed 4 cm in diameter and is
limited to the cervix, the recommended intervention is Type C radical hysterectomy with
pelvic lymphadenectomy [22].
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Figure 1. Summary of ESGO/ESTRO/ESP guidelines for neoadjuvant treatment in cervical cancer.
Cervical cancer stage images modified from Wikimedia Commons.

In 2008, the Querleu-Morrow Classification was adopted to simplify and accurately
establish the lateral resection limits in radical hysterectomy [23]. Thus, in Type A radical
hysterectomy the main goal is to ensure the removal of the cervix in its entirety down to
the vaginal fornix, together with a paracervical margin. Type B hysterectomy consists of
resection of the paracervix at the ureter level and includes two subtypes: B1 and B2. Type
B1 is the classical “modified” radical hysterectomy. The ureter is unroofed and mobilized
laterally, allowing the transection of the paracervix at the level of the ureteral tunnel.
For a type B2 resection, a paracervical lymphadenectomy can be added to increase the
radicality of node dissection. Combined with pelvic lymphadenectomy, type B2 surgeries
aim to remove the pelvic nodes as completely as possible. In Type C hysterectomy the
transection of the paracervix is performed at its junction with the internal iliac vascular
system. This operation corresponds to the classical radical hysterectomy. Transection of
the rectovaginal and rectouterine ligaments is performed at the rectum. Transection of
the ventral parametrium ligament is performed at the bladder. The vesico-uterine and
vesicovaginal ligaments are resected and the ureter is completely mobilized and lateralized.
The length of the vaginal cuff is then adjusted to the vaginal extent of the tumor. The last
type of radical hysterectomy is type D which is a less common intervention with additional
ultra-radical procedures, in which structures lateral to the paracervix are resected. It has
two subtypes: D1 with resection of the entire paracervix at the pelvic sidewall together with
the hypogastric and obturator vessels, exposing the roots of the sciatic nerve. The resection
plane is lateral to the internal iliac vessels, ligating branches of the gluteal superior, gluteal
inferior, and pudendal vessels. This procedure corresponds to the Palfalvi–Ungar laterally
extended parametrectomy [24]. And type D2 which is D1 plus resection of the adjacent
fascial and muscular structures.

For stages IB3 and IIA2, external radiotherapy associated with concurrent platinum-
based chemotherapy followed by intracavitary brachytherapy is recommended. Another
alternative is external pelvic radiotherapy associated with concurrent chemotherapy and
brachytherapy followed by complementary radical hysterectomy (type C) for certain se-
lected cases. From stage IIB onwards, NCCN recommends concurrent chemoradiotherapy,
with the possibility of additional external irradiation with 5–10 Gy, in the case of parametrial
invasion, as well as irradiation of the paraaortic lymph nodes [15].

This study aims to ascertain the important role of downstaging of the adenopathies
after radiotherapy or concomitant chemo-radiotherapy in advanced stages of cervical
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cancer. To do this, we evaluated the reduction in the size of ilio-obturator lymph node
metastases after neoadjuvant treatment as well as the survival rate of patients in relation
to disease stage, radiation dose, and necessity for concurrent chemotherapy. The findings
could help determine or customize the optimal dosage of radiation to the pelvic lymph
nodes, which may directly improve the survival rate of patients with cervical cancer.

2. Materials and Methods

The study group consists of 33 patients hospitalized between 1 January 2019 and
31 December 2019 in the Department of Oncologic Surgery of Bucharest Oncological In-
stitute with the diagnosis of biopsy-confirmed cervical neoplasm and pelvic lymph node
≥10 mm in diameter, reported by imagistic techniques, like CT and MRI, that were consid-
ered metastatic, which meant stage IIIC1 FIGO and beyond.

All patients had an ECOG (Eastern Cooperative Oncology Group) Score between 0
and 2. Also, in our group, a higher ECOG score was due to other co-morbidities of the
patients, not to the neoplastic disease. Patients who had distant metastases in other organs
or those with an ECOG performance status ≥3 were excluded from the study

The local guideline of the Bucharest Oncological Institute including our Oncology
department follows the ESGO/ESTRO/ESP treatment guidelines [17] but also provides
an alternative option, in selected cases, for patients with stages considered loco-regionally
advanced (Stages IIB, III, and IVA) but non-metastatic [25]. In such cases, our guideline rec-
ommends that after the concurrent radio-chemotherapy, if the patients show an important
regression of the tumor and of the adenopathies, (which suggests a favorable response to
the treatment), surgery is recommended after an interval of six to eight weeks.

It has to be mentioned that the downstaging term used by the multidisciplinary
team consisting of surgeon, radiotherapist, and oncologist, is an unofficial term used to
reevaluate the response to neoadjuvant treatment and the practical possibility of performing
the surgical intervention and it has no counterpart in current clinical practice, the official
cancer stage of the patients remaining the one established before radiochemotherapy.

The patients should receive 50 Gray (Gy) external-beam radiotherapy to the entire
pelvic region divided into 17 to 25 sessions of 2 Gy/day, 5 days/week, over the five weeks
of chemotherapy. After completion of external-beam radiotherapy with chemotherapy,
patients undergo high-dose-rate brachytherapy. A brachytherapy dose of 7.5 Gy is delivered
and divided into 5 sessions, to result in a cumulative dose of 80 to 87.5 Gy combining
external-beam radiotherapy and brachytherapy.

The surgical approach consists of type C radical hysterectomy with bilateral pelvic
lymphadenectomy for stage IIIC1, and para-aortic lymph node sampling or para-aortic
lymphadenectomy for stage IIIC2 if, preoperatively, the multidisciplinary team considers
that the tumor could be resected with margins free of disease [25]. Of note, cervical cancer
is most often associated with pelvic lymph node metastases, up to 20% according to some
studies when the tumor size is above 4 cm [26]. Postoperative low-dose-rate brachytherapy
is mandated only if the surgical specimen revealed positive surgical margins and has to be
administered within 4 weeks after surgery at a median dose of 30 Gy to the vaginal mucosa
delivered to a depth of 0.5 cm.

In our cohort, the multidisciplinary team decided that the first step of treatment for
our patients, included in stage IIIC1, should be concurrent chemo-radiotherapy. Patients
were evaluated after four to six weeks by CT or MRI. In our institution, according to the
internal guidelines, if no pelvic nodes with suspicion of metastasis are detected during the
post-radiation imaging investigations, it is decided to perform the surgical intervention
consisting of type C radical hysterectomy with radical pelvic lymphadenectomy six to
eight weeks after the end of the neoadjuvant treatment, to avoid as much as possible the
post-radiation fibro-inflammatory remodeling of tissues that could appear later.

The patients were closely monitored for three years postoperatively. The outcome
was represented by the death of the patient, or by the end of the three years of follow-
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up, considered enough time for assessing the survival, by taking into consideration the
advanced stage of the cancer in our cohort.

In summary, we included in the study all patients hospitalized in our clinic in 2019
diagnosed with cervical cancer who had pelvic nodes ≥10 mm in diameter at the imaging
investigations (stage IIIC1), with an ECOG score between 0 and 2, and who underwent
neoadjuvant treatment. Each of them was evaluated through imaging after the completion
of the neoadjuvant treatment and if they showed a significant reduction of the primary
tumor and adenopathies, after six weeks, the surgical intervention was performed (type C
radical hysterectomy with bilateral pelvic lymphadenectomy).

We excluded the patients with cervical cancer without adenopathies, those with an
ECOG score above 2, or those who refused surgery.

Statistical analysis was performed with the SPSS program. The p-value was considered
significant at a value under 0.05. The null hypothesis is that there are no significant
differences between the two sub-groups—those who remained alive at three years of
follow-up and those who did not survive, regarding the response to neoadjuvant therapy,
which was focused especially on the downstaging of the lymph nodes, the radiation dose
and the use of concurrent chemo-radiotherapy.

The differences between the two subgroups were evaluated using the Mann-Whitney U
test for continuous variables (only the age and the preoperative hemoglobin were normally
distributed, and, therefore, could be assessed using the Student t-test) and Pearson chi-
square and Fisher’s exact test for the categorical ones. Also, we used the McNemar test to
explore the evolution of the involvement of the lymph nodes after neoadjuvant treatment.
We opted for this test because it is appropriate for the evaluation of how related categorical
variables change according to an event, in our case the chemo-radiotherapy. We also used
the univariate Cox model for identifying the risk factors for a worse survival, by analyzing
each of the variables in relation to the end-point, and the multivariate one to identify the
independent predictors of survival. Each significant variable from the univariate Cox
model was added and analyzed to simultaneously evaluate the effect of several risk factors
on survival time. Last, but not least, we built Kaplan-Meier curves to assess the survival
related to categorical variables explored in this cohort.

3. Results

In one of the three wards of the Oncological Surgery Department in our Institute,
150 patients with cervical cancer were operated on in the year 2019. Of these, 33 patients
presented stage IIIC1 FIGO cervical cancer, with apparent pelvic lymph node invasion
on imaging investigations. According to our internal treatment guidelines, all 33 patients
received tele-irradiation by a 3D-CRT linear accelerator, at the level of the pelvis, including
in the irradiation field the area of the cervix and pelvic lymph node groups with a total
irradiation dose of 50 Gy, administered in 17–25 sessions, depending on the clinical tolerance
or acceptance of the patients. Also according to the irradiation protocol from the total of
33, 31 of them received five sessions of endocavitary high-dose-rate (HDR) brachytherapy
with doses of 7.5 Gy per session– the remaining two patients developed radiation cystitis
or vaginal pain after tele-irradiation and it was and it was considered better and it was
considered better not to do brachytherapy. The total irradiation dose, received by patients,
which is the cumulation of external irradiation and brachytherapy, was between 82.5 and
87.9 Gy and the total duration of treatment was 35 days. Throughout the tele-irradiation,
five sessions of concurrent cisplatin-based chemotherapy (40 mg/m2) were administered
in 22 patients—the other 11 either did not tolerate it or refused it from the beginning. No
cases of acute toxicity following irradiation were reported in any patient, but four of them
presented radiation cystitis, one presented radiation colitis, 13 patients presented anemia
after radio-chemotherapy and four patients developed moderate leukopenia.

Table 1 highlights the main characteristics of the patients included in the study before
the start of the neoadjuvant treatment, divided into two groups, those who were alive
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at three years after neoadjuvant treatment and those who did not survive this follow-
up period.

Table 1. Main characteristics of the patients.

Total (33) Alive at 3 Years (22) Deceased at 3 Years (11) p-Value
Age, years, median (SD) 55.3 (11.5) 56 (14) 54 (26) 0.895

Environment, n (%)
urban: 12 (36)
rural: 21 (64)

urban: 8 (36)
rural: 14 (64)

urban: 4 (36)
rural: 7 (64) 0.801

Histological
types of cancer,
(biopsy) n (%)

1. Squamous cell
carcinoma 30 (90)
2. Adenocarcinoma-2 (6)
3. Adenosquamous
carcinoma-1 (3)

1. Squamous cell
Carcinoma-20 (90)
2. Adenocarcinoma-1 (4)
3. Adenosquamous
Carcinoma-1 (4)

1. Squamous cell
carcinoma-10 (90)
2. Adenocarcinoma-1 (9)

0.687

Pre-RT FIGO stage, n (%) III C1 33 (100) IIIC1: 22 (100) IIIC1: 11 (100) 1

Pre-RT Parametrial
Invasion n (%)

19 (57) 11 (50) 8 (72) 0.210

Initial Tumor size (cm),
median (IQR)

2 (1.6) 1.95 (0.9) 3 (2.5) 0.048

Pre-RT leukocyte count,
median (IQR)

6200 (2000) 6350 (2100) 6050 (2700) 0.825

Pre-RT hemoglobin,
mean (SD)

12.5 (1.4) 12.8 (1.1) 11.5 (1.3) 0.03

SD—standard deviation; n—number; IQR—inter-quartile range.

In Table 2 we present the main adverse reactions encountered after neoadjuvant treatment.

Table 2. The main adverse reactions encountered after neoadjuvant treatment.

Post-Neoadjuvant Treatment
Adverse Reactions

Alive at 3 Years after
Treatment

Dead at 3 Years after
Treatment

p-Value

Radiation colitis 0 1 0.33

Radiation cystitis 0 4 0.008

Anemia 6 7 0.06

Leukopenia 1 3 0.09

From a total of 33 patients, at the end of the study, 22 patients were alive. We present
below in the Figure 2 a summary diagram with the evolution of the patients enrolled in
our study.

Table 3 highlights the details regarding adjuvant and neoadjuvant treatment. We
note that we did not find any statistically significant differences between the two groups,
concerning the administration of neoadjuvant treatment, since all patients followed the
same treatment plan.

Table 4 highlights the post-radio-chemotherapy staging and also the intraoperative
findings. It should be mentioned that we obtained a downstaging of the disease for
29 patients, and we also had 15 patients with complete disappearance of the tumor at the
intraoperative anatomopathological examinations.
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Figure 2. Evolution and outcome of patients under treatment.

Table 3. Details of adjuvant and neoadjuvant treatment.

Total (33) Alive at 3 Years (22) Deceased at 3 Years (11) p-Value
RT dose, median (IQR) 50 (0.2) 50 (0.4) 50 (0) 0.611

Nr. of RT sessions,
median (IQR)

25 (1) 25 (1) 25 (1) 0.807

Sensitization
chemotherapy,
median (IQR)

5 (5) 5 (5) 3 (5) 0.440

Postoperatively
chemotherapy,

n (%)
10 (30) 5 (22) 5 (45) 0.181

The only significant difference identified in the two subgroups is the pre-RT as shown
in Table 1 and post-RT hemoglobin (Table 4) which is much higher in those who survived—
p values of 0.03 and 0.02.

To evaluate the downstaging of the lymph nodes we used the McNemar test, which
demonstrated the regression of lymphadenopathies after neoadjuvant treatment—p-value:
<0.001. To further investigate the correspondence between the adenopathies identified
through imagistic methods after neoadjuvant treatment and those found intraoperative and
confirmed by biopsy and histopathological examination, we performed again the McNemar
test, but, this time, it was not significant—p-value: 0.62, which confirms the accuracy of
the imagistic techniques. It has to be mentioned that for all patients the size of the pelvic
lymph nodes decreased considerably, a fact that could represent an argument to consider it
a complete therapeutic response. However, for five patients, subcentimetric lymph nodes
were found intraoperatively on the same site as the old adenopathies, which, if they still
contain malignant cells could potentially act, in the future, as reservoirs of tumoral cells.
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Table 4. Post-radiochemotherapy staging and intraoperative findings.

Total (33) Alive at 3 Years (22) Deceased at 3 Years (11) p-Value

Post-RT FIGO stage, n (%)

Absence of tumor: 10 (30)
IA1-2 (6)
IA2-1 (3)

IB1-10 (30)
IB2-1 (3)

IIA1-1 (3)
IIA2-1 (3)
IIB-1 (3)

IIIA-1 (3)
IIIC1-5 (15)

Absence of tumor: 10 (45)
IA1-2 (9)
IA2-0 (0)
IB1-6 (27)
IB2-0 (0)

IIA1-1 (4)
IIA2-0 (0)
IIB-1 (5)

IIIA-0 (0)
IIIC1-2 (9)

Absence of tumor: 0 (0)
IA1-0 (0)
IA2-1 (9)
IB1-4 (36)
IB2-1 (9)

IIA1-0 (0)
IIA2-1 (9)
IIB-0 (0)

IIIA-1 (9)
IIIC1-3 (27)

0.121

Post-RT
lymphadenopathy, n (%)

5 (15) 2 (9) 3 (27) 0.304

Preoperative leukocyte
count, median (IQR)

5600 (2100) 5630 (2070) 5600 (3500) 0.721

Preoperative hemoglobin,
mean (SD)

11.9 (1.4) 12.3 (1.2) 11 (1.4) 0.02

Intraoperative FIGO stage,
n (%)

Absence of tumor: 15 (45)
IA1-2 (6)
IA2-3 (9)
IB1-3 (9)
IB2-0 (0)

IIA1-1 (3)
IIA2-1 (3)
IIB-1 (3)

IIIA-1 (3)
IIIC1-4 (12)

Absence of tumor: 13 (59)
IA1-1 (4)
IA2-2 (9)
IB1-1 (4)
IB2-0 (0)

IIA1-1 (4)
IIA2-0 (0)
IIB-1 (4)

IIIA-0 (0)
IIIC1-1 (4)

Absence of tumor: 2 (18)
IA1-1 (9)
IA2-1 (9)
IB1-2 (18)
IB2-0 (0)

IIA1-0 (0)
IIA2-1 (9)
IIB-0 (0)

IIIA-1 (9)
IIIC1-3 (27)

0.119

Intraoperative histological
type of cancer

n (%)

Absence of tumor: 15 (45)
In situ carcinoma: 1 (3)

Squamous cell
carcinoma: 15 (45)

2. Adenocarcinoma: 1 (3)
3. Adenosquamous

Carcinoma: 1 (3)

Absence of tumor: 13 (59)
In situ carcinoma: 0 (0)

Squamous cell
carcinoma: 8 (36)

2. Adenocarcinoma: 0 (0)
3. Adenosquamous

Carcinoma: 1 (4)

Absence of tumor: 2 (18)
In situ carcinoma: 1 (9)

Squamous cell
Carcinoma: 7 (63)

2. Adenocarcinoma: 1 (9)
3. Adenosquamous

Carcinoma: 0 (0)

Intraoperative
parametrial

Invasion n (%)
2 (6) 1(4) 1(9) 0.601

Positive
intraoperative
lymph nodes,

n (%)

3 (9) 1 (4) 2 (18) 0.252

Lymphovascular
invasion, n (%)

7 (21) 3 (13) 4 (36) 0.186

n—number; FIGO—International Federation of Obstetrics and Gynecology.

A particularity of this study is that our guidelines allowed us to combine chemo-
radiotherapy with surgical intervention and, therefore, to evaluate the real response to
neoadjuvant treatment. This allowed us to confirm the role and the sensitivity of imagistic
methods. A fact that is of great importance is that neither the dose of radiotherapy—p: 0.5,
nor the number of sessions differed in those with persistent lymphadenopathies after
neoadjuvant treatment versus those without—p: 0.5.

For evaluating the survival, we have built Kaplan-Meier curves, in which we explored
the effect of each variable on the outcome.

According to Figure 3, the size of the initial tumor significantly influences survival,
which is lower the larger the size of the tumor.
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The FIGO stage post-radiotherapy based on imaging investigations had also a sig-
nificant impact on survival (Figure 4). The best result was, as expected, in the case of a
complete response to neoadjuvant treatment, meaning the complete disappearance of the
tumor. Those patients had a better survival rate of at least 40% compared to those who
presented post-RT tumors in different stages—p-value (Log Rank): 0.002.

Figure 3. Survival rate according to initial tumor size.

Figure 4. Survival rate according to post-RT FIGO stage.
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We also evaluated with Kaplan-Meyer curves the influence of intraoperatively lymph
node status on survival during the three years of follow-up. Again, we found that the
survival rate in patients with nodal invasion is 40% lower than those without nodal invasion
with a p-value (Log Rank) of 0.04 (Figure 5).

Figure 5. Survival rate according to Intraoperative lymph node stage.

To identify the risk factors associated with an increased risk of death in our cohort,
we used a univariate Cox model which showed that only the hemoglobin level, both
before and after neoadjuvant treatment, and the advanced intraoperative FIGO stage were
statistically significant. The hemoglobin level has an inversely proportional relationship
with the risk of death with a p-value—0.003, and intraoperative stage IIIC1 FIGO has a
directly proportional one—p-value—0.006. The explanation is that the hemoglobin level
is a parameter that can estimate the state of health, as a normal or near normal level is
correlated with the absence of inflammatory states, blood loss, or infections, aspects that
can have an independent effect on survival. Furthermore, the advanced stage of FIGO after
the neoadjuvant treatment means a lack of response and, as it is expected, a lower rate of
survival. Taking into consideration that all the patients received the same dose of irradiation
and that both neo- and adjuvant chemotherapy did not differ in the two subgroups, a part
of the patients responded completely, with the best chances of survival in the cohort,
and other part remaining in stage IIIC1 FIGO, with persistent lymph node involvement,
further research is needed to explore and identify the predictor factors associated with the
response to neoadjuvant treatment. Interestingly, the lymphovascular invasion, despite
being claimed in literature as a negative prognostic factor [27], did not differ significantly
in the two subgroups—p: 0.18, and, at least in our cohort, did not represent a risk factor for
a worse survival—p: 0.07.

Table 5 shows the results for the univariate Cox model in which the factors associated
with increased risk of death were evaluated.

In the multivariate Cox model, the only independent predictor of survival was the
preoperative hemoglobin level with a p-value: 0.004, hazard ratio of 0.535, and confidence
interval between 0.347 to 0.823. Again, this aspect is very important both in clinical practice
and for further research to better identify the patients with an optimal therapeutic response.
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Table 5. Factors associated with increased risk of death.

Factors HR CI p-Value
Age 0.987 0.935–1.041 0.621

Environment 1.001 0.292–3.423 0.999

Histological types of cancer,
(biopsy)

1.241 0.159–9.706 0.979

Pre-RT hemoglobin 0.702 0.397–0.912 0.005

Initial Tumor size 1.746 1.248–2.441 0.001

Pre-RT parametrial invasion 2.445 0.647–9.227 0.187

RT dose 0.970 0.792–1.187 0.766

Nr. of RT sessions 0.971 0.689–1.368 0.867

Post-RT Lymphadenopathy 3.186 0.835–12.153 0.09

Post-RT FIGO 2.965 0.972–7.842 0.573

Sensitization
chemotherapy

0.937 0.761–1.155 0.543

Pre-RT hemoglobin 0.702 0.397–0.912 0.005

Preoperative
hemoglobin

0.506 0.325–0.789 0.003

Preoperative leukocyte count 1.153 0.895–1.486 0.271

Intraoperative FIGO
47.447
9.203

3.078–731.400
1.529–55.372

Stage IIIA: 0.006
Stage IIIC1: 0.01

Intraoperative
parametrial invasion

2.162 0.275–16.970 0.600

Positive intraoperative lymph
nodes

4.064 0.862–19.164 0.076

Postoperatively
chemotherapy

2.617 0.795–8.610 0.113

Lymphovascular invasion 3.04 0.885–10.442 0.07
Clinical parameters that were statistically significant in our study are marked in red.

4. Discussion

Annually, around 1300 patients with cervical cancer are treated in our institute. Of
these, in the three wards of the Department of Oncological Surgery, approximately 500 pa-
tients are operated on annually. So, the experience of the surgery clinic is vast. This
experience led to the development of an internal protocol that takes into account interna-
tional recommendations but offers treatment alternatives for selected cases, considered
loco-regionally advanced.

Radiotherapy in combination with sensitizing chemotherapy is considered the stan-
dard method of treatment for patients with cervical cancer in locally advanced stages [15].
In our study, all the pelvic lymph nodes that showed dimensions greater than 10 mm on
the short axis during CT or MRI imaging investigations were considered metastatic. The
sensitivity and specificity of these imaging methods for highlighting nodal structures larger
than 10 mm were evaluated at approximately 80% for CT and 85% for MRI, percentages
consistent with data from the literature [28,29], and later confirmed during radical surgery.
In the case of lymph nodes with dimensions over 15 mm, the specificity of CT and MRI
increases, with a positive prediction rate between 75–100% [29].

Although standard regimens of adjuvant treatment are established by the institutional
or European treatment protocols, the radiotherapy regimens for lymph node metastases
leave room for nuances [30]; the treatment dose is ultimately determined by the radiation
therapist. This can be another thing that should be reevaluated, as our results, despite being
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conducted on a small number of patients, revealed that the persistence of adenopathies
is not related to the dose of irradiation, the number of sessions of radiotherapy, or the
chemotherapy. One of the reasons could be represented by the histological type of the pri-
mary tumors. According to some studies response to chemoradiotherapy varies depending
on the histologic subtype, patients with adenocarcinoma or adenosquamous carcinoma
of the cervix having a worse therapeutic response [31–33]. Due to this aspect, current
guidelines for cervical cancer may not be sufficient for all patients, hence the need for a
tailored regimen.

To date, few studies have addressed the relationship between radiation doses to pelvic
lymph node groups suggestive of metastases and their response to treatment [34]. Fol-
lowing pelvic radiotherapy combined with chemotherapy, pelvic lymph nodes considered
metastatic were no longer visualized on imaging investigations (CT, MRI) in all 33 patients,
but in three of them, pelvic nodes with cancer invasion were present during surgery. All
three patients presented the histological type of adenosquamous carcinoma at the intraop-
erative anatomopathological examination. Two of them died due to the progression of the
disease, and one survived until the end of the follow-up period.

In our study, the hemoglobin level before and after neoadjuvant treatment was a sta-
tistically significant factor for the survival rate, a better survival being observed in patients
with a hemoglobin level above 12 g/dL. The relationship between mild or moderate anemia
before and after neoadjuvant treatment and the evolution of patients with cervical cancer is
controversial. Some studies have shown that changes in the level of hemoglobin before
and after the administration of neoadjuvant treatment are correlated with a poorer progno-
sis [35]. Although an exact cause could not be established, the reasons may be changes in
iron metabolism, suppression of erythroid progenitor cells by releasing tumor cytokines,
impaired erythropoietin response on erythroid progenitor cells, and hemorrhage [36]. A
hypothesis is also that tumor hypoxia resulting from decreased oxygen-carrying capacity
of the blood in case of anemia leads to a relative tumor radio-resistance [37]. Other studies
have shown that certain forms of cancer with aggressive biological behavior are often
associated with anemia even in the early stages [38].

We consider that a strong point of our study is the possibility of evaluating the response
to the neoadjuvant treatment by intraoperative verification and by the histopathological
result of the resection pieces to see if there is any residual tumor. Another advantage is the
fact that we can compare the survival of our patients in the advanced stages of cervical
cancer with neoadjuvant treatment and radical surgery with the data from the literature of
those who only received neoadjuvant treatment.

However, our study has a few important limitations. First of all, the small number
of patients explained by the rarity of advanced cases do not allow us to draw strong
conclusions regarding the variants of neoadjuvant treatment, doses, or regimens. The small
study group is influenced by the relatively rare cases of patients with cervical cancer in an
advanced stage but without invasion into adjacent organs or distant metastases and also
who are strong enough to undergo surgical intervention [39]. Another disadvantage is that
we do not have a comparative group in the same stage of cervical cancer in which only
neoadjuvant treatment was performed, since the internal protocol applies to all patients,
thus being limited to the comparison only with data from the literature.

In low and middle-income countries, the initial stage of cervical cancer presentation
is usually an advanced one [40]. On the other hand, being a study made exclusively
on patients with stage IIIC1 cervical cancer, the survival predictors identified can lead
to a future direction for research, for example, the emphasis on targeted therapy [41,42].
We consider it crucial to identify the main therapeutic factors associated with a good
therapeutic response [43] that can lead to an improved quality of life for the patients [44,45].

Unfortunately, it was not possible to collect data on the exact size and number of
metastatic nodes of each patient, due to the incomplete descriptions of the CT and MRI
examinations, often performed in other medical units, descriptions in which nodules larger
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than 10 mm or 15 mm are roughly mentioned. This could have helped us to observe also
the variation in the number of lymph nodes, not just their sizes.

Last, but not least, in our study, neither the presence of residual adenopathies post
neoadjuvant treatment nor the lymphovascular invasion did not seem to impact the sur-
vival, however, other studies have found that both nodal invasion and lymphovascular
invasion represent strong negative predictive factors in survival [27,46,47]. Again, our
results may be influenced by the small size of our group. On the other hand, the FIGO stage
determined during surgical intervention was an independent predictor factor, which means
that even though adenopathies alone do not seem to be risk factors for a lower survival rate
when combined with the tumor size [48] and the presence or absence of metastases [49,50],
which create the FIGO stage, can independently predict the survival [51].

Some studies take into account that for patients with early cervical cancer the sentinel
lymph node biopsy is an alternative to pelvic lymphadenectomy to avoid the complications
and risks of this intervention [52]. However, in the case of our patients, being in a stage
considered advanced, in an attempt to increase the intraoperative control, both visual and
palpatory, in all cases, an open pelvic lymphadenectomy was done.

According to the latest studies, the size of the primary tumor is a factor with a strong
impact on survival [53,54]. In our study, this parameter did also appear to be statistically
significant, despite the small number of patients. Also, according to recent studies, a
favorable response to radio-chemotherapy, which means a decrease in tumor size, is an
important parameter in predicting survival [55].

For all patients, the surgical intervention consisted of type C1 radical hysterectomy,
which is the standard operation for bulky or high-risk tumors. During the procedure, we
identified and preserved the lower hypogastric plexus and the bladder nerve branches.
Preservation of these structures substantially decreases the rate of postoperative complica-
tions, including bladder or sexual dysfunctions [56]. A fact that is of crucial importance is
that post-irradiation fibrous-inflammatory changes make the surgical intervention much
more difficult, and also, with lower chances to obtain radicality, as a part of lymph nodes can
be overlooked and metastasize in the future. The best moment for the surgical intervention
is after six-to-eight weeks after the neoadjuvant treatment.

5. Conclusions

This study evaluates the lymph node status after neoadjuvant treatment and its
correlation with the rate of mortality documented at three years of follow-up in a cohort
of patients with advanced-stage cervical cancer. Because the local guidelines allow us
to complete the neoadjuvant treatment with surgical intervention, we could also verify
the real correspondence between the adenopathies identified through imagistic methods
and those confirmed after surgical intervention by histopathological examination. After
neoadjuvant treatment, the adenopathies regressed significantly, thus obtaining a lymph
node downstaging but, intraoperatively findings revealed that the response was only 90%,
10% of the patients still presenting lymph node involvement. Interestingly, the lymph
node response was not correlated with the dose of irradiation, the number of sessions of
radiotherapy, or the concurrent chemotherapy, on the survival, which, at first view, can
appear as a confirmation of the null hypothesis. However, when residual adenopathies
are combined with the tumor size and the presence or absence of metastases, which create
the FIGO stage, can independently predict the survival, those with the best response to
neoadjuvant treatment having the highest chances of survival at three years, a fact that
infirmed the null hypothesis. This aspect is of great importance, in treating patients with
advanced-stage cervical cancer because it raises the need for a better exploration of the
causes of resistance to treatment.

Moreover, a better understanding of this can improve the therapeutic approach and
also limit unnecessary exposure to chemo-radiotherapy. Also, by adding the radical surgery,
we could verify the real histological response to neoadjuvant treatment and, by revising
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the intraoperative FIGO stage, we found that it represents a major risk factor that can lead
to a decreased survival rate.

Last, but not least, the presence of anemia evaluated both at the time of the first visit
to the clinic and before the surgical intervention seems to play a very important role in
the survival of the patients, as we found that it is an independent predictor factor. This
fact is related, most probably, to a worse overall status of the patient, a frailty-related
characteristic, that can decrease the chances of survival, and, therefore, a correct pre-
therapeutic evaluation is very important. Further research is needed in order to complete
these findings with the factors associated with a poor response to chemo-radiotherapy and
to ensure an optimal therapeutic approach.
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Abstract: Background and Objectives: This study aimed to explore biomarker change after NAC
(neoadjuvant chemotherapy) and to investigate biomarker expression as a prognostic factor in
patients with residual disease (RD) after NAC. Materials and Methods: We retrospectively evaluated
104 patients with invasive breast cancer, who underwent NAC and surgery at Pusan National
University Hospital from 2015 to July 2022. The expression of the biomarker was assessed, and
the overall survival (OS) and disease-free survival (DFS) were investigated. Results: After NAC, 24
patients (23.1%) out of 104 total patients had a pathological complete response (pCR). We found
that changes in at least one biomarker were observed in 41 patients (51.2%), among 80 patients
with RD. In patients with RD after NAC (n = 80), a subtype change was identified in 20 patients
(25.0%). Any kind of change in the HER2 status was present 19 (23.7%) patients. The hormone
receptor (HR)+/HER2+ subtype was significantly associated with better disease-free survival (DFS)
(HR, 0.13; 95% CI, 0.02–0.99; p = 0.049). No change in p53 was associated with better DFS, and
negative-to-positive change in p53 expression after NAC was correlated with worse DFS (p < 0.001).
Negative-to-positive change in p53 was an independent, worse DFS factor in the multivariate analysis
(HR,18.44; 95% CI, 1.86–182.97; p = 0.013). Conclusions: Biomarker change and subtype change
after NAC were not infrequent, which can affect the further treatment strategy after surgery. The
expression change of p53 might have a prognostic role. Overall, we suggest that the re-evaluation of
biomarkers after NAC can provide a prognostic role and is needed for the best decision to be made
on further treatment.

Keywords: breast cancers; neoadjuvant chemotherapy; breast cancer subtype; biomarker; p53;
prognostic factor

1. Introduction

Recently, neoadjuvant chemotherapy (NAC) has been considered a standard treatment
for locally advanced breast cancer, and the use of NAC has increased [1].

Mohan et al. reported that the residual disease (RD) burden at the time of surgery
after completion of NAC has been shown to have a significant effect on prognosis in
all disease subtypes [2], but there is no agreement on the exact definition of RD or the
pathological complete response (pCR). In the Miller–Payne grading system, the treatment
response is estimated only as the reduction in primary invasive tumor cellularity and
does not consider the presence or absence of ductal carcinoma in situ and lymph node
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metastasis [3]. In the residual cancer burden grading system, the treatment response is
considered as the bidimensional diameter and cellularity of the invasive primary tumor,
including lymph node metastasis, but the presence or absence of ductal carcinoma in situ
is not considered [4]. The National Comprehensive Cancer Network (NCCN) guidelines,
one of the most important guidelines, refers to pCR as no invasive and no in situ residual
lesions in the breast and lymph nodes, and this concept can be used to best differentiate
between patients with favorable and unfavorable outcomes [5]. Therefore, it is necessary
to reach consensus on the evaluation criteria for the treatment response in patients with
NAC to evaluate patient prognosis and establish a treatment standard in regard to NAC.
One of the issues related to NAC is the biomarker status change. According to the NCCN
guidelines, the biomarker status should be tested using the tumor core needle biopsy
samples to determine the appropriate NAC, but it is not mandatory to repeat the biomarker
status test using the resection samples to guide the adjuvant treatment choice. However, in
prior studies, biomarker status was altered by NAC in some tumors. But biomarker status
changes induced by NAC have been the focus of recent systemic and meta-analyses, and
changes in the hormone receptor (HR) status induced by NAC can be used as a prognostic
factor in breast cancer patients for predicting both overall survival (OS) and disease-free
survival (DFS) [6,7]. Additionally, therapeutic options continue to be constrained in regard
to pretreated advanced breast cancer patients, while several antibody–drug conjugates
and immunotherapies are presently undergoing clinical trials [8,9]. Also, research is being
conducted to investigate the effectiveness of combining various modalities in treatment and
whether this effectiveness varies according to patient characteristics, such as gender [10].
It is anticipated that research will also explore which parameters will impact a patient’s
treatment and investigate the most effective combination of therapeutic modalities tailored
to individual patient characteristics.

However, there is relatively little published data on the impact of change in the
receptor status on survival outcomes following neoadjuvant chemotherapy in breast cancer,
but it should be considered in some circumstances [11]. In Korea, the data on biomarker
changes after NAC and on the correlation between biomarker change and patient prognosis
are limited. Thus, investigating biomarker discordance induced by NAC in Korean patients
is important for determining treatment methods after surgery and predicting the patient’s
progress.

The objective of this study was to explore biomarker discordance before and after
NAC and to investigate ER, PR, HER2, p53, and Ki67 expression as a prognostic factor in
RD patients after NAC.

2. Materials and Methods

2.1. Patients and Data Collection

We retrospectively evaluated 108 patients with invasive breast cancer who underwent
surgery at Pusan National University Hospital from 2015 to July 2022. The patient was in-
cluded if they: (1) received NAC prior to surgery, (2) underwent IHC biomarker testing on
their core biopsy specimen at the time of diagnosis, (3) had paired immunohistochemistry
biomarker testing on a surgical specimen. Among 108 patients, 4 patients were excluded
because there was no paired testing. Clinical information was collected from electronic med-
ical records, and pathologic information was collected from pathology reports. Exemption
from informed consent after de-identification of the patients’ information was approved by
the institutional review board at Pusan National University Hospital (2209-024-119).

2.2. Neoadjuvant Chemotherapy

All included patients had inoperable breast cancer, or HER2-positive or triple-negative
disease, at an operable early-stage state. Also, they were treated with neoadjuvant
chemotherapy (NAC) at Pusan National University Hospital. Patients with HER2-negative
disease received 4 cycles of AC (doxorubicin, cyclophosphamide) every 21 days, followed
by 4 cycles of paclitaxel or docetaxel. Patients with HER2-positive disease received 6 cycles
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of TCHP (docetaxel, carboplatin, trastuzumab, and pertuzumab) every 21 days. After NAC,
all patients received breast conservative surgery or a mastectomy.

2.3. Immunohistochemistry

Immunohistochemistry for the estrogen receptor (ER; SP1, prediluted, Ventana Med-
ical Systems, Tuscon, AZ, USA), progesterone receptor (PR; 1E2, prediluted, Ventana
Medical Systems), human epidermal growth factor receptor type 2 (HER2; 4B5, prediluted,
Ventana Medical Systems), p53 (DO7, prediluted, Ventana Medical Systems), and Ki67
(30-9, prediluted, Ventana Medical Systems) was performed using a Benchmark Ultra
instrument (Ventana Medical Systems). The thickness of the paraffin sections was 3 μm.
ER, PR, and HER2 positivity was assessed according to the American Society of Clinical
Oncology (ASCO) guidelines. Staining for HRs (ER and PR) was considered positive when
it exceeded 1% of any nuclear staining. HER2 positivity was defined as an immunostaining
score of 3 (circumferential membrane staining that is complete, intense, and observed in
>10% of tumor cells), or as gene amplification confirmed by silver in situ hybridization
(SISH), which was performed with a HER2/CEP17 chromosome dual probe (Ventana Med-
ical Systems). Cases with a HER2 immunostaining score of 2 (equivocal; weak-to-moderate
complete membrane staining observed in >10% of tumor cells) received SISH testing to
verify the HER2 gene amplification. A HER2 low positive case was defined as 1+ HER2
immunostaining or 2+ HER2 immunostaining without gene amplification on SISH. Positive
staining for p53 was defined as strong diffuse nuclear staining, which is considered the
most common pattern associated with mutations [12]. The Ki67 proliferation index was
calculated as the overall average percentage of positive nuclear staining. If there were clear
hot spots of Ki67 staining, data from these samples were also included in the overall score.
The Ki67 proliferation index was categorized as low (<20%) or high (≥20%) for the purpose
of the analysis.

Patients were categorized into four subtypes based on their HR (ER and PR) and HER2
expression status: (1) HR+/HER2−, (2) HR+/HER2+, (3) HR−/HER2+, and
(4) HR−/HER2−.

2.4. Evaluation of NAC Response

We used the strict definition of pCR according to the NCCN guidelines. We defined
RD as any presence of an invasive or in situ lesion in the breast or lymph nodes, except if
there was only a lympho-vascular invasion [5].

2.5. Statistics

We analyzed the discordance in the biomarker status between the biopsy specimen
and the surgical specimen using the Chi-square test. Kaplan–Meier analysis was used to
study prognosis (OS rate and DFS rate). OS was defined as the time from diagnosis to
death or the last follow-up date, and DFS was defined as the time from diagnosis to any
recurrence, new metastasis, and death. Multivariable Cox regression analysis was used to
estimate the effects of the clinical and pathological variables. All analyses were performed
using the SPSS statistical software (version 18; IBM, Armonk, NY, USA). All tests were
two-sided and p < 0.05 was considered statistically significant.

3. Results

3.1. Patient Characteristics

The clinico-pathological characteristics of the patients included in this study are shown
in Table 1. The median age of the patients at diagnosis was 54 years (range 24–77). Of
the total 104 patients, 24 patients (23.1%) had a pCR, and 80 patients (76.9%) were in RD
status after NAC. The subtypes of the biopsy samples pre-NAC were as follows: 33 patients
(31.7%) were HR+/HER2−, 17 patients (16.4%) were HR+/HER2+, 28 patients (26.9%)
were HR−/HER2+, and 26 patients (25.0%) were HR−/HER2−.
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Table 1. Clinico-pathological characteristics of study cohort.

Age at Diagnosis 54 (24–77)

Total patients (n = 104)

NAC response
Pathological complete

response (pCR) 24 (23.1)

Residual disease (RD) 80 (76.9)

Pre-NAC subtypes
(biopsy)

HR+/HER2− 33 (31.7)
HR+/HER2+ 17 (16.4)
HR−/HER2+ 28 (26.9)
HR−/HER2− 26 (25.0)

Pre-NAC clinical stage
(c stage, biopsy)

I 3 (2.9)
II 17 (16.3)
III 79 (76.0)
IV 5 (4.8)

Pre-NAC nuclear grade
(biopsy)

Low (grade 1, 2) 71 (68.3)
High (grade 3) 29 (27.9)
Not applicable 4 (3.8)

Post-NAC pathological stage
(yp stage, resection)

0 32 (30.8)
I 14 (13.5)
II 31 (29.8)
III 27 (26.0)

Post-NAC lympho-vascular invasion
(resection)

Absent 72 (69.2)
Present 32 (30.8)

Post-NAC nuclear grade
(resection)

Low (grade 1, 2) 35 (33.7)
High (grade 3) 33 (31.7)

Post-NAC histological grade
(resection)

Not applicable 36 (34.6)
Low (well, moderately) 39 (37.5)

High (poorly) 28 (26.9)

Post-NAC subtypes
(resection)

Not applicable 37 (35.6)
Residual disease patients

(n = 80)
HR+/HER2− 36 (45.0)
HR+/HER2+ 7 (8.8)
HR−/HER2+ 16 (20.0)

The pathological characteristics of RD patients (n = 80), according to pre-NAC biopsy
subtypes, are presented in Table 2. In patients with RD after NAC (n = 80), a subtype
change was identified in 20 patients (25.0%). Among them, a subtype change occurred
in three (15.0%) patients with the HR+/HER2− biopsy subtype, eight patients (40.0%)
with the HR+/HER2+ biopsy subtype, six patients (30.0%) with the HR−/HER2+ biopsy
subtype, and three patients (15%) with the HR−/HER2− biopsy subtype.

Table 2. Pathologic characteristics of residual disease patients, according to pre-NAC biopsy subtypes
(n = 80).

Pre-NAC Subtypes (Biopsy)

HR+/HER2−
(n = 31)

HR+/HER2+
(n = 12)

HR−/HER2+
(n = 17)

HR−/HER2−
(n = 20)

Pre-NAC
nuclear grade

(biopsy)

Low (grade 1, 2) 25 (80.6) 11 (91.7) 7 (41.2) 11 (55.0)
High (grade 3) 4 (12.9) 1 (8.3) 10 (58.8) 8 (40.0)
Not applicable 2 (6.5) 0 (0.0) 0 (0.0) 1 (5.0)

Pre-NAC
clinical stage

(c stage, biopsy)

I 3 (9.7) 0 (0.0) 0 (0.0) 0 (0.0)
II 6 (19.4) 2 (16.7) 3 (17.6) 2 (10.0)
III 20 (64.5) 9 (75.0) 13 (76.5) 17 (85.0)
IV 2 (6.5) 1 (8.3) 1 (5.9) 1 (5.0)
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Table 2. Cont.

Pre-NAC Subtypes (Biopsy)

HR+/HER2−
(n = 31)

HR+/HER2+
(n = 12)

HR−/HER2+
(n = 17)

HR−/HER2−
(n = 20)

Post-NAC
subtypes

(resection)

HR+/HER2− 28 (90.3) 4 (33.3) 2 (11.8) 2 (10.0)
HR+/HER2+ 0 (0.0) 4 (33.3) 3 (17.6) 0 (0.0)
HR−/HER2+ 0 (0.0) 4 (33.3) 11 (64.7) 1 (5.0)
HR−/HER2− 3 (9.7) 0 (0.0) 1 (5.9) 17 (85.0)

Post-NAC
nuclear grade

(resection)

Low (grade 1) 22 (71.0) 4 (33.3) 6 (35.3) 3 (15.0)
High (grade 2, 3) 6 (19.4) 7 (58.3) 6 (35.3) 14 (70.0)
Not applicable 3 (9.7) 1 (8.3) 5 (29.4) 3 (15.0)

Post-NAC
pathological stage

(yp stage, resection)

0 3 (9.7) 1 (8.3) 3 (17.6) 1 (5.0)
I 5 (16.1) 2 (16.7) 6 (35.3) 1 (5.0)
II 10 (32.3) 8 (66.7) 2 (11.8) 11 (55.0)
III 13 (41.9) 1 (8.3) 6 (35.3) 7 (35.0)

3.2. Correlation between Clinico-Pathological Variables and NAC Response

The association between the clinico-pathological parameters and the NAC response is
presented in Table 3. After NAC, 24 patients (23.1%) out of 104 total patients had a pCR.
Their subtypes in regard to their biopsy samples before NAC are shown in Table 3. The
pCR was most frequently observed in the HR−/HER2+ biopsy subtype (11, 45.8%) and at
clinical stage III (20, 83.3%) (Table 3).

Table 3. Correlation between NAC response and pathologic variables in total patients (n = 104).

Variables
Pathological Complete

Response (n = 24)
Residual Disease

(n = 80)
p-Value

Age at Diagnosis 55.5 Years (29–71) 54 Years (24–77)

Pre-NAC subtypes
(biopsy)

HR+/HER2− 2 (8.3) 31 (38.8) 0.019
HR+/HER2+ 5 (20.8) 12 (15.0)
HR−/HER2+ 11 (45.8) 17 (21.3)
HR−/HER2− 6 (25.0) 20 (25.0)

Pre-NAC clinical stage
(c stage, biopsy)

I 0 (0.0) 3 (3.8) 0.453
II 4 (16.7) 13 (16.3)
III 20 (83.3) 59 (73.8)
IV 0 (0.0) 5 (6.3)

Pre-NAC nuclear grade
(biopsy)

Low (grade 1, 2) 17 (70.8) 54 (67.5) 0.926
High (grade 3) 6 (25.0) 23 (28.8)
Not applicable 1 (4.2) 3 (3.8)

Post-NAC pathological stage
(yp stage, resection)

0 24 (100.0) 8 (10.0) <0.001
I 0 (0.0) 14 (17.5)
II 0 (0.0) 31 (38.8)
III 0 (0.0) 27 (33.8)

Post-NAC lympho-vascular invasion
(resection)

Absent 23 (95.8) 49 (61.3) 0.001
Present 1 (4.2) 31 (38.8)

Post-NAC nuclear grade
(resection)

Low (grade 1, 2) 0 (0.0) 35 (43.8) <0.001
High (grade 3) 0 (0.0) 33 (41.3)
Not applicable 24 (100.0) 12 (15.0)

Post-NAC histological grade
(resection)

Low (well, moderately) 0 (0.0) 39 (48.8) <0.001
High (poorly) 0 (0.0) 28 (35.0)
Not applicable 24 (100.0) 13 (16.3)

3.3. Changes in Each Biomarker Status after NAC

The changes in each biomarker status after NAC in 80 residual patients are shown in
Figure 1. Most patients maintained stable expression of HRs, with 69 patients (86.3%) for
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ER and 65 patients (81.3%) for PR, as well as 61 patients (76.3%) for HER2 and 73 patients
(91.3%) for p53. Additionally, 54 patients (67.6%) exhibited consistent Ki67 expression.
However, of all 80 patients with RD, changes in at least one biomarker were observed in
41 patients (51.2%) (Figure 2a).

 

Figure 1. Biomarker changes after NAC (total residual patients, n = 80).

The biomarker status changes after NAC, according to the pre-NAC biopsy subtype,
are presented in Figure 2b–e. The change in HER2 status, from positive to negative, was not
identified in HR+/HER2− pre-NAC biopsy subtypes. Only positive to negative change
in the HER2 status was identified in HER2+ subtypes (HR+/HER2+ and HR−/HER2+
subtypes). Notably, there was one case of negative to positive change in the HER2 status in
HR−/HER2− subtypes and this case was a change from low positive to positive, which is
described below (Figure 2e).

The HER2 status change, according to post-NAC resection subtypes, is presented in
detail in Table 4. We found any kind of change in the HER2 status in 19 (23.7%) patients
(Table 4). These changes include negative to low positive (4, 5.0%), low positive to negative
(8, 10.0%), low positive to positive (1, 1.2%), positive to negative (1, 1.2%), and positive
to low positive (5, 6.2%) (Table 4). Among them, five patients (6.2%) were HR+/HER2−
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subtype, four (5.0%) were HR+/HER2+ subtype, two (2.5%) were HR−/HER2+, and the
remaining eight (10.0%) were HR−/HER2− subtype. Overall, there were six cases of
positive to negative in terms of changes to the HER2 status.

  
(a) (b) 

 
(c) (d) 

 

 

(e)  

Figure 2. Biomarker changes after NAC according to biopsy subtype in residual disease patients
(n = 80): (a) total residual patients (n = 80); (b) HR+/HER2− biopsy subtype (n = 31); (c) HR+/HER2+
biopsy subtype (n = 12); (d) HR−/HER2+ biopsy subtype (n = 17); (e) HR−/HER2− biopsy subtype
(n = 20).

The change in p53 expression after NAC was present in seven cases (8.7%). One (14.3%)
of them had a negative to positive change and the other six patients (85.7%) showed a
positive to negative change in p53 expression (Figure 1). The subtypes of the cases showing
a p53 expression change are presented in Table 5.

The change in the Ki67 proliferation index group from low to high after NAC was not
identified (Figure 1). However, in regard to the Ki-67 proliferation index as a continuous
variable, there were nine cases (11.3%) of increment in the proliferation index; although it
did not lead to a group change from low to high (Figure 2).
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Table 5. Cases showing p53 expression change after NAC.

Case Change Type Pre-NAC Biopsy Subtype Post-NAC Resection Subtype

5 Positive to negative HR+/HER2− HR+/HER2−
13 Negative to positive HR+/HER2− HR+/HER2−
19 Positive to negative HR+/HER2+ HR+/HER2−
20 Positive to negative HR−/HER2+ HR+/HER2+
39 Positive to negative HR−/HER2− HR−/HER2−
82 Positive to negative HR+/HER2− HR+/HER2−
91 Positive to negative HR+/HER2− HR−/HER2−

3.4. Overall Survival and Disease-Free Survival

The survival analyses are shown in Figure 3. The HR+/HER2− pre-NAC biopsy
subtype had the worst DFS, followed by the HR−/HER2− subtype. Also, the HR+/HER2+
subtype had the best DFS (p = 0.044, Figure 3b). The change in p53 expression had a
significant impact on the DFS (p < 0.001). A negative to positive change in p53 had the
worst DFS, while no change in p53 showed the best DFS (Figure 3d). According to the p53
status before and after NAC, no change in p53 was associated with better DFS; positivity of
p53 in both pre-NAC biopsy and post-NAC resection samples had the best DFS, followed
by negativity of p53 in both pre-NAC biopsy and post-NAC resection samples. Negative-
to-positive change in p53 expression had the worst DFS (p < 0.001, Figure 3f). In addition,
advanced yp stage (including yp stage III) patients after NAC tended to have worse DFS
than early yp stage (including yp stage 0, I, II) patients (p = 0.085, Figure 3h).

In the multivariate analysis, the HR+/HER2+ subtype was an independent factor for
better DFS (HR, 0.13; 95% CI, 0.02–0.99; p = 0.049). Also, negative-to-positive change in
p53 expression after NAC was an independent factor for worse DFS (HR, 18.44; 95% CI,
1.86–182.97; p = 0.013) (Table 6).

Table 6. Analysis of disease-free survival in residual disease patients (n = 80).

Univariable Multivariable

Hazard Ratio (95% CI) p-Value Hazard Ratio (95% CI) p-Value

Pre-NAC subtypes
(biopsy)

HR+/HER2− 1 0.086 1 0.131
HR+/HER2+ 0.12 (0.02–0.90) 0.039 0.13 (0.02–0.99) 0.049
HR−/HER2+ 0.37 (0.12–1.12) 0.079 0.41 (0.13–1.25) 0.115
HR−/HER2− 0.69 (0.29–1.62) 0.387 0.74 (0.31–1.76) 0.49

Pre-NAC clinical stage
(c Stage, biopsy)

Early (0, I, II) 1
Advanced (III, IV) 1.71 (0.59–4.94) 0.319

Post-NAC pathologic stage
(yp Stage, resection)

Early (0, I, II) 1
Advanced (III) 1.92 (0.90–4.08) 0.09

Post-NAC histologic grade
(resection)

Low (well, moderately)
High (poorly)
Not applicable

0.75 (0.29–1.99) 0.567
0.59 (0.21–1.66) 0.314

1 0.600

ER change
No change 1 0.754

Positive to negative 1.44 (0.34–6.13) 0.620
Negative to positive 0.68 (0.16–2.88) 0.600

PR change
No change 1 0.665

Positive to negative 1.63 (0.56–4.75) 0.371
Negative to positive 0.98 (0.23–4.17) 0.977

HER2 change
No change 1 0.563

Positive to negative 0 0.978
Negative to positive 3.00 (0.40–22.46) 0.284

P53 change
No change 1 0.008 1 0.03

Positive to negative 2.34 (0.70–7.90) 0.170 1.972 (0.58–6.67) 0.275
Negative to positive 28.26 (2.92–273.57) 0.004 18.44 (1.86–182.97) 0.013

Ki67 change
No change 1

High (≥20) to low(<20) 0.79 (0.35–1.80) 0.577
Low (<20) to high(≥20)

27



Medicina 2024, 60, 737
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(e) (f) 

 
(g) (h) 

Figure 3. Kaplan–Meier estimates of overall survival and disease-free survival (residual disease
patients, n = 80): (a) overall survival according to biopsy subtype (pre-NAC); (b) disease-free survival
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according to biopsy subtype (pre-NAC); (c) overall survival according to changes in p53 expression
status after NAC; (d) disease-free survival according to changes in p53 expression status after NAC;
(e) overall survival according to p53 status before and after NAC; (f) disease-free survival according
to p53 status before and after NAC; (g) overall survival according to yp stage (post-NAC); (h) disease-
free survival according to yp stage (post-NAC).

4. Discussion

We found that biomarker change was common (51.2% of the RD patients) between
specimens taken before and after NAC. A change in p53 expression after NAC was associ-
ated with a particularly poor prognosis in RD patients.

Biomarker change, according to NAC, in breast cancer patients appears in various
ways, according to previous studies. Changes in biomarkers after NAC in breast cancer
patients have been studied mainly in regard to Ki-67 [13–15] and it usually changes after
adjusting the NAC [16,17]. Ki-67, a marker of cell proliferation, is expressed in all phases
of the cell cycle, except G0 [18]. A decrease in Ki-67 after NAC was associated with
a pCR and with better DFS and OS [13,15]. Rey-Vargas et al. observed no significant
correlation between a Ki-67 decrease and the survival rate, but they reported a tendency of
Ki-67 to decrease after NAC [14]. The same was true for this study, in which 26 patients
(32.5%) showed a discordance of Ki-67 between pre-NAC and post-NAC specimens and all
changes involved a decline, but these changes were not significantly correlated with the
survival rate.

HER2 has been used as a treatment target over the past few decades since trastuzumab
was developed. Recently, early-phase clinical trials have reported promising antiHER2
antibody–drug conjugates (ADCs), trastuzumab–deruxtecan and trastuzumab–duocarmazine,
in HER2 low-positive patients [19,20]. Ahn et al. reported that positive-to-negative change
in HER2 expression was more common than negative-to-positive change after NAC [21].
Also, Tural et al. showed that HER2 status change from positive to negative was an in-
dependent risk factor for worse DFS [22]. In this study, we did not reveal HER2 change
as a prognostic factor after NAC. However, any change that can alter further treatment
after NAC resection was significant in number, namely 19 patients (23.7%). Of note, four
patients had negative HER2 expression in their pre-NAC biopsy sample and then showed
HER2 low positive in their resection specimen after NAC. While it has not yet been estab-
lished as the standard treatment protocol, the transition to HER2 low-positive status in
patients following therapy suggests the potential diversification of treatment modalities in
the future.

TP53, which encodes for the tumor suppressor protein p53, is the most frequently
mutated gene in most types of human cancer, including breast cancer [23]. The role of
p53 as a prognostic factor predicting pCR after NAC is controversial [24–26]. Bae et al.
investigated, regardless of p53 expression, before NAC; the high expression of the p53
group after NAC indicated better OS in triple-negative breast cancer (TNBC) patients
receiving NAC [27].

We found that no change in p53 expression after NAC was a significant predictor
of improved prognosis. In particular, p53 positivity in both pre-NAC and post-NAC
specimens was associated with the best improved prognosis. A few studies have shown
that p53 positivity predicted chemotherapy-sensitive disease compared with p53 negative
cases in TNBC [26,27]. In our study, patients with p53 positivity, both pre-NAC and
post-NAC, had a better prognosis than those with negative p53 in both specimens.

In addition, we observed that any change in the p53 status was associated with worse
prognosis than no change. In particular, a negative-to-positive change in p53 expression
after NAC predicted a lower DFS. In patients who did not achieve a pCR, NAC resulted in
a subpopulation of chemotherapy-resistant cells [28]. And diffuse nuclear positivity for p53
has previously been shown to be highly correlated with TP53 mutations [29]. Balko et al.
molecularly profiled the RD remaining after NAC in a cohort of 111 TNBC. Alterations in
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TP53 were identified in 89% of the samples [30]. MCL1 gene amplifications were seen in
54%, and MYC gene amplifications were seen in 35% of the samples [30]. These findings
suggest that these alterations are present at high frequency in chemotherapy-treated TNBCs
and may play a role in de novo or acquired therapeutic resistance [30]. Therefore, although
this study was not limited to the triple-negative subtype, we could consider the possibility
of the emergence of treatment resistance in patients with a p53 status alteration.

Patients with HR+ subtypes of breast cancer have the best prognosis, by contrast
patients with HR− subtypes, especially those with triple-negative disease, have the worst
prognosis, in part because of the lack of a receptor target [31,32]. We also observed that
HR+/HER2+ patients who underwent NAC had improved DFS, in the multivariable
analysis. Interestingly, however, among patients with NAC, the HR+HER2− subtype had
worse prognosis than the HR−HER2− subtype. Luminal A breast cancers generally have a
good prognosis and respond well to hormonal therapies, and patients with these cancers
do not appear to benefit from the addition of the microtubule-targeted chemotherapy drug
paclitaxel commonly used for NAC [33]. This may explain the poor therapeutic effect of
NAC in luminal A breast cancer patients. In addition to this, after NAC, the residual tumors
of most such patients had alterations in at least one of the clinically targetable pathways,
resulting in therapeutic resistance [30]. These are the likely reasons why luminal A breast
cancer patients had the worst prognosis in this study.

This study had several limitations. Firstly, it was conducted retrospectively, and
this suggests the potential presence of confounding factors that were not considered.
Secondly, the sample size was relatively small and data collection was carried out in a single
institution. Thirdly, recent studies suggest that the distribution of residual disease, whether
scattered or concerted, may impact patients’ long-term survival [34,35]. Nevertheless, the
distribution pattern of residual tumors was not considered in this study. However, it is
important that the collected data can be used as a foundation for further research and
provide insight on biomarker changes after NAC.

5. Conclusions

Our findings suggested that NAC has the potential to elicit alterations in biomarker
expression and ultimately results in a subtype change after NAC, which was not common.
In addition, p53 expression change may provide a prognostic role. Further studies are
needed to clarify these issues and determine the need to re-evaluate biomarkers after NAC.
This small and retrospective study provides a basis for future research investigating the
prognostic and predictive role of biomarker re-evaluation.
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Abstract: Background and Objectives: Human papillomavirus (HPV) was previously investigated in
lung cancer with wide inter-geographic discrepancies. p16INK4a has been used as a surrogate for
detecting high-risk HPV (HR-HPV) in some cancer types. This study assessed the evidence of HPV
in non-small-cell lung cancer (NSCLC) among Jordanian patients, investigated the expression of
p16INK4a, and evaluated its prognostic value and association with HPV status. Materials and Methods:
The archived samples of 100 patients were used. HPV DNA detection was performed by real-time
polymerase chain reaction (RT-PCR). p16INK4a expression was assessed by immunohistochemistry
(IHC). The Eighth American Joint Committee on Cancer protocol (AJCC) of head and neck cancer crite-
ria were applied to evaluate p16INK4a positivity considering a moderate/strong nuclear/cytoplasmic
expression intensity with a distribution in ≥75% of cells as positive. Results: HPV DNA was detected
in 5% of NSCLC cases. Three positive cases showed HR-HPV subtypes (16, 18, 52), and two cases
showed the probable HR-HPV 26 subtype. p16INK4a expression was positive in 20 (20%) NSCLC
cases. None of the HPV-positive tumors were positive for p16INK4a expression. A statistically signifi-
cant association was identified between p16INK4a expression and the pathological stage (p = 0.029)
but not with other variables. No survival impact of p16INK4a expression was detected in NSCLC
cases as a group; however, it showed a statistically significant association with overall survival (OS)
in squamous cell carcinoma (SqCC) cases (p = 0.033). Conclusions: This is the first study to assess
HPV and p16INK4a expression in a Jordanian population. HPV positivity is rare in NSCLC among a
Jordanian subpopulation. P16 INK4a reliability as a surrogate marker for HPV infection in lung cancer
must be revisited.

Keywords: HPV; PCR; p16INK4a; immunohistochemistry; NSCLC; Jordan

1. Introduction

Lung cancer is the leading cause of cancer-related morbidity and mortality in males
and females worldwide [1]. Lung cancer pathogenesis is a complex process involving
genetic and environmental factors [2]. Although smoking is the most significant causative
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agent for lung cancer, fewer than 20% of smokers develop lung cancer, and lung cancer
remains the primary cause of death among never-smokers [3,4]. Other factors, such as
genetic susceptibility, unfavorable occupational exposure, air pollution, and viral infections,
are implicated in the development of lung cancer [5,6]. Human papillomavirus (HPV) is
one of the viruses associated with lung cancer [7].

HPV is a DNA virus that belongs to the Papovaviridae family and is genotyped into
three groups based on its oncogenic risk: high-risk group (HR-HPV) such as HPVs 16, 18,
31, 33, 35, 39, 45, 51, and 52, which can lead to cancerous transformation, probable/possible
carcinogen such as HPVs 26, 53, 66, 68, 73, and 82, and low-risk- group (LR-HPV) such as
HPVs 6, 11, 40, 42, 43, 44, 54, 61, and 72, which cause benign lesions [8]. The HPV DNA
encodes for several proteins, including the early (E) E1-E2, E4-E7, and late (L), L1, and L2
proteins, that carry oncogenic potential [9].

The role of HPV in causing cervical cancer and a subset of anogenital and oropharyn-
geal cancers is established [10–12]. In this regard, a recent study detected a high frequency
of HPV DNA (94.4%) in high-grade vaginal intraepithelial neoplasia, with 26.8% showing
multiple infections [13]. Furthermore, these HPV-induced cancers show overexpression of
the p16INK4a protein, which is used as a surrogate for HPV status in these cancers [14,15].
The molecular pathways of HPV-induced cervical and head and neck carcinomas are linked
to its two main oncogenes, E6 and E7, which deactivate the p53 and Rb tumor suppressor
genes, respectively. After infection, the HPV-E7 protein binds to the Rb protein, causing
its inactivation and leading to the release of E2F, which drives the expression of several
pro-proliferative proteins. Several studies showed that Rb inactivation and the consequent
E2F activation stimulate the expression of the tumor suppressor gene p16INK4a, a cyclin-
dependent kinase inhibitor (CDKI), through negative feedback [16–18]. Subsequently,
p16INK4a expression has been highly correlated with HR-HPV.

On the other hand, although several studies have also indicated that HR-HPV may
have a role in the pathogenesis of lung cancer [2,7,19], this role has not been well estab-
lished. The first report to suggest a connection between HPV and lung cancer was in
1979 by Syrjaanen et al., indicating the presence of histological changes similar to the
HPV-linked condylomatous changes in the bronchial epithelium adjacent to squamous cell
carcinoma [20]. Since then, several studies have been conducted and showed conflicting
results regarding the relationship between HPV infection and lung cancer development,
with inconsistency in the reported prevalence, possibly due to geographic differences and
methodological variability. For example, in one meta-analysis, Srinivasan et al. found that
the prevalence of HPV varied greatly between geographic areas and histological subtypes,
with a global range of 0.0 to 78.3%. This meta-analysis, in addition, showed that Asian
studies reported a higher HPV prevalence compared to European studies [4]. Unlike cervi-
cal and head and neck cancers, the relationship between HPV and p16INK4a expression in
NSCLC is not well established. Some studies failed to reveal a significant correlation be-
tween HPV infection and p16INK4a expression in lung cancer [15,21]. In any case, p16INK4a

expression has been evaluated for its prognostic role in NSCLC regardless of the HPV
status, and several studies showed that it had a significant prognostic value [22–25].

In Jordan, lung cancer is the leading cause of cancer-related deaths, and recent esti-
mates expect an increasing burden of lung cancer on public health, particularly with increas-
ing smoking habits. Further, the prevalence of HPV, despite being relatively low, seems
to be increasing in Jordan [26]. However, to the best of our knowledge, there is no data
that link lung cancer and HPV among Jordanian patients. This study aimed to evaluate the
prevalence of HPV and p16INK4a expression in NSCLC among a Jordanian subpopulation.

2. Materials and Methods

2.1. Patients and Tissue Samples

A total of 100 tumor tissue samples of patients who were surgically treated for their
NSCLC between 2009 and 2022 at King Hussein Cancer Center (KHCC), Amman, Jordan,
were obtained for this work. The cases were selected after a retrospective search of the
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archived cases at the Department of Pathology and Laboratory Medicine, KHCC. The pa-
tients’ inclusion criteria included the following: patients with surgical resection of primary
lung cancer, lack of preoperative chemotherapy or radiotherapy, negative history of other
tumors at the time of diagnosis, particularly those derived from an HPV-driven anatomical
area, and the presence of adequate tissue samples and clinical follow-up data. The patients’
clinicopathological characteristics, including age, gender, smoking status, postoperative
treatment history, histologic subtypes, pathologic stage, and survival data, were collected
from the patients’ medical records and pathological reports. The respective H&E-stained
slides of the cases were evaluated by two pathologists (O.A.A.K. and S.A.) to confirm
the pathological features. Tumor subtypes and grades were determined according to the
World Health Organization (WHO) guidelines [27,28]. Grading of the adenocarcinoma
(ADC) cases was determined based on the combination of the predominant and the worst
architectural patterns. Squamous cell carcinoma (SqCC) grades were specified based on the
degree of tumor keratinization. Tumor grades were divided into two categories: low-grade,
which included well to moderately differentiated cancers, and high-grade, which included
cancers with poor differentiation. The stages were determined according to the seventh and
eighth editions of the American Joint Committee (AJC) on the Cancer TNM classification
system, depending on the time of diagnosis [29,30]. Overall survival (OS) was measured
from the time of surgery to the time of death or the last follow-up visit. Disease-free
survival (DFS) was calculated from the time of surgery to the time of the first of two events:
recurrence or death from any cause.

2.2. Extraction of DNA

FFPE tissue blocks were retrieved from the pathology department in KHCC. For each
patient, 10 sections of 10 μm thickness were cut using the HistoCore BIOCUT manual rotary
microtome, where the blade gently sweeps the sections after cutting to be stored in 2 mL
microcentrifuge tubes positioned underneath. Once all sections had been collected, the tube
was securely capped to prevent sample loss or contamination. DNA extraction was carried
out using the ReliaPrep™ FFPE gDNA Miniprep System® Genomic DNA Kits (Promega,
Madison, WI, USA) according to the manufacturer’s instructions. Briefly, the FFPE sections
were deparaffinized by adding 1 mL of 100% xylene to the samples with centrifuging for
2 min at maximum speed at room temperature to remove residual xylene, then adding
1 mL of 95–100% ethanol (100%) with centrifuging for 2 min at maximum speed at room
temperature. After that, centrifuging for 30 s at maximum speed and drying the pellet
for 5–15 min at 37 ◦C was performed to evaporate residual ethanol. Then, 200 μL of Lysis
Buffer and 20 μL of Proteinase K were directly added to the samples and incubated at 56 ◦C
for 1 h and at 80 ◦C for 4 h. Subsequently, 10 μL of RNAse A was added to the lysed sample
and incubated at room temperature for 5 min. Then, 220 μL of BL Buffer and 240 μL of
ethanol (95–100%) were added and mixed thoroughly, followed by the binding and column
washing steps. Then, DNA was eluted by adding 50 μL of Elution Buffer, centrifuging at
16,000× g for 1 min, and storing at −30 to −10 ◦C for subsequent processing.

2.3. HPV Detection and Genotyping

HPV detection and genotyping were performed by real-time PCR (RT-PCR) using the
HPV Genotypes 21 Real-TM Quant Kit (Sacace Biotechnologies, Como, Italy). The HPV
Genotypes 21 Real-TM Quant Kit is capable of identifying 21 HPV subtypes, including three
low-risk (HPV 6, 11, 44), six probable high-risk (HPV 26, 53, 66, 68, 73, 82), and 12 high-risk
(HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59). The kit amplifies a target of DNA sequence.
The kit contains an artificial sequence of the HPV genome as a positive internal control (IC)
to monitor the quality and efficiency of the PCR and the DNA amplification process and a
PCR mix for the amplification of human genomic DNA (sample intake control (SIC)) that
allows for the exclusion of preanalytical error. The kit also provides positive and negative
controls. Briefly, 10.0 μL of Taq DNA Polymerase was added to each strip of PCR-mix 21
along with 5.0 μL of extracted DNA from the clinical samples. The negative and positive
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control strips received the same mix. After that, all strips were capped and spun for 2–3 s
and transferred into the thermal cycler (Anatolia geneworks RT-PCR) and went through
the following program: 1 cycle of 80 ◦C for 30 s followed by 94 ◦C for 90 s; 5 cycles of 94 ◦C
for 30 s followed by 64 ◦C for 15 s; 45 cycles of 94 ◦C for 10 s followed by 64 ◦C for 25 s;
and finally 1 cycle of 94 ◦C for 5 s. The PCR was considered valid if the positive controls
showed a signal and the negative controls did not. Results interpretation was performed
using the software of SLAN 8.3 RT-PCR system.

2.4. Immunohistochemistry (IHC)

The specimens were fixed in 10% neutral-buffered formalin (NBF) immediately or
within 5 min of the resection, with a fixation duration between 12 and 28 h. Immunohisto-
chemistry was performed using a BOND III autostainer and Detection Kit (DS9800; Leica
Biosystems, Deer Park, TX, USA) according to the manufacturer’s instructions. Briefly,
tissue sections of 3 μm thickness were cut from the FFPE specimens using the HistoCore
BIOCUT manual rotary microtome, prepared on IHC adhesive slides (TOMO®), and put
in an oven for about 15 min at 65–70 ◦C to assist the sections adhering to the slides. Then,
the sections were deparaffinized and rehydrated. Antigen retrieval was performed using
Bond Epitope Retrieval Solution 1 (Citrate; pH 6.0) (AR9961; Leica Biosystems) for 20 min.
Blocking was achieved with Peroxide 3–4% (vol/vol) hydrogen peroxide for 5 min at
100 ◦C. Slides were incubated at room temperature with the ready-to-use anti-p16 mouse
monoclonal primary antibody for 20 min (clone INK4A/JC2, Cell Marque, Rocklin, CA,
USA). Visualization was achieved using 3,3′-diaminobenzidine (DAB) staining and hema-
toxylin counterstaining (Leica Biosystems). Finally, the slides were dehydrated and cleared
with xylene, then cover-slipped with dibutyl phthalate in xylene (D.P.X.) mounting media.
Cervical squamous severe dysplasia known to be p16-positive was used as a positive
control, and negative control was obtained by removing the primary antibody.

2.5. p16INK4a Protein Expression Scoring

The samples were assessed and scored independently by two pathologists (O.A.A.K.
and S.A.) using a light microscope (Olympus BX53, Tokyo, Japan), and a consensus was
obtained on all cases. All cases were scored for staining intensity in tumor cells as follows:
0: unstained, 1+: weak, 2+: moderate, 3+: strong. The distribution of staining in tumor cells
was scored as follows: 0: no staining, 1+: 1–<25%, 2+: 25–<50%, 3+: 50–<75%, 4+: ≥75%.
Then, following the 8th edition of the AJCC staging system for head and neck cancer, a
positive p16INK4a expression was defined as cases with nuclear/cytoplasmic staining with
intensity of 2+/3+ and a distribution of 4+ (cases with at least moderate staining intensity
in ≥75% of tumor cells) [31,32]. Cases with cytoplasmic staining alone were considered
negative [33].

2.6. Statistical Analysis

Categorical variables were summarized using counts and percentages. The Chi-square
test or Fisher’s exact test was used in a univariate study to discover relationships between
p16INK4a expression and clinicopathological features. The Kaplan–Meier method was
used to estimate the OS and DFS, and the log-rank test was performed to compare the
results. All statistical analyses were undertaken with a two-tailed test. The threshold for
statistical significance was set at p-values less than or equal to 0.05. Statistical analysis
was performed using IBM SPSS Statistics software for Windows version 29 (IBM Corp.,
New York, NY, USA).

3. Results

3.1. Patients’ Characteristics

Table 1 summarizes the primary features of the patients’ sample. The cohort in-
cluded 100 NSCLC patients who underwent surgical resection. Most patients underwent a
lobectomy (84/100, 84%), ten patients underwent wedge resection, and six patients had
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a pneumonectomy. Six patients had positive bronchial or vascular margins. In terms of
their histologic subtype, 59% of the cases were ADC, and 41% were SqCC. Most patients
were older than 60 with a median age of 69 (range 46–86 years), and 85% were males. The
vast majority of patients (~85%) were either current or former smokers. Most patients had
high-grade tumors with poor differentiation (59%). The majority of cases were of early
stages, and the distribution of the pathological stages was as follows: stage I (33%), stage II
(36%), stage III (28%) and stage IV (3%). Most patients had a tumor size of more than 3 cm
(64%), and 37% had positive lymph node metastasis. Regarding the architectural patterns
of the ADC cases, the majority had an acinar predominant pattern (47.5%), followed by
solid (25.4%), lepidic (23.7%), and micropapillary (3.4%).

Table 1. Patients’ clinicopathological features according to p16INK4a expression.

Variables Number (%)
p16INK4a

Positive b
p16INK4a

Negative
p Value *

Total 100 (100.0) 20 (20.0) 80 (80.0)

Age (Years) 0.232

≤60 23 (23.0) 7 (35.0) 16 (20.0)

>60 77 (77.0) 13 (65.0) 64 (80.0)

Gender 0.072

Male 85 (85.0) 14 (70.0) 71 (88.7)

Female 15 (15.0) 6 (30.0) 9 (11.3)

Smoking history a 0.729

Current/former smoker 84 (84.8) 16 (80.0) 68 (86.1)

Never smoker 15 (15.2) 4 (20.0) 11 (13.9)

Histological subtype 1.000

Adenocarcinoma (ADC) 59 (59.0) 12 (60.0) 47 (58.8)

Squamous cell carcinoma (SqCC) 41 (41.0) 8 (40.0) 33 (41.2)

Grade 0.617

Low-grade (well and moderately
differentiated) 41 (41.0) 7 (35.0) 34 (42.5)

High-grade (poorly
differentiated) 59 (59.0) 13 (65.0) 46 (57.5)

Tumor size 0.193

≤3 cm 36 (36.0) 10 (50.0) 26 (32.5)

>3 cm 64 (64.0) 10 (50.0) 54 (67.5)

Lymph nodes metastasis 0.799

Positive 37 (37.0) 8 (40.0) 29 (36.3)

Negative 63 (63.0) 12 (60.0) 51 (63.7)

Pathological stage 0.029

I, II 69 (69.0) 18 (90.0) 51 (63.7)

III, IV 31 (31.0) 2 (10.0) 29 (36.3)

Predominant histological pattern
(For ADC cases, 59 cases) 0.422

Lepidic 14 (23.7) 3 (25.0) 11 (23.4)

Acinar 28 (47.5) 4 (33.3) 24 (51.1)
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Table 1. Cont.

Variables Number (%)
p16INK4a

Positive b
p16INK4a

Negative
p Value *

Micropapillary 2 (3.4) 1 (8.3) 1 (2.1)

Solid 15 (25.4) 4 (33.3) 11 (23.4)

Papillary 0 (0.0) 0 (0.0) 0 (0.0)

Recurrence/Progression 1.000

Present 34 (34.0) 7 (35.0) 27 (33.8)

Absent 66 (66.0) 13 (65.0) 53 (66.3)

HPV Status

Positive 5 (5.0) 0 (0.0) 5 (6.3) 0.580

Negative 95 (95.0) 20 (100.0) 75 (93.7)
a One patient was excluded due to the absence of smoking history. b p16INK4a was considered positive by
immunohistochemistry when it showed at least moderately strong nuclear and cytoplasmic staining in ≥75% of
tumor cells. * 2-sided p-value, p-value ≤ 0.05 is considered significant (bold).

Regarding the postoperative treatment, 47 patients received no therapy, 38 patients
received chemotherapy, 4 patients received radiotherapy, and 11 patients had a combination
of chemoradiation therapy. About 34 patients developed disease recurrence or progression
either in the form of locoregional recurrence or distant metastasis. Of these, four patients
did not have any further therapy; nine patients had radiation therapy, five patients had
chemotherapy, eight patients received chemoradiation therapy, three patients received a
combination of chemotherapy with immunotherapy, one patient received a combination
of chemotherapy and epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor,
one patient received EGFR tyrosine kinase inhibitor alone, one patient was treated with
Anaplastic lymphoma kinase (ALK) inhibitor, one patient received immunotherapy, and
one patient was treated with surgery alone. The status of the driver gene mutations was
available for a limited number of cases. ALK1 was tested in 32 cases by an FDA-approved
CDx grade IHC, and only 2 were positive. ROS1 was tested in six cases by IHC, and only
one was positive. EGFR gene mutations were investigated in eleven cases, where only
two cases showed exon 19 deletion and L858R mutation. The tumor proportion score of
PD-L1 was available for 47 cases, where 28 cases were positive, with a score of 1% or more.

3.2. HPV Detection and Correlation with p16INK4a Expression

Real-time PCR revealed that among the 100 NSCLC cases, 5 cases (5%) were positive
for HPV. Three cases were positive for HR-HPV subtypes (16, 18, and 52), and two cases
were positive for the probable HR-HPV 26 subtype (Table 2). Four of the positive cases
were ADC, and only one case was of SqCC histological type. These positive cases were
detected in three males and two females with a mean age of 70 (range: 56–78). Four
cases occurred in patients with a smoking history and one in a non-smoker. Four of
them also demonstrated low-grade disease, and one was high-grade. Three cases were of
pathological stage I, 1 of stage II, and 1 of stage III. Only one of these positive cases showed
a progression of the disease. The median follow-up time of the patients with HPV-positive
tumors was 36 months (range: 24–70). Surprisingly, none of the HPV-positive cases were
positive for p16INK4a by IHC according to the followed criteria. However, all cases showed
p16INK4a expression ranging from 5 to 60% with weak to moderate intensity (Figure 1A–E).
No statistically significant association was identified between the HPV status and other
clinicopathological variables.
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Table 2. Clinicopathological characteristics of HPV-positive tumors.

HPV-Positive
Tumor

Age Gender
Smoking
History

Histological
Subtype

Grade a Pathological
Stage

Recurrence/
Progression

p16INK4a

Expression b

HPV 16+ 56 Female Former smoker ADC High Stage I Absent Negative

HPV 18+ 74 Male Smoker ADC Low Stage II Present Negative

HPV 26+ 72 Male Smoker SqCC Low Stage I Absent Negative

HPV 26+ 78 Male Smoker ADC Low Stage III Absent Negative

HPV 52+ 70 Female Non-smoker ADC Low Stage I Absent Negative
a Low-grade tumors include well- and moderately differentiated tumors. High-grade tumors include poorly
differentiated tumors. b P16 was considered positive by immunohistochemistry when it showed at least mod-
erately strong nuclear and cytoplasmic staining in ≥75% of tumor cells. Abbreviations: ADC: adenocarcinoma,
SqCC: squamous cell carcinoma.

 

Figure 1. Representative images of p16INK4a immunohistochemistry expression. (A) p16INK4a ex-
pression in HPV-16-positive ADC case. (B) p16INK4a expression in HPV-18-positive ADC case.
(C) p16INK4a expression in HPV-52-positive ADC case. (D) p16INK4a expression in HPV-26-positive
ADC case. (E) p16INK4a expression in HPV-26-positive SqCC case. All HPV-positive cases showed
negative p16INK4a results with variable expression demonstrating weak to moderate intensity.
(F) p16INK4a expression showing score 3+ with strong nuclear and cytoplasmic expression in ADC.
(G) p16INK4a expression showing score 2+ with moderate nuclear and cytoplasmic expression in
ADC. (H) p16INK4a expression showing score 1+ with weak nuclear and cytoplasmic expression in
ADC. (I) p16INK4a expression showing score 0 with complete lack of staining in ADC. (J) p16INK4a

expression showing score 3+ with strong nuclear and cytoplasmic expression in SqCC. (K) p16INK4a

expression showing score 2+ with moderate nuclear and cytoplasmic expression in SqCC. (L) p16INK4a

expression showing score 1+ with weak nuclear and cytoplasmic expression in SqCC. (M) p16INK4a

expression showing a score of 0 with a complete lack of staining in SqCC. Abbreviations: ADC: ade-
nocarcinoma, SqCC: squamous cell carcinoma. All images were obtained at 40× magnification. Scale
bars = 5 μm.
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3.3. p16INK4a Expression Detection and Correlation with the Clinicopathological Features

In total, 20 out of 100 cases were positive for p16INK4a expression. Of those, 12 cases
were ADC (12/59, 20.3%), and 8 cases were SqCC (8/41, 19.5%). In both ADC and SqCC,
p16INK4a expression varied from being strongly positive to aberrant to completely negative
(Figure 1F–M). Cases with non-specific cytoplasmic staining were considered negative.
Analysis of p16INK4a expression in correlation to the clinicopathological variables revealed a
statistically significant association with the pathological stage (p = 0.029), where most of the
cases with positive p16INK4a expression were either stage I or II. No significant association
was demonstrated with the other characteristics, including HPV status (Table 1).

3.4. Survival Analysis of p16INK4a Expression and Other Clinicopathological Variables

The median overall survival (OS) for all patients was 35 months (mean 43.45 months),
and the median disease-free survival (DFS) was 26.5 months (mean 36.11 months) follow-
ing surgical resection. Survival analysis of all cases showed no statistically significant
association between p16INK4a expression and either OS (p = 0.151) or DFS (p = 0.522). How-
ever, by dividing the cases according to the histological subtypes, a statistically significant
association was found between p16INK4a expression and OS in SqCC cases, where cases
with positive p16INK4a expression exhibited a better overall survival (p = 0.033) but not
in ADC cases (p = 0.930) (Figure 2A–D). Kaplan–Meier survival analysis showed that
advanced pathological stages, positive lymph node metastasis, and tumor size > 3 cm were
significantly associated with poor OS and DFS in p16INK4a negative cases. In contrast, in
p16INK4a positive cases, only positive lymph node metastasis and advanced pathological
stages were significantly associated with poor OS and DFS, respectively (Figure 3A–L).

Figure 2. Kaplan–Meier survival curves according to p16INK4a expression in NSCLC, ADC, and SqCC
cases. (A) OS of p16INK4a-positive and negative NSCLC tumors. (B) DFS of p16INK4a-positive and
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negative NSCLC tumors. (C) OS of p16INK4a-positive and negative SqCC tumors. (D) OS of p16INK4a-
positive and negative ADC tumors. Abbreviations: NSCLC: non-small-cell lung cancer, ADC: adeno-
carcinoma, SqCC: squamous cell carcinoma, OS: overall survival, DFS: disease-free survival. p-values
of ≤0.05 were regarded as statistically significant.

Figure 3. Kaplan–Meier survival curves of OS and DFS according to different clinicopathological
variables based on p16INK4a expression. (A,B) The correlation between the OS and different patholog-
ical tumor stages in p16INK4a-positive and negative cases, respectively. (C,D) The correlation between
the DFS and different pathological tumor stages in p16INK4a-positive and negative cases, respectively.
Tumor stages were divided into two groups, one composed of early stages I and II and another group
comprised of late tumor stages III and IV. (E,F) The correlation between the OS and tumor sizes in
p16INK4a-positive and negative cases, respectively. (G,H) The correlation between the DFS and tumor
sizes in p16INK4a-positive and negative cases, respectively. (I,J) The correlation between the OS and
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lymph node metastasis status in p16INK4a-positive and negative cases, respectively. (K,L) The
correlation between the DFS and lymph node metastasis status in p16INK4a-positive and negative
cases, respectively. Abbreviations: OS: overall survival, DFS: disease-free survival. p-values of ≤0.05
were regarded as statistically significant.

4. Discussion

The role of HPV as a causative agent in lung cancer has been previously suggested but
with wide variability based on geographic and methodological differences [34]. This work
represents the first study to investigate the prevalence of HPV infection in NSCLC among
a Jordanian subpopulation. This study investigated 100 NSCLC cases, particularly ADC
and SqCC types, from a central referral hospital in Jordan. All cases were assessed for the
presence of 12 HR-HPV, 6 probable HR-HPV, and 3 LR-HPV genotypes. HPV prevalence
in this study was 5%; four cases were of the ADC histological subtype, and one was of
the SqCC subtype. Three cases were of high-risk subtypes, and two cases were of the
probable high-risk HPV 26 subtype (40%, 2/5). Due to the rarity of studies investigating
the relationship between HPV infection and lung cancer, locally and in the neighboring
countries in the Middle East and North Africa (MENA) area, it was challenging to compare
our findings with previous work. A study conducted by Nadji et al. in Iran investigated the
presence of HPV DNA in 129 lung cancer cases and 90 non-cancer control subjects using
nested PCR. The study found an HPV prevalence of 25.6% in lung cancer cases compared
to 9% in control cases, with HR-HPV 16 and 18 subtypes being more prevalent in cancer
cases than in control cases [35]. Interestingly, similar to our results, they detected only one
HPV-26-positive lung cancer case. Another more recent study in an Iranian subpopulation
investigated a relatively similar sample size to the one in this work, including 109 lung
cancer cases and 52 control cases [36]. The study utilized RT-PCR to analyze the presence
of HPV, assessed the expression of E2, E6, and E7 viral oncoproteins, the expression of
p53 and Rb genes, and selected miRNAs and genes related to epithelial–mesenchymal
transition (EMT). They reported a 51.4% prevalence of HPV among lung cancer cases and
23.1% among control samples, which is significantly higher than what was observed by our
analysis. HPV 16 was the most detected type, both in cancer and control cases. Of interest,
authors also suggested that HPV infection could play a role in EMT [36].

The prevalence of HPV among lung cancer cases had a higher frequency in Asian
populations compared to European and North American populations, as reported by
several meta-analyses [4,37,38]. The HPV frequency range has been found to be 0 to 78.3%
(mean 33.9%) in Asia, 0 to 69.2% (mean 10.5%) in Europe, 27.8% to 29% (mean 28.6%) in
South America and 0 to 22% (mean 10.2%) in North America [39]. Although our results
revealed a low prevalence of HPV positivity in NSCLC among the Jordanian population, it
falls within the worldwide range of 0.0 to 78.3%, and it shows partial agreement with some
studies [4]. For example, Joh et al. investigated 51 frozen lung samples from 30 NSCLC
patients to assess the presence of HPV using PCR and DNA sequencing [40]. HPV DNA
was identified in 16.7% of NSCLC patients, all of which were of ADC histological type,
with HPV 16 being the most prevalent genotype [40]. Another study investigated 176 lung
SqCC and 128 lung ADC from eight Asian institutions for the presence of HPV using PCR
and in situ hybridization (ISH). HPV infection was detected in 6.3% and 7% of patients
with lung SqCC and lung ADC, respectively. Most of the HPV-positive cases were HPV
16/18 genotypes [41]. Similarly, Sarchianaki et al. investigated 100 NSCLC using RT-PCT
and reported a prevalence of 19% for HPV with a higher frequency in ADC cases [2], which
is similar to the current study. On the other hand, Yanagawa et al. assessed the presence
of the HPV genotype in 336 primary NSCLC cases using PCR and ISH and detected a
prevalence of 1.5% using both methods. All cases were of the HPV 16 genotype and were
found in SqCC [39]. Similarly, de Oliveira et al. reported a higher frequency of HPV in
lung SqCC compared to ADC cases. Inconsistent with these results, Silva et al. investigated
the presence of HPV DNA in 62 NSCLC cases using multiplex PCR and HPV16-specific
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RT-PCR, and none of the cases were positive for HPV [42]. Similar results of HPV negativity
in lung cancer were reported in other two studies using different methods [43,44].

As suggested by previous studies, it seems that the heterogeneity in HPV prevalence is
attributed to geographic differences, sociocultural differences, sensitivities of the methods
used, sample size, and, finally, the histologic subtypes of the studied cases. Evidently,
in Jordan, the prevalence of oncogenic HPV is relatively low in comparison to Western
countries, with some studies reporting a general prevalence of 4% in a subpopulation of
patients [45]. In this work, no statistically significant association was identified between
the HPV status and other clinicopathological variables. This can be attributed to the very
small number of HPV-positive cases detected. Similar to our results, some previous studies
failed to find an association between HPV and other clinicopathological features in lung
cancer [2,46,47].

p16INK4a overexpression has a strong correlation with HR-HPV infection in uterine
cervix carcinoma and a subset of oropharyngeal SqCC and is frequently utilized as a
surrogate for such cancers [43]. However, this link has not been adequately established in
lung cancer. Therefore, we further assessed the expression of p16INK4a in the whole cohort
of patients, trying to explore any correlation with the HPV status. p16INK4a overexpression
was detected in 20% of cases; surprisingly, none of these cases were positive for HPV DNA,
and further, none of the five HPV-positive cases were positive for p16INK4a overexpression
considering at least a moderate intensity of staining in ≥75% of tumor cells as positive.
Still, all HPV-positive cases showed some degree of positive p16INK4a expression ranging
from weak to moderate intensity. HPV-unrelated p16INK4a overexpression can be attributed
to Rb gene inactivation by mechanisms other than HR-HPV E7 expression [48,49] or be part
of tumor cell senescence, as reported previously in lung cancer [50–52]. Similarly, several
previous studies failed to find a correlation between p16INK4a overexpression and HPV
status in lung cancer [39,42,47]. For example, Bishop et al. assessed 220 cases of lung SqCC
and found a prevalence of 24.5% of p16INK4a overexpression, considering a strong and
diffuse nuclear and cytoplasmic staining present in ≥70% of the tumor as positive, while
only 5% of cases were positive for HR-HPV by ISH [21]. In agreement with that, Doxtader
et al. reported a 35% positivity rate of p16INK4a in lung SqCC (considering a strong and
diffuse nuclear and cytoplasmic staining present in ≥50% of the tumor as positive), where
all cases were negative for HR-HPV [15], and similarly considering a strong and diffuse
nuclear and cytoplasmic staining present in ≥70% of the tumor as positive, Chang et al.
reported a strong diffuse expression of p16INK4a in 14.6% of NSCLC cases with negative
results for HPV [43]. Subsequently, p16INK4a expression might not be a reliable surrogate
for HPV infection in lung cancer. On the contrary, Robinson et al. investigated 70 NSCLC
cases where p16INK4a expression significantly correlated with the presence of HPV [53].
Further, high p16INK4a expression may have provided more persuasive evidence that the
virus has molecularly affected cellular proliferation, according to some studies [53,54].

Regardless of the HPV status, the correlation between the p16INK4a expression and
other clinicopathological factors and its prognostic value in lung cancer is not clear. In
this study, p16INK4a expression was significantly correlated with early-stage disease. In
agreement with this, Bian et al. reported that negative p16INK4a expression by IHC has
a statistically significant correlation with a higher pathological stage and lymph node
metastasis but not with other variables such as age, gender, differentiation, and tumor
size [55]. Another study revealed that p16INK4a overexpression is significantly associated
with early-stage IA1 and IA2 disease [25]. Another exciting study used the same scoring
criteria of p16INK4a expression as in this work and found that p16INK4a positivity is signifi-
cantly associated with the N0 stage, while p16INK4a negativity is significantly associated
with SqCC [24]. On the contrary, Zou et al. [47] and Silva et al. [42] did not find a significant
correlation between p16INK4a expression and other clinicopathological features.

When all cases of NSCLC were analyzed, no significant impact of the p16INK4a expres-
sion on the OS (p = 0.151) or DFS (p = 0.522) was detected in this work. However, p16INK4a

expression showed a statistically significant association with OS in patients with the SqCC
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histological subtype, where patients with positive p16INK4a expression showed a better
overall survival (p = 0.033). Further, poor OS and DFS were significantly associated with
advanced pathological stages, positive lymph node metastasis, and tumor size >3 cm in
p16INK4a negative cases, while, in p16INK4a-positive cases, only positive lymph node metas-
tasis and advanced pathological stages were significantly associated with poor OS and
DFS, respectively. Similarly, Huang et al. did not find a significant difference in five-year
survival and p16INK4a status in NSCLC; however, a worse OS rate of patients with negative
p16INK4a was established in early stages [33]. In contrast, Zhou et al. found that p16INK4a

expression was associated with a statistically significant favorable prognosis in ADC cases,
whereas in SqCC, p16INK4a expression showed a slightly worse median OS, albeit not
statistically significant [47]. Bian et al. also reported that loss of p16INK4a expression, tumor
size, lymph node metastasis, and pathological stages are associated with significantly
shorter OS in lung ADC [55]. On the other hand, An et al. indicated that negative p16INK4a

expression was significantly associated with shorter disease-specific survival and DFS, and
similar to our results, advanced pathological tumor stages were significantly associated
with poor survival [24]. Collectively, the evidence supports a prognostic role of p16INK4a

expression in lung cancer and the variability between different studies can be attributed to
different methodological approaches, especially p16INK4a scoring, different sample sizes,
and different histological subtypes.

This study has some limitations. First, this retrospective study was performed in a
single center and, thus, was amenable to selection bias. Second, it utilized a single modality
to assess the presence of HPV in spite of the fact that PCR is a sensitive and specific method
to investigate HPV in lung cancer. Further, we recognize that the mere presence of HPV in
lung cancer does not provide sufficient evidence about its role in carcinogenesis, and this
requires further investigations. Finally, the relatively small sample size may have affected
the results.

5. Conclusions

This is the first study to assess the HPV status and p16INK4a expression in lung cancer
among a Jordanian subpopulation and one of the very few conducted in the MENA area.
This study showed that HPV is rare in NSCLC among the Jordanian population, with a
prevalence in the studied sample of 5%, all of the high-risk or probable high-risk groups.
Although p16INK4a expression was detected in 20% of cases, unlike other cancer types, its
reliability as a surrogate for HPV infection in lung cancer requires further investigation.
p16INK4a expression carries a good prognostic value in SqCC lung cancer but not in ADC
cases. Overall, the potential role of HPV and p16INK4a in the carcinogenesis of lung cancer
should be further studied.
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HPV Human papillomavirus
HR-HPV High-risk human papillomavirus
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FFPE Formalin-fixed, paraffin-embedded
KHCC King Hussein Cancer Center
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Abstract: Background and Objective: In the therapeutic strategy of rectal cancer, radiotherapy has
consolidated its important position and frequent use in current practice due to its indications as
neoadjuvant, adjuvant, definitive, or palliative treatment. In recent years, total neoadjuvant ther-
apy (TNT) has been established as the preferred regimen compared to concurrent neoadjuvant
chemoradiotherapy (CRT). In relation to better outcomes, the percentage of patients who achieved
pathological complete response (pCR) after neoadjuvant treatment is higher in the case of TNT.
This study aimed to analyze the response to TNT compared to neoadjuvant CRT regarding pCR
rate and the change in staging after surgical intervention. Materials and Methods: We performed a
retrospective study on 323 patients with rectal cancer and finally analyzed the data of 201 patients
with neoadjuvant treatment, selected based on the inclusion and exclusion criteria. Patients received
CRT neoadjuvant therapy or TNT neoadjuvant therapy with FOLFOX or CAPEOX. Results: Out of
157 patients who underwent TNT treatment, 19.74% had pathological complete response, whereas in
the group with CRT (n = 44), those with pCR were 13.64%. After neoadjuvant treatment, the most
frequent TNM classifications were ypT2 (40.30%) and ypN0 (79.10%). The statistical analysis of the
postoperative disease stage, after neoadjuvant therapy, showed that the most frequent changes were
downstaging (71.14%) and complete response (18.41%). Only four patients (1.99%) had an upstaging
change. The majority of patients (88.56%) initially presented clinical evidence of nodal involvement
whereas only 20.9% of the patients still presented regional disease at the time of surgical intervention.
Conclusions: By using TNT, a higher rate of stage reduction is obtained compared to the neoadjuvant
CRT treatment. The post-neoadjuvant-treatment imagistic evaluation fails to accurately evaluate the
response. A better response to TNT was observed in young patients.

Keywords: rectal cancer; neoadjuvant therapy; total neoadjuvant therapy; chemoradiotherapy;
tumor stage

1. Introduction

Worldwide, colorectal cancer represents a challenge due to its high incidence
(third place) and mortality (second place). In our country, colorectal cancer ranks first in
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terms of incidence (13.541 cases/year) and second in terms of mortality (7.381 deaths/year),
according to Globocan 2022 (data for Romania) [1]. With reference to rectal cancer, it
represents approximately one third of all patients with colorectal cancer, which maintains
its positioning among the most frequently encountered types of cancer in medical practice.
The most critical prognosis indicators for rectal cancer are the tumor regression grade
following neoadjuvant therapy and the pathological staging [2]. A recent analysis of the
Surveillance, Epidemiology, and End Results (SEER) database showed an increase in the
incidence of rectal cancer in patients under 50 years of age, but the reason for this increase
has not yet been explained [3].

In view of the high incidence and mortality of this type of cancer, there is a major
and constant interest in the development and improvement of diagnostic and treatment
methods. In recent years, due to intensive research on improving treatments for rectal
cancer, the recommendations of international guidelines have been modified relatively
frequently; one of them is the introduction of total neoadjuvant therapy (TNT) as a type of
therapeutic approach. Although TNT is recognized for its therapeutic benefits, long-term
side effects have not been well documented [4]. In the therapeutic strategy of rectal cancer,
radiotherapy has consolidated its important position and frequent use in current prac-
tice due to its indications as neoadjuvant, adjuvant, definitive, or palliative treatment [5].
Neoadjuvant radiotherapy is performed according to the recommendations of international
guidelines using one of the following two fractionation regimens: “short-course” radiother-
apy (25 Gy/5 fractions) or “long-course” radiotherapy (50.4 Gy/28 fractions) [6]. Based
on the results of the German CAO/ARO/AIO 94 study, neoadjuvant chemoradiotherapy
(CRT) is included in international guidelines as a treatment for patients with T3-4N0 or
N+ rectal cancer [7]. Related to the choice of concomitant radiosensitization chemotherapy,
there has been debate regarding the benefits and risks of using 5-Fluorouracil (5-FU) or
capecitabine. The results of the NSABP R-04 study [8] and that of Hofheinz et al. [9]
demonstrated the equivalence of the two regimens. Several studies demonstrated better
outcome in patients who achieved a better pathological response to neoadjuvant treatment.
In a retrospective analysis of 566 patients with pathologic complete response (pCR) after
neoadjuvant CRT Capirci reported a 5-year disease-free survival (DFS) of 85% and a 5-year
overall survival (OS) of 90% [10]. A meta-analysis of the results of 3015 patients from
14 studies showed an important improvement in local recurrence, disease-free survival
(DFS), and overall survival (OS) in the 16% of patients who achieved pathological com-
plete response after neoadjuvant treatment [11]. Phase III clinical trials looked at possible
benefits of adding oxaliplatin to preoperative chemotherapy with 5-FU or capecitabine. In
the CAO/ARO/AIO-04 study, the addition of oxaliplatin to 5-FU significantly increased
the percentage of patients with pathological complete response (17% vs. 13%, p = 0.031)
without a significant impact on grade 3 toxicity (23% vs. 22%) [12,13].

In recent years, total neoadjuvant therapy (TNT) has been established as preferable
to concurrent neoadjuvant CRT [6] due to the better results obtained in the studies that
analyzed the results of this type of treatment [14–16]. In relation to better outcomes, the
percentage of patients who achieved pathological complete response after neoadjuvant
treatment is higher in the case of TNT [4,17]. By using TNT, not only a higher patho-
logical complete response rate (pCR), but also a better systemic control of the disease is
obtained [15].

It is not clearly established whether it is better to start with chemotherapy, then follow
with CRT (induction TNT), or the other way around (consolidation TNT), when following
a TNT approach [6].

Clinical trials in which neoadjuvant CRT was performed demonstrated better results
when surgery was carried out after a time interval of several weeks after the completion of
radiation therapy. Data from the Lyon R90-01 study show that the chances of down-staging
increase when this period is longer than 2 weeks [18]. Sloothaak et al., in a retrospec-
tive analysis of 1593 patients treated with preoperative CRT, showed that an interval of
16 weeks from the completion of radiotherapy to surgery was required to achieve a maxi-
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mal percentage of 16% of pathological complete response among operated patients [19].
In the past, the recommended interval for performing surgery was 4–6 weeks after the
completion of neoadjuvant treatment, but this time interval increased to 6–10 weeks in
recent clinical trials [20].

Preoperative CRT may have a potential anal sphincter-preserving benefit in low rectal
cancers. The results of some prospective analysis carried out by the collective from the
Memorial Sloan Kettering Cancer Center showed similar 3-year local control rates for
operations with resection margins greater than 2cm, less than 2cm, greater than 1cm,
and less than 1cm [21,22]. Similar data have been reported by other investigators [23].
The most recommended chemotherapeutic regimens used in TNT for rectal cancer are
CAPEOX (capecitabine plus oxaliplatin) and FOLFOX (5-fluorouracil, oxaliplatin, and
leucovorin). The multicenter phase III CONVERT study demonstrated the efficacy and
safety of CAPEOX as neoadjuvant chemotherapy for patients with rectal cancer, decreasing
the incidence of perioperative distant metastases and preventive ileostomy [24]. The
effectiveness of FOLFOX in the unadjuvanted treatment of rectal cancer was highlighted in
the phase III study PROSPECT NCT01515787 [25].

Neoadjuvant radiotherapy also has long-term benefits in patients with rectal cancer.
Patients who received preoperative radiotherapy had a much lower recurrence rate com-
pared to those operated without neoadjuvant treatment (12% vs. 27%; p < 0.001), and also
an improved 5-year survival (58% vs. 48%; p = 0.004). The significant improvement was
maintained at 13 years (38% vs. 30%; p = 0.008) [26].

The results of the STAR-01 [27], ACCORD [28–30], NSABP R-04 [31], and PETACC-
6 [32] studies showed that the combination of oxaliplatin did not bring therapeutic benefits
nor did it increase the toxicity of the treatment.

The administration of FOLFOX or CAPEOX as neoadjuvant therapy associated with
RT, followed by surgery, reduces the occurrence of metastatic disease, increases the interval
of disease-free survival, and has an implicit positive effect on the patient’s prognosis,
survival, and quality of life [33]. However, additional data are needed regarding the
patients’ evolution over time.

In this context, this study aimed to analyze the response to neoadjuvant CRT com-
pared to total neoadjuvant treatment (TNT) regarding the modification of the stag-
ing evaluated by means of the pathological result after the surgical intervention, and
particularly the determination of the pathological complete response rate (pCR) after
neoadjuvant treatment.

2. Materials and Methods

2.1. Patient Selection, Inclusion and Exclusion Criteria

We conducted a single-institution, retrospective study of 323 patients with rectal can-
cer admitted to the Radiotherapy Department of Sf. Nectarie Oncology Center, Craiova,
Romania, between July 2020 and June 2023, and we analyzed data of 201 patients with
neoadjuvant treatment based on the inclusion and exclusion criteria. Patient data were
recorded, including age, sex, the histopathological result of the biopsy and surgical speci-
men, clinical and pathological TNM (8th edition) staging [34], information on the systemic
treatment administered prior to surgery, dose and fractionation used in radiotherapy, the re-
sult of the post-treatment imaging examination, and information on whether or not surgery
was performed. The primary endpoint of our study was to compare pathologic down-
staging rate after neoadjuvant CRT vs. TNT. The secondary endpoint was the correlation
between imagistic post-therapeutic evaluation and pathological report findings.

The change in the pathological staging compared to the initial (clinical) staging was
followed in response to the neoadjuvant treatment with the classification of this change in
4 subtypes: “unchanged”—no modification of the stage; “upstaging”—increasing the stage
of the disease; “downstaging”—reducing the stage of the disease; and “complete response
(pCR)”—no signs of disease.
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For the inclusion of patients in the study and the performance of the statistical analysis,
the following specific criteria were established.

Inclusion criteria: age over 18 years; indication for neoadjuvant radiotherapy; the pa-
tient’s informed consent to the oncological records regarding treatment and the processing
of medical data for research purposes; the patient’s option for surgery after neoadjuvant
treatment; the diagnosis of adenocarcinoma based on the histopathological examination on
sample biopsy; and concurrent CRT with capecitabine or total neoadjuvant therapy (TNT)
with CAPEOX or FOLFOX.

Exclusion criteria: “short-course” neoadjuvant radiotherapy; patients without
chemotherapy as neoadjuvant treatment (refusal or contraindications); patients who have
not completed the neoadjuvant treatment; patients without imaging investigations after
neoadjuvant treatment; or patients who did not undergo surgery after neoadjuvant treatment.

From the total number of 323 patients with rectal cancer who presented to radiotherapy
consultations, those who did not have an indication for radiotherapy according to NCCN
international guidelines and internal hospital protocols were excluded (n = 29) as well those
who refused radiotherapy or did not show up for the start of treatment (n = 5), thus leaving
a total number of 289 patients with rectal neoplasm who benefited from radiotherapy
during the mentioned period. Of the total number of treated patients, 230 benefited from
neoadjuvant radiotherapy, while the rest (n = 59) had an indication for adjuvant, palliative,
or definitive radiotherapy. From the 230 patients who received neoadjuvant radiotherapy,
according to the study criteria, were excluded patients who had another histopathological
form of rectal cancer besides adenocarcinoma (n = 1, squamous carcinoma), patients who
did not benefit from neoadjuvant chemotherapy (n = 4), patients who received “short-
course” neoadjuvant radiotherapy (n = 3), those who did not complete radiotherapy (n = 3),
patients who did not show up for imaging control (n = 6), and patients (n = 12) who were
not operated upon after radiotherapy (3 patients who refused surgery and 9 patients with
unresectable tumors). Finally, the data of 201 treated patients were analyzed (Figure 1).

Figure 1. Flow diagram for the inclusion of patients in the study.
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2.2. Indications for Neoadjuvant Therapy

Neoadjuvant treatment was indicated after tumor board analysis based on clinical
staging for T1-2 N1-2, T3/T4 cases and at the surgeon’s indication (initially considered
unresectable tumors). In patients with oligometastatic disease, the decision regarding
inclusion in the study was based on the assessment of the possibility of resection of
synchronous hepatic or pulmonary metastases. Thus, 10 patients with stage IVA, who
had potentially resectable synchronous hepatic or pulmonary metastases, benefited from
neoadjuvant treatment. The association of chemotherapy in the form of TNT or neoadjuvant
CRT was proposed by the treating oncologist, and the therapeutic conduct in all analyzed
cases was established within the tumor board multidisciplinary oncological team.

Capecitabine treatment was used as part of CRT and TNT: 825 mg/m2, oral adminis-
tration, two times a day (BID), from Monday to Friday, on days of radiation treatment only,
throughout the duration of RT. In the cases where TNT was administered, the chemother-
apy was of the CAPEOX type: oxaliplatin 130 mg/m2 intravenously day 1 and capecitabine
1000 mg/m2 oral administration, BID, for 14 days every 3 weeks; or FOLFOX: oxaliplatin
85 mg/m2 intravenously, day 1, leucovorin 400 mg/m2 intravenously day 1 and 5-FU
400 mg/m2 intravenously bolus on day 1, followed by 1200 mg/m2/day × 2 days (total
2400 mg/m2 over 46–48 h) continuous infusion. The administration of chemotherapy
(CAPEOX or FOLFOX) before CRT was carried out over a period of 12–16 weeks. Patients
who performed at least 4 cycles of CAPEOX or 6 cycles of FOLFOX were included in this
study. These chemotherapy regimens are recommended by international guidelines [6].
In our institution, the administration of chemotherapy before CRT (induction TNT) was
preferred for earlier treatment initiation. In this study, all patients who benefited from TNT
underwent chemotherapy before CRT (induction TNT).

2.3. Performing Neoadjuvant Radiotherapy

After signing the informed consent, the patients underwent computed tomography
scan for the treatment plan. The delineation of target volumes and organs at risk was
performed based on the clinical data of the patients and the recommendations of the con-
touring guidelines [35–38]. The fractionation used during neoadjuvant radiotherapy was
“long-course” 50.4 Gy/28 fractions. The treatment was performed using the Halcyon linear
accelerator (manufactured by Varian Pablo Alto, CA, USA). Patients who completed neoad-
juvant radiotherapy were recommended to perform imaging control (abdominal-pelvic
MRI/CT examination with contrast) at an interval of 4–8 weeks after the completion of
treatment. After performing the imaging control, the patients were sent to the surgery ser-
vice to determine the opportunity of the surgical intervention and its type. Anorectoscopy
or anorectal endoscopic ultrasound examinations were performed on surgeon demand
for a better surgery planning. The data of the anatomical-pathological examination were
collected based on the surgical excision.

2.4. Data Analysis

The statistical analysis was performed based on the data obtained from a sample
of 201 subjects with rectal cancer. Demographic data and medical characteristics of
the study sample were collected as categorical variables and expressed as frequencies
and percentages. The comparative analysis of the differences between the 2 groups
was carried out by using t-tests, chi-square tests, and proportionality tests, because the
number of subjects in each group was unequal. The threshold for statistical significance
in hypothesis testing was p < 0.05. p-values were the results of proportionality tests on
each scale. The collected data were analyzed using the statistical processing program
R v3.5, and the Microsoft Excel application from the Microsoft Office 365 package was
used for the descriptive analysis.
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3. Results

In the analyzed group (N = 201), most patients were men (57.71%) and were aged
between 50 and 69 years (52.73%). The average age of the patients was 64.02 years, with
standard deviation SD = 10.71 years. The minimum registered age was 34 years and the
maximum age was 85 years. The comparative analysis between the ages and the gender of
the patients showed that there is no statistically significant difference, suggesting that the
age does not differ significantly between the two gender groups (t = 1.289; p = 0.199).

From a clinicopathological point of view, most rectal tumors were located in the middle
rectum (43.28%) and predominantly had a G2 grade (44.78%). From the point of view of
TNM classification, the most frequent classifications were T3 (64.68%), N1b (42.29%), and
M0 (95.02%) (Table 1).

Table 1. Distribution of patients according to demographic and clinicopathological characteristics.

Characteristics Total Group CAPEOX FOLFOX CRT

Demographic Characteristics N % N % N % N %

Gender
M 116 57.71 75 59.52 17 54.84 24 0

F 85 42.29 51 40.48 14 45.16 20 100

Age (years)

34–49 22 10.95 18 14.29 2 6.45 2 5

50–69 106 52.73 66 52.38 19 61.29 10 50

70+ 73 36.32 42 33.33 10 32.26 21 45

Clinicopathological characteristics N % N % N % N %

Rectal tumor location

Inferior 75 37.31 50 39.68 8 25.81 17 38.64

Superior 39 19.41 51 40.48 14 45.16 22 50

Middle 87 43.28 25 19.84 9 29.03 5 11.36

Tumor differentiation
grade

G1 65 32.34 41 32.54 10 32.26 14 31.82

G2 90 44.78 58 46.03 14 45.16 18 40.91

G3 46 22.88 27 21.43 7 22.58 12 27.27

T

T1 6 2.98 3 2.38 0 0 3 6.82

T2 36 17.91 24 19.05 2 6.45 10 22.73

T3 130 64.68 82 65.08 22 70.97 26 59.09

T4a 21 10.45 13 10.32 4 12.90 4 9.09

T4b 8 3.98 4 3.17 3 9.68 1 2.27

N

N0 23 11.44 12 9.52 5 16.13 6 13.64

N1a 26 12.94 18 14.29 2 6.45 6 13.64

N1b 85 42.29 52 41.27 11 35.48 22 50

N2a 46 22.89 31 24.60 7 22.58 8 18.18

N2b 21 10.44 13 10.32 6 19.35 2 4.55

M
M0 191 95.02 119 94.44 28 90.32 44 100

M1a 10 4.98 7 5.56 3 9.68 0 0

Stage at diagnosis

IIA 18 8.95 10 7.94 4 12.90 4 9.09

IIB 5 2.49 2 1.59 1 3.23 2 4.55

IIIA 28 13.93 16 12.70 2 6.45 10 22.73

IIIB 108 53.73 71 56.35 12 38.71 25 56.82

IIIC 32 15.92 20 15.87 9 29.03 3 6.82

IVA 10 4.98 6 4.76 3 9.68 0 0
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After neoadjuvant treatment, the most frequent TNM classifications were ypT2 (40.30%)
and ypN0 (79.10%). Imaging evaluation performed before surgery compared with base-
line showed that most cases had partial response (PR) (36.81%) and stable disease (SD)
(45.27%). The statistical analysis of the postoperative disease stage, after neoadjuvant
therapy, showed that the most common stage was stage I (39.80%), compared to zero cases
at the initial evaluation. Also, 18.41% of cases had the pCR stage. The most frequent stage
changes were downstaging (71.14%) and complete response (18.41%). Only four patients
(1.99%) had an upstaging change (Table 2).

Table 2. Distribution of patients according to clinical, radiological, and pathological characteristics
after radiotherapy.

Clinicopathological Characteristics N %

TNT
YES 157 78.11

NO 44 21.89

ypT

ypT0 33 16.42

ypT1 21 10.45

ypT2 81 40.30

ypT3 52 25.87

ypT4a 11 5.47

ypT4b 3 1.49

ypN

ypN0 159 79.10

ypN1a 20 9.95

ypN1b 9 4.48

ypN1c 5 2.49

ypN2a 6 2.98

ypN2b 2 1

Postoperative stage
(pathologic evaluation)

I 80 39.80

IIA 37 18.41

IIB 4 1.99

IIC 1 0.50

IIIA 14 6.96

IIIB 22 10.95

IIIC 6 2.98

pCR 37 18.41

Stage change
(according to pathologic report)

Total lot N = 201

Complete response (pCR) 37 18.41

Upstaging 4 1.99

Downstaging 143 71.14

Unchanged 17 8.46

Stage change
TNT CAPEOX

N = 126

Complete response (pCR) 28 22.22

Upstaging 2 1.59

Downstaging 88 69.84

Unchanged 8 6.35
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Table 2. Cont.

Clinicopathological Characteristics N %

Stage change
TNT FOLFOX

N = 31

Complete response (pCR) 3 9.68

Upstaging 1 3.23

Downstaging 23 74.19

Unchanged 4 12.90

Stage change
CRT

N = 44

Complete response (pCR) 6 13.64

Upstaging 1 2.27

Downstaging 32 72.73

Unchanged 5 11.36

Imagistic post-neoadjuvant
evaluation

Total lot N = 201

Complete Response 18 8.96

Progressive Disease 18 8.96

Partial Response 74 36.81

Stable Disease 91 45.27

Imagistic post-neoadjuvant
evaluation

TNT CAPEOX N = 126

Complete Response 13 10.32

Progressive Disease 12 9.52

Partial Response 48 38.10

Stable Disease 53 42.06

Imagistic post-neoadjuvant
evaluation

TNT FOLFOX N = 31

Complete Response 2 6.45

Progressive Disease 4 12.90

Partial Response 13 41.94

Stable Disease 12 38.71

Imagistic post-neoadjuvant
evaluation
CRT N = 44

Complete Response 3 6.82

Progressive Disease 2 4.55

Partial Response 13 29.55

Stable Disease 26 59.09

The statistical analysis between patient gender and treatment response indicated that
there is no statistically significant association between patient gender and imaging response
criteria (χ2 = 3.502, p = 0.321). This suggests that response to treatment, as assessed through
imaging, does not depend on patient gender.

The Spearman correlation between patients’ age and treatment response revealed
that there is a weak but statistically significant negative correlation between patients’ age
and treatment response (correlation coefficient = -0.211, p = 0.0027), meaning that younger
patients tend to have better responses to treatment than older patients.

The Kruskal–Wallis test to compare the treatment response between different tumor
grades (G1, G2, and G3) showed that there are no statistically significant differences between
the treatment responses of patients with different tumor grades (H = 1.479, p = 0.477). The
evaluation of ages in relation to the different stages of the disease did not reveal statistically
significant differences (H = 10.455, p = 0.0633).

The statistical analysis indicated that there is no statistically significant difference
between the tumor grade and the initial stage of the disease (χ2 = 16.795, p = 0.157) nor
between the tumor grade and the postoperative stage of the disease (χ2 = 8.889, p = 0.838).
These results emphasize the complexity of the relationships between tumor characteristics
and disease progression.

For categorical variables (gender, location, grade, TNM classification, and initial
stage), all p-values are greater than 0.05, suggesting no statistically significant differences
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between treatment groups for these characteristics. This indicates a relatively homogeneous
distribution of demographic and clinicopathological characteristics between the groups.
For the continuous variable (age), the p-value is 0.02085, which is below the significance
threshold of 0.05, indicating the existence of significant statistical differences between the
treatment groups in terms of patient age.

From the group of patients treated with CAPEOX, 69.84% of cases presented downstag-
ing and 22.22% complete response. For the arm with FOLFOX, the highest percentages were
for downstaging (74.19%) and unchanged (12.9%). In the case of conventional treatment,
72.73% of patients presented downstaging and 13.64% pathological complete response
(Figure 2).

 

Figure 2. Pathological and imagistic response after neoadjuvant treatment.

Out of the total number of patients who underwent TNT treatment, 19.74% had
a pathological complete response, whereas in the group with CRT, there were 13.64%
cases with pCR. The statistical analysis cannot highlight statistically significant differences
considering the large difference between the number of patients in each treatment group.

For this reason, the statistical analysis was descriptive, to provide a better understand-
ing of the distributions for the initial and final stage, the imaging response, and the change
in pathological stage within each treatment group (CAPEOX, FOLFOX, and CRT). From an
imaging point of view, in patients treated with CAPEOX the results were as follows: com-
plete response 13 patients (10.32%), progressive disease 12 patients (9.52%), partial response
48 patients (38.10%), and stable disease 53 patients (42.06%). In the case of the group treated
with FOLFOX, it was observed that 2 patients (6.45%) had complete response, 4 patients
(12.90%) progressive disease, 13 patients (41.94%) partial response, and 12 patients (38.71%)
stable disease. In the case of the CRT group, 3 patients had complete response (6.82%),
2 patients progressive disease (4.55%), 13 patients partial response (29.55%), and 26 patients
stable disease (59.09%). The descriptive analysis highlighted large differences between
imaging and histopathological evaluation, after neoadjuvant treatment, both in the total
group and in each treatment arm (Figure 3).
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Figure 3. Distribution of patients in the initial stage, the final stage, the imaging response, and the
change in the pathological stage, depending on each type of treatment.

The analysis of the relationship between cancer location and treatment types for
201 patients (87 with median, 75 with lower, and 39 with upper locations) revealed no sig-
nificant difference in treatment distribution or in the independence between cancer location
and treatment choice (p = 0.171). Similarly, imaging response and stage changes showed no
significant variance across different rectal cancer locations, with imaging response p-value
closely nearing significance (p = 0.087). However, a statistically significant difference was
observed in post-treatment tumor classification (ypT) by location (p = 0.022), suggesting lo-
cation may impact treatment response. Despite this, direct comparisons between locations
using the Mann–Whitney test did not yield significant differences, likely due to reduced
statistical power in individual tests for small sample sizes. No significant differences were
found in post-treatment lymph node classification (ypN, p = 0.744) or in the final cancer
stage (p = 0.118), though the latter approached significance.

4. Discussion

In the USA, the male–female incidence ratio of rectal cancer is estimated to be 1.39:1,
and the median age at diagnosis is in the seventh decade of life [39]. The results of our
study are consistent with these epidemiological data, with the male–female ratio being
1.36:1 and the average age being 64.02 years.

TNT in rectal cancer is a relatively new treatment strategy that involves the administra-
tion of a combination of neoadjuvant chemotherapy and radiotherapy before surgery. This
approach is used to treat the tumor before surgery, with the aim of improving the chances
of success of the surgery, facilitating the surgical removal of the tumor, and reducing the
risk of recurrence. After the administration of neoadjuvant treatment, surgery is performed
to remove the rest of the tumor and assess the pathological stage of the disease.

Patients who underwent TNT treatment had chemotherapy options with FOLFOX
and CAPEOX. This therapeutic combination determined positive results for the patients
when evaluating the postoperative stage (complete response 18.41%, downstaging 71.14%).
Only 7.64% of patients had unchanged stage and 1.91% had upstaging.
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A similar efficacy of TNT was demonstrated in another study in patients who re-
ceived FOLFOX and chemoradiotherapy (50.4 Gy in 28 fractions) before surgery. Half of
the patients received chemotherapy first, and the other half received radiation therapy.
Consolidation resulted in better adherence to radiation (97% vs. 91%) but worse adherence
to chemotherapy compared with induction (85% vs. 92%). However, the pCR percentage
was better (25%) in the consolidation group compared to induction (17%) [40].

Among the patients included in our study, only 11.44% were in stage II of the disease
(IIA and IIB), with the majority (88.56%) being diagnosed in advanced stages of the disease
(III and IVA). The distribution of postoperative stage after neoadjuvant therapy was sub-
stantially changed, with only 20.89% of patients remaining in locally advanced stages (IIIA,
IIIB, and IIIC) and 20.9% in stage II (A–C), while a percentage of 39, 8% of the patients
were classified as stage I of the disease, and 18.41% of the total analyzed patients obtained
a pathological complete response.

It should be noted that in the present study, patients (n = 10) with metastatic disease
(stage IVA, potentially resectable synchronous liver or lung metastases) also benefited from
neoadjuvant treatment, in which the evaluation of the change in stage took into account
only the loco-regional response (ypT and ypN); all these patients showed downstaging
after surgery. This fact reinforces the idea that certain patients with oligometastatic disease
may benefit from curative treatment, with a possible positive impact on survival [41].

The majority of patients (88.56%) in this analysis initially presented clinical evidence
of nodal involvement, and the analysis of the results after the surgical intervention shows
that only 20.9% of the patients still presented regional disease.

In this study, differences related to patient gender and parameters such as staging or
evolution were not statistically significant. Even if the incidence is higher in men, with an
age distribution of 59–60 years, the differences are statistically insignificant correlated with
the staging of the cancer at diagnosis and postoperatively. These results correlate with the
fact that no gender differences were observed in the diagnosis of more advanced disease
and the age-standardized 5-year survival is similar between the sexes [42].

The absence of notable correlations between the tumor grade and the initial disease
stage, as well as between the tumor grade and the postoperative stage and treatment
response, underscores the complexity of this localized disease. It emphasizes the necessity
to explore additional factors, such as specific molecular markers, to better predict the
potential response to neoadjuvant treatment.

Older people may have a reduced tolerance to chemotherapy treatments and side
effects may be more pronounced. However, it is essential to assess each patient’s situation
individually. Some older patients may tolerate treatment well, while others may need
dose adjustments or the choice of other therapeutic options. The better response of young
patients to neoadjuvant therapy is an additional argument for starting treatment as early as
possible from the moment of oncological diagnosis, and thus the application of screening
measures for rectal cancer is very important [43].

Data from the literature regarding the pathological complete response rate (pCR)
after neoadjuvant treatment in rectal cancer in relation with the age of the patients are
contradictory. Some authors present results that show a better response to treatment
in the case of young people [44], whereas in other studies the results are worse [45,46].
Possible mechanisms to explain these differences are given by means of molecular and
clinical characteristics. Lieu et al. found that in microsatellite stable tumors, TP53 and
CTNNB1 alterations were more common in younger patients while APC, KRAS, BRAF,
and FAM123B were more commonly altered in older patients. Although rates of alterations
in microsatellite genes were similar between young and old patients, when focusing on
MSI-H tumors, alterations in APC and KRAS were more common in younger patients,
while BRAF alterations were more common in older patients [47]. These differences might
partially explain differences in pCR rates [44].
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Another possible mechanism to explain this difference in response would be a possible
better oxygenation at the tumor level (reduced areas of hypoxia), which leads to an increase
in the effectiveness of neoadjuvant radiotherapy in the case of young people.

Considering that patients have a great fear regarding the side effects of chemother-
apy and radiotherapy, psychological counseling was necessary. The discussions with
the psycho-oncologist facilitated the patient’s communication with the members of the
multidisciplinary team, including the clinical pharmacologist [48–51].

In our study, the lack of significant statistical correlations between the treatment
response assessed by means of the imaging investigation and that objectivized by the
histopathological examination of the surgical excision is not unexpected. Even if they are
frequently used in medical practice to assess the response to neoadjuvant treatment, CT
and MRI examinations are not reliable to assess the change in the stage of the disease by
reducing the size and invasion of the tumor, the disappearance or reduction of regional
adenopathy, nor regarding the pathological complete response (pCR). This fact is supported
by the results of meta-analyses that assessed this subject [52,53]. Several clinical studies
have shown an important reduction in FDG capture when examining PET-CT in patients
who responded to neoadjuvant treatment compared to those who did not respond [54]. The
current favorable situation in Romania regarding the possibility of performing the PET-CT
exam more frequently, due to the emergence of several medical imaging centers that offer
this type of examination, could help us in the future to conduct a study on the accuracy
of the PET-CT examination concerning the response to neoadjuvant treatment in patients
with rectal cancer.

Since our study is a retrospective one, we must also acknowledge several limitations,
starting with the unbalanced arms of neoadjuvant CRT vs. TNT. Also, the short follow-
up period did not allow an evaluation of long-term results. Another important issue that we
identified while collecting data was the presence of inadequate/incomplete/unstandardized
pathologic reports since the patients included in the study addressed different surgical
services and, consequently, different pathologic laboratories. The most frequent reporting
error was related to the status of margins through the use of a vague statement like “un-
invaded margins” without specifying which margins were evaluated. On the other hand,
our study “observes” the introduction of TNT approach for rectal cancer in a real-world
environment away from the controlled conditions of a trial.

5. Conclusions

Neoadjuvant therapy has a major role in downstaging patients with rectal cancer,
allowing a better surgical approach. Our results show that by using TNT, a higher rate
of the stage reduction is obtained compared to the neoadjuvant CRT treatment, and in
particular, a higher percentage of patients obtained pathological complete response (pCR)
in the case of TNT versus CRT. The post-neoadjuvant treatment imagistic evaluation fails
to accurately evaluate the response since fibrosis or post-radiotherapy lesions might be
confounded with neoplastic extensions that do not have a pathologic correspondence on
resected specimens. For a more accurate evaluation of the post-therapeutic results, the
standardization of pathologic reports of the resected specimen is mandatory. The better
response to TNT observed in our study in young patients underscores the need to expand
screening limits to younger ages, as these patients may benefit from an early evaluation,
diagnosis, initiation of TNT, and surgery.
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Abstract: Background and Objectives: To optimally predict lymph node (LN) failure after definite ra-
diotherapy (RT) in head and neck cancer (HNC) with LN metastases, this study examined radiomics
models extracted from CT images of different periods during RT. Materials and Methods: This study
retrospectively collected radiologic and clinical information from patients undergoing definite RT over
60 Gy for HNC with LN metastases from January 2010 to August 2021. The same largest LNs in each pa-
tient from the initial simulation CT (CTpre) and the following simulation CT (CTmid) at approximately
40 Gy were indicated as regions of interest. LN failure was defined as residual or recurrent LN within
3 years after the end of RT. After the radiomics features were extracted, the radiomics alone model and
the radiomics plus clinical parameters model from the set of CTpre and CTmid were compared. The
LASSO method was applied to select features associated with LN failure. Results: Among 66 patients,
17 LN failures were observed. In the radiomics alone model, CTpre and CTmid had similar mean
accuracies (0.681 and 0.697, respectively) and mean areas under the curve (AUC) (0.521 and 0.568,
respectively). Radiomics features of spherical disproportion, size zone variance, and log minimum
2 were selected for CTpre plus clinical parameters. Volume, energy, homogeneity, and log minimum
1 were selected for CTmid plus clinical parameters. Clinical parameters including smoking, T-stage,
ECE, and regression rate of LN were important for both CTpre and CTmid. In the radiomics plus
clinical parameters models, the mean accuracy and mean AUC of CTmid (0.790 and 0.662, respectively)
were more improved than those of CTpre (0.731 and 0.582, respectively). Conclusions: Both models
using CTpre and CTmid were improved by adding clinical parameters. The radiomics model using
CTmid plus clinical parameters was the best in predicting LN failure in our preliminary analyses.

Keywords: radiomics; radiotherapy; head and neck cancer; lymph node

1. Introduction

Definite radiotherapy (RT) is widely used in advanced head and neck cancer (HNC)
with regional lymph node (LN) metastases. Although the prognosis differs depending
on the details of disease progression, loco-regional recurrence generally occurs in 10–20%
for better sub-sites such as the nasopharynx or human papillomavirus (HPV)-positive
oropharynx [1,2] and in up to 30–40% for worse sub-sites such as the HPV-negative orophar-
ynx, oral cavity, larynx, and hypopharynx [3,4]. Loco-regional recurrence is quite an impor-
tant issue in HNC as it not only affects survival but also affects quality of life. It ultimately
requires salvage treatment.
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To increase loco-regional control, an advanced RT technique has been developed. The
simultaneous integrated boost (SIB) technique can add radiation doses to risky areas such
as gross tumors and hypoxic regions [5,6]. Various combinations with chemo-regimen and
schedule have been studied [7]. As a part of the treatment to control HNC by preserving
function, induction chemotherapy is of great interest [8]. However, whether the response
could be assessed in advance remains unclear. If the response prediction in the middle
of definite RT is judged to be radio-resistant, early surgical resection could be considered
before fibrosis occurs due to full-dose radiation. Alternatively, clinical trials on additional
chemotherapy for high-risk groups with incomplete response after definite RT could also
be attempted. As a result, it would be possible to perform a multidisciplinary approach in
a more comprehensive way.

Radiomics is a research method that can extract various features from images using
detailed image analysis, convert phenotypes into numerical values, and predict certain
results. A study including advanced HNC has shown that overall survival, progression-free
survival, and local control can be well predicted with radiomics features extracted from
computer tomography (CT) [9]. Another study has shown that radiomics features are as good
as clinical factors for predicting disease-free survival and successfully dividing patients into
low- and high-risk groups [10]. Although these previous studies have shown the potential
of radiomics as an imaging biomarker, both studies were conducted based on work-ups
performed before definite therapy. RT could cause various tumor microenvironment (TME)
changes in response to radiation [11]. However, studies focusing on TME changes during
definite RT are limited. We hypothesize that intrinsic resistance could be predicted more
accurately than previous methods if TME changes during RT could be reflected in radiomics.

Thus, this study evaluated the applicability of an LN failure model with radiomics
extracted from different periods of initial CT images and other CT images in the middle of
RT in advanced HNC with LN metastases. The improvement in each model after adding
clinical parameters was then examined. An optimal model of LN failure was then suggested.

2. Materials and Methods

2.1. Patient Information

This study was conducted on patients who underwent definite RT for HNC with
LN metastases from January 2010 to August 2021. The inclusion criteria were as follows:
(1) HNC was initially confirmed with a pathologic evaluation; (2) LN metastases were
confirmed with structural or functional images with a diameter of the short axis > 7 mm;
(3) fractionated conventional RT or concurrent chemoradiotherapy (CRT) was planned;
(4) an Eastern Cooperative Oncology Group performance score of 0 or 1; and (5) image sets
of simulation CT were acquired before and during RT. The exclusion criteria were as follows:
(1) an LN was excised before RT or infiltrated to the skin; (2) HNC originated from the skin,
paranasal sinus, salivary gland, or unknown primary site; (3) the second simulation CT
was delayed over one week compared with the planned schedule; (4) RT was incompletely
finished with a dose less than 60 Gy; and (5) patients who had arbitrarily follow-up loss
within 2 years. This study was approved by the Institutional Review Board (K-2021AS0138).
Written informed consent was waived due to the retrospective nature of this study.

2.2. CT Imaging and Radiotherapy

Our institutional principle of CT simulation of HNC had generally been unchanged in
the study period. After laying the patients down with a suitable headrest and fixing them
with aquaplast to cover from head to shoulder, the patients’ images were acquired using
a Big Bore CT simulation (Philips Medical System, Amsterdam, The Netherlands). The
thickness of the CT image was 3 mm for 3D conformal RT (3DCRT) and 2 mm for intensity-
modulated RT (IMRT). Iodine contrast (70 mL) for CT was injected at 1 mL/s. Images were
taken 70 s after injection. After the initial plan for 3DCRT, cone-down was performed at
about 40 Gy and 60 Gy excluding low- and intermediate-risk areas, respectively. High-risk
areas including at least a margin of 3 mm from the gross primary tumor and LN were
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irradiated at up to 70 Gy. For IMRT, the same SIB technique of 2.2 Gy and 2 Gy per fraction,
cone-down was performed at about 44 Gy. Low-, intermediate-, and high-risk areas were
irradiated with 40 Gy, 64 Gy, and 70.4 Gy, respectively. We collected a pretreatment set of
CT images (CTpre) and a mid-treatment set of CT images (CTmid). These CT images were
taken 1 week before and 3.5 weeks after starting RT, respectively (Figure 1).

Figure 1. Diagram of the sequence of this study. Initial simulation CT (CTpre) and cone-down
simulation CT were acquired prior to RT and in the middle of RT at 4 weeks, respectively. Lymph
node within the white circle indicated the region of interest in this study.

2.3. Radiomics Feature Extraction and Clinical Features

For radiomics analyses, regions of interest (ROIs) of the largest LN were drawn on CT-
pre and CTmid after matching the same lymph node. If the largest LN was conglomerated
with circumferential LNs without a distinct border, the ROIs included all adjacent LNs.
A radiation oncologist with over 20 years of experience performed 3D ROI segmentation
using a semi-automated method (MRIcro).

A total of 70 radiomics features were extracted from each CT image. These features
were divided into the following four categories: (1) histogram-based features (N = 19), which
were computed using the voxel intensity of the tumor; (2) shape-based features (N = 11),
which were calculated based on 2D and 3D ROIs; (3) texture-based features (N = 13), which
were computed using GLCM (gray-level co-occurrence matrix) and GLSZM (gray-level
size zone matrix); and (4) filtered-based features (N = 27), which were calculated using 3D
Laplacian of Gaussian. A total of 70 radiomics features were extracted using a combination
of PyRadiomics (ver. 3.0.)- and MATLAB (Math Works, Inc., Portola Valley, CA, USA)-based
in-house code. Detailed descriptions of all features are given in Supplementary Table S1.

Clinical information on age, sex, primary site, smoking history, viral infection history, and
disease stage according to the 7th AJCC stage were collected. In addition, specific information
for the main LN such as size, degree of response during treatment, extracapsular extension
(ECE), central necrosis (CN), multiplicity, bi-laterality, and level of lymph nodes was examined.

2.4. Radiomics Feature Selection

Radiomics analysis involves selecting features from the extracted feature set to ef-
fectively explain the intended clinical variables of interest. We applied the LASSO (Least
Absolute Shrinkage and Selection Operator) method to select features associated with LN
control. We applied cross-validation to the LASSO method for feature selection. After ten
repetitions of the LASSO analysis, we selected features that were chosen five or more times
as the final set (signature).
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2.5. Statistical Test

Our endpoint was the failure of LN control with residual or recurrent LN of an ROI
after RT or CRT. Our study restricted the observation period to be 3 years considering
median follow-up of disease-free patients. Residual disease was confirmed with pathologic
findings of LNs or biopsy and clinical progression. If the residual LN was totally regressed
in pathologic findings with a stable status continued during follow-up examination, it was
defined as successful LN control. If the recurrence of ROIs sequentially progressed over a
window period of 3 months after the primary recurrence or distant metastases, those cases
were excluded from our radiomics analyses. If the ROI was aggravated over 3 years after
the end of RT or CRT, it was excluded from our radiomics analyses (Figure 2).

Figure 2. The flow of the selection process for the entire cohort. After excluding sequential recurrence
following primary lesion and recurrence over 3 years (vertical line), a total of 17 LN control failures
(gray color) were considered in 66 cases for radiomics analyses.

Survival was evaluated on the last follow-up day or event occurrence from the start of
RT. All survival rates were calculated with Kaplan–Meyer methods.

The selected final signature set was input into a Random Forest (RF) model to predict
LN control. We used 200 decision trees, which were trained using the training set and
evaluated using the test set. The training and test sets were split at a 7:3 ratio. Patients were
randomly selected for each iteration, and we repeated the performance tests 20 times. We
measured AUC (area under the curve), sensitivity, specificity, and accuracy for objective
performance evaluation. All statistical analysis procedures were performed using MATLAB.

We compared predictive performances using the same method across a total of five
categories: CTpre, CTmid, clinical parameters alone, CTpre plus clinical parameters, and
CTmid plus clinical parameters.

3. Results

3.1. Survival and Failure of LN Control

A total of 69 patients were analyzed. Table 1 provides detailed characteristics of the
patients. Three-year disease-free survival and overall survival (standard error) were 53.3%
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(6.2%) and 73.2% (5.4%), respectively (Figure 3). Progression of primary site and distant
metastases occurred in 15 and 20 patients, respectively. Among 21 patients with failure of
LN control, two cases of LN recurrence were developed after 11 and 18 months of primary
site recurrence and one case was developed 61 months after CRT. After excluding these
three patients from the radiomics analyses, a total of 66 patients were enrolled with 17 LN
control failures.

Table 1. Distribution of clinical parameters (N = 69).

Category Sub-Category

Sex Male: female 58:11

Age (years) Median (range) 55 (26–84)

Primary site Nasopharynx:oropharynx:larynx:oral cavity: hypopharynx 25:31:3:1:9

Virus status EBV:HPV:negative:unknown 21:17:11:20

Smoking Never, ex-smoker, current smoker 24:17:28
≤10:>10 (pack years) 30:39

Primary tumor
T-stage T1–2: T3–4 39:30
Size ≤2:2.1–4:>4 (cm) 15:35:19

Lymph node (LN)
N-Stage N1:N2–3 15: 54
Size ≤3:3.1–6:>6 27:38:4
Multiplicity ≤2:>2 (lymph node stations) 29:40
Laterality Unilateral: bilateral 33:36
Extra capsular extension No:yes 29:40
Central necrosis No:yes 27:42

Total radiation dose <70:≥70 (Gy) 9:60

Concurrent chemotherapy No:yes 2:67

Regression of the largest LN size (long diameter CTmid/CTpre) Median (range) 0.762 (0.436–1.250)

Figure 3. Survival curve of our cohort. OS: overall survival; DFS: disease-free survival; DMFS: distant
metastases-free survival; RRFS: regional recurrence-free survival; PRFS: primary recurrence-free survival.

3.2. Feature Selection

In the CTpre alone model, out of a total of 75 radiomics features, two features were
selected: size zone variance (GLSZM-based) and log minimum 2 (filtered-based). In the
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CTmid alone model, five features were selected: uniformity (histogram-based), volume
(shape-based), energy (GLCM-based), homogeneity (GLCM-based), and log minimum
1 (filtered-based). In the clinical parameters alone model, age, virus status, LN size, ECE,
and CN were important. In the CTpre plus clinical parameters model, out of 96 features
including clinical parameters and radiomics features, 8 features were selected: spheri-
cal disproportion (shape-based), size zone variance (GLSZM-based), and log minimum
2 (filtered-based) of radiomics features and age, smoking, T-stage, ECE, and regression rate
of LN. In the CTmid plus clinical parameters model, a total of eight features were selected:
volume (shape-based), energy (GLCM-based), homogeneity (GLCM-based), log minimum
1 (filtered-based), smoking, T-stage, ECE, and regression rate of LN.

3.3. Performance Test

The predictive model of CTpre and CTmid consisted of two and five different ra-
diomics features, respectively. Clinical parameters including smoking, T-stage, ECE, and
diameter regression rate during RT were commonly used for both models. Age was ad-
ditionally used for the CTpre model. The mean accuracies (standard deviation) of the
models with CTpre, CTmid, and clinical parameters were 0.681 (0.069), 0.698 (0.089), and
0.726 (0.089), respectively (Figure 4). These mean values of CTpre and CTmid plus clinical
parameters became 0.731 (0.100) and 0.790 (0.095), respectively. Mean areas under the
curve (AUC) of the models with CTpre, CTmid, and clinical parameters were 0.521 (0.080),
0.568 (0.093), and 0.593 (0.085), respectively. These mean values of CTpre and CTmid
became 0.582 (0.088) and 0.662 (0.133) when the clinical parameters were included. These
results are summarized in Table 2.

(a) (b) (c)

(d) (e)

Figure 4. Visualization of receiver operating characteristic (ROC) curves. Each line represents the
visualization of an ROC curve during the performance test, with a total of 20 repetitions. Each color
line means the outcome of independent performance test. Each figure corresponds to (a) the CTpre

alone model, (b) the CTmid alone model, (c) the clinical parameters alone model, (d) the CTpre plus
clinical parameters model, and (e) the CTmid plus clinical parameters model.
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Table 2. Values (mean ± standard deviation) of ACC and AUC according to various radiomics models.

CTpre CTmid Clinical Parameters
CTpre Plus

Clinical Parameters
CTmid Plus

Clinical Parameters

ACC 0.681 ± 0.069 0.698 ± 0.089 0.726 ± 0.089 0.731 ± 0.100 0.790 ± 0.095

AUC 0.521 ± 0.008 0.568 ± 0.093 0.593 ± 0.085 0.582 ± 0.088 0.662 ± 0.133

ACC: accuracy; AUC: area under the curve.

3.4. Feature Importance

We evaluated the importance of features for each model that underwent performance
testing using the out-of-bag method. The importance of each feature is visualized in Figure 5.

(a) (b) (c)

(d) (e)

Figure 5. Visualization of the importance of each feature calculated using out-of-bag with a histogram.
Each figure corresponds to (a) the CTpre alone model, (b) the CTmid alone model, (c) the clinical
parameters alone model, (d) the CTpre plus clinical parameters model, and (e) the CTmid plus clinical
parameters model that underwent performance testing using the out-of-bag method.

4. Discussion

This study aimed to suggest a model to predict LN control failure after definite RT
in advanced HNC with regional LN metastases. It was designed to determine whether
radiomics differentiate the intrinsic sensitivity of LN to radiation doses and whether clinical
parameters have a synergic effect over radiomics alone. LNs were targeted as ROIs in our
study. Since LNs have a round or oval shape different from a primary tumor, the physician
could more readily conduct ROI delineation. Another benefit is the reproducibility of
CTmid images since LNs maintain a consistent shape despite regression during treatment.
Lastly, as shown in the recurrence pattern of our study, the LN was a common first recur-
rence site in locally advanced HNC and an important factor in determining the success of
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definite RT. The radiomics alone model for both CTpre and CTmid showed a moderate
ACC to predict LN control failure. The predictability of radiomics was improved after
adding clinical parameters.

A previous radiomics study of LN regression for 374 LNs from 113 patients showed an
AUC of 0.71 in external validation [12]. Although our study differed from the above study
in that only the largest lymph node was selected and analyzed in each patient, the outcomes
of our study fell short with an ACC of 0.698 and an AUC of 0.568 in the CTmid set. In
addition, a high ECE rate (58.0%) showed that our cohort consisted of more advanced
LN metastases.

In our study, node regression rates during RT, ECE, T-stage, and heavy smoking were
significant clinical parameters that could intensify the accuracy and AUC of radiomics.
Previous studies have found that clinical–radiomics models show improved predictability,
similar to our study. The radiomics features from MRI combined with clinical information
improved the predictability of DFS and OS [13]. One report showed that combining genetic
information on the hedgehog pathway and E2F transcriptional targets can potentially
improve a radiomics model [14]. For lung cancer, dosimetric parameters of stereotactic body
RT could improve the predictability of local control in addition to the clinical–radiomics
model [15]. Thus, the radiomics model could be improved by adding other fields or omics
information related to prognoses.

In the CTpre alone and the CTpre plus clinical parameters models, size zone vari-
ance and log minimum (σ = 2) were consistently chosen. Size zone variance measures
how diverse the sizes of identical texture regions are within the ROI, reflecting texture
heterogeneity. The log minimum is primarily observed at a tumor’s edge and is sensi-
tive to subtle texture changes within the tumor. In the CTmid alone and the CTmid plus
clinical parameters models, volume, energy (GLCM-based), homogeneity (GLCM-based),
and log minimum were consistently selected. Volume, representing the size of the tumor
projected in the image, was deemed crucial for predicting LN failure in this study. Energy
(GLCM-based), signifying the degree of brightness variation within an ROI, indicates
texture heterogeneity, expressing a tumor’s complexity and contributing as an important
predictive factor of LN failure. Homogeneity, similar to energy, measures a tumor’s con-
sistency and assesses the tumor’s unseen uniformity, thus playing a significant role in
predicting LN control failure. The log minimum (σ = 1), a feature common with CTpre,
was chosen again, reinforcing its role as a predictive feature of LN control failure in this
study. Our research results encompass various aspects such as tumor texture, size, and
brightness changes. By considering these factors collectively, we anticipate enhancing the
accuracy of the LN control failure.

In terms of TME changes during RT, the radiomics at about 40 Gy was another key
point of our study. For TME in HNC, there have been studies performed to distinguish
subtypes of HNC using radiomics. One study showed that radiomics analysis could iden-
tify biologic features of tumors such as HPV status and T-cell infiltration [16]. Another
study using 12 radiomics features more efficiently differentiated HPV-positive tumors
in HNC [17]. Radiomics was also useful in distinguishing atypical, basal, classical, and
mesenchymal subtypes of HNC [14]. These research studies suggest that intrinsic TME
during RT could be detected with radiomics. In our study, the radiomics of mid-treatment
at 40 Gy was better than the radiomics at pretreatment, suggesting that intrinsic sensitivity
to radiation could be more efficiently presented during RT. Due to the limitations of a
retrospective study, changes were observed once in the fourth week during RT. Therefore,
the optimal timing to observe radiation effects should be examined in further studies. In
one study using 18F-FDG-PET/CT, the cluster of metabolic radiomics at 20 Gy showed a
significant relation with recurrence-free survival in oropharyngeal cancer [18]. In another
study using 18F-FMISO-PET to assess hypoxia of intra-tumor, radiomics at 2 weeks and
5 weeks showed higher predictability of the treatment response with an AUC of approxi-
mately 0.8 in HNC [19]. It would be necessary to combine metabolic images and enhanced
CT images to improve the predictive model of intrinsic sensitivity.
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Delta radiomics can be used to analyze paired images and observe changes in TME. In
the case of tumors, it was difficult to control the image itself through deformation because
regression during treatment occurred and the ROI was deformed. It was also hard to judge
the appropriateness of the values of delta features by subtracting or fractionating from one
to another. Therefore, delta radiomics was not used in our study. Normal tissues such as
salivary glands would be beneficial to examine the change with delta radiomics because the
contour of the ROI is preserved [20]. In nasopharyngeal cancer, delta radiomics has been
attempted using MRI. Three image sets at pretreatment and after induction chemotherapy
and CRT were used, and the AUC to predict the efficacy of definite therapy was improved
with delta radiomics [21]. Using cone-beam CT to originally check inter-fractional variation
during RT is another method applied in delta radiomics. The model using radiomics
features including coarseness and hemoglobin level moderately predicted tumor response
in HNC in delta radiomics of cone-beam CT [22]. However, since the image quality is lower
than helical CT images, its practical application still has limitations.

This study was based on retrospectively collected image data over about 10 years.
Although the protocol for acquiring CT images for HNC has not changed, a few biases
might have developed. Some artifacts from the immobilization device of aquaplast and
head rest and prosthetics of teeth especially affected the LN in level IIa. This is an important
problem that must be solved for radiomics studies using simulation CT images of RT. Efforts
should be made to secure appropriate image quality in actual practice in future studies.
Second, our study consisted of various kinds of primary sites originating from epithelial
cells in HNC. Since it is important to analyze a certain number of patients as a preliminary
radiomics study, examinations according to each sub-primary site were not performed.
In addition, there were no data on HPV in some patients at the beginning of this study.
Therefore, it was not sufficiently analyzed as an important clinical parameter. Based on
this study, future research will be conducted targeting a more refined patient group by
recruiting multiple institutions. Lastly, the RT technique was changed from 3DCRT to
IMRT, although patients received sufficient radiation doses for ROIs regardless of the
RT technique.

5. Conclusions

This preliminary study presented radiomics results of CT images for pretreatment and
mid-treatment to predict LN control failure after definite RT in HNC with LN metastases.
Both models were improved by adding clinical parameters. The model of CTmid plus
clinical parameters was the best in our analyses. However, the results shown in our study
still lacked predictive power to determine significant modification of treatment methods
during definite RT. To activate radiomics research in HNC, efforts are needed to acquire
high-quality images with minimum artifacts in actual clinical practice. In addition, future
studies should combine various omics methods using other kinds of images, biomarkers,
and genetic information.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/medicina60010092/s1, Table S1: Detailed descriptions of all
radiomics features.
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Abstract: Background and Objectives: Germline DNA damage response (DDR) gene mutations correlate
with increased prostate cancer (PCa) risk and a more aggressive form of the disease. DDR mutation
testing is recommended for metastatic PCa cases, while eligible information about the mutations’
burden in the early-stage localized PCa is still limited. This study is aimed at the prospective detection
of DDR pathway mutations in cases with localized PCa and correlation with clinical, histopathological,
and radiological data. A comparison to the previously assessed cohort of the advanced PCa was
performed. Materials and Methods: Germline DDR gene mutations were assessed prospectively in
DNA samples from 139 patients, using a five-gene panel (BRCA1, BRCA2, ATM, CHEK2, and NBN)
targeted next-generation sequencing. Results: This study revealed an almost three-fold higher risk of
localized PCa among mutation carriers as compared to non-carriers (OR 2.84 and 95% CI: 0.75–20.23,
p = 0.16). The prevalence of germline DDR gene mutations in PCa cases was 16.8% (18/107) and
they were detected only in cases with PI-RADS 4/5 lesions. BRCA1/BRCA2/ATM mutation carriers
were 2.6 times more likely to have a higher (>1) cISUP grade group compared to those with a CHEK2
mutation (p = 0.27). However, the number of cISUP > 1-grade patients with a CHEK2 mutation was
significantly higher in advanced PCa than in localized PCa: 66.67% vs. 23.08% (p = 0.047). Conclusions:
The results of our study suggest the potential of genetic screening for selected DDR gene mutations
for early identification of cases at risk of aggressive PCa.

Keywords: DNA damage response; germline mutation; localized prostate cancer; next-generation
sequencing

1. Introduction

Prostate cancer (PCa) is one of the most common problems faced by the male popula-
tion in the oncology field. Based on the data from the European Cancer Information System,
PCa is the most frequently occurring cancer in men; it was responsible for 23.2% of new
cancer cases in men in 2020 [1]. Low-risk localized PCa patients may benefit from active
surveillance or can be treated by surgery or radiotherapy, usually resulting in complete
remission. Intermediate and high-risk localized PCa patients might suffer from disease
progression regardless of the primary treatment. In some patients with inherited specific
genetic mutations, PCa may manifest in a more severe course, and resistance to conven-
tional treatment develops earlier [2,3]. The transition of next-generation sequencing (NGS)
from research to clinical practice revealed new possibilities in the detection of PCa-specific
mutations. Due to progress in genomic technologies, mutation status can be verified not
only in tumor tissue but also in human body liquids, and it is more widely used in genetic
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counseling. Blood-based testing of PCa-specific mutations in metastatic PCa patients be-
came increasingly promising, while considering these alterations’ detection for localized
PCa is still limited and not widely adopted in clinical practice.

Despite various genetic and epigenetic alterations detectable in PCa, inheritance of
PCa risk is mainly attributed to genetic alterations of the DNA damage response (DDR)
pathway [4]. This molecular pathway is responsible for the maintenance of the genomic
integrity of the cell, and the main players of this pathway are proteins encoded by BRCA1,
BRCA2, ATM, ATR, TP53, CHEK1, CHEK2, and some other genes. The proteins of the DDR
pathway sense DNA damage, induce cell cycle arrest and DNA repair, and protect cells
from deleterious genetic alteration accumulation. Inactivation of the DDR pathway leads
to genomic instability, uncontrolled cell growth, and malignization. Strong enrichment
of mutations in the genes of the DDR pathway is detectable in PCa tissue, especially in
metastatic cases [5,6], while a systemic review of the largest PCa studies [7] suggests even
higher median prevalence of these mutations in the germline profile of PCa. BRCA1, BRCA2,
ATM, CHEK2, and NBN genes are some of the most important alterations in the PCa genetic
evaluation process and are frequently included in extensive PCa gene panels.

Most guidelines suggest DDR pathway mutation screening for familial and metastatic
PCa, aiming at personalized therapy with poly-ADP ribose polymerase inhibitors (PARPi) [8].
According to the systemic review median prevalence rate for germline DDR gene mutations
in general (unselected) PCa is higher than in the metastatic disease (18.6% vs 11.6%),
suggesting a higher burden of these mutations than expected [7]. However, quite a few
studies analyzed the DDR gene mutation rate in localized or locally advanced PCa and
detected a prevalence of 1.44–9.5% [9–13]. In PCa, germline DDR mutations seem to have a
higher prevalence than somatic ones and, due to the low penetrance of some mutations,
remain undetected in families until manifestation in aggressive forms of cancer [7]. It
was shown that patients with inherited pathogenic mutations of several DDR genes are at
increased risk of developing more aggressive forms of the disease, while BRCA2 mutations
are directly associated with poor survival in metastatic PCa [14–16]. Metastatic PCa patients
with mutant DDR genes already benefit from targeted therapies with PARPi, while patients
with the localized disease could be evaluated for the risk of early recurrence or take
advantage of personalized treatment options in the future; however, such observations
need further investigation. Early detection of DDR mutation carriers is also vital for family
members’ consultation due to the high risk of aggressive breast, ovarian, and some other
tumors [17]. Since at least a quarter of PCa patients identified with germline mutations
lack a cancer-related family history, and the mutations possibly evolve de novo [18], it is
important to develop algorithms for the meaningful selection of PCa patients for germline
mutation testing.

Our prospective, single-center cohort study aimed to assess the prevalence of germline
DDR gene mutations (BRCA1, BRCA2, ATM, CHEK2, and NBN) in patients with localized
PCa that was diagnosed based on positive findings of multiparametric magnetic resonance
and ultrasound imaging (mpMRI/UG) fusion-guided targeted biopsy. Associations be-
tween mutation status and clinical, histopathological, and radiological data were analyzed
and a comparison to the previously assessed advanced PCa cohort [19] was performed.

2. Materials and Methods

2.1. Patient Cohort

Between 2019 and 2023, a total of 150 patients with suspected PCa were enrolled
in this study at the National Cancer Institute (Vilnius, Lithuania). Prostate mpMRI was
performed on all study patients and was reported using the Prostate Imaging Reporting &
Data System version 2.1 (PI-RADSv2.1) [20]. A positive mpMRI scan was characterized by
the presence of PI-RADS lesions with a score ≥ 3. Patients with a positive prostate mpMRI
scan, in accordance with their medical history, clinical data, and/or elevated (>3.0 ng/mL)
prostate-specific antigen (PSA) level, underwent mpMRI/US fusion-guided targeted biopsy.
PSA density was defined as total PSA (ng/mL) divided by mpMRI calculated prostate
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volume (mL). Biopsy results were evaluated based on the International Society of Urological
Pathology (cISUP) grading system. Low-risk localized, intermediate-risk localized, and
high-risk localized/locally advanced diseases were defined by the European Association
of Urology (EAU) risk stratification groups for biochemical recurrence [21]. This study
was performed in line with the principles of the Declaration of Helsinki. This study was
approved by the Regional Bioethics Committee (05.11.2019/No: 2019/11-1166-654) and
written informed consent was obtained from all participants.

2.2. Sample Collection and NGS

Blood samples were collected prospectively into EDTA blood collection tubes accord-
ing to the standardized clinical procedures. The collected buffy coat was frozen and stored
at a temperature of −80 ◦C. The DNA extraction was performed by using a GeneJET
Genomic DNA Purification kit (Thermo Fisher Scientific, Vilnius, Lithuania), following the
manufacturer’s instructions. DNA concentration and purity were determined using the
NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA) as well as
Qubit™ dsDNA BR Assay Kit on a Qubit™ 2.0 Fluorimeter (Invitrogen, TFS, Eugene, OR,
USA) and stored at −20 ◦C until use. Targeted DNA sequencing was performed on the
Ion Torrent™ Ion S5™ system, and for the library preparation, Ion AmpliSeq™ Library
Kit 2.0 and custom On-Demand Panel (consisting of BRCA1, BRCA2, CHEK2, ATM, and
NBN genes) (from Life Technologies (LT), Carlsbad, CA, USA) were used under conditions
provided by the manufacturer’s protocol. Sequencing results were analyzed in the Ion
ReporterTM Software (version 5.20.2.0) system (Life Technologies, Carlsbad, CA, USA), ver-
ified manually in the Integrative Genomics Viewer (IGV, version 2.6.3) tool (Broad Institute,
Cambridge, MA, USA), and compared to the hg19 reference human genome sequence. The
pathogenic and likely pathogenic mutations were confirmed if the mutation was listed in
the clinical variant base ClinVar, as well as visualized on the Integrative Genomics Viewer
2.4.8 tool.

2.3. Statistical Analysis

Statistical analysis was performed using R Version 4.1.1 on R Studio version 2022.07.0
(R Core Team, Vienna, Austria). Oncoprint was created using ComplexHeatmap R package
version 2.11.1 [22]. Mutation associations with clinical data were assessed by Fisher exact
test, Chi-square test, or t-test where appropriate. The odds ratio (OR) was computed by
analyzing two-by-two tables. The statistical significance of the OR was evaluated using
Fisher exact tests. Results were considered statistically significant if the p-value was <0.05.

3. Results

3.1. Characteristics of Study Group

In a study cohort of 150 patients, 11 cases were excluded from further analysis due to
clinical or sample quantity reasons. After mpMRI/US fusion-guided targeted biopsy, all
patients (n = 139) were divided into two groups: 107 were histologically confirmed with
localized PCa, and 32 patients without PCa diagnosis were assigned to the control group.
Based on the presence or absence of pathogenic mutation in the analyzed genes, the patients
were divided into mutation-positive–DDR(+) and mutation-negative–DDR(−) groups.

PCa patients (n = 107) revealed PI-RADS lesions ranging from 3 to 5, with a dominance
of PI-RADS 4 lesions (67/107, 62.62%). Also, different cISUP grade groups were observed:
the most prevalent cISUP grade group was 1 (68/107, 63.55%), followed by grade group
2 (24/107, 22.43%), grade group 3 (11/107, 10.28%), and grade group 4 (4/107, 3.74%).
According to EAU risk groups [21], patients with PCa revealed low-risk disease as the
most common: 58/107, 54.20%. Intermediate- and high-risk diseases were detected in 44
(41.12%) and 5 (4.68%) patients, respectively. The main clinicopathological characteristics
and mpMRI features of PCa patients are shown in Table 1.
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Table 1. Clinicopathological characteristics and mpMRI features of localized PCa patients.

Variable DDR(+), n = 18 DDR(−), n = 89 p Value

Age at PCa diagnosis, years (mean ± SD) 61.56 (±5.66) 63.69 (±7.70) 0.268
PSA level at PCa diagnosis, ng/mL (median (IQR)) 5.79 (4.31) 5.90 (3.73) 0.739
Prostate volume, mL (median (IQR)) 55.77 (50.57) 44.16 (20.63) 0.057
PSA density (median (IQR)) 0.11 (0.07) 0.14 (0.12) 0.170
cISUP grade group

<3, n (%) 15 (83.33%) 77 (86.62%)
0.714≥3, n (%) 3 (16.67%) 12 (13.48%)

PI-RADS category based on the prostate mpMRI
PI-RADS 3, n (%) 0 (0.00%) 4 (4.50%)

1.000PI-RADS 4, n (%) 12 (66.66%) 55 (61.79%)
PI-RADS 5, n (%) 6 (33.34%) 30 (33.70%)

EAU risk groups
Low-risk PCa, n (%) 9 (50.00%) 49 (55.06%)

0.694Intermediate- or high-risk PCa, n (%) 9 (50.00%) 40 (44.94%)

Abbreviations: PCa—prostate cancer; PSA—prostate-specific antigen; cISUP—International Society of Uro-
logical Pathology grade group; mpMRI—multiparametric magnetic resonance imaging; PI-RADS—Prostate
Imaging Reporting & Data System; EAU—European Association of Urology; SD—standard deviation; IQR—
interquartile range.

3.2. DDR Gene Mutations Rates

Out of 139 cases, 14.4% (n = 20) were identified with germline mutations of selected
DDR genes (BRCA1, BRCA2, ATM, CHEK2, and NBN) in the blood cells (Figure 1). The mu-
tation rate in the group of cases with PCa diagnosis was 16.8% (18/107), and 19 alterations
in DDR genes were found, with one case showing multiple alterations in the CHEK2 gene:
CHEK2 c.470T>C and CHEK2 c.1100delC (Figure 2). BRCA1 mutation was detected in one
PCa patient (0.93%), BRCA2—3 (2.8%), ATM—1 (0.93%), and CHEK2—13 (12.15%). None
of the cases were identified with NBN mutation.

Figure 1. Flowchart of the patient cohort included in the study. Abbreviations: mpMRI—
multiparametric magnetic resonance imaging; US—ultrasound; DDR—DNA damage response;
PCa—prostate cancer.
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Figure 2. Percentage of patients (n = 107) with and without DDR gene mutations: overall (barplot)
and according to each selected gene (oncoprint). Abbreviations: DDR—DNA damage response;
PCa+—prostate cancer, PCa−—controls.

In the control group of 32 cases without confirmed PCa diagnosis, only two CHEK2
gene mutations were detected (2/32; 6.2%). Comparison of localized PCa to control group
revealed an almost three-fold higher risk of localized PCa among DDR gene mutation
carriers as compared to non-carriers (OR 2.84 and 95% CI: 0.75–20.23, p = 0.16), and CHEK2
mutation was responsible for the doubling in risk of localized PCa (OR 1.95, 95% CI: 0.49–
14.18, p = 0.51). Due to the small number of cases with DDR gene mutations, the OR
comparison did not reach statistical significance.

Comparison to the advanced PCa cohort from our previous study [19] revealed a
higher rate of the DDR gene (BRCA1/BRCA2/ATM/CHEK2) mutations in the localized PCa
than in the advanced disease (16.8% vs. 14.8%, p = 0.70).

3.3. Clinical Characteristics of DDR Mutation-Positive PCa

Analysis in the localized PCa group (n = 107) revealed that the DDR(+) cases (n = 18)
were younger compared to DDR(−) cases (61.56 vs. 63.69 years, p = 0.27) and were pre-
sented with slightly lower PSA concentration and PSA density (Table 1). However, prostate
volume was higher in the DDR(+) PCa group (55.77 vs. 44.16, p = 0.06) (Table 1). Impor-
tantly, BRCA1/BRCA2/ATM mutation carriers were markedly younger in the localized PCa
cohort than in the advanced PCa group from our previous study [19]: 61.20 vs. 68.30 years;
p = 0.06.

The localized PCa cases with DDR gene mutations were most frequently identified
with PI-RADS 4 (12/18, 66.66%) lesions (Table 1), and the combined occurrence of any
DDR gene mutation in PI-RADS 4/5 lesions reached 17.47%. The highest mutation rate
was detected in cISUP grade group 4 and accounted for 25.00%. BRCA1/BRCA2/ATM
mutation carriers (n = 5) revealed higher cISUP grade group scores (cISUP > 1 vs. cISUP = 1)
compared to those with CHEK2 mutation (n = 13) and the overall group of patients with
mutations: (n = 18)—60.00% vs. 23.08%, p = 0.27 and 60.00% vs. 33.33%, p = 0.34, respec-
tively. There were no statistically significant differences in mutation frequency according to
risk groups divided by low-risk and intermediate/high-risk disease (Table 1).

The DDR gene mutations rate was also high in the cISUP > 1-grade group scores
among advanced PCa cases [19] and exceeded mutation prevalence in the localized
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cISUP > 1 disease (59.10% vs. 33.33%, p = 0.13), and the number of cISUP > 1-grade group
patients with CHEK2 mutation was markedly higher in mCRPC as compared to localized
PCa: 66.67% vs. 23.08% (p = 0.047) (Figure 3).

Figure 3. Bar graphs showing a prevalence of various DDR(+) mutations by cISUP grade group in
localized and advanced prostate cancer groups, N. Abbreviations: cISUP—International Society of
Urological Pathology grade group; mCRPC—metastatic castration-resistant prostate cancer; PCa—
prostate cancer.

4. Discussion

Currently, PCa in the localized setting is characterized by its heterogeneous nature,
whereas standard treatment options are generally well-established and approved by var-
ious guidelines worldwide. Nonetheless, in this PCa stage, there remains a significant
knowledge gap regarding the significance of germline DDR pathway mutations in the
management of the disease. Until the development of castration resistance or the diagnosis
of distant-spread diseases, the range of follow-up means or specific treatment possibilities
for patients with the alterations remains limited, and the weight of various mutations on
the disease aggressiveness remains obscure.

In this study, prospective five DDR gene mutation testing was performed in 139 men
who underwent mpMRI/US fusion-guided targeted prostate biopsy. We detected a sub-
stantial rate of genetic alterations in histologically confirmed PCa patients, reaching a
prevalence of 16.8% (18/107). In comparison, our previous study on advanced castration-
resistant PCa (mCRPC) revealed a germline mutation prevalence of 14.8% in the same
genes (BRCA1, BRCA2, ATM, and CHEK2) [19]. Our data support observations of previous
studies [9–13], i.e., that mutation rates can be relatively high in localized PCa in comparison
with metastatic disease. This observation suggests that DDR gene mutations are probably
early events in the evolution of aggressive prostate tumors and emphasizes the significance
of conducting germline testing from the early stages of PCa.

To our knowledge, limited data exist on the association of mpMRI lesions and the
presence of DDR gene mutations in localized PCa studies, usually aiming at a radiological
nodal status. When analyzing the prevalence of the DDR gene mutations based on the
PI-RADSv2.1 scoring system, we found that the combined occurrence of any DDR gene
mutation in PI-RADS 4/5 lesions reached 17.47%. Meanwhile, no DDR gene mutations
were detected in cases with lower-category (PI-RADS ≤ 3) lesions. Although these results
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are arguable because of their clinical application, their potential benefit might be seen in
the future, when different strategies of germline testing can be adopted in patients with
suspicious PCa.

In our study, the DDR pathway mutations were highly specific to cases, and only
two controls without confirmed PCa were identified with CHEK2 gene mutations. In our
cohort, DDR gene mutations were associated with an almost three-fold, while CHEK2
mutations were associated with a two-fold, increase in localized PCa risk. Positive DDR
mutation status may not only help to identify PCa but it also is associated with an aggressive
course [14,15] and can help verify localized PCa cases that demand timely treatment.

In our cohort, CHEK2 alteration was found to be the most prevalent (12.15%) in
localized PCa, and missense alteration c.470T>C was the predominant type of mutation
(12/19). Most notably, Wang, Y. et al. [23], revealed that CHEK2 c.470T>C significantly
increased the PCa risk: OR 1.80, 95% CI: 1.51–2.14, p < 0.0001. The significant association
between CHEK2 mutations and PCa risk (OR 1.9, 95% CI: 1.6–2.2, p < 0.0001) was also found
in a study by Cybulski, C. et al. [24]. Specifically, they observed that truncating CHEK2
variants was associated with higher risk when compared to missense mutations such as
c.470T>C [24]. Our study results, in comparison with our previous study [19], revealed a
predominance of CHEK2 mutations in high cISUP grade mCRPC, but not in localized PCa
(p = 0.047). This encourages further studies of the impact of various CHEK2 mutation types
on the aggressiveness of PCa.

The combination of alterations in BRCA1/BRCA2 and ATM genes is associated
with more aggressive PCa and is widely investigated in extensive mCRPC trials with
PARPi [25–27]. In our cohort, BRCA1/BRCA2 and ATM mutations accounted for a percent-
age of 4.67. The prevalence of BRCA1/BRCA2 and ATM mutations was found to be greater
than the reported rates of low-risk localized PCa patients by Na, R. et al. [9], i.e., 1.44%, and
is consistent with the findings in the cohort analyzed by Marshall, C.H. et al. [10]—5.4%.
When comparing these alterations individually, with the European ancestry patients from
the large study by Lee, D.J. et al. [13], we identified higher mutation rates in BRCA1 (0.93%
vs. 0.77%), BRCA2 (2.8% vs. 1.0%), and ATM (0.93% vs. 0.51%). The Cancer Genome Atlas
(TCGA) [5] analysis of 333 primary prostate tumors revealed BRCA2 and BRCA1 mutation
rates that were quite similar to our study (3% and 1%, respectively), while ATM mutations
were slightly more frequent than in our study (4% in TCGA vs. 1% in our study). Looking
closer at this study on cBioPortal [28], when excluding somatic mutations in this particular
cohort, the BRCA1 mutation rate was 1% and the BRCA2 was 1.5%, and there were no
germline mutations noted in any of the other six genes (ATM, NBN, and CHEK2 from our
study, and CDK12, FANCD2, and RAD51c from the TCGA study).

In our study, the DDR pathway alterations were less common in low-risk PCa pa-
tients than in intermediate- or high-risk diseases compared to non-carriers. DDR gene
mutation carriers with BRCA1/BRCA2 and ATM alterations were 2.6 and 1.8 times more
likely to have a higher (>1) cISUP grade group, compared to those with CHEK2 mutation
and with all mutated cases, respectively. Taken together, our data and the data of other
authors [2,3,14,15] suggest that these DDR gene mutations can significantly contribute to a
more aggressive course of PCa.

There are several limitations of this study. Although our findings revealed a high
percentage of DDR gene mutation carriers among localized PCa patients, the sample size
with DDR mutations remains relatively small and reduces the statistical power of the study.
Also, only five genes were included in the analysis, and the NBN mutation was not detected
at all. Several other DDR pathway genes are associated with genetic risk of PCa and may
also be important in localized disease. In our analysis, we did not include the family cancer
history of the study patients, because family histories were incomplete or inaccurate in
a majority of the cases. In addition, we did not investigate how the mutation status may
affect clinical outcomes, though this facet merits further studies.

The high prevalence of DDR alterations in localized PCa observed in our and other
studies suggests that these mutations are an early event in prostate carcinogenesis. Since
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DDR deficiency may be associated with an aggressive cancer phenotype, knowledge of
DDR gene status in localized stage disease may be critical, requiring more accurate decision-
making in various clinical settings, such as choosing active surveillance over radical therapy
or surgery over radiation, assessing the optimal timing of salvage radiotherapy after
radical prostatectomy, and many other. In addition, DDR gene mutation testing in early-
stage localized PCa can provide a better understanding of the molecular biology of PCa
and optimize genetic testing strategies for familial cancer management. The impact on
clinicopathological data and the correlation between mpMRI findings and mutation status
revealed in our study provides additional arguments for wider DDR gene mutation testing
in PCa.

5. Conclusions

Results of our study display a quite high rate of germline DDR mutations in localized
PCa with certain implications on clinical outcomes suggesting a potential benefit of targeted
genetic testing for the early identification of mutation carriers at risk of aggressive PCa.
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Abstract: Background and Objectives: The objective of this study was to investigate quantitative
changes in cell-free DNA (cfDNA) found in the bloodstream of patients with locally advanced rectal
cancer who received neoadjuvant long-course chemoradiation, assuming a change in DNA fragments
release during therapeutic stress. Materials and Methods: This was a prospective observational study
that involved 49 patients who had three distinct pathologies requiring neoadjuvant chemoradiation:
18 patients with breast cancer, 18 patients with cervical cancer, and 13 patients with rectal cancer.
Both breast cancer and cervical cancer patients were used as a control groups. Breast cancer patients
were used as a control group as irradiation targeted healthy tissue after the tumor resection (R0),
while cervical cancer patients were used as a control group to evaluate the effect of chemoradiation
regarding cfDNA in a different setting (squamous cell carcinomas) and a different tumor burden.
Rectal cancer patients were the study group, and were prospectively evaluated for a correlation
between fragmentation of cfDNA and late response to chemoradiation. Blood samples were collected
before the initiation of treatment and after the fifth radiation dose delivery. cfDNA was quantified
in peripheral blood and compared with the patients’ clinicopathological characteristics and tumor
volume. Conclusion: Thirteen patients with locally advanced rectal cancer (T3/T4/N+/M0) were
included in the study, and all of them had their samples analyzed. Eight were male (61.54%) and five
were female (38.46%), with an average age of 70.85 years. Most of the patients had cT3 (53.85%) or
cT4 (46.15%) tumors, and 92.31% had positive lymph nodes (N2–3). Of the thirteen patients, only six
underwent surgery, and one of them achieved a pathological complete response (pCR). The mean
size of the tumor was 122.60 mm3 [35.33–662.60 mm3]. No significant correlation was found between
cfDNA, tumor volume, and tumor regression grade. cfDNA does not seem to predict response to
neoadjuvant chemoradiotherapy and it is not correlated to tumor volume or tumor regression grade.

Keywords: rectal cancer; radiotherapy; DNA; neoadjuvant therapy; prognosis

1. Introduction

Recent advancements in the multimodal treatment of locally advanced rectal cancer
have resulted in impressive rates of clinical complete response (cCR) [1,2]. In a compre-
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hensive systematic review conducted by Hartley et al., involving a total of 3157 patients,
the overall pathological complete response (pCR) rate was estimated at 13.5% [3]. Notably,
consistently higher response rates have been associated with high-dose radiotherapy [4].
The Rectal Cancer and Preoperative Induction Therapy Followed by Dedicated Operation
(RAPIDO) trial, in particular, demonstrated that patients undergoing Total Neoadjuvant
Therapy (TNT) achieved a significantly higher pCR rate (28.4%) compared to those receiv-
ing standard radiochemotherapy (14.3%, p < 0.0001) [5].

Furthermore, a strategy centered on watchful waiting (W&W), with the aim of organ
preservation, has emerged as a viable option for patients who achieve clinical complete
response (cCR) following neoadjuvant (chemo)radiotherapy [6]. This W&W approach,
initially proposed by Habr-Gama, has received recent support from the International Watch
and Wait Database, which reported a 2-year cumulative local regrowth incidence of 25.2%.
In contrast, it is worth noting that even the pathologic complete response (pCR) rate,
classified as Dworak TRG 4, reached as high as 28.4%. In the same study, the favorable
responders, categorized as Dworak TRG 2–3, constituted 52.7% of the cases, while the
poor-to-non-responders, classified as Dworak TRG 0–1, comprised 38.2% [7].

The current standard approach for locally advanced rectal cancer (T3/T4 N+) involves
long-course radiotherapy, typically utilizing conventionally fractionated radiotherapy.
This entails administering doses of 180 to 200 centi-Gray per fraction, delivered in 25
to 28 daily fractions (five days per week), resulting in a cumulative dose ranging from
4500 to 5040 centi-Gray. Concurrently, chemotherapy is administered, with the most
commonly used cytostatic agents being capecitabine at a dose of 825 mg/m2 twice daily
or 5-fluorouracil at a dose of 1200 mg/m2 daily [2,5]. Surgery is usually scheduled for
4 to 12 weeks following the conclusion of radiotherapy, typically in the sixth or seventh
week, resulting in a total treatment duration of 3–4 months. Importantly, this timeframe
does not account for waiting periods associated with initiating radiation therapy and
surgical treatment.

The next crucial step in modern rectal cancer treatment is to establish standardized
biomarkers [8] capable of estimating response rates and defining individualized neoadju-
vant protocols [9]. Currently, there is no universally accepted “gold standard” for distin-
guishing between individuals who respond positively to treatment and those who do not.
The aspiration is to identify specific biomarkers that can assist in differentiating potential
good responders, who would benefit from radiochemotherapy, from those who may not
respond as favorably. Such differentiation can play a pivotal role in sparing the latter
group from enduring an extended treatment regimen with limited potential for tumor
size reduction or downstaging, thereby mitigating the risk of undue toxicity and further
tumor progression.

More recently, the selection of mismatch repair-deficient (dMMR) [8] patients for
neoadjuvant immunotherapy with PD-1 blockers has shown impressive results in a small co-
hort of cases [2,10,11]. Trials such as NICHE (pCR 13/32—69%) and PICC (pCR 4/17—88%)
have demonstrated the potential of this approach. DNA mismatch repair deficiency is
already an established predictor, as is Immunoscore [12], which has been shown to pre-
dict survival and response rates to neoadjuvant therapy. In addition to tumor biopsies,
readily available biomarkers harvested from peripheral blood [13] are under intense study
and proposed as simpler alternatives. Immune cell ratios, CRP (C-reactive protein), and
CD8+ T cells have all been described as potential predictors, although results have been
conflicting [12].

Another potential biomarker under consideration is cell-free DNA (cfDNA). CfDNA
comprises DNA fragments ranging in length from 50 to 200 base pairs. These fragments are
released by cells and enter the bloodstream, typically as a result of apoptosis or necrosis [14].
The term “circulating tumor DNA” (ctDNA) specifically refers to cfDNA originating
from cancer cells in cancer patients [15]. Mandel and Metais were the pioneers who first
described cfDNA in 1948 [16]. It has recently gained recognition as a promising biomarker,
particularly for diagnosing advanced malignancies [13]. Individuals with rectal cancer can
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exhibit cfDNA levels up to 50 times higher compared to those in a healthy state. During
neoadjuvant therapy, these levels are expected to increase due to tumor necrosis [17,18].

Numerous studies have produced promising results regarding the utility of cfDNA in
diagnosing, monitoring, and prognosticating rectal cancer. Both Zitt et al. and Agostini et al.
have concluded that responders to treatment exhibit a significant reduction in circulating
DNA, whereas non-responders tend to experience a notable increase in circulating DNA
levels following radiochemotherapy [19,20]. Truelsen et al. have proposed circulating
cell-free DNA as a predictor of pathological complete response, providing potential value
in monitoring patients with a complete clinical response within watch-and-wait (W&W)
strategies [7].

For the above reasons, our aim was to investigate quantitative changes in cfDNA
found in the bloodstream of patients with locally advanced rectal cancer who received
neoadjuvant long-course chemoradiation, assuming changes in DNA fragment release
during therapeutic stress, particularly early after the fifth session of radiation.

2. Materials and Methods

2.1. Design and Setting

This was a single-center, observational, prospective study of three groups of patients
who had three distinct cancers requiring neoadjuvant chemoradiation: breast cancer, cervi-
cal cancer, and rectal cancer. All patients underwent standard oncological work-up and
management based on multidisciplinary meetings. All patients were treated and followed
at our institution. Informed consent was gained for each patient included in the study. This
study was approved by our Institutions Ethics Committee (REGISTRATION NUMBER.
227/26 August 2019).

Rectal cancer patients were the study group, and were prospectively evaluated for a
correlation between fragmentation of cfDNA and late response to chemoradiation. Breast
cancer patients were used as a control group as irradiation targeted healthy tissue after
the complete tumor resection, while cervical cancer patients were used as a control group
to evaluate the effect of chemoradiation on cfDNA in a different histological type and a
different tumor burden.

2.2. Inclusion and Exclusion Criteria

Patients with confirmed histology and full oncological work-up were included. Only
patients with curative intent were included. Patients with other synchronous cancers were
excluded. Patients with previous malignancies were excluded.

2.3. Experimental Protocol

Blood samples were collected before the initiation of treatment and after the 5th radia-
tion dose delivery. The need for an early prediction of response cannot be overemphasized
and the 5th dose was chosen because surgical treatment can still be initiated, in patients
considered non-responders, within a week after the 5th dose, while continuation of treat-
ment may only result in toxicity and prolong by 2 months the time for surgical procedure.
Two samples were collected from each patient, one before radiotherapy and the other
after the fifth dose. Within four hours of collection, DNA from the plasma was extracted
using the Cobas cfDNA Sample Extraction Kit® (Roche Diagnostic GmbH, Mannheim,
Germany) and stored at a temperature of −20 ◦C. Once all the samples were collected, we
measured the amount of cfDNA using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Waldbroan, Germany) with High Sensitivity DNA Kit® ( Agilent Technologies, Waldbroan,
Germany). The Agilent 2100 Bioanalyzer system is an established microfluidics-based
automated electrophoresis solution for the sample quality control of biomolecules.

After obtaining the concentrations of cfDNA from all the samples, we proceeded to
input the data into XLSTAT for a comprehensive analysis. This analysis encompassed
the examination of differences (i.e., cfDNA concentration after the 5th radiation session
minus cfDNA concentration before radiation) and ratios (i.e., cfDNA concentration after
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the 5th radiation session divided by cfDNA concentration before radiation) between each
sample collected before radiation and after the 5th radiation session of the same patient.
For these data sets, we computed the range (defined as the difference between the smallest
and largest values), the average (which included the average cfDNA concentration before
radiation, after radiation, as well as the averages of the calculated differences and ratios),
and variance (calculated using the Variance.P function). Additionally, employing the
software, we generated linear regression plots and Box and Whisker graphs to facilitate a
comparative analysis between the control group (comprising cases of breast and cervical
cancer) and the target group (consisting of rectal cancer cases).

Response to chemoradiation was assessed 8 weeks after completion of radiation
therapy through pelvic MRI. Data on tumor volume were collected, including gross tumor
target volume (GTV) and planning target volume (PTV) from the archive of treatment plan
from the radiotherapy department. Tumor response was extracted from the pathological
response rating (Dworak grading). Descriptive variables are reported as percentages, mean,
and range for clinicopathologic characteristics and tumor measurements. The association
between cfDNA distribution and tumor volume and tumor regression grade (TRG) was
evaluated using the Pearson correlation coefficient test. A p value < 0.05 was considered
statistically significant. XLSTAT software (Version 2309 Build 16.0.16827.20014) was used
for statistical analysis.

3. Results

3.1. Patient Characteristics

This prospective study investigated 98 samples (from 49 patients). Specifically, all
18 patients with breast cancer had their samples analyzed, along with 18 patients from the
cervical cancer group and 13 patients from the rectal cancer group.

Thirteen patients with locally advanced rectal cancer (T3/T4/N+/M0) were included
in the study, and all of them had their samples analyzed; eight were male (61.54%) and five
were female (55.56%), with an average age of 70.92 years. Most patients had cT3 (53.85%)
or cT4 (46.15) tumors, and 92.31% had positive lymph nodes (N1–2). The disease stage was
IIIc for nine patients, IIIb for three patients, and IIb for one patient. Of the thirteen patients,
only six underwent surgery, and one of them achieved a pathological complete response
(pCR). Two of the seven patients who did not have surgery were deemed inoperable due to
metastasis or advanced disease and five patients died of other causes (Figure 1). All pa-
tients that received the standard concurrent chemoradiotherapy protocol were reevaluated
after 8 weeks, and underwent surgical resection with total mesorectal excision (TME). Of
six patients who underwent surgical resection, five patients (Dworak 1–2) showed poor
response and one patient showed pathological complete response (Dworak 4). Table 1
summarizes the findings.

Figure 1. Diagram depicting management and response in the thirteen rectal cancer patients.
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Table 1. Characteristics of included rectal cancer patients.

Clinical Variable No. (%)

Sex:
Male 8 (61.54)

Female 5 (38.46)

Age:
<65 3 (23.07)
>65 10 (46.15)

Clinical TNM Staging
Tumor

cT3 7 (53.85)
cT4 6 (46.15)

Node
cN0 1 (7.69)
cN1 3 (23.08)
cN2 9 (69.23)

Metastasis
cM0 13 (100)
cM1 0 (0)

Clinical AJCC Staging
IIb 1 (7.6)
IIIa 0 (0)
IIIb 3 (23.07)
IIIc 9 (69.23)

Management
Operated 6 (46.1)

Not operated 7 (53.8)
Metastasis or locally advanced 2 (28.57)

Other causes 5 (71.42)

Pathology Staging
Tumor
ypT0 1(16.67)
ypT1 0 (0)
ypT2 2 (33.33)
ypT3 3 (50.00)
Node
ypN0 5 (83.33)
ypN1 1 (16.67)

Pathological Response
Dworak TRG system

1 (poor response) 3 (50.00)
2 (poor response) 2 (33.33)
3 (good response) 0 (0)

4 (Complete Responds) 1 (16.67)

3.2. Tumour Measurements

Thirteen patients were analyzed with regard to the mean size of the gross target volume
(GTV), which measured 122.60 mm3 (ranging from 35.33 mm3 to 662.6 mm3). The planning
target volume (PTV) for these patients was determined to be 1839.75 mm3, with a range of
1122.18 mm3 to 2910 mm3. To further investigate the correlation between tumor volume
and tumor regression grade, a subgroup was established for patients who had undergone
surgery, totaling six individuals. In this subgroup, the mean size of the gross target
tumor volume was 75.25 mm3, ranging from 60.92 mm3 to 86.54 mm3. Additionally, the
planning target volume (PTV) was calculated as 2067.27 mm3, ranging from 1463.40 mm3

to 2910 mm3 (Table 2).
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Table 2. Tumor measurements in the rectal cancer cohort that underwent surgical treatment. Key:
GTV, gross target volume; PTV, planning target volume; cTN, clinical tumor node staging; ypTN,
pathological tumor node staging; TRG, tumor regression grade.

Sample GTV (mm3) PTV (mm3) cTN ypTN TRG

R42 69.87 2177.66 cT3N2 ypT0N0 4
R50 86.54 1502.27 cT3N1 ypT3N0 1
R51 66.73 1633.77 cT3N1 ypT3N0 1
R52 60.92 1463.4 cT3N2 ypT2N0 2
R53 83.79 2910.00 cT3N1 ypT2N1 2
R61 83.63 2716.5 cT4N2 ypT3N0 1

Average 75.25 2067.27

3.3. Quantification of cfDNA

In total, 98 samples were gathered and examined from 49 patients, (including 18 from
the breast cancer group, 18 from the cervical cancer group, and 13 patients from the rectal
cancer group).

Figure 2 displays an illustration of the outcome produced by utilizing the Agilent
2100 Bioanalyzer along with the High Sensitivity DNA Kit. The X-axis illustrates the
concentration detected in seconds (s), while the Y-axis represents the concentration in
picograms per microliter (pg/μL). The final result was computed through automated
calculations using the Agilent 2100 Expert software(ver. B.02.08.SI648 [SR 1]) provided by
Agilent 2100 Bioanalyzer. The kit is designed to accurately quantify and determine the
size of DNA fragments and smears that fall within the range of 50 to 7000 bp. The red line
represents the result prior to radiotherapy, while the blue line represents the outcome after
the fifth dose of radiotherapy. We evaluated the area under the curve, which allowed us to
estimate the total quantity of DNA fragments between the two collections and determine
the ratio and differences between them.

Red Line: Before RT

Blue Line: 5th session RT

Figure 2. Example of result for cfDNA before and after 5th session of radiotherapy.

3.4. Distribution of cfDNA

Table 3 displays the mean value and variability of each sample group. For the target
group (consisting of thirteen rectal cancer patients), the mean volume of cfDNA fragments
collected from plasma was 455.45 pg/μL (with a range of 70.90–1013.80 pg/μL) before
radiotherapy, and the mean volume on the 5th day of radiotherapy was 816.92 pg/μL
(with a range of 72.50–3336.30 pg/μL). In the breast cancer control group, 18 samples
were collected both before and on the 5th day of radiotherapy. The median value before
treatment was 1494.92 pg/μL (with a range of 133.90–10,241.20 pg/μL), while the mean
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on the 5th day of radiotherapy was 1049.72 pg/μL (with a range of 62.3–6196.50 pg/μL).
For cervical cancer patients, the mean concentration of cfDNA before radiotherapy was
3063.26 pg/μL (with a range of 300.80–22,660.00 pg/μL), and the mean value on the 5th day
was 2192.03 pg/μL (with a range of 176.80–13,106.90 pg/μL). Figure 3 depicts the Box and
Whisker plot of all samples. The overall data exhibited several outliners, and no discernible
pattern or correlation was observed.

Table 3. Average and variance of cfDNA.

Range Average Variance

Rectal Cancer

Before: 70.90—1013.80 455.45 116,860.18
5th: 72.50–3336.30 816.92 789,032.72

Difference: −741.80–2427.00 361.48 737,937.48
Ratio: 0.13–14.37 3.42 18.93

Breast Cancer

Before: 133.90–10,241.20 1494.92 5,206,590.66
5th: 62.30–6196.50 1049.72 2,763,380.14

Difference: −10,083.00–4604.60 −445.20 7,669,628.27
Ratio: 0.02–3.89 0.90 1.12

Cervical Cancer

Before: 300.80–22,660.00 3063.26 28,769,505.87
5th: 176.80–13,105.90 2192.03 12,388,219.88

Difference: −22,203.40–11,347.80 −871.23 40,621,472.94
Ratio: 0.02–7.45 1.39 2.82

Before: before radiotherapy; 5th: after 5th day of radiotherapy; Difference: difference between 5th day of
radiotherapy and before radiotherapy; Ratio: ratio between 5th day of radiotherapy and before radiotherapy.

Figure 3. Box and Whisker plot of cfDNA ratio between samples.

3.5. Regression and Pearson Correlation Coefficient Test

Figure 4 displays a regression graph illustrating the cfDNA ratio within all three
patient groups. Notably, rectal cancer (r2 = 0.1372) and cervical cancer (r2 = 0.064) show
a positive regression trend, while breast cancer exhibits a negative regression, with an
r2 value of 0.003. It is important to emphasize that the Pearson test did not identify any
significant correlations among cfDNA levels (measured both before and on the 5th day of
radiotherapy), tumor volumes (GTV, PTV), and tumor regression grades (TRG), as outlined
in Table 4.
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(a) (b)

(c) (d)

Figure 4. cfDNA ratio regression graph in all three groups of patients: (a) breast cancer group, (b) cervical
cancer group, (c) rectal cancer group, (d) rectal cancer subgroup (underwent surgical treatment).

Table 4. Pearson correlation coefficient between cfDNA, tumor volume and TRG. (Key: cfDNA,
cell-free DNA; pre-RT, before radiotherapy; GTV, gross target volume; PTV, planning target volume;
TRG, tumor regression grade; Difference, difference between cfDNA after the fifth session of RT and
cfDNA before RT).

Pearson Correlation Coefficient (r) p Value

cfDNA pre-RT—PTV 0.05 0.92
cfDNA pre-RT—GTV 0.49 0.31

Difference—GTV 0.04 0.94
cfDNA after 5th session RT—GTV 0.41 0.42
cfDNA after 5th session RT—PTV 0.41 0.92

Difference—TRG 0.50 0.31

4. Discussion

In this pilot study, we successfully demonstrated the extraction and standardized
quantification of cfDNA from peripheral blood. However, in this specific experiment,
a significant correlation was not observed between cfDNA levels and tumor response.
This raises questions about the predictive role of cfDNA, which in turn prompts the
need for further research and debate concerning the timing and methodology of cfDNA
quantification, as its distribution may vary during neoadjuvant therapy.

As previously mentioned, a minor quantity of circulating free DNA (cfDNA) is typ-
ically detected in healthy individuals. Quantitative studies have shown that in healthy
individuals, cfDNA concentrations usually fall within the range of 0–100 ng/mL of blood,
with an average of 30 ng/mL, whereas in the blood of cancer patients, cfDNA concen-
trations exhibit a broader variation, ranging from 0 to 1000 ng/mL, with an average of
180 ng/mL [1,14,18].

Numerous studies have generated promising findings regarding the utility of circulat-
ing cell-free DNA (cfDNA) in monitoring the response to radiochemotherapy in patients
with locally advanced rectal cancer. In a study conducted by M. Zitt et al., responders
exhibited a reduction in cfDNA to 2.2 ng/mL (with a range of 1.5 to 2.9 ng/mL), while
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non-responders showed an increase to 5.1 ng/mL (with a range of 3.8 to 10.3 ng/mL)
(p = 0.006) [19].

Furthermore, a separate investigation led by W. Sun et al. revealed a significant
decline in the concentration of 400-base pair fragment DNA following chemoradiotherapy,
particularly within the group exhibiting a favorable treatment response (TRG 0, 1, 2 group,
p = 0.17; TRG 3, 4 group, p < 0.01) [21]. Additionally, another study demonstrated a
noteworthy association between the levels of cell-free DNA and the presence of recurrent
disease. Patients with recurrent disease displayed a median level of 13,000 copies/mL,
in contrast to the 5200 copies/mL observed in non-recurrent patients (p = 0.08). This
investigation also established a correlation between the total cell-free DNA levels and both
the pathological stage and nodal involvement [22].

In our study, we established a control group comprising breast cancer patients under-
going adjuvant radiation therapy (RT). Our hypothesis was that following neoadjuvant
therapy and mastectomy, most tumor cells would be eliminated. Adjuvant RT was then
administered to irradiate healthy breast tissue with minimal residual tumor cells. Our
study highlights a distinction between the breast cancer group, characterized by a limited
tumor burden, and the cervical cancer group, which exhibits a more substantial tumor
burden and is known for its favorable response to chemoradiation.

Before radiation therapy, cfDNA levels in the breast cancer group ranged from 133.90
to 10,241.20 pg/μL, with an average of 1494.92 pg/μL. In the cervical cancer group, the
range was from 300.80 to 22,660.00 pg/μL, with an average of 3063.26 pg/μL. On the
5th day post-treatment, cfDNA levels in the breast cancer group ranged from 62.30 to
6196.50 pg/μL, while the cervical cancer group exhibited a wider range and a higher
average (range: 176.80–13,105.90 pg/μL, average: 2192.03 pg/μL).

The objective of our study was to investigate quantitative variations in circulating free
DNA (cfDNA) in patients diagnosed with locally advanced rectal cancer who underwent
neoadjuvant long-course chemoradiation. We hypothesize that there may be changes in
DNA fragment release during therapeutic stress. To achieve our goal, we established two
control groups representing the upper and lower limits of cfDNA levels. Our aim is to
differentiate between patients who will respond favorably to neoadjuvant long-course
chemoradiation and those who will not. To accomplish this, we worked to establish a
correlation between the difference in cfDNA levels before and on the 5th day of radia-
tion treatment and the tumor regression grade (TRG) determined through pathological
examination of surgically removed tumor specimens.

Unfortunately, among the initial cohort of thirteen patients who initiated neoadjuvant
radiochemotherapy, only six patients ultimately underwent surgical resection. Notably,
one patient exhibited a complete pathological response classified as Dworak 4, while the
remaining patients demonstrated suboptimal responses, with three patients categorized as
Dworak 1 and two patients as Dworak 2. Among the seven patients who did not undergo
surgery, three were deemed ineligible for surgical intervention due to the presence of
metastasis or locally advanced disease, while the unfortunate outcome was observed in
four patients who succumbed to causes unrelated to their oncological condition.

Truelsen et al. from Elsevier propose that circulating cell-free DNA (cfDNA) can serve
as a valuable biomarker and complementary tool to imaging in identifying candidates for a
Wait and Watch (W&W) strategy among patients who have achieved a clinical complete
response (cCR). They suggest that patients characterized as “cfDNA responders” may have
an association with achieving a pathological complete response (pCR). In their investigation,
cfDNA samples were collected at baseline, during the midpoint of therapy, and at the
conclusion of treatment [7].

In contrast, our study adopted a different approach by collecting cfDNA samples
before the initiation of radiation therapy and after the fifth session of radiation. The
primary objective was to acquire early results that could assist in distinguishing patients
who are unlikely to respond favorably to chemoradiation therapy. This approach sought
to identify poor or non-responders at an early stage and to mitigate treatment-related
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toxicity [23] and reduce the extended waiting period, typically spanning 6–8 weeks after
neoadjuvant therapy, before commencing surgical intervention.

In the subgroup of our study (Tables 2 and 5), in one patient who achieved a patho-
logical complete response (pCR) before undergoing radiation therapy, the cfDNA level
was measured at 137.80 pg/μL before treatment and a slight increase to 175.70 pg/μL after
the fifth session, resulting in a difference of 37.90 pg/μL and a ratio of 1.28. For patients
classified as Dworak 1 and 2, the cfDNA levels ranged from 70.90 pg/μL to 828.50 pg/μL
before radiation therapy, with an average of 470.64 pg/μL. The average difference in cfDNA
levels was 210.14 pg/μL, and the ratio was 2.54. Among patients who did not undergo
surgery due to the presence of metastasis or locally advanced disease, baseline cfDNA lev-
els ranged from 136.20 pg/μL to 327.50 pg/μL, with an average of 231.85 pg/μL. After the
fifth session of radiation therapy, cfDNA levels ranged from 359.50 pg/μL to 1957.2 pg/μL,
with an average of 1158.35 pg/μL. The average ratio was 7.73 and the average difference
was 926.5 pg/μL. Noticeably, higher differences and ratios were observed in patients who
were not eligible for surgical treatment. However, due to the limited size of our cohort, our
study was unable to establish statistically significant results.

Table 5. Data between cfDNA (pg/μL), tumor volume (mm3) and TRG. Key: RT, radiation therapy;
GTV, gross target volume; PTV, planning target volume; TRG, tumor regression grade.

Sample
Pathological

Response
cfDNA

before RT

cfDNA
5th Day

RT

Difference
between cfDNA
5th Day RT and

cfDNA before RT

GTV PTV

R42 Complete
respond TRG 4 137.80 175.70 37.90 68.87 2177.66

R50 Dworak TRG1 828.50 818.80 −9.70 86.54 1502.27
R51 Dworak TRG 1 595.70 1150.10 554.40 66.73 1633.77
R52 Dworak TRG2 80.60 72.50 −8.10 60.92 1463.40
R53 Dworak TRG2 777.50 804.00 26.50 83.79 2910.00
R61 Dworak TRG 1 70.90 558.50 487.60 83.63 2716.50

Cellular necrosis and apoptosis represent the primary sources of circulating cell-free
DNA in plasma following radiation. Another plausible hypothesis involves exploring the
correlation between cfDNA, tumor volume and the planning target volume. Several studies
have yielded positive findings regarding the relationship between cfDNA levels and tumor
size. All of our locally advanced rectal cancer patients underwent long-course radiotherapy
(50.4 Gy/28F/5w), either with or without concomitant capecitabine at 850 mg/m2 twice
daily (BID). By maintaining this control variable, we aimed to establish a positive associa-
tion between tumor size (GTV), planning target volume (PTV), and cfDNA quantity after
the initiation of radiation.

Regrettably, despite all patients experiencing a reduction in tumor size following
neoadjuvant chemoradiotherapy, no clear relationship between cfDNA and gross tumor
volume (GTV), planning target volume (PTV), and tumor regression grade (TRG) was
discerned [24]. This lack of correlation may be attributed to the insufficient number of
samples and the timing of sample collection. It is conceivable that, on the 5th day post-
radiotherapy, a substantial quantity of cfDNA has not yet been released, necessitating a
more extended monitoring period to capture a significant release of cfDNA during and
after the completion of radiotherapy. This consideration aligns with evidence indicating
that tumors continue to respond to radiotherapy for at least two months after treatment
completion. Other studies have taken a weekly sampling approach during radiotherapy,
correlating the cumulative cfDNA levels with TRG or distinguishing between complete
responders and non-responders [25]. Similarly, Truelsen et al. collected cfDNA samples at
the onset, midpoint, and conclusion of radiotherapy, subsequently comparing the mean
values of these samples using ROC curve analysis in relation to TRG [7].
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This study recognizes the need for further research to address the current limitations
of cfDNA analysis and enhance its prognostic utility in rectal cancer. It underscores the
importance of conducting larger, more comprehensive studies to validate these findings
and optimize cfDNA analysis as a prognostic tool for rectal cancer.

5. Conclusions

cfDNA does not seem to predict response to neoadjuvant chemoradiotherapy and it is
not correlated to tumor volume or tumor regression grade.
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Abstract: Background and Objectives: Although radiofrequency ablation (RFA) is widely used as an
effective local treatment for hepatocellular carcinoma (HCC), evidence on salvage hepatectomy for
local recurrence after RFA is limited. This study aims to compare open and laparoscopic approaches
in salvage hepatectomy for recurrent HCC after RFA. Materials and Methods: Among patients who
underwent hepatectomy between January 2004 and August 2022 at a single tertiary referral center,
55 patients who underwent salvage hepatectomy for marginal recurrence after RFA were selected.
An open approach was used in 23 (41.8%) patients, while 32 (58.2%) patients underwent laparoscopic
surgery. Short-term and long-term outcomes were compared between the two groups. Results:
Major hepatectomy was more often performed in the open group (9 [39.1%] vs. 4 [12.5%], p = 0.022).
Intraoperative blood loss was also greater in the open group (450 (325–750) vs. 300 (200–600),
p = 0.034). Operation time (p = 0.144) and postoperative morbidity rates (p = 0.639) were similar, and
there was no postoperative mortality in either group. Postoperative hospital stay was significantly
longer in the open group compared to the laparoscopy group (8 (6–11) days vs. 5 (4–7) days, p = 0.028).
The 1-, 3-, and 5-year disease-free survival rates showed no difference between the two groups
(44.6% vs. 62.5%, 16.5% vs. 13.5%, and 8.3% vs. 13.5%, respectively; p = 0.154). The 1-, 3-, and
5-year overall survival rates between the two groups were also similar (85.7% vs. 96.8%, 79.6% vs.
86.0%, and 79.6% vs. 79.4%, respectively; p = 0.480). Conclusions: Laparoscopic salvage hepatectomy
shows oncologic outcomes comparable to the open approach with faster postoperative recovery rates.
Considering that recurrence rates are high after RFA, the laparoscopic approach should be considered
as a first-line option in selected patients.

Keywords: hepatocellular carcinoma; radiofrequency ablation; salvage hepatectomy; laparoscopic
liver resection

1. Introduction

Treatment selection for hepatocellular carcinoma (HCC) is based on various factors
including disease stage, underlying liver condition, and the performance status of the
patient. Local ablation techniques including radiofrequency ablation (RFA) are accepted as
curative therapeutic options for very early and early-stage HCC [1–3]. However, marginal
recurrence after RFA has been reported in 2% to 36% of patients, and high recurrence rates
are generally known to affect long-term survival after RFA [4,5].

Most patients experiencing recurrence after RFA are treated with repeated local abla-
tion or transcatheter arterial chemoembolization (TACE) [6]. Surgical treatment for recurred
tumors, referred to as salvage hepatectomy, has also been reported as an acceptable treat-
ment option [4,7–9]. Previous studies found the survival benefit of salvage hepatectomy to
be comparable to primary hepatic resection with similar overall survival rates [4,7]. Yet the
technical feasibility of salvage hepatectomy has been challenged; RFA procedures might
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cause dense adhesions that render the approach for liver mobilization extremely difficult,
and more extensive resections might be necessary due to advanced-stage tumors [7,8].

Since its introduction, laparoscopic liver resection has been associated with better
short-term outcomes and similar oncologic survival compared to the open approach [10–12].
Due to advances in minimally invasive techniques and surgical strategies, the indication
for laparoscopic surgery has been extended to tumors in difficult locations, underlying
advanced cirrhosis, and elderly patients with multiple comorbidities [13–15]. Yet the role of
laparoscopic surgery in salvage hepatectomy for local recurrence after RFA has never been
addressed. The aim of this study was to compare the short-term and long-term outcomes
of open and laparoscopic salvage hepatectomy for recurrent HCC after RFA.

2. Materials and Methods

2.1. Study Population

Between January 2004 and August 2022, 1235 patients underwent hepatectomy for
HCC at Seoul National University Bundang Hospital (SNUBH), a tertiary referral hospital
in Korea. Among them, 60 consecutive patients who underwent salvage hepatectomy
for marginal recurrence after RFA were selected. Five patients who underwent open
conversion were excluded from the analysis. Finally, 23 patients who underwent open
salvage hepatectomy and 32 patients who received laparoscopic salvage hepatectomy
were compared (Figure 1). This study was approved by the institutional review boards of
SNUBH and conducted in compliance with the STROBE guidelines for cohort studies.

 

Figure 1. Flowchart diagram for patient selection.

2.2. Data Collection and Definitions

Demographic information, information related to operative data, information on
pathological features, and survival data were collected from medical records. The termi-
nology used for the hepatectomy procedures was based on Couinaud’s classification [16].
Major hepatectomy was defined as the resection of three or more liver segments, and
minor hepatectomy was defined as sectionectomy, segmentectomy, or non-anatomical
liver wedge resection. Estimated blood loss was based on visual estimation at the end of
surgery by both the surgeon and the anesthesiologist. Morbidities were graded by the
Clavien–Dindo classification system [17]. In-hospital death was defined as death at any
time during hospital stay.
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2.3. Surgical Procedure

The decision on surgical approach was made individually based on tumor charac-
teristics including size, number, and location and patient factors including liver cirrhosis,
underlying disease, and history of previous abdominal operations. Open and laparoscopic
salvage hepatectomies were performed by the same team with standardized operation
procedures that were not influenced by the surgical approach. In open hepatectomy, the
patient was placed in the supine position under general anesthesia. An upper midline
incision with a right extension was used. Intraoperative ultrasound examinations were
utilized to confirm the location and size of the tumor and its location in relation to major
vessels. A Cavitron ultrasonic surgical aspirator (CUSA; Valleylab, Boulder, CO, USA)
was used for liver parenchymal transection. Hemostasis was pursued through the use
of monopolar or bipolar electrocautery, argon beam, or sutures. Abdominal drains were
routinely placed at the hepatic resection margin.

In laparoscopic hepatectomy, the patient was placed in the lithotomy position. A
subumbilical 12 mm trocar was used as the camera port. All operations were performed
with a three-dimensional flexible tip laparoscope. Three to four additional working ports
were placed in consideration of the tumor’s location and size. Ultrasound examination
was performed in the same manner as for the open approach. An ultrasonic dissector
(Harmonic; Ethicon, Cincinnati, OH, USA) was used for adhesiolysis, liver mobilization,
and superficial liver parenchymal transection; for deeper dissection, CUSA was used as
in open hepatectomy. Hemostasis was performed with monopolar electrocautery, metal
clips, or sutures. The liver specimen was delivered through an extension of the subum-
bilical incision. Abdominal drains were placed using the 5 mm trocar sites at the hepatic
resection margin.

2.4. Follow-Up

All of the patients underwent regular follow-up with clinical examination, measure-
ment of serum tumor markers including α-fetoprotein (AFP) and des-γ-carboxyprothrombin
(DCP), and imaging studies including computed tomography (CT) or gadoxetic-acid-
enhanced magnetic resonance imaging (MRI). Recurrence was defined as the appearance of
a new lesion with radiologic features typical of HCC. The median time to recurrence after
RFA was 9 months. Disease-free survival was defined as the interval between the operation
and the date of first recurrence. Overall survival was defined as the interval between the
operation and the date of cancer-related death or the last follow-up. The median follow-up
duration was 33 months.

2.5. Statistical Analysis

All statistical analyses were performed using SPSS (version 25.0, IBM Inc., Armonk,
NY, USA). Categorical data were expressed as frequency (percentage). Continuous variables
were expressed as the mean ± standard deviation for normally distributed variables or
as the median (interquartile range) for non-normally distributed variables. Continuous
variables were compared using Student’s t-test or the Mann–Whitney U test; categorical
variables were compared using Pearson’s chi-square test or Fisher’s exact test. Survival
analysis was conducted with the Kaplan–Meier method and log-rank test. Prognosis factors
for survival were investigated using univariable and multivariable Cox regression analyses.
All p-values were two-sided, and p < 0.05 was considered statistically significant.

3. Results

3.1. Patient Characteristics

The clinical characteristics of the study participants are summarized in Table 1. The
open and laparoscopic salvage hepatectomy groups showed no statistically significant
difference in age, sex, body mass index (BMI), and operation history. Baseline liver functions
including Child–Pugh class, Model for End-Stage Liver Disease (MELD) score, platelet
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count, prothrombin time, and serum albumin level were similar between the two groups.
Tumor marker levels also showed no difference.

Table 1. Baseline characteristics of the study participants.

Open
(n = 23)

Laparoscopy
(n = 32)

Total
(n = 55)

p-Value

Age (years) 61 (53–69) 63 (54–68) 62 (54–68) 0.755
Sex (male:female) 21:2 28:4 49:6 0.999
BMI (kg/m2, mean ± SD) 24.0 ± 3.6 24.9 ± 2.6 24.6 ± 3.1 0.276
Hypertension 11 (47.8) 13 (40.6) 24 (43.6) 0.798
Diabetes 5 (21.7) 12 (37.5) 17 (30.9) 0.341
Cardiovascular disease 1 (4.3) 1 (3.1) 2 (3.6) >0.999
Hepatitis B 18 (78.3) 27 (84.4) 45 (81.8) 0.726
Hepatitis C 4 (17.4) 2 (6.3) 6 (10.9) 0.223
Alcoholic 3 (13.0) 5 (15.6) 8 (14.5) >0.999
Previous abdominal
operation 8 (34.8) 12 (37.5) 20 (36.4) >0.999

Child–Pugh class 0.418
A 22 (95.7) 32 (100) 54 (98.2)
B 1 (4.3) 0 1 (1.8)

MELD score 7.2 (6.8–8.4) 7.2 (6.8–8.2) 7.2 (6.8–8.4) 0.746
Platelet count (104/uL) 180 (100–242) 158 (117–194) 161 (113–226) 0.379
Prothrombin time (INR) 1.03 (1.01–1.11) 1.05 (1.00–1.10) 1.04 (1.01–1.10) 0.850
Total bilirubin (mg/dL) 0.76 (0.50–1.11) 0.71 (0.62–1.10) 0.71 (0.60–1.10) 0.374
Serum albumin (g/dL) 4.3 (4.1–4.7) 4.3 (3.9–4.5) 4.3 (4.0–4.6) 0.276
AFP (ng/mL) 18.5 (2.8–137.5) 4.5 (3.2–51.0) 7.1 (3.0–59.3) 0.256
DCP (AU/mL) 27 (19–65) 24 (16–77) 25 (17–69) 0.836

BMI, body mass index; SD, standard deviation; MELD, Model for End-Stage Liver Disease; INR, international
normalized ratio; AFP, alpha-fetoprotein; DCP, des-gamma-carboxy prothrombin. The values are presented as the
median (interquartile range) or n (%) unless otherwise indicated.

3.2. Operative Parameters

The operative parameters were compared between the open and laparoscopy groups
(Table 2). Major hepatectomy was more frequently performed during open salvage hepate-
ctomy (9 [39.1%] vs. 4 [12.5%], p = 0.049). There was no difference in anatomical resection
rate, operation time, and duration of the Pringle maneuver. The open conversion rate in the
laparoscopic group was 13.5% (5/37), with severe adhesion in three patients, intraoperative
vital instability in one patient, and difficulty in securing the resection margin in one pa-
tient. Estimated blood loss was greater in the open group (450 (325–750) vs. 300 (200–600),
p = 0.034), but the intraoperative transfusion rates were similar between the two groups.

Table 2. Comparison of operative parameters.

Open
(n = 23)

Laparoscopy
(n = 32)

Total
(n = 55)

p-Value

Operative extent 0.049
Major resection 9 (39.1) 4 (12.5) 13 (23.6)
Minor resection 14 (60.9) 28 (87.5) 42 (76.4)

Anatomical resection 12 (52.2) 11 (34.4) 23 (41.8) 0.297
Deviation from the initial plan 0.604

More extensive resection 10 (43.5) 10 (31.3) 20 (36.4)
Less extensive resection 1 (4.3) 1 (3.1) 2 (3.6)

Operation time (min) 230 (163–308) 153 (108–293) 220 (125–305) 0.144
Pringle time (min) 20 (15–30) 40 (23–60) 30 (15–45) 0.111
Estimated blood loss (cc) 450 (325–750) 300 (200–600) 350 (300–700) 0.034
RBC transfusion 3 (13.0) 3 (9.4) 6 (10.9) >0.999

RBC, red blood cell. The values are presented as median (interquartile range) or n (%) unless otherwise indicated.
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3.3. Pathologic Features and Postoperative Outcomes

When pathological data of the two groups were compared, there was no difference
in tumor location, tumor number, tumor grade, vascular invasion rate, or margin status
(Table 3). The tumor size was larger in the open salvage hepatectomy group (3.0 [1.9–3.5]
vs. 2.0 [1.2–3.0], p = 0.049). In the analysis of postoperative outcomes, no statistically
significant difference in postoperative complication rates or intensive care unit admission
was found. There were no in-hospital deaths in either group. Postoperative hospital stay
was significantly shorter in the laparoscopy group (8 [6–11] vs. 5 [4–7], p = 0.028).

Table 3. Comparison of pathological features and postoperative outcomes.

Open
(n = 23)

Laparoscopy
(n = 32)

Total
(n = 55)

p-Value

Tumor location 0.655
Anterolateral 16 (69.6) 24 (75.0) 40 (72.7)
Posterosuperior 7 (30.4) 8 (25.0) 15 (27.3)

Tumor number 1 (1–1) 1 (1–1) 1 (1–1) 0.592
Tumor size (cm) 3.0 (1.9–3.5) 2.0 (1.2–3.0) 2.6 (1.5–3.2) 0.049
Edmonson grade 0.555

1 0 1 (3.4) 1 (1.8)
2 8 (40.0) 8 (27.6) 16 (29.1)
3 8 (40.0) 16 (55.2) 24 (43.6)
4 4 (20.0) 4 (13.8) 8 (14.5)

Vascular invasion
Macrovascular 5 (21.7) 2 (6.9) 7 (12.7) 0.251
Microvascular 11 (47.8) 10 (34.5) 21 (38.2) 0.491

Margin status >0.999
R0 20 (87.0) 26 (89.7) 46 (88.5)
R1 3 (13.0) 3 (10.3) 6 (11.5)

Liver cirrhosis 10 (43.5) 17 (53.1) 27 (49.1) 0.480
Complication 4 (17.4) 3 (9.4) 7 (13.2) 0.639

Angina 0 1 (3.1) 1 (1.7)
Pleural effusion 2 (8.7) 0 3 (5.0)
Pulmonary thromboembolism 1 (4.3) 0 1 (1.7)
Bile leakage 2 (8.7) 2 (6.2) 5 (8.3)
Post-hepatectomy liver failure 1 (4.3) 0 1 (1.7)
Ileus 0 1 (3.1) 1 (1.7)

Clavien–Dindo grade ≥ IIIa
complication 3 (14.3) 1 (3.1) 4 (7.5) 0.289

Intensive care unit stay 1 (4.8) 3 (9.4) 4 (7.5) 0.999
In-hospital death 0 0 0 -
Postoperative hospital stay (day) 8 (6–11) 5 (4–7) 6 (5–9) 0.028
Follow-up (months) 28 (16–95) 36 (19–74) 33 (18–74) 0.999
Recurrence

Local recurrence 11 (47.8) 21 (65.6) 32 (58.2) 0.187
Systemic recurrence 11 (47.8) 9 (28.1) 20 (36.4) 0.134

Cancer-related death 5 (21.7) 8 (25.0) 13 (23.6) 0.779
The values are presented as the median (interquartile range) or n (%) unless otherwise indicated.

3.4. Survival Outcomes

The overall 1-, 3-, and 5-year DFS rates of the study population were 48.7, 32.5%,
and 26.2%, respectively. The recurrence rates showed no statistically significant difference
between the open and laparoscopic salvage hepatectomy groups for either local recurrence
(11 [47.8%] vs. 21 [65.6%], p = 0.187) or systemic recurrence (11 [47.8%] vs. 9 [28.1%],
p = 0.134). There was no difference in the 1-, 3-, and 5-year DFS rates between the two
groups (44.6% vs. 62.5%, 16.5% vs. 13.5%, and 8.3% vs. 13.5%, respectively; p = 0.154).
The overall 1-, 3-, and 5-year OS rates of the study population were 93.0%, 81.9%, and
78.0%, respectively. The cancer-related death rates were similar between the two groups
(5 [21.7%] vs. 8 [25.0%], p = 0.779). The difference in the 1-, 3-, and 5-year overall survival
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rates between the two groups was also not statistically significant (85.7% vs. 96.8%, 79.6%
vs. 86.0%, and 79.6% vs. 79.4%, respectively; p = 0.480). The cumulative disease-free and
overall survival curves are shown in Figure 2.

 
(a) (b) 

Figure 2. Kaplan–Meier survival curves for disease-free and overall survival. (a) 5-year disease-free
survival and (b) 5-year overall survival.

3.5. Risk Factor Analysis for Recurrence after RFA

Cox regression analysis was conducted to analyze risk factors for recurrence after RFA
(Table 4). Tumor number was the only significant predictor for recurrence (hazard ratio
[HR] 3.05, p = 0.009). In the univariable Cox regression analysis of risk factors for cancer-
related death, Child–Pugh class, tumor number, tumor grade, and vascular invasion were
found to be significant. In the multivariable analysis, tumor number (HR 8.34, p = 0.009),
tumor grade (HR 17.98, p = 0.008), and vascular invasion (HR 8.19, p = 0.014) remained as
prognostic factors.

Table 4. Cox regression analyses for recurrence and cancer-related death after RFA.

Disease-Free Survival Overall Survival

Univariable Univariable Multivariable

HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

Sex
Male Ref. Ref.
Female 0.86 (0.30–2.42) 0.768 0.72 (0.09–5.53) 0.751

Age (years)
<60 Ref. Ref.
≥60 1.41 (0.71–2.80) 0.332 1.29 (0.42–3.96) 0.655

Child–Pugh class
A Ref. Ref. Ref.
B 4.44 (0.57–34.37) 0.154 11.58 (1.29–104.25) 0.029 7.59 (0.62–92.41) 0.112

AFP (ng/mL)
<200 Ref. Ref.
≥200 0.94 (0.33–2.67) 0.912 1.45 (0.32–6.53) 0.633

Operative method
Open Ref. Ref.
Laparoscopic 0.62 (0.32–1.18) 0.145 0.94 (0.31–2.88) 0.913
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Table 4. Cont.

Disease-Free Survival Overall Survival

Univariable Univariable Multivariable

HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

Operative extent
Minor resection Ref. Ref.
Major resection 0.84 (0.38–1.84) 0.660 1.43 (0.39–5.26) 0.592

Tumor location
Anterolateral Ref. Ref.
Posterosuperior 1.06 (0.53–2.16) 0.864 0.43 (0.10–1.95) 0.275

Tumor number
<3 Ref. Ref. Ref.
≥3 3.05 (1.31–7.08) 0.009 3.41 (1.11–10.44) 0.032 8.34 (1.70–40.92) 0.009

Tumor size (cm)
<3.0 Ref. Ref.
≥3.0 0.85 (0.44–1.64) 0.620 0.40 (0.12–1.32) 0.131

Tumor grade
Good/moderate Ref. Ref. Ref.
Poor 2.00 (0.92–4.34) 0.079 8.57 (1.51–48.78) 0.015 17.98 (2.15–150.59) 0.008

Vascular invasion
No Ref. Ref. Ref.
Yes 1.38 (0.53–3.60) 0.508 3.47 (1.04–11.55) 0.043 8.19 (1.54–43.45) 0.014

Resection status
R0 Ref. Ref.
R1 2.80 (0.84–9.36) 0.095 5.11 (0.53–49.14) 0.158

HR, hazard ratio; CI, confidence interval.

4. Discussion

HCC is the fourth leading cause of cancer mortality worldwide and the second most
common cause of cancer mortality in Korea [18]. RFA is an effective treatment strategy for
early HCC, especially in patients with limited liver functional reserve [19]. However, post-
RFA recurrence is relatively common, and locally recurrent tumors show more aggressive
behavior compared to primary tumors [20–22]. Studies on the treatment strategies and
long-term outcomes of local recurrence after RFA are limited [6]. Previous studies have
shown that salvage hepatectomy could be a therapeutic option for recurrence after RFA,
yet most results are based on retrospective cohort studies from single centers with limited
sample sizes [4,7–9]. Due to such limitations, the effect of the surgical approach in salvage
hepatectomy has never been addressed. To our knowledge, this is the first study to compare
short-term and long-term outcomes of open and laparoscopic salvage hepatectomy for
local recurrence after RFA.

Salvage hepatectomy for local recurrence after RFA has been associated with more tech-
nical difficulties compared to primary liver resection. One of the advantages of RFA over
surgical resection is its less invasive nature, which allows for repeated procedures in case of
recurrence; for such reasons, patients referred for salvage hepatectomy are likely to be those
for whom repeated RFA was technically difficult [23,24]. Also, RFA might cause dense
adhesions around the liver, which renders liver mobilization and approach to the tumor
even more challenging. Previous studies showed that salvage hepatectomy was associated
with longer operation times, more intraoperative blood loss, and higher transfusion rates
compared to patients undergoing primary liver resection [4,7]. Yamashita et al. also found
postoperative morbidity rates to be higher in the salvage hepatectomy group compared to
a matched control group who underwent hepatectomy as initial treatment [8]. However,
when salvage hepatectomy for recurrence after RFA was compared with secondary liver
resection for recurrence after surgery, short-term outcomes including operative data and
postoperative complications showed no statistically significant difference [25].
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In all previous studies, salvage hepatectomy for recurrence after RFA was performed
exclusively by the open approach. Therefore, the effect of the surgical approach on postop-
erative outcomes after salvage hepatectomy could not be analyzed. In the current study,
58.2% of all patients received laparoscopic surgery. Short-term outcomes including intra-
operative blood loss, transfusion rates, operation time, and postoperative complication
rates were comparable to previous studies. We also found that the laparoscopic approach
was associated with less blood loss and shorter postoperative hospital stays. These results
suggest that laparoscopic salvage hepatectomy is safe and technically feasible if performed
by experienced surgeons. Yet the tumor size was larger in the open group, and major
hepatectomy was more often performed by the open approach. Decision on the surgical
approach, either open or laparoscopic, was made independently by the individual surgeon
based on various factors including tumor size and location. It is possible that operators
tended to use the open approach more often when major liver resection was necessary. This
difference in tumor size and major hepatectomy rate could have influenced the postop-
erative outcomes including operation time, intraoperative blood loss, and postoperative
hospital stay. Still, the results of the current study suggest that laparoscopic salvage hep-
atectomy could be performed safely in patients who are determined to be suitable for
minimally invasive liver resection. In patients with large recurrent tumors requiring major
hepatectomy or concurrent extrahepatic resection, open surgery should be considered.
Further large-scale prospective studies are necessary to establish practical guidelines for
performing laparoscopic salvage hepatectomy.

Reports on the long-term survival outcomes after salvage hepatectomy for recurrence
after RFA vary between studies. Sugo et al. found no significant difference in overall
survival between patients who underwent salvage hepatectomy and those who underwent
primary hepatectomy, with a 5-year survival rate of 67% in the salvage hepatectomy
group [4]. Yet the 1-, 3-, and 5-year disease-free survival rates were significantly worse
in the salvage group. Another study from Japan found the 5-year overall survival rate of
patients undergoing salvage hepatectomy to be 58.3%, which was equivalent to the Japanese
nationwide survey of HCC [9]. On the contrary, Yamamoto et al. reported that cumulative
survival rates were only 9.5% at 5 years in patients undergoing salvage hepatectomy, which
was worse than the known survival rates after surgery as the initial treatment in Japanese
HCC patients [26]. An Italian study on salvage hepatic resection for incomplete ablation of
primary and secondary liver tumors reported that both 2-year disease-free survival rates
(salvage hepatectomy 28.5% vs. primary hepatectomy 83.1%, p = 0.003) and overall survival
rates (salvage hepatectomy 44.4% vs. primary hepatectomy 87.1%, p < 0.001) were worse in
the salvage hepatectomy group [7].

In the current study, the 5-year overall survival rate of patients undergoing salvage
hepatectomy was 78.0%, which was superior to previous studies. There was no difference
in overall survival between the open and laparoscopy groups, which suggested that the
survival outcomes were comparable between the two approaches. However, in accordance
with previous literature, recurrence after salvage hepatectomy was relatively common.
Systemic recurrence rates were especially high, which reflected the aggressive behavior
of recurrent HCC after RFA. Disease-free survival rates between open and laparoscopic
salvage hepatectomy showed no statistically significant difference. This result suggested
that the relatively high recurrence rates after salvage hepatectomy should be attributed to
the tumor biology itself, rather than the surgical approach.

Local recurrence after RFA has shown a correlation with various clinicopathological
factors. Previous studies found that large tumor size, multiple nodules, high serum tu-
mor marker levels, insufficient tumor margin, tumor location near the liver surface, and
decreased expertise of the performing physician were associated with an increased risk
of local recurrence [20,21,27–31]. In the current study, we found tumor number to be the
only independent risk factor. The surgical approach had no prognostic effect, which sug-
gested that laparoscopic salvage hepatectomy can be performed with favorable oncologic
outcomes. Considering the relatively high recurrence rates after salvage hepatectomy, there
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is a high possibility that these patients might need additional treatment including local
ablation, TACE, or even repeated surgical resection. In such cases, patients are likely to
benefit from laparoscopic surgery, which allows for faster recovery, lower morbidity rates,
and a higher chance for safe reoperation.

This study has certain limitations. First, this was a retrospective study conducted at a
single institution. Second, the decision on the surgical approach was made by the individual
surgeon, considering both patient factors and tumor characteristics. Although the baseline
characteristics between the open and laparoscopy groups showed no statistically significant
difference, it is possible that a selection bias existed between the two groups. Future large-
scale prospective studies are necessary to further validate the effect of the surgical approach
in salvage hepatectomy for local recurrence after RFA.

5. Conclusions

Salvage hepatectomy is an acceptable treatment option for recurrence after RFA with
an overall survival benefit. Laparoscopic salvage hepatectomy shows oncologic outcomes
comparable to the open approach with less intraoperative blood loss and faster postopera-
tive recovery. Considering that recurrence rates are high after RFA and repetitive treatment
may be necessary, the laparoscopic approach should be considered as a safe and feasible
option in patients eligible for surgical resection.
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Abstract: The management of locally advanced rectal cancer (LARC) suffered changes thanks to the
development of improved surgical procedures, radiation delivery, and chemotherapy. Although
treatment options improved individually, the optimal order is still debated. Neoadjuvant chemo-
radiotherapy followed by total mesorectal excision (TME) has been the “golden standard” for locally
advanced rectal cancer. There is no common ground in international guidelines on the indications of
adjuvant chemotherapy (ADJCHT), with differences between the American, European, and Japanese
guidelines. This paper studies the preferences of Romanian oncologists in prescribing ADJCHT. We
conducted a single-institution, retrospective study of all nonmetastatic, ECOG 0-1 LARC patients
staged II-III who underwent TME and were admitted to the Oncology or Radiotherapy Department
of Colt,ea Clinical Hospital, Bucharest between January 2017 and March 2021. A total of 186 patients
were included in the study. A positive correlation was found between ADJCHT and each of the
following: (y)pT > 2, (y)pN > 0, and the presence of perineural invasion (PNI+). A strong positive
correlation was found between ADJCHT and the presence of at least one risk factor: (y)pT > 2,
(y)pN > 0, PNI+, lymphovascular invasion, positive margins, or tumor grade > 1. Tumor downstaging
decreased the risk of metastases in the first 2 years and was associated with the use of neoadjuvant
radiotherapy, while adding neoadjuvant chemotherapy increased the chance of nodal downstaging.
ADJCHT practice for LARC in Romania follows either NCCN or ESMO guidelines, at the discretion
of the oncologist, due to the lack of national guideline.

Keywords: adjuvant chemotherapy; neoadjuvant radiotherapy; neoadjuvant radiochemotherapy;
rectal cancer; tumor downstage; Romanian oncologists

1. Introduction

1.1. Overview

Locally advanced rectal cancer is most often treated with the three pillars of on-
cology: surgery, radiotherapy, and chemotherapy, with the classic order being neoadju-
vant radiochemotherapy, followed by surgery, and finally by systemic therapy. Adjuvant
chemotherapy (ADJCHT) after neoadjuvant treatment in rectal cancer is recommended by
the American National Comprehensive Cancer Network [1], European Society for Medical
Oncology [2], and Japanese Society for Cancer of the Colon and Rectum [3] guidelines on
a routine basis for patients who have been treated with standard neoadjuvant treatment
short-course radiotherapy (SCRT) or long-course radiochemotherapy (LCRCT) for stage
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III. In the case of stage II rectal cancer, however, there are differences between the NCCN
guideline, which recommends the use of adjuvant chemotherapy systematically, versus the
ESMO and JSCCR guidelines, which recommend the use of adjuvant chemotherapy only in
the presence of an increased risk of relapse [4].

In Romania, there is no national guideline for the treatment of colorectal cancer,
with each oncologist having the possibility to follow international protocols and use free
judgment in the decision to administer adjuvant chemotherapy. In 2021, a political initiative
to promote a national cancer plan [5] emerged, which aims to improve the management of
oncological diseases. A guideline was proposed that monitors the colorectal cancer patient
pathway and recommends the use of adjuvant chemotherapy for all stage II and III rectal
cancers, rather than mimicking the NCCN treatment guideline, without presenting its own
nationally conducted studies.

This study aims to identify the criteria chosen by Romanian oncologists to administer
adjuvant chemotherapy in patients with locally advanced rectal cancer, in the absence
of a national guideline that clearly indicates this. The secondary objective is to analyze
the relationships between the use of neoadjuvant treatment, the rate of tumor or nodal
downstage, and the rate of recurrence or metastasis at 2 years.

1.2. Background

The oncological treatment of locally advanced rectal cancer has undergone many
changes in recent decades, with it now using all three major oncological therapeutic options:
radiotherapy, chemotherapy, and surgery. However, colorectal cancer still remained the
second leading cause of mortality globally in 2020 [6] and has an increasing incidence in
Central and Eastern Europe, including Romania, where more than 4800 new cases of rectal
cancer were diagnosed in 2020 [7]. The appropriate administration order of the therapeutic
methods was studied at the end of the 20th century, adding radiotherapy and chemotherapy
to the neoadjuvant treatment scheme and establishing the total mesorectal excision (TME)
technique as the gold-standard surgical procedure [8,9]. The 5-year local recurrence rate
ranged from 15 to 40% [10,11] in the 1980s, decreasing to 4–15% in recent years with
technological advances and the optimization of cancer treatment [12–14]. However, the
reported metastasis rate (MR) for stage II-III rectal cancer is as high as 25%, with a slight
improvement after the introduction of neoadjuvant radiosensitizing chemotherapy [15,16].

In recent years, the possibility of total neoadjuvant treatment (TNT) including short-
course radiotherapy or long-course radiochemotherapy, given before or after 3–4 months of
fluoropyrimidine and oxaliplatin chemotherapy, has been studied, with superior results for
achieving a complete pathological response (pCR) and better disease-free survival (DFS)
and overall survival (OS) [17,18]. The RAPIDO trial [19] shows an improvement in the rate
of local recurrence and metastasis rate, and the OPRA trial [20] even proposes the “watch
and wait” organ preservation strategy and omitting surgery in patients with complete
response [21].

The total neoadjuvant treatment strategy is not yet recommended for all stages of
locally advanced rectal neoplasm (LARC) [1] and is not adopted in all centers, which
is why standard neoadjuvant treatment using short-course radiotherapy or long-course
radiochemotherapy remains the basic indication in locally advanced rectal cancer.

In the case of adjuvant chemotherapy, the EORTC 22921 study indicated, at the
first analysis, a benefit of adjuvant chemotherapy for local control [22], but at the 10-
year analysis, it actually showed no survival benefit [23]. Another reference study is
the Italian study published in 2014 showing no benefit of adjuvant fluoropyrimidine
monotherapy for overall survival [24]. A large meta-analysis comprised of four studies
concluded that adjuvant chemotherapy does not benefit overall survival, disease-free
survival, or metastasis rate, except for upper rectal cancers [25]. The ADORE study also
added oxaliplatin to the adjuvant treatment regimen and obtained better results for disease-
free survival at 6 years (68% vs. 57% HR 0.63, 95% CI 0.43–0.93), with no difference in
survival [26,27].
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2. Materials and Methods

2.1. Patients and Design

We conducted a retrospective study on 186 patients with clinically or pathologically
diagnosed locally advanced rectal cancer in stages II or III who presented to the Radio-
therapy or Medical Oncology Department of Colt,ea Clinical Hospital, Bucharest between
January 2017 and March 2021. All patients included in the study underwent surgery using
the TME technique via the low anterior or abdominoperineal approach and had an ECOG
performance status of 0 or 1 at the time of surgery.

Epidemiological information was collected on gender, age, and tumor location de-
scribed by the surgeon during colonoscopy at the lower rectal, middle rectal, upper rectal,
or rectosigmoid junction. All patients were clinically and pathologically staged, and the
following histopathological report data were analyzed: tumor and nodal stage (pT and pN),
resection margins (Postop), histopathological grade (Grade), and the presence/absence of
lymphovascular (LVI) and perineural invasion (PNI). The extent of extramural invasion
was not analyzed as not all preoperative MRIs provided this information. The tumor
marker CEA was not routinely recorded in all patients and was excluded from the statisti-
cal analysis.

2.2. Treatment

Patients with locally advanced rectal cancer who received neoadjuvant treatment un-
derwent long-course external pelvic radiotherapy with doses between 45 and 50.4 Gy, using
the 3D or IMRT techniques +/− chemotherapy with capecitabine at a dose of 825 mg/m2

twice daily during radiotherapy. TME surgery was performed for all patients 8–12 weeks
after neoadjuvant treatment.

In the case of upper rectal cancer with sigmoid extension, some patients were treated
with surgery per primam, followed by adjuvant treatment according to the postoperative
pathological report.

Patients who received adjuvant chemotherapy received between 6 and 8 cycles (of
3 weeks each) of 1000 mg/m2 capecitabine twice daily on days 1–14, concurrently with
130 mg/m2 oxaliplatin on day 1, or 1250 mg/m2 capecitabine monotherapy twice daily on
days 1–14 if biological constants did not allow platinum administration.

2.3. Follow-Up

Patients were followed up by the attending medical oncologist or radiation oncologist
every 3 months and CT or MRI imaging investigations were performed for locoregional
evaluation, as per the clinic protocol. Follow-up data from the first 2 years were analyzed
for all patients and any local recurrences or distant metastasis were recorded.

2.4. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics v29 software, applying
Pearson correlations and t-test statistical significance tests between the use of adjuvant
chemotherapy and each of the histopathological criteria: (y)pT, (y)pN, LVI, PNI, Postop,
and Grade. The same correlation algorithm was applied to identify the link between
the use of neoadjuvant radiotherapy (NEORT) or radiochemotherapy (NEOCHTRT), the
occurrence of local recurrence (relapse2y) or metastatic disease (metastasis2y) in the first
2 years, and the occurrence of tumor (T.downstage) and nodal (N.downstage) downstaging.

3. Results

Of the total 186 patients included in the study, 53.2% of patients (n = 99) were male (B)
and 46.8% (n = 87) were female (F) (Table 1; Figure 1).
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Table 1. Descriptive gender analysis.

Gender Descriptive Statistics

Frequency Percent Valid Percent Cumulative Percent

Valid

B 99 53.2 53.2 53.2

F S87 46.8 46.8 100.0

Total 186 100.0 100.0

Figure 1. Pie chart for gender.

The mean age of the patients was 67.42 years with a standard deviation of 11.07 years.
A majority distribution of patients was observed in the 60–80 years age range (Figure 2).

Figure 2. Histogram of age distribution.

The location of the tumor was at the lower rectal (RI) level in 29.25% of cases (n = 43),
at the middle rectal (RM) level in 40.14% of cases (n = 59), at the upper rectal (RS) level
in 26.53% of cases (n = 49), and at the rectosigmoid junction (JONC) in 30.61% of cases
(n = 45). Most of the patients had tumors located in the middle rectum (Table 2, Figure 3).
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Table 2. Location of tumor formation.

LOCALIZATION

Frequency Percent Valid Percent Cumulative Percent

Valid

JONC 45 24.2 24.2 24.2

RI 43 23.1 23.1 47.3

RM 59 31.7 31.7 79.0

RS 39 21.0 21.0 100.0

Total 186 100.0 100.0

Figure 3. Bar chart showing the location of the tumor formation.

Compared to other rectal cancer studies, our study included patients with rectal tumors
located higher up at the rectosigmoid junction, as some of them received neoadjuvant long-
course radiochemotherapy treatment similar to standard rectal cancer treatment.

Pretreatment clinical staging includes 6.01% stage I patients (n = 11), 25.14% stage II
patients (n = 46) and 68.85% stage III patients (n = 126) (Figure 4).

Figure 4. Bar chart with clinical staging cTNM of patients.

When it comes to clinical substages, most stage II patients were found in substage
IIA (rectal tumor penetrating the muscularis propria and invading the colorectal tissues,
without clinically detectable adenopathy). Of the stage III patients, most could be clinically
substaged in IIIB (rectal tumor invading or penetrating its own muscle, with the presence
of up to six clinically detectable malign lymph nodes).

Pathological staging performed after surgery was composed of 2.69% stage 0 patients
with pathological complete response after neoadjuvant treatment (n = 5), 9.68% stage I
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patients (n = 18), 34.95% stage II patients (n = 65), and 52.69% stage III patients (n = 98)
(Figure 5).

Figure 5. Bar chart with pathological staging pTNM of patients.

The substaging of patients in pathological stage II showed a clear majority of over 30%
of patients in stage IIA. For stage III patients, most were pathologically substage IIIB, but
with a significant 10% patients in stage IIIC.

We analyzed the correlation between adjuvant chemotherapy treatment and histopathol-
ogy bulletin results by using the Pearson correlation coefficient and applying the two-tailed
significance t-test. The correlation between adjuvant chemotherapy and a pathological T
staging greater than 2 (y)pT > 2 (Figure 6) and between adjuvant chemotherapy and a posi-
tive pathological N staging (y)pN > 0 was tested. Other risk factors from the histopathology
report that were taken into account were the presence of lymphovascular invasion LVI+
(Figure 7), the presence of perineural invasion PNI+ (Figure 8), positive resection margins
Postop+, or a histopathological grade greater than 1 Grade > 1.

Figure 6. Persistent rectal adenocarcinoma after neoadjuvant radiochemotherapy; ypT3 with invasion
in subserosal adipose tissue. HE stain × 0.5 magnification.
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Figure 7. Depiction of extramural lymphovascular invasion; carcinomatous emboli of rectal adeno-
carcinoma. HE stain × 20 magnification.

Figure 8. Depiction of perineural invasion; rectal adenocarcinoma. HE stain × 5 magnification.

Adjuvant chemotherapy is positively correlated with a moderate score of 0.432 for a
histopathological stage (y)pT3 or (y)pT4 (Table 3). A moderate positive correlation score of
0.462 is also valid for the presence of nodal invasion (y)pN > 0. Both results are statistically
significant with a score of p < 0.001.
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Table 3. Correlation between adjuvant chemotherapy and pathological stages T and N.

Correlations ADJCHT—pT and pN

ADJCHT pT > 2 pN > 0

ADJCHT

Pearson correlation 1 0.432 ** 0.462 **

Sig. (two-tailed) <0.001 <0.001

N 186 186 186

pT > 2

Pearson correlation 0.432 ** 1 0.120

Sig. (two-tailed) <0.001 0.104

N 186 186 186

pN > 0

Pearson correlation 0.462 ** 0.120 1

Sig. (two-tailed) <0.001 0.104

N 186 186 186
**—correlation is significant at the 0.01 level (2-tailed).

Analyzing the relationship between adjuvant chemotherapy, the presence of lym-
phovascular invasion, the presence of perineural invasion, the tumor grade, and the
postoperative resection margins, the results show a very weak positive correlation between
them, with a statistically significant p only in the case of the correlation between adjuvant
chemotherapy and the presence of perineural invasion p = 0.01 (Table 4). In the case of
lymphovascular invasion, positive resection margins, and histopathological grade greater
than 1, the correlation with adjuvant treatment was very weak and statistical significance
did not exist.

Table 4. Correlation between adjuvant chemotherapy, lymphovascular invasion, perineural invasion,
resection margins, and differentiation grade.

Correlations ADJCHT—LVI, PNI, Postop, and Grade

ADJCHT LVI+ PNI+ Postop+
Grade >

1

ADJCHT

Pearson correlation 1 0.135 0.188 * 0.064 0.114

Sig. (two-tailed) 0.065 0.010 0.388 0.123

N 186 186 186 186 186

LVI+

Pearson correlation 0.135 1 0.563 ** 0.262 ** 0.154 *

Sig. (two-tailed) 0.065 <0.001 <0.001 0.036

N 186 186 186 186 186

PNI+

Pearson correlation 0.188 * 0.563 ** 1 0.236 ** 0.255 **

Sig. (two-tailed) 0.010 <0.001 0.001 <0.001

N 186 186 186 186 186

Postop+

Pearson correlation 0.064 0.262 ** 0.236 ** 1 0.164 *

Sig. (two-tailed) 0.388 <0.001 0.001 0.025

N 186 186 186 186 186

Grade > 1

Pearson correlation 0.114 0.154 * 0.255 ** 0.164 * 1

Sig. (two-tailed) 0.123 0.036 <0.001 0.025

N 186 186 186 186 186
*—correlation is significant at the 0.05 level (2-tailed); **—correlation is significant at the 0.01 level (2-tailed).

In the case of correlation analysis between the use of adjuvant chemotherapy and at
least one risk factor for relapse, the Pearson score is highly positive (+0.633) with statistically
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significant p < 0.001, suggesting that in the presence of at least one risk factor for relapse, the
oncologist would decide to administer adjuvant chemotherapy (Table 5, Figure 9). The risk
factor may represent any of the following: histopathological stage pT3 or pT4, the presence
of lymphatic invasion (pN > 0), the presence of lymphovascular invasion, the presence of
perineural invasion, positive resection margins, or histopathological grade 2 or 3.

Table 5. Correlation between adjuvant chemotherapy and minimum 1 risk factor for relapse.

Correlations ADJCHT—Min. 1 Risk Factor

ADJCHT Min1RF

ADJCHT

Pearson correlation 1 0.633 **

Sig. (two-tailed) <0.001

N 186 186

Min1RF

Pearson correlation 0.633 ** 1

Sig. (two-tailed) <0.001

N 186 186
**—correlation is significant at the 0.01 level (2-tailed).

Figure 9. Graphical representation of the correlation between adjuvant chemotherapy and presence
of perineural invasion; pT > 2 or pN > 0; minimum 1 risk factor for relapse.

Last but not least, the hypothesis that Romanian oncologists would administer adju-
vant chemotherapy if neoadjuvant treatment is omitted was verified. There is a weak but
statistically significant correlation supporting the omission of neoadjuvant treatment as
an argument for adjuvant treatment (p = 0.11 for NEOCHTRT and p = 0.009 for NEORT)
(Table 6).
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Table 6. Correlation between adjuvant chemotherapy, neoadjuvant radiochemotherapy, and neoadju-
vant radiotherapy.

Correlations between ADJCHT, NEOCHTRT, and NEORT

ADJCHT NEOCHTRT NEORT

ADJCHT

Pearson correlation 1 −0.187 * −0.190 **

Sig. (two-tailed) 0.011 0.009

N 186 186 186

NEOCHTRT

Pearson correlation −0.187 * 1 0.746 **

Sig. (two-tailed) 0.011 0.000

N 186 186 186

NEORT

Pearson correlation −0.190 ** 0.746 ** 1

Sig. (two-tailed) 0.009 0.000

N 186 186 186
*—correlation is significant at the 0.05 level (2-tailed); **—correlation is significant at the 0.01 level (2-tailed).

Standard neoadjuvant treatment, LCRCT, was positively correlated with the occur-
rence of tumor and nodal downstaging, with the latter being more significant with a
correlation score of 0.436 and statistical significance at p < 0.001. RT alone given in neoadju-
vant regimen yielded similar results for tumor downstaging, but weaker ones for nodal
downstaging (Table 7, Figure 10).

Table 7. Correlation between neoadjuvant treatment, downstaging for T and N, and metastasis or
local recurrence at 2 years.

Correlations between Neoadjuvant Treatment, Downstaging, and Metastasis/Relapse at 2y

NEORT NEOCHTRT T.Downstage N.Downstage Relapse2y Metastasis2y

NEORT

Pearson correlation 1 0.746 ** 0.338 ** 0.364 ** 0.100 0.110

Sig. (two-tailed) <0.001 <0.001 <0.001 0.174 0.133

N 186 186 186 186 186 186

NEOCHTRT

Pearson correlation 0.746 ** 1 0.310 ** 0.436 ** 0.131 0.082

Sig. (two-tailed) <0.001 <0.001 <0.001 0.074 0.269

N 186 186 186 186 186 186

T.downstage

Pearson correlation 0.338 ** 0.310 ** 1 0.276 ** −0.085 −0.193 **

Sig. (two-tailed) <0.001 <0.001 <0.001 0.251 0.008

N 186 186 186 186 186 186

N.downstage

Pearson correlation 0.364 ** 0.436 ** 0.276 ** 1 −0.021 −0.102

Sig. (two-tailed) <0.001 <0.001 <0.001 0.777 0.165

N 186 186 186 186 186 186

relapse2y

Pearson correlation 0.100 0.131 −0.085 −0.021 1 0.345 **

Sig. (two-tailed) 0.174 0.074 0.251 0.777 <0.001

N 186 186 186 186 186 186

metastasis2y

Pearson correlation 0.110 0.082 −0.193 ** −0.102 0.345 ** 1

Sig. (two-tailed) 0.133 0.269 0.008 0.165 <0.001

N 186 186 186 186 186 186

**—correlation is significant at the 0.01 level (2-tailed).
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Figure 10. Downstage of rectal adenocarcinoma after neoadjuvant LCRCT radiochemotherapy.
Illustrated is a downstaged ypT1 with invasion in submucosa; HE stain × 10 magnification.

The occurrence of distant metastasis and local recurrence within the first 2 years of
follow-up was recorded for the patients analyzed. Patients who received neoadjuvant
treatment, either radiotherapy alone or long-course radiochemotherapy, had a nonsignifi-
cant correlation score with the metastasis rate or local recurrence rate in the first 2 years.
However, paradoxically, neoadjuvant treatment was positively correlated with the lo-
cal recurrence rate at 2 years and with the metastasis rate at 2 years: for neoadjuvant
radiochemotherapy, local recurrence was correlated with a Pearson score of 0.131 and
metastasis with a Pearson score of 0.082.

Analyzing the downstage rate, we saw that there was an inverse correlation between
the tumor downstage rate after neoadjuvant treatment and the 2-year metastasis rate
of −0.193, with a statistically significant p = 0.008 (Figure 11). Additionally, the nodal
downstage rate was negatively correlated with the 2-year metastasis rate, with a Pearson
score of −0.102, but this time, there was no statistical significance at p = 0.165. The local
recurrence rate at 2 years was practically insignificant, with a correlation score close to 0
and a t-test p > 0.25 for both tumor downstage and nodal downstage.
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Figure 11. Graphical representation of the correlation between tumor downstage and metastasis rate
at 2 years; adjuvant chemotherapy and neoadjuvant treatment; LCRCT and tumor downstage; and
LCRCT and nodal downstage.

4. Discussion

The epidemiological data analyzed in the study are similar to other studies conducted
on larger cohorts in terms of mean age or sex distribution [28,29]. The present study
includes a larger number of patients with upper rectal tumors, as it includes patients
with tumors at the rectosigmoid junction. There is currently debate about the optimal
treatment modality for high rectal cancer, with suggestions that the peritoneal limit is
the key for indicating or omitting neoadjuvant treatment [30]. This principle of choosing
the treatment of upper rectal cancers, located at the junction with the sigmoid, poses
difficulties for surgeons and oncologists and especially depends on the correct interpretation
of preoperative investigations. Sometimes, the multidisciplinary committee may consider
that a high rectal cancer does not benefit from neoadjuvant treatment (considering it rather
as sigmoid cancer), and then the first intervention would be surgery. In this case, depending
on the stage and other postoperative molecular factors, adjuvant chemotherapy may also
be omitted, similarly to rectal cancer, which does not preclude the inclusion of patients
who did not receive neoadjuvant treatment in this study.

Our main objective was to analyze the association between the use of adjuvant
chemotherapy and the postoperative pathological characteristics. The decision to per-
form adjuvant chemotherapy in patients with stage II-III rectal cancer is mainly based on
the presence of a (y)pT > 2 or (y)pN > 0, or a minimum of one out of the following risk
factors: a positive resection margin, the presence of lymphovascular invasion, the presence
of perineural invasion, or a histopathological grade greater than 1. The only adverse factor
encountered on the histopathology report that was uniquely correlated with the use of ad-
juvant therapy is perineural invasion, despite the fact that the Dutch PROCTOR study [31]
showed that PNI+ does not necessarily predict a beneficial effect of adjuvant chemotherapy.
This rationale is based more on the association between the presence of perineural invasion
and inferior survival [32,33]. According to Swets et al. [32], the presence of extramural
invasion, tumor budding, or perineural invasion is associated with much worse overall
survival, and the presence of two out of three also decreases disease-free survival and
increases the chance of distant metastases. However, none of these features, alone or all
together, can predict any benefit of adjuvant chemotherapy.
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In pathological stage II, there is inconsistency among oncologists, with most of them
choosing to treat these patients with adjuvant chemotherapy according to the NCCN
guideline [1]. However, 6.9% of pathologically stage II patients had no risk factors for
relapse (n = 13) and did not receive adjuvant treatment, instead following the ESMO [2] or
JSCCR [3] guidelines. This rationale is also supported by a retrospective analysis performed
in 2022 in Taiwan, which supports omitting adjuvant treatment in ypT0-2N0 patients with
good response to neoadjuvant treatment. Kuo et al. [34] conducted a retrospective study
of 720 patients with good response after neoadjuvant treatment and found that neither
overall survival nor disease-free survival is improved by adjuvant chemotherapy, even for
clinically advanced patients.

The findings of other authors show that precisely the lower stages and the presence of
downstaging would benefit from adjuvant chemotherapy, thus only fueling the confusion
and controversy regarding this subgroup of patients. Breugom et al. [24] consider that
adjuvant chemotherapy may be especially useful for patients with tumors located at an
upper level, at least 10 cm from the anal margin, in terms of disease-free survival and
metastasis. However, these findings do not hold true for overall survival or for tumors
located at the lower or middle rectal level.

The high degree of correlation between the administration of adjuvant chemotherapy
and the presence of at least one risk factor (Pearson score of +0.633) suggests that if one or
more risk factors for relapse are present, a Romanian oncologist would decide to administer
adjuvant chemotherapy. The regimen includes at least one antimetabolite (those classically
used in Europe and the United States are 5-fluorouracil in combination with leucovorin
or orally administered capecitabine, while in Asia, tegafur–gimeracil–oteracil is an op-
tion), but most experts’ recommendation is to add oxaliplatin. This combination improves
disease-free survival, but the addition of oxaliplatin for overall survival is unclear. The
phase II ADORE trial [26] of 321 patients with stage II or III rectal cancer treated with neoad-
juvant radiochemotherapy, total mesorectal excision, and adjuvant chemotherapy with
5 FU (control arm) or FOLFOX (experimental arm) showed an overall 3-year survival dif-
ference of 85.7% versus 95.0% in favor of adjuvant oxaliplatin (HR =.456; 95% CI 0.25–0.97;
p = 0.036). The German phase III CAO/ARO/AIO-04 trial [35] found, however, no dif-
ference between the two adjuvant groups (with or without oxaliplatin) for 3-year overall
survival (88.7% vs. 88%). In our study, the decision to add oxaliplatin to the adjuvant
regimen was judged for each individual patient according to biological constants and the
risk of relapse. The Japanese national guideline [3] recommends the addition of oxaliplatin
only in cases with a higher risk of relapse, concluding that it reduces the risk of relapse or
death by about 20% compared with antimetabolite monotherapy.

Another argument for adjuvant treatment often encountered among Romanian physi-
cians, but with less impact according to the Pearson correlation analysis, is the omission
of neoadjuvant treatment; thus, there is a higher risk of locoregional or distant relapse.
The American guidelines recommend both adjuvant radiochemotherapy and a course of
adjuvant chemotherapy after a resection of rectal adenocarcinoma, if not previously of-
fered [36]. Chemotherapy regimens similar to adjuvant treatment in colon cancer are used:
fluoropyrimidine monotherapy (possibly administered in an accelerated Gramont-type
regimen) with or without oxaliplatin and usually without the addition of irinotecan.

In terms of oncological outcome after treatment, the results obtained in this study are
inferior compared to data obtained in other clinical trials [10–14], with a percentage of local
relapse or metastasis at 2 years ranging from one quarter to one third of patients. It should
be taken into account that more than 50% of the patients included in the study were stage III
and not all patients received neoadjuvant treatment. The absence of an organized national
population screening program in Romania, both for colorectal cancer and for other common
cancers [37], is one of the causes leading to the discovery of cancer in advanced stages.

Our secondary endpoints were to analyze the correlations between the use of neoad-
juvant treatment, the rate of tumor or nodal downstage, and the rate of recurrence or
metastasis at 2 years. Patients who benefited from tumor downstaging also had lower odds
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of metastasis, confirming the good prognosis of a response to neoadjuvant treatment, as
shown by the analysis in the National Cancer Database performed in the US in 2018 [38].
Local control is not associated with tumor or nodal downstaging, which contradicts a 2018
study [39]. A total of 5 patients out of 77 who received long-course radiochemotherapy
had pathological complete response, this percentage of 6.5% being significantly lower
than other authors’ results of 15–20% [40,41]. This may be explained by the inclusion of a
large proportion of patients with pT3 stage in the study, for whom standard neoadjuvant
treatment is not aggressive enough in order to obtain complete tumor regression. However,
the 3-year survival of patients who had complete pathological response after neoadjuvant
radiochemotherapy reported by Tan et al. [41] was 92.4%, only a few percent higher than
the survival of the group that did not achieve pathological complete response (88.2%). This
difference is statistically significant at p = 0.002, but the relatively small gap between the
two groups shows that the role of total mesorectal excision performed correctly could be
more important than achieving pathological complete response after neoadjuvant treat-
ment. Thus, in patients for whom organ preservation is not established as an objective,
fast neoadjuvant treatment, regimens (such as short-course radiotherapy) with immediate
surgery and adjuvant chemotherapy may be an option.

Strengths and Limitations of the Study

This study is the first study conducted on a population of patients treated in Roma-
nia with locally advanced rectal cancer that analyzes the criteria of choice of adjuvant
therapy offered by oncologists. The rationale for the adjuvant treatment of rectal cancer
administered in Romania is based on American, European, or Japanese guidelines.

The limitations of the study include the collection of patients from a single hospital
unit (as Romania does not yet have a single national registry of cancer patients), which may
have led to selection bias. Additionally, some patients were incompletely investigated (lack
of CEA dosing) or showed incomplete investigation results (due to a lack of extramural
invasion description on preoperative MRI scans). A retrospective analysis cannot provide
strong evidence of causality; thus, we recommend future prospective analyses on this topic
to confirm our findings. We included in the study patients who received neoadjuvant
treatment and patients who did not receive such treatment. The primary endpoint was not
influenced by neoadjuvant treatment, and the secondary endpoint analysis on downstaging
was only performed on patients who received neoadjuvant treatment.

5. Conclusions

Patients with locally advanced rectal neoplasm treated in Romania will benefit from
adjuvant chemotherapy if the patient does not have pathological stage (y)pTNM 0 or I.
For pathological stage II patients who have completed neoadjuvant treatment and do not
have any risk factor for recurrence, adjuvant treatment may be omitted, but this remains at
the oncologist’s discretion. The appearance of tumor downstaging decreases the risk of
metastases in the first 2 years and is associated with the use of neoadjuvant radiotherapy.
The addition of radiosensitizing chemotherapy is associated with a higher chance of nodal
downstaging.

Oncology practice in Romania runs the risk of heterogeneity between institutions, and
even between physicians in the same institution, due to the lack of standardized national
guidelines, large-scale national studies, and a national cancer registry that can centralize
this information.
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Abstract: Background and Objectives: Parathyroid cancer is a very rare endocrine tumor, especially in
patients with secondary hyperparathyroidism due to end stage renal disease failure. This pathology is
difficult to diagnose preoperatively because it has nonspecific clinical manifestations and paraclinical
aspects. Our study of the literature identified 34 reported cases of parathyroid carcinoma over
the last 40 years in patients undergoing dialysis. We present our experience as illustrative of the
features of clinical presentation and histopathological findings of parathyroid carcinoma and assess
its management considering the recent relevant literature. Materials and Methods: From January 2012
to November 2022, 650 patients with secondary hyperparathyroidism undergoing dialysis were
treated at our academic Department of General Surgery and only two cases of parathyroid carcinoma
were diagnosed on histopathological examination. Results: All patients presented with symptomatic
hypercalcemia, with no clinical or imaging suspicion of malignant disease and were surgically
treated by total parathyroidectomy. Histopathological examination revealed morphologic aspects
of parathyroid carcinoma in two cases and immunostaining of Ki-67 was performed for diagnostic
confirmation. Postoperative follow-up showed no signs of recurrence and no oncological adjuvant
treatment or surgical reinterventions were needed. Conclusions: Parathyroid neoplasia is a particularly
rare disease, that remains a challenge when it comes to diagnosis and proper management. Surgical
approach is the only valid treatment to remove the malignant tissue and thus improve the patient’s
prognosis. Medical and oncologic treatment may be beneficial to control hypercalcemia in case of
tumor recurrence.

Keywords: parathyroid carcinoma; secondary hyperparathyroidism; hypercalcemia

1. Introduction

Parathyroid carcinoma is a rare endocrine tumor, with an estimated prevalence of
0.005% of all cancers [1] and accounting for less than 1% of parathyroid pathology [2],
with the highest incidence of 5% being registered in Japan [3]. Few over 1100 cases of
parathyroid malignancy have been reported worldwide [4], the majority (97%) associated
with primary hyperparathyroidism (PHPT) [5]. Parathyroid neoplasia is quite uncommon
in patients with secondary or tertiary hyperparathyroidism, only 34 cases being reported
in the literature associated with end stage renal disease [6], Table 1. Considering gender
distribution, both men and women are equally affected, in contrast to benign parathyroid
tumors that occur more frequently in women (male:female ratio is 1:4) [7]. It often manifests
in individuals during the 4–5th decade of life, being diagnosed approximately 10 years
earlier than parathyroid adenomas [8].
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Table 1. Parathyroid Carcinoma in patients undergoing dialysis due to chronic renal failure reported
in the literature [6].

Case No. Authors Year
Age at

Diagnosis
Gender

Duration of
HD (Years)

Metastasis
Follow-Up

(Month)
Status

1 Berland 1982 62 Female 3 No 5 DF
2 Anderson 1983 44 Female No 17 DFD
3 Ireland 1985 34 Male 5 84 DFD
4 Sherlock 1985 42 Female 7 No 12 DF
5 Krishna 1989 64 Female 9 No 36 DF
6 Kodama 1989 53 Female 7 No 4 DF
7 Iwamoto 1990 46 Male 11 No
8 55 Female 5 No
9 Rademaker 1990 46 Female 3 No 84 DF

10 52 Female 2 No 48 DF
11 Tominaga 1995 46 Female 20 Lung
12 Miki 1996 40 Female 5 Lung 115
13 Liou 1996 64 Male 0.2 No 12 DF
14 Tseng 1999 20 Female 5 Liver 4 DFD
15 Takami 1999 55 Female 3 No 4 DF
16 Jayawardene 2000 75 Female 3 No DF
17 Kuji 2000 51 Male 22
18 Zivaljevic 2002 69 Male 5 No 9 DF
19 Srouji 2004 27 Female 8 No 9 DF
20 Khan 2004 33 Male 10 Lung, Bone 22 AWD
21 Bossola 2005 52 Female 2 No 93 DF

22 Babar-
Craig 2005 55 Male

23 Falvo 2005 61 Male 18 No 18 DF
24 Tzaczyk 2007 55 Male
25 Diaconescu 2011 48 Male 13 No 54 DF
26 Nasrallah 2014 53 Male 6 No 2 AWD
27 Kim 2016 57 Male 11 No 12 DF
28 Pappa 2017 45 Male 4 No 20 DF
29 Curto 2019 59 Female 40 Lung 6 DF
30 Shen 2019 70 Male 0.5 No 16 DF
31 Won 2019 46 15
32 Cappellacci 2020 51 Male 15 No 22 DF
33 Malipedda 2020 53 Male 5 No DF
34 Kada 2021 48 Female 15 No 100 DF

Abbreviations: AWD—alive with disease; DF—disease free; DFD—death from disease.

The etiology and pathogenesis of parathyroid cancer is little understood, for it is
usually a sporadic disease [8]. Hereditary cases have also been reported, therefore genetic
studies identified several potential genes related to parathyroid cancer such as BRCA2
(breast cancer gene 1), p53, PRAD1 (parathyroid adenomatosis gene 1) or abnormal expres-
sion of microRNAs [9]. Moreover, it was diagnosed in association with other hereditary
syndromes such as multiple endocrine neoplasia type 1 (MEN 1), type 2A (MEN 2A),
Wilm’s tumors, breast cancer, retinoblastoma (Rb), polycystic disease, familial isolated hy-
perparathyroidism (FIHP) and more often with hyperparathyroidism–jaw tumor (HPT–JT)
syndrome [8]. HPT–JT syndrome is an autosomal dominant disease caused by muta-
tions in the tumor suppressor gene CDC73, characterized by clinical manifestations of
hyperparathyroidism and ossifying fibromas of the maxilla and mandible (5–30%) [10].
Several risk factors have been incriminated in the occurrence of parathyroid cancer, such
as previous radiation of the cervical area or chronic stimulation from persistent hypocal-
cemia. There are no data suggesting that preexisting parathyroid lesions lead to malignant
transformation [11].
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2. Clinical Presentation

The majority of parathyroid cancers (90%) are hormonally functional tumors, with
clinical manifestations of hypercalcemia as a result of excessive PTH serum levels [8].
Initially, the clinical presentation of parathyroid carcinoma is similar to benign hyperplasia
and only in advanced stages patients present signs and symptoms of local tumor growth
and adjacent tissue invasion [3], Table 2.

Table 2. Clinical and biological features of benign secondary hyperparathyroidism and parathyroid
carcinoma [7].

Factor Benign Secondary Hyperparathyroidism Parathyroid Carcinoma

Female:Male ratio 4:1 1:1

Average age 55 48

Serum calcium (mg/dL) ≤12 >14

Serum PTH (pg/mL) 10–20× above the upper normal limit 3–10× above the upper normal limit

Palpable cervical mass Rare Common

Bone dysfunction Common Common

Due to the intensive and constant care services and biochemical routine screening
performed by the hemodialysis centers, hyperparathyroidism associated with end stage
renal disease is usually detected before the advent of features of hypercalcemia. Therefore,
patients usually present mild symptoms such as fatigue, muscle weakness, impaired
focus, depression or lethargy [12]. In addition to already existing renal dysfunction, the
affliction is accompanied by skeletal impairment (osteopenia, subperiosteal resorption,
spontaneous pathological fractures, bone and joint pain, osteitis fibrosa cystica, “salt and
pepper” skull) [7,8,12]. None of these clinical aspects are pathognomonic of parathyroid
malignancy. Of all parathyroid carcinomas, 10% are nonsecreting tumors and are difficult
to diagnose in early stages, thus patients often exhibit palpable neck mass, dysphagia,
hoarseness, dyspnea and augmented cervical lymph nodes [4]. Moreover, completely
asymptomatic parathyroid neoplasia have been reported in 7 to 46% cases [11,13].

3. Paraclinical Aspects

There is no agreed interval or threshold for PTH and serum calcium levels to define
parathyroid cancer. Studies have noted that patients with parathyroid neoplasia present
serum calcium levels higher than 3.5 mmol/L and PTH serum levels 3 to 10 times above
the normal limit [11]. In addition, Bae et all pointed out that alkaline phosphatase levels
higher that 285 IU/L in combination with a tumor size >3 cm can predict the malignant
character of a suspicious parathyroid lesion [14].

Imaging investigations are useful and of particular importance for tumor localization
but are not able to differentiate adenomas from carcinomas. Ultrasonography is the most
used imaging examination for identifying parathyroid abnormalities due to its low cost
and noninvasive approach, but its accuracy is questionable when it comes to distinguishing
benign form malignant lesions. Parathyroid carcinomas frequently present as hypoechoic,
nonhomogeneous tumors, lobulated, with ill-circumscribed margins, thick capsule or
intranodular calcification [15]. Moreover, lesions of large size >3 cm, with local tissue
invasion and presence of enlarged cervical lymph nodes are aspects that may suggest a
positive preoperative diagnosis [16]. Hara et al. also correlated the depth and width of the
lesions with the probability of malignancy, concluding that a D/W ratio >1 is suggestive
for carcinoma [17].

Scintigraphy with Tc99 sestamibi can also be helpful for a precise localization of
the parathyroid glands, especially for ectopic sites or hyperactive metastatic parathyroid
tissue [18]. Its operating principle is based on the increased and prolonged retention
of technetium 99-m within the mitochondria of the abnormal parathyroid gland. This
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imaging scan also has a high rate of false positive results due to the occasional uptake of the
contrast agent within the thyroid gland or cystic degeneration of parathyroid cancer [19].
However, a recent study conducted by Zhang in 2019 demonstrated that parathyroid
malignant tumors have a higher uptake level of Tc99-MIBI than benign tumors and the
peak of retention index (RI peak, p < 0.001) in correlation to serum levels of parathyroid
hormone (PTH) may contribute to a preoperative differential diagnosis of parathyroid
carcinoma [20].

Both CT and MRI prove their utility in advanced stages of the tumor, providing infor-
mation related to tumor size, local extension and invasion into adjacent organs (thyroid,
trachea, esophagus, cervical muscles, etc.) or presence of metastasis (mediastinal, pul-
monary, hepatic or bone) [21]. CT suggestive aspects of parathyroid carcinoma include
high short-to-long axis ratio, irregular margins, tumoral calcification, adjacent infiltration
and low contrast enhancement [22]. MRI features are similar to CT imaging revealing large
parathyroid glands, ill-defined, with increased heterogeneity [16].

PET-CT with 18-FDG (fluorodeoxyglucose positron emission tomography) is a qualita-
tive examination based on emphasizing the increased glucose metabolism of malignant
cells. It can provide additional information related to the location and extent of parathy-
roid carcinoma especially in cases of tumor recurrence, distant spread of the disease or
assessment of residual malignant tissue after surgical treatment [16]. However, certain con-
ditions can show a false positive result on PET scans such as postoperative or posttreatment
cervical tissue inflammation or infectious lymphadenopathy [19].

In case of suspicion of parathyroid carcinoma, fine needle aspiration cytology (FNAC)
is not recommended due to the risk of seeding of malignant cells and high rate of false
negative results [8]. On the other hand, FNAC could be performed for the confirmation of
parathyroid tissue in aberrant locations, which in association with increased PTH serum
levels can suggest a distant metastasis or recurrence of the disease [16].

4. Diagnosis

Parathyroid cancer is difficult to diagnose preoperatively because it has nonspecific
clinical manifestations and paraclinical aspects. This pathology can be suspected when
patients present with severe hypercalcemia (>14 mg/dL), parathormone elevations and a
palpable anterior cervical mass with compressive complications [23].

Intraoperative diagnosis is also doubtful, but certain macroscopic features may raise
the suspicion of neoplasia. A parathyroid gland larger than 3 cm, with irregular margins,
high consistency, white-gray colored, with cystic or calcified component, enclosed by a
dense fibrous capsule is suggestive for carcinoma [8,11]. Cervical lymph node augmentation
and local firm adhesion to adjacent structures are additional indicators for malignancy [24].

The diagnosis is usually confirmed postoperatively after the histopathological exami-
nation. In 1973, Schantz and Castleman first defined the morphologic aspects of parathyroid
carcinoma: cells displayed in a lobular pattern, separated by dense, fibrotic bands, with
capsular and vascular invasion and atypical mitosis. Moreover, diffuse nuclear augmenta-
tion, macronuclei and a high Ki-67 expression are evocative for neoplastic proliferation [23].
Immunohistochemistry can assist diagnostic accuracy using a highly specific marker (parafi-
bromin) encoded by the CDC73 gene [25,26], which is a test recommended in standardized
protocols by the American Association of Endocrine Surgeons Guidelines for Definitive
Management of Primary HPT [11].

No pathological staging system for parathyroid carcinoma has been universally
adopted considering it is a rare disorder and data collected are mostly retrospective and
single institution studies. Nevertheless, the newest edition of the American Joint Commit-
tee on Cancer Guidelines introduced a staging system for parathyroid carcinoma in 2017 as
presented in Table 3 [23].
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Table 3. Parathyroid cancer TNM staging system according to 2017 new edition of AJCC [17].

Stage Pathological Aspects

Tumor

Tis Noninvasive or in situ cancer

T1 Tumor with capsular and surrounding soft tissue invasion

T2 Tumor with invasion of the thyroid gland

T3 Tumor invading the trachea, esophagus or recurrent laryngeal nerve

T4 Tumor invading major blood vessels/spine

Lymph Nodes

N0 No regional lymph node metastases

N1a Metastases in central neck lymph nodes

N1b Metastases in lateral neck lymph nodes

Metastases

M0 No evidence of distant metastases

M1 Evidence of distant metastases

5. Treatment

5.1. Medical Treatment

Available medical therapy only targets the repercussion of the disease (hypercalcemia)
rather than the condition itself and it is recommended for lowering calcium serum levels
and management of implicit metabolic disorders. Calcimimetics are the most effective
treatment for control of hypercalcemia in patients with secondary hyperparathyroidism
awaiting surgery or inoperable parathyroid carcinoma [26]. They are allosteric receptor
modulators that increase the receptor’s affinity for calcium and reduce PTH secretion.
Cinacalcet, a second-generation calcimimetic, approved in 2004 in the United States and
European Union, has been successfully used in patients with inoperable parathyroid cancer,
correcting hypercalcemia in approximately 66% of cases [16].

Intravenous administration of bisphosphonates can also reduce hypercalcemia by
inhibiting osteoclastic activity, but the result is slow to take effect [27]. For a faster result in
lowering calcium levels, administration of Calcitonin should be taken into consideration
based on its properties to inhibit bone resorption [16].

5.2. Surgical Treatment

Surgical treatment is the only valid therapy to remove the malignant tissue, to control
hypercalcemia and thus improve the patient’s prognosis. Complete resection with no
microscopically invaded margins and averting tearing of the capsule is optimal to achieve
the best long-term outcomes [28]. Considering the fact that neoplastic proliferation of
parathyroid glands is rarely diagnosed intraoperatively, only local pericapsular excision is
performed during the initial operation. In case of macroscopic cancer speculation, most
authors concur that an en bloc excision should be executed, consisting of tumor removal,
ipsilateral thyroid lobectomy, ipsilateral hemi-thymectomy, paratracheal lymphadenectomy
and adjacent cervical muscle resection. On occasion, more invasive tumors may require
extensive excisions including tracheal, esophagus, blood vessels or recurrent laryngeal
nerve resections [29].

5.3. Adjuvant Treatment

Adjuvant treatments consisting of chemotherapy and radiotherapy have been at-
tempted but the results were discouraging. Parathyroid carcinoma is known to be a
radio-resistant tumor, therefore the use of this kind of therapy is controversial [16]. Previ-
ous studies presented survival analysis in patients who underwent radiation therapy after
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surgery and concluded that this treatment did not reduce tumor recurrence, nor improve
the prognosis [30]. Sadler et all reported after an analysis performed on 1000 patients with
parathyroid carcinoma that radiation therapy was associated with a lower 5-year overall
survival [31].

Cytotoxic chemotherapy is even less used than adjuvant radiation because its effi-
ciency has been reported only in isolated cases [19]. The chemotherapy regimen include
monotherapy with dacarbazine or combined therapy with dacarbazine-5 fluorouracil-
cyclophosphamide or methotrexate-doxorubicin-cyclophosphamide-lomustine [21].

Currently, isolated case reports have shown a response to metastatic disease from
parathyroid carcinoma with sorafenib [32]. It is a protein kinase inhibitor which suppresses
tumor growth due to its anti-angiogenetic function (blocks VEGF, PDGF receptors and
BRAF protein) [19].

Therefore, no other associated therapy has proved highly effective in the management
of patients with parathyroid carcinoma and there is no clear protocol to be followed [7].

6. Methods

From January 2012 to November 2022, 650 patients with secondary hyperparathy-
roidism due to end stage renal disease failure undergoing dialysis were treated at our
academic Department of General Surgery as presented in Figure 1. The male:female ratio
was approximately 1:1 (333 men and 317 women) with a mean age of 53 (range 20–83).
Mean preoperative parathormone (PTH) serum level was 1405 pg/mL (normal range
level 17.3–73 pg/mL) with a maximum registered value of 4120 pg/mL. Almost 70% of
patients had PTH serum levels over 1000 pg/mL. Mean preoperative calcium level was
12.43 mg/dL, with maximum calcemia level of 17.8 mg/dL.

Figure 1. Patients (n = 650) with secondary hyperparathyroidism treated in our clinic in the past
10 years.

All patients were operated under general anesthesia with orotracheal intubation and
total parathyroidectomy was performed. There were 29 cases of reintervention for recur-
rence of secondary hyperparathyroidism due to incomplete resection of the parathyroid
glands during initial surgery: three patients with supernumerary parathyroid glands, four
patients with ectopic anterior mediastinal localization of one gland, three patients who
were scheduled for kidney transplant and thus a subtotal parathyroidectomy was executed
and in 19 cases we were not able to intraoperatively identify all four parathyroid glands.
The average period of hospitalization was 9 days.

In the past 10 years, among all cases of patients with secondary hyperparathyroidism
surgically treated in our clinic, two cases of parathyroid carcinoma were diagnosed using
histopathological examination.

Case 1: A 35-year old man with a background of hypertension and family history
of autosomal dominant polycystic kidney disease, with chronic renal failure undergoing
dialysis for 3 years, was admitted with symptomatic hypercalcemia (calcium serum level
−11.6 mg/dL) and elevated PTH serum level (804 pg/mL) accusing muscle weakness,
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bone pain and fatigue. Ultrasound scan of the anterior cervical region identified three
enlarged parathyroid glands with no suspicious imaging aspects. At surgical intervention,
four augmented parathyroid glands (1.6 to 2 cm diameter) were macroscopically confirmed,
and a total parathyroidectomy was performed. The histological examination revealed
predominantly nodular hyperplasia of chief-cells and oxyphilic cells in approximately
equal proportions for three of the endocrine glands. The right inferior parathyroid gland
presented partially modified histological architecture, nuclei with moderate pleomorphism
Figure 2, no mitosis, but evidence of cellular invasion into the capsule and one blood
vessel, foci of intralesional necrosis Figure 3, areas of dystrophic calcification processes and
moderate chronic inflammatory cell infiltrate Figure 4, aspects suggestive of neoplastic
lesion. Immunohistochemical evaluation was performed for Rb (negative), Mdm2-p53
(positive in rare nuclei) and Ki-67 (>5%). In the immediate postoperative period, the patient
had low calcium serum levels (7.2 to 8.1 mg/dL) and needed high doses of intravenous
calcium gluconate and oral calcium lactate associated with alfacalcidol to maintain safe
blood calcium levels. Twenty-four hours after surgery, PTH serum level was detected with
a value of 26 pg/mL. The 48-month follow up (ultrasound of the neck and PET-CT) did not
show any signs of local recurrence or metastasis.

 
Figure 2. Proliferation of round-oval cells with clear cytoplasm, moderate cytonuclear pleomorphism
with centrally located nucleoli or granular chromatin (H and E, ×40).

 
Figure 3. Clear cell proliferation with association of focal areas of intralesional necrosis (H and E, ×40).

128



Medicina 2023, 59, 448

 

Figure 4. Proliferation of clear cells partially delimited by dystrophic calcification processes and
moderate chronic lymphocytic inflammatory cell infiltrate. (H and E, ×10).

Case 2: A 55-year old woman, with background history of hypertension, diabetes
mellitus type 2, obesity, general atherosclerosis and chronic renal failure in hemodialysis
program for 5 years, was referred for surgical treatment of secondary hyperparathyroidism
in late 2015. The patient had signs and symptoms of hypercalcemia (intense bone pain,
muscle weakness, osteoporosis, skin lesions of calciphylaxis on the lower limbs, calci-
fication of the main arterial trunks), as shown in Figure 5, with a serum calcium level
of 13.2 mg/dL and PTH serum level of 1283 pg/mL. No imaging investigations were
performed before surgery. Intraoperatively, all four enlarged parathyroid glands were
identified (1.3 to 2 cm diameter) and carefully removed, with no macroscopic suspicion
of malignant proliferation. Histological examination uncovered three parathyroid glands
with regular nodular hyperplasia and the right inferior gland with cells displayed in a
trabecular pattern, outlined by dense, fibrotic bands (intensely desmoplastic stroma), as
shown in Figure 6, and surrounding adipose tissue infiltration. Immunostaining of Ki-67
was performed with a tumor cell positivity of 4–5%. Postoperative course was uneventful,
with decreasing PTH serum levels (12.3 pg/mL) and normal calcemia (8.3 mg/dL) and
no necessary medication for hypocalcemia. At 5 year follow-up patient presented with no
signs of tumor recurrence, normal hormone levels and normocalcemia, but further died of
acute cardiovascular events.

Figure 5. Signs of hypercalcemia in a 55 year old woman with secondary hyperparathyroidism.
1. Calcification of the common iliac arteries; 2. calcification of the right femoral artery; 3. subperiosteal
resorption of the left femur.
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Figure 6. Parathyroid tissue with proliferation of clear cells, with solid–trabecular architecture and
intensely desmoplastic stroma. (H and E, ×20).

7. Discussion

Currently, endocrine surgery is a stand-alone sub-specialty of general surgery dedi-
cated to surgical treatment of abdominal and cervical endocrine tumors [33]. Moreover,
most studies suggest that surgeons committed to neck surgery performed in high-volume
settings are likely to meet better clinical and economic outcomes [34]. Some review stud-
ies attempted to define the criteria for high-volume centers/surgeons by analyzing the
number of thyroidectomies and parathyroidectomies for primary hyperparathyroidism
performed per year in multiple hospitals. Although thyroid and parathyroid interventions
have anatomical and surgical similarities, the literature emphasizes that the operative
volume is organ specific [34]. Therefore, Iacobone and coll. concluded that >40 parathy-
roidectomies/year is an appropriate tier to describe an adequate activity and Melfa et all
established that 90–100 thyroidectomies/year define a high-volume setting. There are no
published reports to suggest any point of reference concerning surgical treatment for sec-
ondary hyperparathyroidism. In accordance with recently mentioned aspects, our hospital
performs an average of 94 neck surgeries per year (22 for thyroid disease, 7 for primary
hyperparathyroidism and 65 for secondary hyperparathyroidism). Given our clinical insti-
tution’s nephrological field of specialty, the majority of patients admitted have end stage
kidney disease and are referred to our surgical department for total parathyroidectomy.
Considering the data presented and debated in 2019 at the Conference of the European
Society of Endocrine Surgeons, our center meets the criteria for high-volume settings, with
a mean of 72 annual surgical interventions for parathyroid disease and is among the few
hospitals in the country that address this pathology.

The malignant proliferation of the parathyroid gland is a rare occurrence, the first
cases being reported in 1933 by Sainton and 1938 by Armstrong [35]. As yet, few over
1100 cases of parathyroid carcinoma have been described in the literature. Most of the
cases are associated with primary hyperparathyroidism, only 3% are related to parathyroid
hyperplasia due to end stage renal disease failure. The incidence of this condition varies
from 1% in USA to 3% in Italy and 5% in Japan [8]. According to our center’s retrospective
analysis, the incidence of parathyroid carcinoma in patients undergoing dialysis was 0.3%.

This particular neoplasia appears in sporadic cases and until 2006 it was not recorded
by most international organizations such as WHO or SEER Cancer Statistics Review [4].
Its etiology and pathogenesis is unknown and there is little agreement on a systematic
oncological surgical approach. Benign parathyroid hyperplasia as a precursor to malignant
alteration has not been reported by previous studies [35].
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The clinical diagnosis is difficult to state given its similarities to parathyroid adenomas’
symptomatology, which comprises renal and skeletal impairment. According to Obara et al.
the clinical aspects suggestive for parathyroid malignancy are

• age below 55
• elevated parathormone level (>10 times normal range)
• hypercalcemia
• severe bone symptoms
• renal symptoms
• palpable cervical tumor
• recurrent laryngeal paralysis [36].
The two patients diagnosed in our center presented only 5 of the 7 criteria men-

tioned. Laboratory parameters to distinguish parathyroid adenoma from carcinoma are
also nonspecific.

Imaging investigations (ultrasound, CT, MRI, scintigraphy Tc99 sestamibi) are not
definitive in the differential diagnosis between the two conditions, unless the patient
presents with advanced stage of the disease, with signs of local tumor compression/invasion
or metastasis. Therefore, in both listed cases, all four parathyroid glands were identified
and removed during surgery with no preoperative imaging studies or inconclusive ones.

Parathyroid glands with malignant proliferation are considered to be large tumors
(>3 cm diameter), lobulated, with irregular margins, high consistency and greyish col-
ored [37,38]. None of these aspects were identified intraoperatively in our two case studies
(both were <2 cm, smooth outlines, low consistency and normal colored).

The positive diagnosis is set postoperatively on histological examination, which re-
veals cells displayed in a trabecular pattern, atypical mitosis, fibrous bands and vascular
or capsular invasion, aspects that according to some authors are not pathognomonic for
neoplasia [38]. According to Erikson et al.’s overview of the 2022 WHO classification
of parathyroid tumors, the histological definition of parathyroid carcinoma includes one
of the following criteria: (a) cellular invasion of blood vessels, (b) lymphatic invasion,
(c) neural invasion, (d) local invasion into proximate anatomic structures or (e) histologi-
cally/cytologically registered metastatic disease [39]. Schantz and Castleman’s study on
70 patients with parathyroid neoplasia concluded that vascular invasion or the number of
mitoses are not reliable predictive indicators of further progression of the disease [40]. The
first referred case presented partially modified histological architecture (nuclei with moder-
ate pleomorphism, no mitosis, areas of intralesional necrosis and dystrophic calcification,
moderate lymphocytic cell infiltrate and cellular invasion into the capsule and one blood
vessel) assessing two of the WHO indicators. The histological analysis in the second case
uncovered cells displayed in a trabecular pattern, intensely desmoplastic stroma, capsular
invasion and surrounding adipose tissue infiltration, meeting three of the required criteria.

Therefore, additional immunohistochemistry and DNA analysis may be required for
further confirmation, but no single marker has proved highly sensitive or specific (Rb,
Ki-67, parafibromin). Recent recommendations of WHO (2022) in parathyroid carcinoma
include Ki-67 labeling index, a nuclear protein previously identified as a cellular marker
for proliferation in breast, prostate and neuroendocrine tumors. Most parathyroid carci-
nomas show a labeling index that exceeds 5% [39]. Currently, the loss of expression of
parafibromin due to CDC73/HRPT2 mutation is considered the most specific indicator
of parathyroid carcinoma (77%) [41]. Barazeghi et all (2016) and previous studies from
the literature also underlined the implication of TET2 (ten-eleven translocation) gene ex-
pression in the pathogenesis of parathyroid cancer. The TET proteins play a regulatory
role in cell growth and migration and its deregulated expression lead to reduced levels of
5-hydroximethylcytosine (5hmC), frequently encountered in various types of neoplasia
(breast, prostate, hematological or colorectal tumors) [42]. Unfortunately, sequencing these
genes is expensive, difficult to conduct and not available in most pathology laboratories or
hospitals without research units. In our center, only immunostaining of Ki-67 is accessible
and in both cases presented tumor cell positivity was 4–5%.
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The main goal of surgery in patients with secondary end stage kidney disease is to
control endocrine function and thus regulate calcium serum levels. In cases of suspicion
of parathyroid carcinoma, oncological purpose is taken into consideration. Most studies
endorse en bloc resection of the tumor, ipsilateral thyroid lobe and thymus during initial
surgery, with avoiding the gland’s capsule rupture. This approach improves the patient’s
prognosis and survival rate with 90% at 5 years and 67% at 10 years [36]. Considering the
fact that neoplastic proliferation of parathyroid glands is rarely diagnosed intraoperatively,
only local pericapsular excision is performed, with an estimated recurrence at 2–3 years. In
our report, the two patients were annually re-evaluated for minimum 4 years after local
excision and no relapse was pointed out.

Another issue to be taken into consideration is the risk of neoplastic seeding in subto-
tal parathyroidectomies or total parathyroidectomies with immediate transplantation of
parathyroid tissue in cervical or forearm regions. These type of surgical interventions are
recommended to preserve the parathyroid hormone production and to avoid postoperative
severe hypocalcemia. Since pathological glands with neoplastic proliferation are difficult to
impossible to recognize macroscopically during surgery, there is the possibility of leaving
behind malignant tissue in situ. In our center, three young patients with secondary hyper-
parathyroidism who were scheduled for kidney transplant at the moment of admittance
underwent surgery. In these cases, a subtotal parathyroidectomy was performed choosing
an alternative surgical approach described by B. Stanescu, which involves mobilization
and subcutaneous placement of the remaining inferior parathyroid stump, together with
its vascular pedicle above the sternum. Only one of the patients had a kidney transplant,
the other two were subsequently admitted to our surgical department at one year for
recurrence of the disease and totalization was performed.

Postoperatively, close monitoring of calcemia is mandatory and appropriate adminis-
tration of calcium medication is necessary to avoid severe hypocalcemia due to “hungry
bone syndrome”.

Unfortunately, adjuvant oncological treatment with radiotherapy or chemotherapy for
this type of cancer has not proved effective.

8. Conclusions

Parathyroid carcinoma is an extremely rare tumor that remains a challenge when it
comes to diagnosis and proper treatment. Despite these aspects, in the presence of hyper-
parathyroidism showing severe hypercalcemia, renal and skeletal impairment, a neoplastic
lesion of the parathyroid gland should be suspected. Experienced surgeons and patholo-
gists in high-volume centers have a better chance of diagnosing parathyroid carcinoma and
are likely to meet better clinical and economic outcomes. Histopathological examination
is the only analysis able to establish the positive diagnosis. Association with immuno-
histochemistry (Ki-67 labeling index) and sequencing certain tumor suppressing genes
(HRPT2, TET2) improves the accuracy of the diagnosis. At present, there are no reliable
criteria to predict recurrence risk of the disease, tumor aggressiveness or patient prognosis.
Complete surgical resection at the earliest possible time is the ideal treatment to improve
patients’ survival rate. Parathyroid neoplastic proliferation is difficult to impossible to
recognize macroscopically intraoperative; therefore, the risk of seeding malignant tissue
in case of subtotal parathyroidectomy or autotransplant has to be considered. Available
medical therapy only targets the repercussion of the disease (hypercalcemia) rather than
the condition itself.
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Abstract: Background and Objectives: Combination therapy improves the effect of chemotherapy on
tumor cells. Magnolol, used in treating gastrointestinal disorders, has been shown to have anti-
cancer properties. We investigated the synergistic effect of cisplatin and magnolol on the viability
and maintenance of MKN-45 gastric cancer cells. Materials and Methods: The toxicity of magnolol
and/or cisplatin was determined using the MTT technique. The trypan blue method was used to test
magnolol and/or cisplatin’s effect on MKN-45 cell growth. Crystal violet staining was used to assess
the treated cells’ tendency for colony formation. The expression of genes linked to apoptosis, cell cycle
arrest, and cell migration was examined using the qPCR method. Results: According to MTT data,
using magnolol and/or cisplatin significantly reduced cell viability. The ability of the treated cells to
proliferate and form colonies was also reduced considerably. Magnolol and/or cisplatin treatment
resulted in a considerable elevation in Bax expression. However, the level of Bcl2 expression was
dramatically reduced. p21 and p53 expression levels were significantly increased in the treated cells,
while MMP-9 expression was significantly reduced. Conclusions: These findings show that magnolol
has a remarkable anti-tumor effect on MKN-45 cells. In combination with cisplatin, magnolol may be
utilized to overcome cisplatin resistance in gastric cancer cells.

Keywords: gastric cancer; MKN-45; cisplatin; magnolol

1. Introduction

Gastric cancer is the most common type of gastrointestinal cancer and the second
leading cause of cancer death [1]. Each year, more than 1,000,000 new cases of gastric cancer
are recorded [2]. Approximately 70% of these cases are noticed in developed countries,
particularly in East Asia [3]. Surgery is the most common treatment for gastric cancer [4].
Chemotherapy is an efficient way to improve the effectiveness of surgery [5]. However, the
case response to chemotherapy is predicted to be between 20% and 40%, with a survival
time of 6 to 11 months after treatment [6].

Cisplatin is one of the most commonly used medications to treat gastric cancer [6,7].
However, cisplatin does not work for all patients [7]. Furthermore, high-dose chemotherapy
has several adverse effects [8]. Chemotherapy resistance is one of the most challenging
aspects of treating gastric cancer [9]. DNA/RNA damage repair, drug efflux, apoptosis
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suppression, and nuclear factor (NF)-κB activation are the four primary methods for
preventing cell death after cisplatin treatment [10].

In previous investigations, chemical resistance has been linked to Bcl-2 overexpression
in patients with gastric cancer [11]. Combination therapy addresses critical pathways syn-
ergistically or additively and improves treatment efficacy [11]. In South Korea, China, and
Japan, the Chinese herb Magnolia officinalis is commonly used as a local cure for gastroin-
testinal issues, coughs, anxiety, and allergic conditions [12]. Magnolol is a hydroxylated
biphenyl chemical derived from the stem bark of Magnolia officinalis that is frequently used
in East Asia to treat acute pain, cough, anxiety, and gastrointestinal issues [13]. Magnolol
has been shown to have anti-inflammatory, antioxidant, and tumor-suppressive proper-
ties [14]. The inhibitory effect of magnolol on interleukin (IL)-1, tumor necrosis factor
(TNF)-α, and IL-6 expression confirms its anti-inflammatory efficacy [15]. Magnolol was
shown to have an apparent apoptotic impact in SGC-7901 human gastric cancer cells [16].
Magnolol and its methoxylated derivative, 2-O-methyl magnolol, were recently found to
inhibit the proliferation, migration, and invasion of hepatocellular carcinoma cell lines by
inducing p21 and p53 activation [17]. The anti-tumor effects of magnolol and 2-O-methyl
magnolol in vivo were also established [18]. Magnolol inhibits the cell cycle in human
gallbladder cancer cells at the G0/G1 phase [19].

According to several studies, magnolol’s metabolic effects are mediated through
the NF-κB/MAPK, Nrf2/HO-1, and PI3K/Akt signaling pathways [20]. The two lead-
ing causes of cancer cells’ resistance to chemotherapy are invasion and metastasis [21].
Magnolol inhibits the invasive capability of MDA-MB cells via downregulating of the
NF-κB/MMP-9 signaling pathway [22]. Magnolol’s anti-invasive and anti-metastasis prop-
erties may also be explained by its anti-angiogenesis activity, which is mediated through
vascular endothelial growth factor (VEGF) suppression [23].

Given magnolol’s effectiveness in lowering cell growth, invasion, and metastasis, the
question of whether magnolol can be utilized to reduce resistance to chemotherapeutic
treatments arises [24]. In a recent study, magnolol was shown to be cytotoxic to oral
squamous cells [25]. The findings also showed that magnolol therapy makes oral squamous
cells more sensitive to cisplatin [25,26]. Chu and colleagues found that magnolol (80 μM)
induced cytotoxic effects comparable to cisplatin at a dose of 25 μM in NSCLC cell lines [27].
The current research aims to evaluate the magnolol effects on cisplatin sensitivity in gastric
cancer cells.

2. Materials and Methods

This experimental study was approved by the Ethics Committee of Arak University of
Medical Sciences, Arak, Iran (Ethical code: IR.ARAKMU.REC.1400.032).

2.1. Reagent Preparation

Magnolol was purchased from Carbosynth Co. (Compton, Berkshire, UK). As a stock
reagent, Magnolol officinalis alcoholic extract was dissolved in DMSO (dimethyl sulfoxide)
at a 100 mM concentration and kept at −20 ◦C.

2.2. Cell Culture Protocol

The MKN-45 cell line (IBRC C10137) was purchased from the Iranian Biological Resource
Center and cultured in RPMI medium containing 20% FBS and 1% penicillin/streptomycin.
The cells were incubated at 37 ◦C with 5% CO2. The cells were passaged when confluency
was reached at 80% [28] (Figure S1).

2.3. MTT Assay

The cells were cultured at 104 cells/well density in a 96-well culture plate and incu-
bated at 37 ◦C with 5% CO2 for 24 h. Afterward, the culture medium was replaced with
100 μL of 0.5 mg/mL MTT solution, and the plates were incubated for 4 h at 37 ◦C with 5%
CO2 in the dark. Then each well received 100 μL of DMSO, and the plates were shaken for
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15 min. The absorbance of the samples was measured at 570 nm using an ELISA reader
(Bio-Rad, Berkeley, CA, USA). The viability of the cells was calculated using the formula:
100 − (absorbance test/absorbance control) × 100 [29]. The IC50 values were calculated
using Prism software.

2.4. Study Design

The cells were divided into four groups. Group 1 (control group) consisted of MKN-45
cells that received no treatment. Group 2 consisted of MKN-45 cells that received magnolol.
Group 3 received cisplatin, and group 4 was treated with a combination of magnolol and
cisplatin. All groups were incubated at 37 ◦C with 5% CO2 for 24 h and subjected to cell
proliferation assay, colony formation analysis, and real-time PCR.

2.5. Cell Proliferation Assay

Cells were plated in 6-well plates at a density of 105 cells per well and incubated for
24 h at 37 ◦C with 5% CO2. The culture medium was replaced after 48 h of cisplatin and/or
magnolol treatment. The cells were cultivated for 24, 48, 72, 96, and 120 h. After that, trypan
blue staining was used to determine the number of viable cells. The formula [(number
of viable cells in sample/number of viable cells in control) × 100] was used to determine
cell proliferation.

2.6. Colony Formation Analysis

To undertake a colony formation analysis, the cells were trypsinized and grown at a
density of 20,000 cells/well on a 12-well plate and incubated at 37 ◦C for 24 h with 5% CO2.
Afterward, the cells were treated in triplicate with cisplatin and/or magnolol for 48 h. The
cells were then cultured for seven days with a new culture medium. After incubation, the
cells were washed twice with PBS, and a 1:7 mixture of methanol and cold acetic acid was
added. The plates were incubated at room temperature for 20 min. The fixative solution
was removed in the next step, and the cells were stained with 0.5% crystal violet. The cells
were washed four times with distilled water and thoroughly dried at room temperature.
The stained colonies were evaluated using an inverted microscope.

2.7. Real-Time PCR

The gene expression of the treated groups was evaluated using real-time PCR. The
RNXTM reagent (Sinaclon, Tehran, Iran) was used to extract the RNA according to the
manufacturer’s instructions. Based on the manufacturer’s suggestion, 1 μg of generated
RNA was used for cDNA synthesis using a CycleScript cDNA synthesis kit (CycleScript RT
PreMix Bioneer, Daejon, Republic of Korea). The real-time PCR reaction was performed
using an Ampliqon RealQ Plus Master kit for SYBR Green I® (Ampliqon, Copenhagen,
Denmark) on a Lightcycler® Detection System (Roche, New York, NY, USA). The genes
and primers used in real-time PCR are listed in Table 1. The relative expression of the genes
was compared using β-actin as the housekeeping gene. The reactions were prepared in a
20 μL mixture containing 10 μL Master Mix kit, 0.5 μL of each primer (200 nM), 3 μL cDNA
(300 ng), and 7 μL nuclease-free water. The PCR protocol consisted of a 10 min denaturation
at 95 ◦C followed by 45 cycles at 94 ◦C for 15 s and 60 ◦C for 30 s. Two separate reactions
without cDNA or RNA served as negative calibrators. The gene expression of different
groups was compared using the 2−ΔΔCt technique. The MIQE (the minimum information
for publication of quantitative real-time PCR experiments) guideline was followed for all
qPCR studies.
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Table 1. Characteristics of primers used in qPCR test.

Gene Name Primer Sequence

β-actin-hum-F CAGCCTCAAGATCATCAGCAATG
β-actin-hum-R CATGAGTCCTTCCACGATACCA

Bax-hum-F AAGAAGCTGAGCGAGTGTCT
Bax-hum-R TGCCGTCAGAAAACATGTCAG

MMP-9-hum-F TAAGGAGTACTCGACCTGTACCA
MMP-9-hum-R GAGGAACAAACTGTATCCTTGGTC

Bcl-2-hum-F GGATGCCTTTGTGGAACTG
Bcl-2-hum-R CAGCCAGGAGAAATCAAACAG
P53-hum-F CAGACCTATGGAAACTACTTCCTG
P53-hum-R ATTCTGGGAGCTTCATCTGGA
P21-hum-F ATGTGGACCTGTCACTGTCTT
P21-hum-R CGTTTGGAGTGGTAGAAATCTGTC

2.8. Statistical Analysis

Statistical analysis was performed by GraphPad Prism 6.0 software. All analyses were
done in triplicate. One-way ANOVA followed by Tukey post hoc analysis was used to
assess the differences between various means. The difference between the two independent
groups was determined using the t-test. All experimental data were presented as the
mean ± SEM. The level of significance for all tests was set at p < 0.05.

3. Results

3.1. The Effects of Magnolol and/or Cisplatin on MKN-45 Cells’ Viability

According to MTT data, magnolol treatment reduced cell viability dose-dependently
(Figure 1). The algorithm of cisplatin’s effect on MKN-45 cells was similar to that of
magnolol (Figure 1). However, the combination of magnolol and cisplatin resulted in a
substantially more significant reduction in cell viability (Figure 1). IC50 values of magnolol,
cisplatin, and their combination were 6.53, 7, and 3.25 μM, respectively.

Figure 1. Changes in MKN Cells’ viability following magnolol and/or cisplatin therapy. The results
of the MTT assay showed diminished optical density after treating of MKN-45 cell line with magnolol
and/or cisplatin.

3.2. The Effects of Magnolol and/or Cisplatin on MKN-45 Cells’ Proliferation

According to the results of proliferation analysis, the cell growth rate was reduced
to 62% and 59% of the control group after 24 h of treatment with magnolol and cisplatin,
respectively (p < 0.05). However, the combination of the two medications decreased cellular
proliferation by 55.5% compared to the control (p < 0.05). The tendency of lower cell
proliferation in all treatment groups relative to the control group persisted until the fifth
day of therapy. In the groups treated with magnolol, cisplatin, and magnolol plus cisplatin
for five days, the proliferation amount reduced to 38.0%, 36.5%, and 36.7% of the control,
respectively (p < 0.05) (Figure 2).
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Figure 2. Proliferation assay following treatment of MKN-45 cells with magnolol and/or cisplatin.
MKN-45 cells were treated with magnolol and/or cisplatin for 24 h. Then, the proliferation rate was
calculated by counting the number of viable cells during five days compared to the control group
(*: A significant difference between the cell proliferation % of the control group and other groups.)

3.3. The Effects of Magnolol and/or Cisplatin on the Ability of MKN-45 Cells to Form Colonies

Following magnolol injection, the ability of MKN-45 cells to form colonies was sig-
nificantly reduced. The cells that received cisplatin therapy showed a more significant
decrease in colony formation. The cells that were given a combination of magnolol and
cisplatin had the least ability to form colonies (Figure 3A–E).

Figure 3. The effect of magnolol and/or cisplatin on colony formation in MKN-45 cells. (A) control
group 1 (no treatment), (B) control group 2 (treated with PBS), (C) treated with magnolol, (D) treated
with cisplatin, (E) treated with magnolol and cisplatin.
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3.4. The Effects of Magnolol and/or Cisplatin on the Expression of Apoptosis-Dependent Genes

Real-time PCR data revealed increased Bax expression following magnolol and/or
cisplatin treatment. The group treated with magnolol showed the maximum increased level
of Bax expression compared to the control group. In addition, a substantial increase in Bax
expression in the groups treated with cisplatin or cisplatin + magnolol was noted (p < 0.001).
The result showed no significant increase in Bax expression in the magnolol-treated group
compared to the magnolol + cisplatin-treated group (p > 0.05). However, a substantial
increase in Bax expression was noted in the magnolol + cisplatin-treated group compared to
the cisplatin-treated group (p < 0.001) (Figure 4a). In all treated groups, Bcl2 expression was
significantly reduced compared to the control group (p < 0.001). The group that received
cisplatin with magnolol had the lowest level of Bcl2 expression. The group that received
magnolol + cisplatin showed a considerable reduction in Bcl2 expression compared to those
that received magnolol or cisplatin alone (p < 0.001) (Figure 4b).

(a) (b) 

Figure 4. Changes in apoptotic-related genes following magnolol and/or cisplatin therapy. (a) A
substantial increase in Bax expression after magnolol and/or cisplatin application. (b) A significantly
decreased level of Bcl2 expression after magnolol and/or cisplatin application. β-actin was used as the
reference gene for normalizing the relative quantitative expression of target genes. All experiments
were performed in triplicate. *** p < 0.001, ns: not significant.

3.5. The Effects of Magnolol and/or Cisplatin on the Expression of Cell Cycle Regulator Genes

Magnolol and/or cisplatin treatment induced a significant increase in p53 expression
in comparison with the control group (p < 0.001) (Figure 5a). The group treated with
magnolol + cisplatin showed the most significantly increased level of P53. There was no
significant difference in P53 expression between the group that received magnolol alone
and those treated with magnolol + cisplatin (p > 0.05). However, the combination therapy
induced a significant elevation in P53 expression compared with the group treated with
cisplatin alone (p < 0.001) (Figure 5a). p21 expression changes followed the same pattern as
p53 expression changes after magnolol and/or cisplatin treatment (Figure 5b).
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(a) (b) 

Figure 5. Changes in cell cycle regulator genes following magnolol and/or cisplatin therapy. (a) All
treated groups showed significantly elevated levels of p53 compared to the control group. The group
that received a combination of magnolol and cisplatin had the maximum expression of p53. (b) All
treated groups showed significantly elevated levels of p21 compared to the control group. The group
that received a combination of magnolol and cisplatin had the maximum expression of p21. β-actin
was used as the reference gene for normalizing the relative quantitative expression of target genes.
All experiments were performed in triplicate. ns: not significant. *** p < 0.001.

3.6. The Effects of Magnolol and/or Cisplatin on the Expression of Extracellular Matrix Remodeling
Gene Expression

MMP-9 showed significantly reduced expression in the groups who received magnolol
and/ or cisplatin (p < 0.001) (Figure 6). The group that received cisplatin presented the
lowest expression of MMP-9. There was a significant difference between the treated groups
in MMP9 expression (p < 0.001) (Figure 6).

Figure 6. Changes in MMP-9 wxpression following magnolol and/or cisplatin therapy treatment of
MKN-45 cells with magnolol and/or cisplatin resulted in a substantial decrease in MMP9 expression
compared to the control group. β-actin was used as the reference gene for normalizing the relative
quantitative expression of target genes. All experiments were performed in triplicate. *** p < 0.001.
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4. Discussion

This study aimed to see if magnolol could improve cisplatin cytotoxicity in gastric
cancer cells. Cisplatin is commonly used to treat progressive gastric cancer [30]. However,
cisplatin therapy has some unfavorable and harmful effects on normal cells [31]. Cisplatin
induces unwanted apoptosis in blood, nerve, stomach, and kidney cells. Cisplatin binds to
purine residues, causes DNA damage, and inhibits the cell cycle [27]. Cisplatin induces
reactive oxygen species production and lipid peroxidation, resulting in unwanted oto-
toxicity. Another significant issue in gastric cancer treatment is cancer cells’ resistance to
cisplatin [32]. Some evidence suggests that chemotherapy treatments without cisplatin
considerably enhance survival time, progression-free survival, and response rate in gastric
cancer patients [33]. In this regard, scientists worldwide are looking for natural compounds
with anti-tumor properties. Some studies propose cisplatin and natural compound combi-
nation therapy to avoid the harmful effects of cisplatin [34]. Magnolol’s anti-cancer activity
has been proven in several earlier investigations of various cancers [35]. Rasul et al. showed
magnolol-induced apoptosis in SGC-7901 human gastric cancer cells.

This study investigated the effect of magnolol with or without cisplatin on MKN-45
gastric cancer cells in vitro. According to our findings, magnolol and cisplatin inhibited
MKN-45 cell survival, proliferation, and colony formation ability in a dose-dependent
way. Futhermore, the combination of magnolol and cisplatin had a substantially more
significant death effect on cells [36]. According to Hyun et al. study, magnolia extract
suppressed the survival of cervical cancer cells [37]. Regarding Ong et al.’s study results,
magnolol inhibited the growth, colony formation, and proliferative capacity of non-small
cell lung cancer cells [38]. Jian et al. found that treating human A549-bearing nude mice
with honokiol, a bioactive component derived from magnolia, suppressed tumor growth
considerably. When honokiol was combined with cisplatin, its anti-tumor efficacy was
significantly increased [39]. In the next step, we investigated the mechanism by which
magnolol lowers the viability of MKN-45 cells. In this regard, changes in apoptosis-related
genes were studied.

The data demonstrated a noticeable increase in Bax expression and a significant
decrease in Bcl2 expression following magnolol and/or cisplatin treatment. The data
from Park et al.’s study showed an increase in Bax expression and a reduction of Bcl2
expression following the treatment of colon cancer cells with magnolol. According to
their findings, magnolol causes cytochrome c movement from the mitochondria to the
cytoplasm, leading to caspase-3 activation and cell death [40]. According to Rasul et al.,
magnolol has an apparent apoptotic effect mediated by an increase in Bax/Bcl2 and caspase-
3 expressions. The researchers reported that magnolol-induced apoptosis in gastric cancer
cells could be related to increased mitochondrial membrane permeability and caspase
pathway activation or decreased PI3K/Akt [41]. The exact mechanism by which magnolol
reduces the viability of cancer cells is unclear [42]. Tsai et al.’s study revealed that magnolol
inhibits apoptosis in non-small cell lung cancer cells via caspase-independent mechanisms.
According to the observations, magnolol enhances the release of Bid, Bax, and cytochrome
c from mitochondria. However, magnolol does not affect the expression of caspase-3,
-8, or -9. The researchers concluded that magnolol inhibits non-small cell lung cancer cell
proliferation by suppressing the PI3K/AKT and ERK1/2 pathways [43].

The next step of our study was to see how magnolol treatment affected the expression
of cell cycle-regulating genes. In the groups treated with magnolol and/or cisplatin, we
found a significant increase in p53 and p21 expression. The p53 tumor suppressor gene
is a critical transcription factor that controls angiogenesis, cell cycle, and DNA repair
gene expression [44]. p53 stops the cell cycle at stage G1 in response to DNA damage.
p53 is critical for genome preservation and is required for maintaining the shape and
number of genomes [45]. Alterations in the p53 gene were found in 77% of gastric cancer
patients [46]. p21 is defined as a downstream target of the tumor suppressor p53. p53 binds
to the p21 promoter and stimulates its transcription [47]. p21 is a cyclin-dependent kinase
inhibitor that controls the activity of several cyclins and cyclin-dependent kinases involved
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in cell cycle regulation [48]. p53 and p21 have been suggested as critical biomarkers in
cancer diagnosis. The findings of a clinical investigation showed that p53 overexpression
was associated with an improved response to chemotherapy in individuals with gastric
cancer [49]. The increased levels of p53 and p21 expression identified in our study revealed
that magnolol or magnolol plus cisplatin treatment could activate cell cycle arrest.

These results indicate that magnolol increases cellular sensitivity to cisplatin in MKN-
45 cells. Hsu et al. discovered that magnolol treatment of colon cancer cells results in a
significant increase in p21 expression via the Ras/Raf-1-mediated activation of ERK [50].
According to a study by Shen et al., magnolol decreases the mitotic phase and the progress
of G2/M in a dose-dependent manner [51]. According to the findings of a study on the
effect of magnolol on rat xenograft cells, magnolol inhibits and dramatically suppresses
β-catenin nuclear transfer and attaches the TGF β-catenin complexes to the DNA-bound
axis in the nucleus [51]. In SW480 and HCT116 human colon cancer cells, these processes
result in decreased regulation of target β-catenin/TCF genes such as c-myc, MMP-7, and
plasminogen activator urokinase. In HCT116 nude mouse xenograft cells, magnolol also
slows invasion and demonstrates anticancer efficacy [51]. In human umbilical vein en-
dothelial cells, magnolol also suppresses the proliferation of basal fibroblast growth factor
and the creation of capillary tubules [52]. The findings of the Zhou et al. investigation
showed that magnolol increased cell cycle arrest at the G2/M phase by elevating p21 and
p53 expression and reducing cyclin-B1 and CDK-1 expression [53].

The final phase of our research examined the effects of magnolol/cisplatin treatment
on MKN-45 cell migration and invasion. The findings revealed that magnolol and cisplatin
dramatically reduced gastric cancer cell migration, which correlated to a reduction in
MMP-9 expression. This finding is similar to earlier cellular studies that showed magnolol
promotes cancer cell migration and invasion by reducing the NF-κB signaling pathway and
MMP activity in breast cell lines and cholangiocarcinoma, respectively [54]. According to
previous research, MMP-9 is overexpressed in cancer cells [55]. It has been demonstrated
that p53 inactivation induces MMP-9 production via enhancing glycolysis [56]. Hypoxia
generally causes cell necrosis, leukocyte infiltration, and the release of TNF-α and IL-6 in
tumor cells [57]. This condition causes MMP-9 overexpression by activating the PI3k/AKT
and MAPK pathways [58]. Furthermore, tumor hypoxia stimulates HIF-1 expression, in-
creasing MMP-9 activity [59]. The increase in MMP-9 expression in tumor tissues plays a
vital role in realizing the metastatic process’s sequential phases [60]. Our study’s consider-
able reduction in MMP-9 suggested that magnolol and/or cisplatin treatment might have
an anti-invasive and anti-metastatic effect. According to Liu et al.’s report, magnolol inhib-
ited breast cancer cell invasion by down-regulating NF-κB and MMP-9 [22]. According to
Nagas et al., magnolol substantially lowers malignancy in the human fibrosarcoma cell line
HT-1080 by reducing MMP-9 activity [61]. Finally, our findings, which are comparable with
evidence from previous in vitro and in vivo investigations, confirm magnolol’s anti-tumor
activities in MKN-45 gastric cancer cells. Our results also indicate that magnolol improves
cisplatin’s anti-tumor efficacy.

5. Conclusions

Using magnolol as a single drug or combined with cisplatin may be a novel treatment
for gastric cancer patients. However, more in vivo and clinical research is needed to
determine the precise effects of magnolol on normal and malignant cells. More investigation
is recommended to determine the exact molecular mechanisms of magnolol on normal and
cancer cells.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/medicina59020286/s1, Figure S1: The changes in morphological
characteristics of MKN-45 cells during magnolol and/or cisplatin treatment. A. MKN-45 gastric
cancer cells without treatment (control group). B. Magnolol therapy induced a significantly reduced
number of viable cells. C. Cisplatin therapy resulted in a reduced number of viable cells and colonies.
D. Cisplatin and magnolol combination therapy had the maximum inhibitory effect on MKN-45 cell
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viability. Figure S2: The results of electrophoresis. The real-time PCR products were loaded on 1%
agarose gel and detected using a transilluminator (Jal Doc, Iran).
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Abstract: Background and Objectives: This study aimed to assess the impact of clinical prognostic factors
and propose a prognostic score that aids the clinician’s decision in estimating the risk for patients
in clinical practice. Materials and Methods: The study included 195 patients diagnosed with ovarian
adenocarcinoma. The therapeutic strategy involved multidisciplinary decisions: surgery followed by
adjuvant chemotherapy (80%), neoadjuvant chemotherapy followed by surgery (16.4%), and only
chemotherapy in selected cases (3.6%). Results: After a median follow-up of 68 months, in terms
of progression-free survival (PFS) and overall survival (OS), Eastern Cooperative Oncology Group
(ECOG) performance status of 1 and 2 vs. 0 (hazard ratio—HR = 2.71, 95% confidence interval—CI,
1.96–3.73, p < 0.001 for PFS and HR = 3.19, 95%CI, 2.20–4.64, p < 0.001 for OS), menopausal vs.
premenopausal status (HR = 2.02, 95%CI, 1.35–3,0 p < 0.001 and HR = 2.25, 95%CI = 1.41–3.59,
p < 0.001), ascites (HR = 1.95, 95%CI 1.35–2.80, p = 0.03, HR = 2.31, 95%CI = 1.52–3.5, p < 0.007),
residual disease (HR = 5.12, 95%CI 3.43–7.65, p < 0.0001 and HR = 4.07, 95%CI = 2.59–6.39, p < 0.0001),
and thrombocytosis (HR = 2.48 95%CI = 1.72–3.58, p < 0.0001, HR = 3.33, 95%CI = 2.16–5.13, p < 0.0001)
were associated with a poor prognosis. An original prognostic score including these characteristics
was validated using receiver operating characteristic (ROC) curves (area under the curve—AUC =
0.799 for PFS and AUC = 0.726 for OS, p < 0.001). The median PFS for patients with none, one, two,
three, or four (or more) prognostic factors was not reached, 70, 36, 20, and 12 months, respectively. The
corresponding median overall survival (OS) was not reached, 108, 77, 60, and 34 months, respectively.
Conclusions: Several negative prognostic factors were identified: ECOG performance status ≥ 1, the
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presence of ascites and residual disease after surgery, thrombocytosis, and menopausal status. These
led to the development of an original prognostic score that can be helpful in clinical practice.

Keywords: prognostic factors; prognostic score; ovarian carcinoma; adenocarcinoma

1. Introduction

Worldwide, ovarian cancer represents a significant health burden, representing the
second cause of gynecological-tumor-associated mortality, according to the latest estimates
of GLOBOCAN 2020 [1]. More than two-thirds of patients are diagnosed in the advanced
stages of the disease because of unspecific symptoms and a lack of efficient screening
and detection methods [2]. Despite adopting new treatment techniques and developing
new therapeutic agents, the outcome for patients with gynecological tumors remains poor,
especially in developing countries [1,3,4].

The clinician must be guided in choosing a personalized therapeutic strategy by
thoroughly exploring the patients’ prognostic factors. Identifying these risk factors is vital
to classify the patient in a specific risk group and estimate the risk of progression and
death. These results must be correlated and interpreted in a multidisciplinary tumor board
regarding selecting the correct treatment sequence between chemotherapy, targeted therapy,
surgery, or radiotherapy [5,6].

A variety of adverse prognostic factors have been proposed for ovarian cancer. These
include low-performance status, menopause, late-stage disease, mucinous histology and
poor histologic differentiation, residual disease post-surgery, hypoalbuminemia, and throm-
bocytosis [7–17].

The most established prognostic factor in ovarian cancer is the presence of remaining
cancer cells after a radical surgery aimed to remove as much of the tumor as possible.
Based on the amount of residual disease, the risk can be stratified as follows: complete
resection (R0): no cancer cells detectable, with best prognosis; microscopic residual disease
(R1): cancer cells detectable only under the microscope, with intermediate prognosis;
and macroscopic residual disease (R2): visible evidence of cancer remaining in the body
post-surgery, with the worst prognosis [18]. Complete cytoreduction is associated with
improved outcomes in all patients with ovarian cancer. As such, the residual disease status
is a significant predictor of poor survival [10,19–23].

Thrombocytosis, defined as an elevated platelet count, has also been identified as a
prognostic factor in patients with ovarian cancer. It is associated with advanced stages of
the disease and decreased survival, as it may be caused by paracrine circuits involving
thrombopoietic cytokines that stimulate tumor growth [15,16].

Another relevant marker of poor prognosis is hypoalbuminemia, defined as decreased
levels of serum albumin (typically below 3.5 g/dL), and has been correlated with worse
outcomes in advanced stages and may be a potential predictor of post-surgical survival [17].
A clinical surrogate for hypoalbuminemia is the presence of ascites, as low levels of albumin
can cause an imbalance in oncotic and hydrostatic forces, leading to the leakage of fluids
out of blood vessels into the abdominal cavity and has been associated with decreased
survival and an increased risk of postoperative complications [24].

The study’s primary objectives were to assess the impact of clinical and pathological
prognostic factors and establish a simple prognostic score that can help clinicians estimate
patients’ risk and personalize the treatment in current medical practice. Identifying such
a risk-factor-based prognostic score with predictive value in everyday routine can be
helpful for clinicians and provide a meaningful benefit in treatment outcomes for ovarian
cancer patients.

148



Medicina 2023, 59, 229

2. Materials and Methods

2.1. Patients

The ambispective study included 195 patients diagnosed with ovarian adenocarcinoma
between 2007–2019. The study was approved by “Prof. Dr. Al. Trestioreanu” Bucharest
Institute of Oncology Ethical Committee No. 22333/2022. No specific informed consent
form (ICF) was used because all patients signed the institutional ICF giving consent to
full use of their medical records for research purposes. The study was conducted in
harmonization with the Declaration of Helsinki.

Patient’s medical records were analyzed retrospectively between 2007–2010 and
prospectively between 2011–2019. Histopathological confirmation of ovarian carcinoma,
stage IC-IV, good performance status (ECOG 0-2), acceptable hematologic, liver, and renal
function tests to allow the treatment administration, and consent of patients were among
the inclusion criteria. The exclusion criteria included ECOG ≥ 3, lack of informed consent
of patients, the impossibility of delivering chemotherapy, abnormal hematologic, liver, and
renal function tests, and losing contact with the patients during the follow-up period.

2.2. Treatment

The therapeutic strategy involved multidisciplinary decisions, including surgery fol-
lowed by adjuvant chemotherapy, neoadjuvant chemotherapy followed by surgery, or
only chemotherapy in selected cases (multiple comorbidities, poor general health status).
Bilateral salpingo-oophorectomy, hysterectomy, and omentectomy, with or without para-
aortic lymphadenectomy, were among the surgical interventions required to obtain no
macroscopic residual disease, along with the possible resection of any other involved
segment (bowel, diaphragm, hepatic resection, appendectomy, partial cystectomy, metasta-
sectomy). First-line chemotherapy included at least four cycles of platinum salts doublets,
and the protocols included paclitaxel 175 mg/m2 and carboplatin (AUC = 5) or cisplatin
(75 mg/m2).

2.3. Statistical Analysis

The statistical analysis was realized with IBM SPSS, version 23.0 (Chicago, IL, USA)
for Windows and Excel, and included all eligible patients. Progression-free survival (PFS)
and overall survival (OS) represented the endpoints of the analysis. The Kaplan–Meier
method was used for generating survival curves. The univariate analysis using the log-rank
test was used for studying the influence of relevant parameters on survival and time to
disease progression, and multivariate analysis was used according to the stepwise Cox
proportional hazards model to identify independent prognostic factors and estimate their
effect on the time to disease progression and overall survival. The confidence interval (CI)
considered for the calculated quantitative variables was 95%, and the p-value considered
statistically significant was <0.05. ROC curves were used to measure the model’s efficacy
and estimate the method’s sensibility and specificity. An AUC closer to 1 is considered
efficient, and AUC values > 0.6 validate the model.

3. Results

3.1. Baseline Characteristics

The median age of patients was 54 ± 10.63 years (range between 18 and 82 years).
A complete physical examination was required to assess patients’ clinical status, and

the performance status was evaluated according to the ECOG scale. Most patients (61.7%)
presented good performance status (ECOG 0), 35.6% with ECOG 1, and 0.7% with ECOG 2.

Most patients were postmenopausal at the time of diagnosis (63.6%). Known as a risk
factor for ovarian cancer, the prevalence of nulliparity was 15.4% in our study’s cohort.

In our cohort, the stage distribution included: 9.7% in stage IC, 11.8% in location IIA,
1% in stage IIB, 9.8% in stage IIC, 4.1% in stage IIIA, 3.1% in stage IIIB, 43.6% in stage
IIIC, and 16.9% in stage IV. Therefore, two-thirds of the patients (66.7%) were diagnosed
with an advanced stage of the disease and metastasis. Most patients presented with
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large ovarian tumors, with a mean size of 87.6 ± 47.8 mm (range between 10–250 mm)
(Figure 1). The CA125 level at diagnosis was elevated in 76% of patients, with a mean value
of 616 ± 922 U/mL (range 4–4892 U/mL). Additionally, significant ascites (>500 mL) was
observed at the diagnosis in 35.8% of patients.

Figure 1. Tumor characteristics according to International Federation of Gynecology and Obstetrics
(FIGO) staging and tumor dimension.

The histopathological report confirmed the diagnosis of ovarian epithelial adenocarci-
noma in all patients. Most tumors were included in the serous subtype (72.9%), 12.8% in the
endometrioid subtype, 13.3% mucinous, and 1% were included in the clear cell carcinoma
subtype. Moreover, 62.9% were poorly differentiated tumors (G3), 27.4% were moderately
differentiated (G2), and 9.7% were well differentiated (G1).

A multidisciplinary team decided on the therapeutic strategy. It included surgery
followed by adjuvant chemotherapy in 156 patients (80%), neoadjuvant chemotherapy
followed by surgery in 30 patients (16.4%), and only chemotherapy in 3.6% of patients
(poor performance status, comorbidities).

Oncologic Outcome and Prognostic Factors

After a median follow-up of 68 months (range 7–191), the median PFS for all stages
was 32 months, and the median OS was 84 months. For stage IIIC, the median PFS was
20 months, and the median OS was 51 months, whereas for stage IV, the median PFS was
14 months, and the median OS was 40 months.

Some important risk factors were identified (Tables 1 and 2).
ECOG performance status 1 or 2 (combined) compared to 0 was associated with

poor prognostic outcome, a median PFS of 15 months vs. 60 months, and an OS of 38 vs.
112 months.

The presence of ascites represented a poor prognostic factor. PFS for patients with
ascites was 22 months compared to 48 months for patients without ascites (p = 0.027).
Moreover, OS was 44 months versus 120 months in favor of patients without ascites at
the time of diagnosis (p = 0.005). The presence of ascites was associated with a 1.95 times
higher risk of disease progression and a 2.31 times higher risk of death.

There was also a statistically significant difference regarding PFS for patients with
thrombocytosis (defined as more than 450,000 platelets/mm3) at the time of diagnosis
versus patients with a standard value of platelets. Therefore, the median PFS and OS for
patients with normal values of platelets were 60 and 150 months, and for patients with
thrombocytosis, median PFS and OS were only 20 and 36 months (p = 0.0001). The presence
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of thrombocytosis at the time of diagnosis was associated with a 2.48 times higher risk of
disease progression and a 3.33 times higher risk of death.

The most important prognostic factor was the presence of residual disease after surgery
evaluated according to the surgeon’s description and through imaging techniques (84.6%
had a CT or MRI post-surgery before starting chemotherapy). In our series of patients,
49.23% of patients presented with residual disease after surgery. The presence of residual
disease after surgery was associated with a shorter PFS (15 vs. 156 months, p = 0.0001) and
statistically significant reduced OS (38 months vs. median not reached, p = 0.0003). Patients
with residual disease after surgery had a five times higher risk of disease progression than
patients without residual disease and a four times higher risk of death.

Additionally, the quantity of residual disease after surgery represents a prognostic
factor. For patients without the residual disease, PFS was 156 months; for patients with
residual disease less than 1 cm, PFS was 20 months; for patients with residual disease
more than 1 cm, PFS was only 12 months (p < 0.0001). Median OS for patients without
residual disease was not reached; for patients with residual disease less than 1 cm, OS was
60 months; for patients with the residual disease more than 1 cm, OS was only 34 months
(p = 0.0002).

Table 1. Progression-free survival (PFS) and overall survival (OS) according to prognostic factors.

PFS OS

Characteristics
Median PFS

(Months)
p Median OS

(Months)
p

Eastern Cooperative
Oncology Group

(ECOG)
ECOG 0 60 112
ECOG 1 20 0.002 40 0.0001
ECOG 2 10 0.001 30 0.0001

Menopause
No 60 150
Yes 24 0.001 60 0.005

Residual disease
Yes 15 38
No 156 <0.0001 NR 0.0003

R1 cm
0 156 NR

0–1 cm 20 <0.0001 60 0.0002
More 1 cm 12 <0.0001 34 0.0001

G
G2 72 150
G3 21 <0.0001 50 0.0001

Histopathology (HP)
Serous 24 0.002 62 NS

Mucinous 60 NS 72
Endometrioid 70 NS 110

Clear Cell 30 NS NR

Ascites
Yes 22 44
No 48 0.027 120 0.005

Thrombocytosis
Yes 60 36
No 20 0.0001 152 0.0001
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Table 2. Multivariate analysis of the prognostic factors for PFS and OS.

PFS OS

Characteristics HR
PFS

95%CI
p HR OS 95%CI p

ECOG
ECOG 0 1 1

ECOG 1, 2 2.71 1.96–3.73 0.001 3.19 2.20–4.64 0.001

Thrombocytosis
No 1 1
Yes 2.48 1.72–3.58 0.0001 3.33 2.16–5.13 0.0001

Menopause
No 1 1
Yes 2.02 1.35–3.01 0.001 2.25 1.41–3.59 0001

R0
Yes 1 1
No 5.12 3.43–7.65 0.0001 4.07 2.59–6.39 0.0001

G
G2 1 1
G3 2.50 1.77–3.53 0.001 2.24 1.65–3.24 0.001

HP
Serous 1 1

Non-serous 0.68 0.61–0.90 0.008 0.56 0.5–1 NS

Ascites
No 1 1
Yes 1.95 1.35–2.80 0.03 2.31 1.52–3.5 0.007

The most frequent histopathological subtype for postmenopausal women was high-
grade serous carcinoma, whereas the incidence of the two histopathological subtypes
was similar for premenopausal women. PFS was statistically significantly higher in
premenopausal patients (60 vs. 24 months, p = 0.001), and the OS was 150 months vs.
60 months (p = 0.005).

3.2. Prognostic Score

After carefully analyzing the risk factors, the following variables were considered for
establishing a prognostic score that could estimate the patient’s outcome, the necessary
therapeutic strategy, and follow-up intensity:

• performance status ECOG ≥ 1,
• presence of ascites,
• menopausal status,
• residual disease after surgery,
• presence of thrombocytosis.

In our series of patients, 28 (14.4%) patients had no risk factors, 43 (22.1%) patients had
one risk factor, 42 (21.5%) patients had two risk factors, 36 (18.5%) had three risk factors, 40
(20.6%) had four risk factors, and 6 (3%) had five risk factors at diagnosis.

Each additional risk factor contributed to a statistically significant reduction in PFS
(p = 0.0001) and OS (p = 0.001). Patients with no risk factors and a score of 0 had not reached
median PFS and OS (Figure 2a for PFS and Figure 2b for OS). Patients with one risk factor
had a median PFS of 70 months and an estimated median OS of 108 months. Patients with
two risk factors had a median PFS of 36 months and a median OS of 77 months. Patients
with three risk factors had a median PFS of 20 months and a median OS of 60 months.
Patients with four or more poor prognostic factors had a median PFS of 12 months and an
estimated OS of 34 months. These data sustain the use of the clinical prognostic score in
the patient’s initial evaluation.
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(a) (b) 

Figure 2. Progression-free survival (a) and overall survival (b) according to the number of risk factors.

ROC curves were used to validate the prognostic score and to characterize its sensibil-
ity and specificity. The prognostic score has an area under the curve of 0.799 (p = 0.0001,
95%CI 0.721–0.86) for PFS and an area under the curve of 0.726 (p = 0.0001, 95%CI 0.710–
0.850) for OS. Therefore, these results demonstrate that this prognostic score could be
helpful in medical practice due to its good sensibility and specificity (Figure 3a for PFS and
Figure 3b for OS).

 
(a) (b) 

Figure 3. ROC curves estimating the specificity and sensitivity of the prognostic score ((a)-PFS and
(b)-OS).

4. Discussion

Despite using new therapeutic agents and developing new treatment techniques, the
outcome for patients with gynecological tumors remains poor, especially in developing
countries [1,3]. Correctly identifying prognostic factors in ovarian cancer is vital, support-
ing the clinician in classifying the patient in a specific risk group and estimating the risk of
disease progression and death. Furthermore, correctly identifying all prognostic factors
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leads to the right choice of therapeutic strategies and can help choose a personalized treat-
ment. This can be achieved by associating standard treatment with additional therapeutic
options such as antiangiogenic agents, PARP inhibitors, targeted therapy, immunotherapy,
or radiotherapy. Identifying risk factor sets with predictive value in everyday practice can
be a helpful tool.

The 195 patients with ovarian carcinoma included in this study had an extended
median follow-up (68 months, range 7–191 months), allowing the identification of several
adverse prognostic factors. Thus, the main prognostic factors were the stage of the disease,
ECOG performance status 1 or 2 compared to 0, the presence of ascites, the degree of tumor
differentiation, serous histopathological subtype compared to non-serous tumors, and
menopausal status. The most important prognostic factor in our study was the presence
and the amount of residual disease after surgery.

To our knowledge, an integrated prognostic score correlating these factors is yet to
be developed. As such, we consider that this comprehensive method of calculating a
predictive clinical marker is a novelty that the clinician needs.

The most robust data regarding the identification of prognostic factors in ovarian
carcinoma originate from the analysis of three prospective studies (AGO-OVAR 3, 5, 7)
conducted in Europe. The studies’ initial purpose was to evaluate the role of a third
chemotherapeutic agent (epirubicin or topotecan) added to the classic combination of
paclitaxel and carboplatin/cisplatin [7–9].

Considering the negative result of the study, researchers proposed a prospective
analysis of several prognostic factors for patients with ovarian carcinoma. The study
included 3126 patients and proved through a univariate and a multivariate analysis that
age, FIGO stage IIIC and IV compared to stage IIIB tumors or earlier stages, grade G2
and G3 compared to G1, mucinous histopathological subtype versus serous, ECOG 2
performance status versus ECOG 0, and the presence of ascites over 500 mL are independent
prognostic factors.

The study showed that only a third of the included patients met the criteria for
complete resection. The minimum residual disease was defined as a tumor between 1 and
10 mm, and macroscopic residual disease was defined as a tumor over 1 cm. The complete
resection of the tumor was associated with a reduction in disease progression and death of
66% and 68%, respectively. The benefit of radical surgery was maintained for all stages of
the disease.

Similar results were reported by a study including 1895 patients with stage III dis-
ease [10]. Following R0 resection as a comparison standard, the study observed that the
presence of residual disease between 0–10 mm or over 10 mm was associated with a rise
in the risk of disease progression HR = 1.96 (95%CI, 1.70–2.26; p = 0.001) and HR = 2.36
(95%CI 2.04–2.73; p = 0.001). Moreover, the risk of death was also increased by the presence
of residual disease less than 1 cm (HR = 2.11; p = 0.001) or over 1 cm (HR = 2.47; p = 0.001)
compared to those without residual disease or those with macroscopic residual disease.
The study concluded that age, performance status, histopathology (mucinous vs. serous
and endometrioid), and residual disease after surgery were poor prognostic factors.

Another study was published in Gynecologic Oncology Journal, and the objective was
to evaluate the impact of cytoreduction and residual disease in 326 patients with stage IV
ovarian adenocarcinoma. Optimal surgical resection was obtained in 54.9% of patients,
30.8% presented residual disease between 1–10 mm, and 14.3% showed residual disease
over 10 mm after cytoreduction. The median OS was statistically significantly better for
patients who underwent optimal cytoreduction without the residual disease (50 months)
compared to patients with the residual disease between 1–10 mm when OS was 25 months
or patients with the residual disease over 1 cm when OS was only 16 months.

The multivariate analysis confirmed the inferiority regarding the lack of surgical in-
tervention (HR = 2.51, p = 0.0001), of residual disease between 1 and 10 mm (HR =1.5,
p = 0.046), and residual disease over 1 cm (HR = 2.17, p = 0.002) compared to optimal cytore-
duction, without the macroscopic residual disease. The study identified other prognostic
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factors, such as performance status, presence of ascites over 500 mL, and extension of the
disease to the abdominal wall or liver metastasis, which are associated with a reserved
prognosis [19].

Even more recent studies have elaborated a predictive model of response after neoadju-
vant chemotherapy and discovered that patients with complete or near complete response
(CRS3) (28%) after platinum salts doublet had a better PFS and OS compared to patients
with partial CRS2 or no/minimal response CRS1 (HR = 0. 55, 95%CI, p = 0.001 for PFS and
0.65, p = 0.002 for OS) [20]. A similar study found that these data are valid for residual
ovarian tumors and omental metastasis [21]. A recent systematic review identified that the
Peritoneal Cancer Index (PCI) with an AUC of 0.69–0.92 [22] and Predictive Index Value
(PIV) with an AUC of 0.66–0.98 were the most critical scores for complete resection [23].

Menopausal status is a known factor associated with ovarian adenocarcinoma, with
over 65% of patients being postmenopausal at diagnosis [11]. Limited data are mentioned
in the literature regarding ovarian adenocarcinoma in premenopausal patients; thus, the
diagnosis is delayed in most cases. The proportion of young patients in our study is similar
to the data mentioned in the literature [12,13].

A study that included 496 patients with malignant epithelial tumors reported an
increased incidence of ovarian carcinoma with aging. Similar to our results, the percentage
of patients with endometrioid carcinoma was higher in young patients compared to post-
menopausal patients [14]. Although most patients are diagnosed during menopause, the
reproductive characteristics of the patients, such as nulliparity or reduced number of preg-
nancies and the use of contraceptive pills, represent the most important risk factors [25].
Nulliparous patients had a higher risk of ovarian cancer than patients who gave birth
(HR = 0.69, p = 0.001) and a significantly higher risk of clear cell carcinoma (RR = 0.35). In
contrast, patients with serous carcinoma had the lowest risk reduction (RR = 0.81) [26].

Another important prognostic factor identified in our patients was the presence of
thrombocytosis at diagnosis. In a study including 619 ovarian carcinoma patients, the aim
was to establish the relationship between the number of thrombocytes in the peripheral
blood smear, time to disease progression, and overall survival of patients. The study
demonstrated that thrombocytosis is associated with advanced stages of the disease and
decreased survival. Moreover, a rise in thrombopoietin values and IL-6 was observed,
which explains the existence of a paracrine circuit where the increase in thrombopoietic
cytokines leads to paraneoplastic thrombocytosis, which stimulates tumor growth [15].

A study that included more than 100 patients with ovarian cancer considered the
value of pretreatment platelet count and tumor markers such as CA125 and proposed
a reliable and straightforward to use in clinical practice score for patients with stage IV
disease. A combined platelet and CA125 score of 0, 1, and 2 were determined based on
the presence of thrombocytosis defined as more than 400,000/μL, elevated CA125 level
defined as more than 1200 U/mL, or both. Median PFS was significantly lower in patients
with a Platelet-CA125 score of 2 (19.6 months) compared with patients with a score of 0
(32.0 months; p = 0.011). Multivariate analysis identified both Platelet-CA125 scores of 2
and 1 as independent poor prognostic factors both for overall survival (p = 0.004, p < 0.001)
and progression (p = 0.033, p = 0.017) in comparison with a score of 0 [16].

Another study aimed to validate a nomogram that predicts the 3-year recurrence risk
of ovarian carcinoma. The items included in the nomogram were FIGO stage, histological
grade, histological type, lymph node metastasis status, and serum CA125 level at diagnosis.
The ROC curve of the nomogram showed that the AUC was 0.828 and identified a threshold
value with reasonable specificity and sensitivity [27]. The study also showed that patients
with thrombocytosis (53%) had a statistically significant lower PFS than those with a
normal platelet count. OS was 2.62 years for patients with thrombocytosis and 4.65 years
for patients with a normal thrombocyte count. The multivariate analysis showed that
by analyzing according to age, stage of disease, grading, histopathological subtype, and
residual disease after surgery, thrombocytosis remains an adverse prognostic factor for
survival (p < 0.001).
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Hypoalbuminemia at diagnosis was identified as a poor prognostic factor in advanced
stages. More than that, after neoadjuvant treatment, if albumin levels return to normal, this
may be a potential predictor of survival after surgery [17].

Markers of angiogenesis such as vascular endothelial growth factors VEGF and oxida-
tive stress markers such as malondialdehyde may be used as prognostic markers, but their
use on a large scale is limited [6,28–31].

In recurrent ovarian cancer, too, such a risk score that included patient’s characteristics
(ECOG performance status, age, quality of life, and nausea/vomiting) and treatment
characteristics, such as platinum-free interval, showed a good predictive value with an
AUC of 0.81 [32].

The future will belong to risk scores that include gene signatures. Such a score
will be developed and validated based on the expression and augmentation of ovarian-
cancer-related genes used to predict the outcome and chemoresistance in ovarian cancer
patients [33].

New data are expected from the OTTA-SPOT (Ovarian Tumor Tissue Analysis consorti-
um—Stratified Prognosis of Ovarian Tumors). They developed 276 gene expression signa-
tures, identifying patients likely to achieve 5-year survival [34].

5. Conclusions

Several negative prognostic factors were identified: ECOG performance status ≥ 1,
ascites, the presence and quantity of residual disease after surgery, thrombocytosis, and
menopausal status. These results led to the development of an original prognostic score,
which can be useful in clinical practice. Therefore, the clinical prognostic score could allow
medical oncologists and surgeons to identify patients with adverse prognostic factors, for
which treatment should be individualized through the escalation of therapeutic strategies.
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Abstract: Background and objectives: As is well known, cancer patients require extensive medical
attention as they undergo surgery, chemotherapy, radiotherapy, and supportive care. The importance
of high-quality cancer-directed nursing, combined with precision medicine, to maximize their survival
outcomes and help them achieve a better quality of life cannot be overemphasized. In this context,
we offered a new cancer-oriented comprehensive nursing system to our inpatients and reviewed
its clinical outcomes in comparison with those from the preexisting general cancer ward. Materials
and Methods: From March 2019 to February 2020, a total of 102 cancer patients and 42 nurses were
enrolled in this pilot study. We aimed to analyze their performance in three main categories: structure,
process, and patient/nurse outcomes. Results: First, structural (nurse staffing and environment)
upgrades were installed in the cancer-oriented comprehensive nursing ward, including an improved
nurse-patient ratio (1:8 in the comprehensive ward as compared with 1:14 in the general ward),
wider space between beds (1.5 m versus 1.0 m), fully automatic beds with fall prevention sensors,
etc. Second, the nursing process was improved (missed care 0.1 event/month vs. 1.3 event/month).
Third, both patient and nurse outcomes showed preferable results in the comprehensive ward. The
patient satisfaction level was higher in the comprehensive nursing ward than in the general ward
(willing to revisit: 91.7% and 78.4%, respectively; willing to recommend to others: 95.0% and 76.8%,
respectively). Pressure ulcers, as a patient safety indicator, were also decreased (0.3 events/month vs.
0.8 events/month). However, the fall incidence was similar in both groups (1.6 events/month vs.
1.5 events/month). In terms of nurse outcomes, turnover intention was stabilized and nurses’ job
satisfaction in the comprehensive ward was superior to that of their counterparts. Conclusions: Our
study was a pilot study to demonstrate that cancer patient-oriented comprehensive nursing services
can be helpful in improving the quality of cancer treatment and nurses’ job satisfaction. Continued
interest in and efforts to improve nursing care delivery are also crucial in achieving and maintaining
the best possible cancer patient care.

Keywords: cancer; comprehensive nursing service; outcome

1. Introduction

In the Republic of Korea, unlike in other developed countries, inpatient nursing care
has been shared by the patient’s family members or paid caregivers. For example, family
members are allowed to stay in hospital rooms to help with the daily medical care of pa-
tients, which enables a relatively small number of medical staff to manage a larger number
of patients. We have maintained this individual-patient nursing care system for more than
70 years [1,2]. However, medical problems such as increased opportunistic infections or
unexpected falls are more frequently observed when non-medical personnel take part in
nursing than in nurse-centered caregiving [3]. In addition, about 40% of inpatients are
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now cared for by patient-paid caregivers because of the rapid progress of industrializa-
tion/urbanization, the increase in the aging population, and the subsequent expansion of
the nuclear family. Securing a private caregiver inevitably brings about increased medical
expenses for the patients, and it has now become a public healthcare issue.

In an effort to solve this healthcare problem, our government kicked off a pilot project
called the “Patient-Sitter Program” in 2006 [4]. The current model of comprehensive
nursing care was built to extend beyond the simple concept of co-nursing and was officially
initiated with a national insurance subsidy in 2016 [5,6]. This inpatient nursing service
features nursing staff reinforcement, along with hospital facility improvements. Registered
nurses (RNs) and nursing assistants (NAs) are sufficiently assigned to the comprehensive
nursing ward, while patients only need to pay a quarter of the caregiving fee instead of
hiring a private caregiver [1]. As of December 2019, this comprehensive nursing system
was successfully implemented, with 49,000 beds in 534 institutions [6]. Reports on the
performance of this service mainly focused on patient and nurse satisfaction from the
nurses’ perspectives. Studies generally showed that the risk of infection and accidents was
reduced in this service, while achieving patient satisfaction [1–3,7,8]. However, the levels
of job satisfaction for the nurses revealed inconsistent results for each study [9–11].

In measuring quality of health care, Donabedian’s three components (structure, pro-
cess, and outcomes) approach is widely used [12]. He believed that structure measures
have an effect on process measures, which in turn, affect outcome measures, but he also
mentioned that cause and effect are more complex in the real world. On the basis of the
Donabedian model, we postulated that our desired impact of ‘high-quality nursing care for
cancer patients’ was determined by three different types of measures, namely structure,
process, and outcome.

To date, academic research on the comprehensive nursing ward is mainly focused
only on nursing-related fields. There are few studies currently available regarding the
influence of comprehensive nursing applied to patients suffering from malignancies. As is
well known, cancer patients require complex medical attention as they undergo surgery,
chemotherapy, radiotherapy, and concurrent supportive care. The importance of offering
sophisticated cancer patient-directed nursing, combined with anticancer treatments, to
maximize patient survival outcomes and achieve a better quality of life, cannot be overem-
phasized. In this context, we adopted this new nursing system in one of the hematology-
oncology wards (called cancer-oriented comprehensive nursing wards) to review its opera-
tional outcomes in comparison with those in the preexisting general cancer ward.

2. Materials and Methods

2.1. Study Setting

A tertiary hospital (827 beds) staffed with 246 doctors and 703 RNs is located on the east
coast of the Republic of Korea. In 2018, 11,946 patients diagnosed with cancer were admitted
to the hospital (average 32.4 patients/day, bed turnover rate 85.7%) and 5682 inpatients
received chemotherapy in cancer care wards. Besides a preexisting general cancer ward
(58 beds with 25 RNs only), we started to run a new cancer-oriented comprehensive nursing
ward (46 beds with 25 RNs and 12 NAs) in December 2017. These two wards mainly
cared for medical hematology-oncology patients. A total of 11,946 inpatients (average
32.4 patients/day, bed turnover rate 85.7%) were admitted, and 5682 patients received
chemotherapy in 2018.

2.2. Participant Selection and Data Collection

Respondents (patients and nurses) who had consented to participate were enrolled
in this preliminary study. First, patients who met the following criteria were eligible:
(a) diagnosed with cancer, (b) community-dwelling, and (c) without any missing data. We
determined the patient sample size using G*Power version 3.1.9.2. The sample size was
calculated based on the effect size of 0.5, a significance level of 0.05, and a power of 0.80,
and the minimum sample size was 52 in each group. From March 2019 to February 2020,
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data were collected for 104 patients (52 patients in the comprehensive ward and 52 in
the general ward, respectively). A total of 102 patients were ultimately analyzed (two
patients in the general ward submitted incomplete questionnaire form). Second, 42 nurses
volunteered to participate in this study (23 nurses out of 25 in comprehensive ward and 19
out of 25 in general ward, respectively). Each questionnaire form (either for patients or for
nurses) informed respondents about the confidentiality of their answers and the voluntary
nature of their participation. Additionally, the purpose and method of the study were
clearly specified and consent for participation was obtained. Participants could always
stop the survey at by their own choice, without any penalty.

2.3. Measurements

In order to assess the quality of nursing services with simple but consistent variables,
we adopted the Donabedian model for examining the quality of care to analyze our clinical
outcomes regarding the cancer-focused comprehensive nursing service in three main
categories: structure, process, and patient/nurse outcomes (Figure 1) [1,12].

Figure 1. Conceptual framework of our study.

2.3.1. Structure

At first, we looked into structural improvements made in the cancer-oriented compre-
hensive nursing ward. Changes in the number of nursing staff, the nurse-patient ratio, and
any hospital facility upgrades were documented.

2.3.2. Process

The indicator of the process category included any item of missed nursing care (or
care left undone) in our study. Nursing care indicates (a) communication and informa-
tion sharing; (b) education, including care planning, discharge planning, and decisions;
(c) fundamental physical care; and (d) emotional and psychological care. Missed nursing
care encompasses any unfinished or delayed clinical, administrative, or emotional care that
was not completed or was postponed during a nurse’s given duty time [13]. The reporting
and tracking of missed nursing care in the study population was performed by a nurse in
charge, under the supervision of head nurse, on a monthly basis.
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2.3.3. Patient/Nurse Outcome

Patient satisfaction and safety indicators, such as falls and infections, were assessed
as patient outcomes. Using the patient satisfaction index [2], a questionnaire comprised
of 35 questions (on a 5-point Likert scale) was utilized to compare patient satisfaction
between the comprehensive nursing ward and the general ward. The patient satisfaction in
physical, therapeutic, environmental, emotional, and informative nursing was included.
A higher score in the survey indicated a higher level of patient satisfaction. Moreover,
we additionally asked patients whether they wanted to re-visit the comprehensive ward
based on the followings: “If there is a need to admit to the hospital, would you want to use
comprehensive nursing ward again?” and “Are you willing to encourage other patients to
try this ward?” [14,15]

In terms of nurse outcome, job satisfaction and turnover intention (or will to re-
sign) were evaluated. First, a well-designed tool to measure nurses’ job satisfaction was
adopted in our study, which was composed of 20 questions (assessed on the 5-point Likert
scale) [16–18]. The higher the score, the higher the job satisfaction. Questionnaire items
included satisfaction with the professional position, payment level, interaction, autonomy,
job requirements, administrative affairs, and the relationship between nurses and other
healthcare professionals. Second, turnover intention was measured using 6 questions (on
a 5-point Likert scale) [19,20]. A higher score indicated a nurse’s higher will to resign. In
order to guarantee anonymity and to obtain accurate answers, we decided not to ask nurses
for personal data, such as age, education level, and service period.

2.4. Statistical Analysis

When comparing the characteristics of patients in two different groups, the Chi-square
test and the Fisher exact test were used for categorical variables, and the Student’s t-test
and the Mann–Whitney U test were used for continuous variables. For the analysis of the
study’s main outcome (comparison of satisfaction between the two wards), we used the
Student’s t-test with the score results from each group. The statistical significance referred
to a value of p < 0.05. Data were analyzed using IBM SPSS version 24.0 for Windows (SPSS
Inc., Chicago, IL, USA).

3. Results

3.1. Structure

Structural (nursing staffing and environment) upgrades were made in the cancer-
oriented comprehensive nursing ward. The nursing staff was reinforced in this special
ward (46 beds with 25 RNs and 12 NAs) when compared with the general ward (58 beds
with only 25 RNs). This finally resulted in the improved nurse-patient ratio (1:8 in the
comprehensive ward as compared with 1:14 in the general ward).

Environmental upgrades were made to promote patient safety, including a wider
space between beds (1.5 m vs. 1.0 m), fully automatic beds with fall prevention sensors,
etc. Mobile toilets, shampoo aids, a sink, and room shower equipment are available for
patients to perform activities of daily living, with the help of circulating NAs. Furthermore,
auxiliary nurse stations were arranged by the corridor to further support nurses’ work,
and closed-circuit televisions were also installed to monitor any safety risks, such as falls
(Table 1).

3.2. Process

We examined missed nursing care as an indicator of the process category. From
March to November 2019, the incidence of missed delivery nursing care was only one in
the comprehensive ward, as opposed to twelve in the general ward (an average 0.1 and
1.3 events per month, respectively) (Figure 2).
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Table 1. The environmental improvements in the comprehensive nursing ward.

Category
Facilities and Equipment

Purpose
General Ward Comprehensive Ward

Ward

Auxiliary nurse station per team None A table with one PC * per team Proximity nursing

Patient lounge Shared and small More spacious Providing comfortable space

Corridor surveillance cameras Same Incident/accident monitoring

Corridor guard rail In compliance with
government regulations

Twice as protective as required
per the regulations Fall prevention

Patient room

Interval between beds 1.5 m 2 m Infection prevention

Emergency call bell per bed Same
Fall prevention

Mat with fall prevention sensor None Yes

Electric bed with remote control Beds in private rooms only All of the beds Patient convenience

Air mattress None Yes Bedsore prevention

Sink per room Same
Infection prevention

Alcohol-rub dispenser per bed Same

Toilet in room Beds in OB/GYN ** ward
and private rooms About 30% of beds

Patient convenience

Shower room Beds in private rooms only About 30% of beds

Medical equipment

Wheelchair, walker In compliance with the
government regulations

More than 1.5 times as many as
required per the regulations Fall prevention

Mobile toilet None Yes

Sanitary nursingShampoo aid None Yes

Bath bed None Yes

Oxygen monitor In compliance with the
government regulations

Twice as many as required per
the regulations

Vital sign measurement
Non-invasive sphygmomanometer In compliance with the

government regulations
Twice as many as required per

the regulations

Bladder scan Same Residual urine check

Various and detailed patient
information Handout only Handout and video guide Educating patients and

visiting guardians

* PC, personal computer; ** OB/GYN, obstetrics and gynecology.

Figure 2. Missed nursing care (events/month).

3.3. Outcomes
3.3.1. Patient Outcome

A survey regarding the patient outcome in both groups was performed by the time
the patient was discharged. The mean age of patients was similar in between groups
(62.38 ± 17.67 years and 62.62 ± 10.22 years in the comprehensive ward and the general
ward, respectively). More than 60% were male (61.5% and 60%, respectively) and the
Eastern Cooperative Oncology Group performance status was either 0 or 1 in most of the
patients in both wards (82.7% and 76%, respectively). Colorectal cancer patients accounted
for the largest proportion (28.9% and 32.0%, respectively) in our study. The differences in
the nursing requirement severity between the two wards were not statistically significant
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(p = 0.06). The detailed baseline characteristics of inpatients with solid or hematologic
malignancies are summarized in Table 2.

Table 2. Baseline characteristics of patients (n = 102).

Characteristic

Comprehensive Nursing
Ward (n = 52)

General Ward
(n = 50) p

n (%) or M ± SD * n (%) or M ± SD

Age (years, range) 62.38 ± 11.17 (19–86) 62.62 ± 10.22 (38–84) 0.84

Sex
Male 32 (61.5%) 30 (60%) 0.87

Female 20 (38.5%) 20 (40%)

Living status
Living with family 27 (75%) 34 (82.9%)

0.39Living alone 9 (25%) 7 (17.1%)

ECOG PS **
0–1 43 (82.7%) 38 (76%)

0.32
2 5 (9.6%) 6 (12%)
3 3 (5.8%) 2 (4%)
4 1 (1.9%) 4 (8%)

Length of stay (days, range) 9.98 ± 4.51 (2–29) 10.50 ± 6.40 (3–33) 0.56

Reason for admission
0.33Elective 44 (88%) 39 (78%)

Emergency 8 (12%) 11 (22%)

Cancer stage (solid tumor)
I-II 10 (25.0%) 7 (14.6%)

0.22III-IV 30 (75.0%) 41 (85.4%)

Cancer type

0.78

Breast 12 (23.1%) 9 (18.0%)
Colorectal 15 (28.9%) 16 (32.0%)

Hepatobiliary/Pancreatic 3 (5.8%) 4 (8.0%)
Lung 6 (11.5%) 6 (12.0%)

Stomach 2 (3.9%) 5 (10.0%)
Hematologic malignancies 13 (25.0%) 7 (14.0%)

Others 1 (1.8%) 3 (6.0%)

Nursing requirement
severity

I-II 51 (98.1%) 44 (88%)
0.06III-IV 1 (1.9%) 6 (12%)

* M ± SD, mean ± standard deviation; ** ECOG PS, Eastern Cooperative Oncology Group performance status.

Patient satisfaction was measured by the patient satisfaction index. The scores of
all five items (i.e., physical, therapeutic, environmental, emotional, and informational
nursing satisfaction) were statistically higher in the comprehensive ward than those in the
general ward (Table 3). We also conducted an additional survey on patients’ willingness
to revisit and willingness to recommend to others (willing to revisit: 91.7% vs. 78.4%,
willing to recommend to others: 95.0% vs. 76.8%) (Figure 3A). In terms of patient safety, the
incidence of pressure ulcers was improved in the comprehensive ward (0.3 event/month
in the comprehensive ward and 0.8 events/month in the general ward). However, there
was no difference in the incidence of falls between the two wards (1.6 event/month vs.
1.5 event/month) (Figure 3B).
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Table 3. Scores using the patient satisfaction index (n = 102).

Characteristic

Comprehensive Nursing
Ward (n = 52)

General Ward
(n = 50) p

Score *, M ± SD ** Score, M ± SD

Physical satisfaction 4.32 ± 0.66 4.02 ± 0.71 <0.01
Therapeutic satisfaction 4.33 ± 0.69 4.09 ± 0.66 <0.01

Environmental
satisfaction 4.41 ± 0.70 3.95 ± 0.77 <0.01

Emotional satisfaction 4.39 ± 0.66 3.99 ± 0.75 <0.01
Informational satisfaction 4.29 ± 0.69 3.97 ± 0.88 <0.01

* The scores range from 1 to 5; ** M ± SD, mean ± standard deviation.

Figure 3. (A) Patient satisfaction (willing to re-visit and recommend to others, %); (B) patient safety
(pressure ulcers and falls, events/month).

3.3.2. Nurse Outcome

The nurse outcome survey was conducted simultaneously three months after the start
of the study in both groups. The overall job satisfaction of nurses was found to be better
in the comprehensive ward (M ± SD; 3.54 ± 0.33) than that in the general ward (M ± SD;
3.09 ± 0.55). We also found that a nurse’s intention to resign (or reposition) was more
stable in the comprehensive ward than that in the general ward (M ± SD; 3.10 ± 0.51 vs.
3.87 ± 0.49, p < 0.01) (Table 4).

Table 4. Comparison of nurses’ job satisfaction and turnover intention (n = 42).

Characteristic

Comprehensive Nursing
Ward (n = 23)

General Ward
(n = 19) p

Score *, M ± SD ** Score, M ± SD

Job satisfaction 3.54 ± 0.33 3.09 ± 0.55 <0.01
Turnover intention 3.10 ± 0.51 3.87 ± 0.49 <0.01

* The score ranges from 1 to 5; ** M ± SD, mean ± standard deviation.
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4. Discussion

In this study, we evaluated new comprehensive nursing care services in view of the
structure, process, and patient/nurse outcomes. We compared not only subjective items
(patient and nurse satisfaction) but also objective items, such as falls, pressure ulcers, and
missed nursing care errors. Innovative changes were identifiable in all the subjective and
objective variables (except for the incidence of falls), which are essential to maintain the
high standard of cancer treatment.

In Western countries, the nursing care delivery system has evolved to a nurse-centered
scheme which strictly restricts non-medical personnel from staying with patients to help
with medical care. On the other hand, due to a lack of medical staff (mainly doctors and
nurses) and equipment, some of the healthcare provider’s duties are still passed on to the
family members or paid caregivers in our country. This outdated nursing system really
can be potentially harmful to cancer patients because anticancer treatment requires the
multidisciplinary collaboration of healthcare workers, as well as an enormous amount
of medical resources [21]. We aimed to estimate the performance outcomes of a cancer-
centered comprehensive nursing ward (which features nursing staff reinforcement and
hospital environment upgrades), in comparison with the current general cancer ward as a
new way of hematology-oncology patient nursing care.

The nursing staff is crucial in delivering the best available medical care for cancer
patients [22]. To improve their quality of life, it is very important to simultaneously provide
high-quality nursing services and anticancer treatment. In this respect, we postulated that
a comprehensive nursing system could provide us with good insight into ideal inpatient
services for cancer patients. It can also relieve the financial burden on cancer patients and
their family members. Patients with malignancy, especially advanced or metastatic, often
have difficulty performing routine daily activities, so their need for caregiving services is
relatively higher than those of non-cancer patients. Under this new system, with the help of
a national insurance subsidy, cancer patients only need to pay a quarter of the caregiving fee
instead of hiring a private caregiver when they use the comprehensive nursing services [1].

In this study, we conducted a pilot study, for the first time in a literature review, on
the operational performance of a cancer-focused comprehensive ward. With reference to
previous studies [1,2], we chose simple but clinically useful parameters from each category
(structure, process, and outcome) in regards to an oncologist’s perspective. In the structure,
the most significant changes were made in the software aspect (the number of RNs and
NAs was increased to achieve a nurse-patient ratio of 1:8) in addition to hardware aspects
(facility upgrades). In the general ward, one duty nurse takes charge of fourteen patients,
i.e., cancer patients were put at great risk of exposure to poorer quality medical care, even
if this was not the intention of the system. We further reinforced the system with seven
NAs to provide the patients with meal, bathing, personal hygiene, and toileting assistance.
Thus, the RNs were able to invest more time in their profession-related tasks, such as
patient education, occupational training, etc. We determined that a comprehensive nursing
system can help to maintain a desirable nurse-patient ratio so as to create a healthier work
environment for both patients and medical staff [23]. As stated above, we performed
many renovations to hospital environments to ensure patient safety and comfort during the
hospital stay. In the near future, we hope that environmental improvement in the general
ward can also be ensured through the use of government support programs.

A previous study proposed nursing time, missed nursing care, and service quality
as process outcomes [1]. We selected missed care because it is the single most important
representative of process outcomes, as it is easy to monitor and share among doctors, RNs,
NAs, and other healthcare providers. We observed that care left undone is dramatically
reduced in the comprehensive nursing ward.

Many studies demonstrated that patient satisfaction and hospital reuse intention
are consistently higher in comprehensive nursing wards [1,24]. We also observed the
same result, with statistical differences, in the cancer patients using the comprehensive
service. We also evaluated whether the cancer-focused comprehensive ward could be
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helpful in securing patient safety because cancer patients are vulnerable to pressure ulcers
and pathologic fractures from falls. Interestingly, we observed that the incidence of falls
was similarly low between the two groups. This might be partly explained by our baseline
characteristics of relatively young age and good performance status in our study.

When the nursing staff is satisfied with their jobs, we can expect that a higher quality
of nursing services can be ensured. This is why it is vital to take a close look at nursing
outcomes when evaluating a cancer-directed comprehensive nursing care. In the literature
review, studies have thus far shown mixed results concerning this topic. Some studies
reported higher nurse satisfaction [25]; others showed a lack of statistical difference [23];
while another revealed lower nurse satisfaction [26]. In our study, job satisfaction was
higher in the comprehensive ward than in the general ward. However, there were a
few things to consider: although the differences in nursing severity were not statistically
significant, nursing severity in the general ward patients was somewhat higher. Moreover,
experienced nurses were assigned in the early stages of the comprehensive ward operation.
Therefore, care must be taken in interpreting our job satisfaction results. Based on these
findings, we must closely monitor the nursing staff and equipment to maintain a higher
level of patient/nurse outcomes [27,28], which secures professional care for cancer patients.

There are some limitations in our study. First, our findings originated from a prelimi-
nary, non-randomized study with a small sample size that was not representative of the
larger population. Second, the purpose and method of the research were clearly communi-
cated to the participants, and the non-blinded nature of study design could definitely result
in inevitable statistical bias; there was evident superiority and inferiority in our variables
between the two groups, including clear differences in manpower and resources. Third,
the self-reporting form of the questionnaire was the main source of information to evaluate
the quality of nursing care. Fourth, among the various nurse-related outcomes, only job
satisfaction and turnover intention were included. In patient-related outcomes, only patient
satisfaction, ulcer sores, and incidental falls were analyzed. Further studies are needed to
encompass other important aspects of medical care, such as opportunistic infection rates,
length of hospital stay, thromboembolic events, and survival outcomes.

5. Conclusions

Our study was a pilot study to demonstrate that a cancer-oriented comprehensive
nursing service would be successful both in improving the quality of cancer care and the
nursing staff’s job satisfaction. We believe that our experiences are not confined only to
medical hematology-oncologists or cancer nurses in the Republic of Korea. In other words,
to achieve and maintain high-quality cancer patient care, continued interest and efforts to
improve the nursing care delivery system are also crucial.
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Abstract: Breast cancer is a prevalent malignancy in the present day, particularly affecting women
as one of the most common forms of cancer. A significant portion of patients initially present with
localized disease, for which curative treatments are pursued. Conversely, another substantial segment
is diagnosed with metastatic disease, which has a worse prognosis. Recent years have witnessed
a profound transformation in the prognosis for this latter group, primarily due to the discovery
of various biomarkers and the emergence of targeted therapies. These biomarkers, encompassing
serological, histological, and genetic indicators, have demonstrated their value across multiple aspects
of breast cancer management. They play crucial roles in initial diagnosis, aiding in the detection
of relapses during follow-up, guiding the application of targeted treatments, and offering valuable
insights for prognostic stratification, especially for highly aggressive tumor types. Molecular markers
have now become the keystone of metastatic breast cancer diagnosis, given the diverse array of
chemotherapy options and treatment modalities available. These markers signify a transformative
shift in the arsenal of therapeutic options against breast cancer. Their diagnostic precision enables the
categorization of tumors with elevated risks of recurrence, increased aggressiveness, and heightened
mortality. Furthermore, the existence of therapies tailored to target specific molecular anomalies
triggers a cascade of changes in tumor behavior. Therefore, the primary objective of this article is
to offer a comprehensive review of the clinical, diagnostic, prognostic, and therapeutic utility of the
principal biomarkers currently in use, as well as of their clinical impact on metastatic breast cancer.
In doing so, our goal is to contribute to a more profound comprehension of this complex disease and,
ultimately, to enhance patient outcomes through more precise and effective treatment strategies.
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1. Introduction

Breast cancer, recognized as the most prevalent cancer worldwide, is also the leading
cause of cancer-related mortality among women in both developed and developing nations.
As of 2022, this disease accounted for approximately 3 million new cases globally, which
constituted roughly 13% of all cancer diagnoses. During the same period, it led to more than
600,000 deaths [1]. Specifically, breast cancer represents 25% of all neoplasms in women,
with an overall incidence rate of 50 per 100,000. However, this incidence rate varies, as
evidenced by Belgium’s notably higher rate of 113 cases per 100,000 women [2,3].

Over recent decades, there has been a significant 30–40% rise in the incidence of
breast cancer. This increase can primarily be attributed to the widespread adoption of
mammography screening programs, especially targeting women in higher-risk age groups.
Consequently, these initiatives have enabled an earlier detection of the disease, undeniably
improving patient prognosis [4].

Regarding risk factors, several have been identified as particularly significant. Age, for
instance, emerges as a crucial factor, with women over 50 facing a greater risk. Furthermore,
a family history of breast cancer, as well as a previous diagnosis in males, increases this
risk. Genetic factors also play a role, with mutations in genes such as BRCA1, BRCA2,
TP53, CDH1, PTEN, and STK11 significantly raising the risk [5,6]. Additionally, lifestyle
factors such as obesity, long-term use of hormone replacement therapies (including birth
control pills and HRT), and excessive alcohol consumption, particularly among women
aged 55 and older, have been linked to an increased risk of developing metastatic breast
cancer [7–9].

In terms of screening and early detection, the U.S. Preventive Services Task Force
(USPSTF) plays a pivotal role. As per their 2021 guidelines, they recommend that women
of average risk begin biennial mammography screening at age 50 and continue until age
74 [10]. The diagnostic process typically starts with a thorough physical examination and
breast imaging tests like mammography or ultrasound to identify any suspicious lumps or
areas of thickening. If a lump is detected, the next step usually involves a needle biopsy to
confirm the presence of cancer cells. Additional diagnostic tools, such as MRI for high-risk
patients and CT or PET scans, help to further understand the extent of the cancer and its
potential spread [11,12].

Regarding the stage at diagnosis, about 64% of women are found to have localized
cancer, 27% have regional involvement, and 6% are diagnosed at an advanced stage.
Identifying the specific type of cancer is heavily reliant on histological and pathological
markers [13,14]. Moreover, molecular classification, which involves evaluating hormone
receptors and HER2/neu expression, is critical for determining both therapeutic approaches
and prognostic outcomes [15,16].

The treatment of metastatic breast cancer is intricately tailored based on these molec-
ular markers. For example, in HER2-negative metastatic tumors with positive hormone
receptors, the first-line treatment involves hormone blockade combined with aromatase
inhibitors or antiestrogens, often paired with a CDK 4/6 inhibitor like palbociclib. In con-
trast, for triple-negative tumors, assessing PDL1 status is essential to decide on the use of
atezolizumab; otherwise, chemotherapy is considered, though it offers limited benefits [17].
The role of BRCA1 and BRCA2 expression in these patients cannot be overstated, as it
greatly influences the choice of targeted therapy, such as poly ADP-ribose polymerase
inhibitors. In the case of HER2-positive metastatic tumors, the first-line treatment typically
includes trastuzumab-, pertuzumab-, and taxane-based chemotherapy [18]. It is important
to note that the treatment landscape for metastatic breast cancer is continually evolving,
with ongoing clinical trials showing the effectiveness of new therapies, like the combination
of conjugated antibodies with chemotherapy [19].
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Finally, during the course of metastatic disease, follow-up imaging tests and the moni-
toring of serological tumor markers are crucial for detecting any signs of recurrence. This
allows for timely adjustments in systemic treatment based on peripheral blood samples [20].
The emergence of new biomarkers, including circulating tumor cells and genetic markers,
is increasingly playing a vital role in the diagnosis and prognosis of breast cancer, further
enhancing the management of and treatment outcomes for patients with advanced stages
of the disease.

2. Luminal A

The designation “luminal” for certain breast cancer subtypes arises from their gene
expression profiles, which bear a resemblance to the luminal epithelium of the breast.
These cancers typically express luminal cytokeratins 8 and 18. Among these subtypes, the
most prevalent and the one associated with the best prognosis is Luminal A breast cancer.
This subtype accounts for approximately 40% of all breast cancer cases [21]. Luminal A
breast cancer is characterized by high expression levels of genes associated with hormonal
receptors and low expression of the HER2 gene group, coupled with a low proliferation
gene signature.

2.1. Histological Biomarkers

Hormone receptors play a pivotal role as primary biomarkers in luminal breast cancer.
There are two primary forms of the estrogen receptor (ER), namely ERα and ERβ. However,
only ERα holds a validated clinical role, being expressed in 70–75% of breast cancers [22].
Similarly, the progesterone receptor (PR) exists in two forms, PRA and PRB. These receptors
(ERα, PRA, and PRB) are typically identified using immunohistochemical techniques on
biopsy tissue samples. A critical threshold for the positive identification of these receptors
is their expression greater than or equal to 1% of tumor cells. Notably, the expression of PR
often increases as a result of ER signaling; hence, cells expressing ER are likely to express
PR as well. It is rare for tumors that are ER-negative to be PR-positive [23,24].

The primary clinical significance of hormone receptors lies in selecting patients for
adjuvant therapy with hormonal drugs. These treatments include selective ER modulators
(such as tamoxifen), third-generation aromatase inhibitors (like anastrozole, letrozole, or
exemestane), LH-RH agonists (including leuprolide and goserelin), pure ER antagonists
(such as fulvestrant), oophorectomy, or other endocrine therapies [25]. Consequently, these
receptors have predictive utility. Additionally, they offer prognostic utility; hormone
receptor-positive tumors have been linked to improved survival and a lower annual
recurrence rate within the first five years post treatment [26].

Conversely, HER2, another critical biomarker, belongs to the epidermal growth factor
receptor (EGFR) family and plays a role in numerous tumor signaling pathways. Its analysis
is generally conducted on biopsy tissue samples, utilizing immunohistochemistry or in
situ hybridization techniques. Luminal-type breast cancers, characterized by low HER2
receptor expression, are typically not considered for anti-HER2 treatments like trastuzumab
or pertuzumab [27].

Additionally, the Ki-67 protein serves as an important biomarker for assessing tumor
proliferative activity, given its involvement in cell division. Although there is no universally
established cutoff point, major guidelines suggest that high proliferative activity is indicated
by values above 30%, while low activity is below 10% [28,29]. For instance, a Ki-67 level
of 20% indicates that 20% of the tumor cells are actively dividing. Generally, luminal
tumors exhibit low Ki-67 levels. In research conducted by Viale et al., the prognostic and
predictive value of Ki-67 was explored, revealing that higher values correlate with a poorer
prognosis [30].

2.2. Serological Biomarkers

Serological markers are of significant importance in both the diagnosis and prognosis
of breast cancer, with Ki67, CA 15-3, BAX, and Bcl-2 being notably characteristic in luminal
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subtype tumors [31,32]. Although Ki-67 is typically assessed in tumor tissue, its potential
as a serological biomarker for estimating cell proliferation has been explored. For instance,
a study by Cheang et al. revealed that Luminal B tumors exhibited a higher Ki67 index and
were associated with poorer recurrence-free survival compared to Luminal A tumors [33].

Focusing on the role of BAX and Bcl-2, these proteins are intricately linked to apoptosis
and their expression carries prognostic implications in breast cancer. BAX is crucial in
inducing apoptosis, whereas Bcl-2 prevents programmed cell death. This balance is key to
cell survival. A specific study examining the expression of Bcl-2 and BAX as prognostic
markers in breast cancer found that Bcl-2 expression correlated with a better prognosis
across all molecular subtypes, including Luminal A breast cancer [34,35].

Another important serological marker is CA 15-3, a protein component of MUC 1
found in epithelial cells. It is frequently utilized as a tumor marker for detecting and
monitoring breast cancer [36]. However, it is noteworthy that CA 15-3 levels can also
rise in other conditions, such as gastrointestinal and lung neoplasms. The specificity
of CA 15-3 as a prognostic marker for Luminal A breast cancer requires further study.
Additionally, carcinoembryonic antigen (CEA) and CA 27.29 are other tumor markers
relevant in breast cancer, especially for monitoring patients in advanced stages. Elevated
CEA levels may signal tumor activity but can also increase due to non-cancerous conditions
like inflammatory gastrointestinal diseases. CA 27.29 may be particularly valuable in
metastatic breast cancer [37].

Moreover, chronic inflammation, with cytokines acting as mediators, is recognized
as a risk factor for tumor development. Research involving the detection of cytokines in
the blood for tumor diagnosis has shown preliminary utility. Cytokines such as CXCL12,
CXCL1, CXCL8, and CXCR4, when combined with the CA 15-3 antigen panel, may serve as
early biomarkers in the diagnosis of breast cancer, particularly for luminal-type cancers [38].

2.3. Genetic Biomarkers

It is crucial to acknowledge that the identification of genetic alterations in breast
cancer is essential not only for determining prognosis and guiding treatment decisions but
also for genetic counseling and screening of individuals at risk. Gene expression analysis
platforms, such as Oncotype DX and MammaPrint, analyze multiple genes from tumor
tissue samples. These analyses provide insights into the tumor’s specific characteristics,
including its aggressiveness, recurrence risk, and the necessity for therapy initiation [39].
Within this framework, genetic alterations in breast cancer can be broadly categorized into
two types: somatic mutations and germline mutations.

Somatic mutations, which are unique to tumor cells and not passed down through
generations, play a significant role in breast cancer. In Luminal A breast cancer, a primary
somatic mutation is found in the PIK3CA gene in approximately 49% of cases [40]. This
gene is instrumental in cell signaling regulation and is a part of the PI3K/AKT/mTOR
pathway, often leading to enhanced cell growth and survival [41]. Another noteworthy gene
is GATA3, which is involved in cellular differentiation and is present in 14% of Luminal A
tumors. GATA3 expression is associated with higher hormonal receptor expression and
a more favorable prognosis [42]. Additionally, the TP53 gene, known for its critical role
in maintaining DNA integrity, is altered in about 12% of cases, often indicating increased
tumor aggressiveness and a poorer prognosis [43]. The MAP3K1 gene, with a mutation
rate of 14% in this tumor subtype, highlights the genetic heterogeneity of luminal tumors.
However, its exact role remains to be fully understood. It has been observed that specific
genes, like MCM4, correlate with survival in the Luminal A subtype but not in Luminal B,
HER2-positive, or triple-negative subtypes [44].

In contrast, germline mutations are inherited from one’s parents and are present in
all body cells, including germ cells. A well-studied genetic alteration in breast cancer
is the BRCA1 gene mutation. Individuals with this mutation have an elevated risk of
developing breast cancer, particularly at a younger age [45]. These mutations are more
prevalent in hereditary breast cancer cases and are linked to a higher likelihood of devel-
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oping bilateral breast cancer and luminal-type tumors. Awareness of BRCA1 mutations
can significantly influence treatment choices, such as the consideration of prophylactic
mastectomy [46]. However, it is important to note that while germline mutations increase
the risk of breast cancer, they do not definitively determine whether an individual will
develop the disease [47].

2.4. Circulating Tumor Cells and MicroRNAs

MicroRNAs (miRNAs) are small RNA molecules playing a crucial role in gene ex-
pression regulation. Acting as either oncogenes or tumor suppressors, their impact is
determined by their specific functions and the genes they regulate. The exploration of
miRNA expression abnormalities in breast cancer, including the Luminal A subtype, repre-
sents a significant area of contemporary research. This research is key to understanding the
molecular architecture of these tumor types [48].

A prominent miRNA in Luminal A breast cancer is miR-21. Research, including
a study by Kalinina et al., indicates that miR-21 overexpression may foster tumor cell
proliferation and hinder apoptosis. Furthermore, there is evidence suggesting that miR-
21 might influence the response to hormonal therapy, a cornerstone in the treatment of
Luminal A breast cancer [49]. Additional miRNAs associated with Luminal A breast cancer
include miR-34a, miR-126, miR-206, and the miR-221/222 cluster [50]. These miRNAs
are being closely studied for their roles in the progression and treatment response of this
cancer subtype.

The investigation of circulating tumor cells (CTCs) in the peripheral blood of patients
with non-metastatic breast cancer is increasingly being recognized as crucial in both re-
search and clinical practice. CTCs, which are tumor cells that break away from the primary
tumor and enter the bloodstream, possess the ability to migrate to distant sites and po-
tentially initiate metastases. Their detection is typically conducted using methods like
flow cytometry, polymerase chain reaction (PCR), and various cell capture techniques. A
notable correlation has been established between the presence of CTCs and poorer clini-
cal outcomes, including reduced progression-free and overall survival. This association
underscores the potential of CTCs as valuable prognostic indicators in early-stage breast
cancer [51].

Recent advancements in research suggest that the identification and analysis of CTCs
could significantly enhance risk stratification and the personalization of treatment for breast
cancer patients. Particularly in non-metastatic cases, analyzing CTCs can offer insights
into minimal residual disease—the presence of cancer cells remaining in the body post
initial treatment. This information is vital for assessing the efficacy of adjuvant therapies,
thereby aiding in customizing treatment plans to optimize outcomes and monitoring [52].
Pierga et al.’s research indicated that the detection of CTCs can predict early metastatic
recurrence following neoadjuvant chemotherapy in operable and locally advanced breast
cancer patients [53]. Furthermore, a study examining the expression of epidermal growth
factor receptor (EGFR) and the cell surface protein CD133 in CTCs of breast cancer patients
found a significant link between positive EGFR expression in CTCs and luminal-type
tumors [54].

In conclusion, understanding various biomarkers is crucial for personalized medicine
in Luminal A breast cancer. Histological biomarkers, including hormone receptors (ERα,
PRA, PRB), HER2, and Ki-67, are key in diagnosis, prognosis, and treatment. Serological
markers like Ki-67, CA 15-3, BAX, and Bcl-2 are important for prognosis and monitoring.
Genetic biomarkers, both somatic (e.g., PIK3CA, GATA3, TP53, MAP3K1 mutations) and
germline (like BRCA1 mutations), provide insights into the disease’s origins and treatments.
MicroRNAs, especially miR-21, play a role in tumor biology and response to therapy.
Circulating tumor cells (CTCs) have emerged as a novel biomarker for understanding
metastasis and prognosis in non-metastatic breast cancer, helping in assessing residual
disease and treatment planning.
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3. Luminal B

Luminal breast cancer accounts for approximately two-thirds of all breast carcinomas
globally. Presently, there is an emphasis on individualized therapies tailored to the biologi-
cal characteristics unique to each luminal subtype. Within these subtypes, Luminal B breast
cancer is comparatively less common. Similar to Luminal A, Luminal B is characterized
by positive hormone receptors. However, in contrast to Luminal A, which is typically
HER2-negative, Luminal B can be either HER2-positive or -negative. Notably, Luminal B is
associated with a higher rate of cell proliferation than Luminal A, which correlates with a
less favorable prognosis due to its increased aggressiveness. In the context of early-stage
breast cancer, Luminal B demonstrates poorer outcomes in terms of 5- and 10-year event-
free survival (EFS), irrespective of adjuvant systemic therapy, when compared to Luminal
A [55].

3.1. Histological Biomarkers

As previously mentioned in the context of Luminal A breast cancer, Luminal B tumors
are also characterized by a high expression of ERs and PRs. This characteristic renders
these tumors responsive to endocrine therapy targeting these receptors, often leading to a
better prognosis due to the availability of an effective therapeutic target. However, despite
the general effectiveness of hormonal therapy, some patients with Luminal B breast cancer
may develop resistance over time. This resistance can manifest as cancer recurrence or
continued tumor growth despite ongoing hormonal therapy [56]. The mechanisms behind
hormone resistance are varied, encompassing alterations in hormone receptor expression,
engagement of alternative signaling pathways, and genetic modifications.

A critical aspect of Luminal B breast cancer is the expression of the HER2 receptor,
which significantly influences both treatment and prognosis. Contrary to Luminal A, which
is usually HER2-negative, Luminal B can exhibit HER2 positivity. Recent updates in the
classification of intrinsic subtypes now include Luminal B with HER2 overexpression [57].
This distinction is crucial for treatment considerations; while HER2 positivity may worsen
the prognosis, it also opens the possibility for targeted therapies against HER2, such as
trastuzumab. In cases where HER2 is not overexpressed, the treatment strategy primarily
revolves around hormonal therapy and chemotherapy, tailored to the individual patient’s
characteristics [58].

The Ki-67 index, a key marker for Luminal B breast cancer, can be evaluated using
immunohistochemical techniques on tissue samples. Luminal B is distinguished by a
higher Ki-67 percentage than Luminal A, correlating with a less favorable prognosis, an
increased risk of recurrence, and faster disease progression [59]. Ki-67 levels also play
a significant role in determining treatment approaches. Patients with Luminal B breast
cancer exhibiting high Ki-67 levels are often considered for adjuvant chemotherapy or a
combination of a cell cycle inhibitor with hormonal therapy [60]. Cheang et al. developed
an immunohistochemical assay to differentiate Luminal B tumors from Luminal A based on
the Ki-67 index and explored its utility in predicting breast cancer recurrence-free survival
and overall disease survival [61].

3.2. Serological Biomarkers

Numerous serological markers have been identified as crucial in determining prog-
nosis, aiding in treatment selection, and understanding the behavior of Luminal B breast
cancer. Beyond the Ki-67 index, which shows elevated expression in both tissue and blood
in Luminal B tumors, indicating a poorer prognosis compared to Luminal A, there are
other cell proliferation markers of interest. These include the proliferating cell nuclear
antigen (PCNA) and topoisomerase II, which may play significant roles in the pathology of
Luminal B breast cancer [62].
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Additionally, the expression of specific genes and proteins such as p62, also known as
sequestosome-1 (SQSTM1), has been identified. p62 is instrumental in the regulation of
autophagy and selective protein degradation in cells. Another notable marker is aldehyde
dehydrogenase 1 family member A3 (ALDH1A3), involved in aldehyde oxidation, poten-
tially influencing chemotherapy resistance. The presence of these markers is associated
with a poorer prognosis in Luminal B breast cancer [63].

Furthermore, components of the MCM complex, including MCM2, MCM4, and MCM6,
are essential proteins involved in DNA replication. These proteins are vital in the prepara-
tion and initiation of DNA replication, a key process for cell proliferation. In differentiating
between breast cancer subtypes, MCM2, MCM4, and MCM6 gain relevance due to their
association with cell proliferation. Given that Luminal B breast cancer is characterized
by a higher rate of cell proliferation compared to Luminal A, the expression levels of
these markers may be elevated in Luminal B, thus aiding in the distinction between these
subtypes [64].

3.3. Genetic Biomarkers

Luminal B breast cancer is characterized by several significant genetic alterations
with varying frequencies. Beyond the expression of hormonal receptors, this subtype
may also exhibit an overexpression of HER-2 in some cases, which is linked to a poorer
prognosis [65–67]. Research has indicated that certain genetic polymorphisms are associated
with the Luminal B subtype, suggesting their potential in predicting subtypes and guiding
personalized treatment strategies [68,69].

Mutations in the PIK3CA gene, present in about 32% of Luminal B cases, can activate
the PI3K/AKT/mTOR signaling pathway, contributing to breast cancer development and
progression. Additionally, TP53 gene mutations are relatively common in this subtype,
occurring in approximately 31% of cases, which is a higher frequency than in Luminal
A breast cancer [70]. These mutations are considered possible predictors of resistance to
endocrine therapy. Both TP53 and PIK3CA mutations are associated with increased tumor
aggressiveness and an unfavorable prognosis [71].

In response to these genetic alterations, targeted therapies have been developed, such
as PI3K inhibitors like alpelisib and idelalisib, and mTOR inhibitors like everolimus. These
therapies are selected based on tumor characteristics and patient response to treatment [72].
These genes are instrumental in the proliferation and prognosis of Luminal B breast cancer,
providing potential targets for diagnosis, prognosis, and treatment strategies. Additionally,
in the metastatic setting, other less common biomarkers for targeted therapy options
(MSI/MMR, TMB, NTRK) and comprehensive profiling of genomic profiles are utilized to
identify uncommon targets and determine additional treatment options.

Moreover, research into non-coding cis-regulatory elements, DNA regions that do
not encode proteins but are crucial in gene expression regulation, has highlighted their
potential impact on gene activity. These elements contribute to the molecular and biological
characteristics of Luminal B breast cancer, offering insights into the subtype’s distinct
nature [73].

3.4. Circulating Tumor Cells and MicroRNAs

In Luminal B breast cancer, the influence of microRNAs on disease progression and
treatment response has been a subject of considerable research. One microRNA that has
been extensively studied in this context, similar to its role in Luminal A, is miR-21. This
microRNA is linked with tumor proliferation and resistance to chemotherapy in breast
cancer. Song et al.’s research revealed that 25 out of 32 histological breast tissue samples
from cancer patients showed miR-21 overexpression compared to the normal mammary
epithelium. Furthermore, a close correlation was observed between the incidence of lymph
node metastasis and miR-21 expression, suggesting its significant role in metastasis and,
therefore, in prognostication. The study also found that four different breast cancer cell
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lines exhibited varying levels of miR-21 overexpression, hinting at its potential as a classifier
for these tumors [74].

Another microRNA, miR-145, has been recognized as a potential tumor suppressor in
breast cancer. Research indicates that miR-145 can inhibit angiogenesis and tumor growth
by suppressing N-RAS and VEGF [75]. It is also known to hinder breast cancer cell migra-
tion by regulating TGF-β1 expression, either directly or indirectly, further underscoring its
tumor-suppressive capabilities [76]. Additionally, microRNAs like miR-221 and miR-222
have been associated with a decreased expression of hormonal receptors and a diminished
response to hormonal treatments, highlighting their importance in the context of Luminal
B breast cancer [77].

In Luminal B breast cancer, circulating tumor cells (CTCs) can express specific markers
such as hormone receptors (ERs/PRs) and HER2, which are distinctive features of this breast
cancer subtype. The expression of these markers in CTCs can vary, providing insights into
tumor heterogeneity and its evolution during disease progression [78]. Although detecting
CTCs poses challenges due to their low concentration in blood, their prognostic significance
has been established by various studies. However, as of now, there is no definitive evidence
supporting the use of any biomarker for stratifying patients based on individual prognosis
or for guiding personalized treatment in this context [79].

A study by Galardi et al. explored the prognostic role of CTC count and its utility in
monitoring treatment with palbociclib, a kinase inhibitor, as well as in predicting treatment
response. This study concluded that initial CTC count did not provide a clear predictive
value in patients treated with palbociclib. However, CTCs proved useful as indicators for
identifying patients who were developing early resistance to the treatment. Additionally,
CTC counts at the time of disease progression were shown to offer valuable prognostic
information regarding subsequent responses to palbociclib [80].

The quantity of detected CTCs has been linked with the prognosis of breast cancer pa-
tients. These cells can also offer information about treatment response and the effectiveness
of therapies. The field of CTC research in breast cancer is dynamic and continually evolving,
with new technologies and methodologies being developed to improve the sensitivity and
specificity of CTC detection.

In summary, Luminal B breast cancer, distinguished by its aggressiveness, shares
some markers with Luminal A but crucially differs in HER2 positivity and a higher Ki-67
index, signaling a more challenging prognosis. These markers not only guide but also
necessitate targeted therapies and often more aggressive treatment like chemotherapy.
Furthermore, serological markers and CTC analysis provide deeper insights into tumor
characteristics, crucially aiding in the selection of targeted therapies, particularly against
the PI3K/AKT/mTOR pathway. Additionally, microRNAs such as miR-21 and miR-145
are instrumental in understanding disease progression. Overall, the integration of various
biomarkers is essential for tailoring effective treatments and improving patient outcomes in
Luminal B breast cancer. The most relevant histological, serological, and genetic markers,
as well as microRNAs of luminal-type metastatic breast cancer, are concisely summarized
in Figure 1.
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Figure 1. Summary of the most relevant biomarkers in metastatic Luminal A and B tumors.

4. HER2

4.1. Histological Biomarkers

Approximately 30% of breast cancers test positive for human epidermal growth factor
receptor 2 (HER2), previously known as HER2/neu or ERBB-2. HER2, a transmembrane re-
ceptor with tyrosine kinase activity, belongs to the epidermal growth factor receptor (EGFR)
family and plays a crucial role in cell signaling, differentiation, and angiogenesis [81].

Typically, HER2-positive breast cancer does not express hormone receptors like ER or
PR and is characterized by a high proliferative index (KI-67). Initially, the overexpression
or amplification of HER2 is assessed using immunohistochemistry (IHC), rated on a scale
from 0 to 3 based on staining intensity. In ambiguous cases, such as IHC grade 2, in situ
hybridization techniques like fluorescence in situ hybridization (FISH) and chromogenic in
situ hybridization (CISH) are employed. These methods determine the amplification of
specific genes, including HER2, by identifying and quantifying extra gene copies, which
are indicative of increased cancer risk and aggressiveness [82]. FISH utilizes fluorescent
probes, while CISH employs chromogenic enzyme-marked probes, resulting in a visible
color change under the microscope. Both techniques are essential in determining HER2
status and guiding treatment decisions.

The clinical value of HER2 testing lies in its predictive power, identifying women who
could benefit from targeted treatments. Therefore, assessing HER2 status in new cases of
invasive and metastatic breast cancer is recommended according to various guidelines.
The main treatments targeting HER2 include drugs like trastuzumab, pertuzumab, and
lapatinib [83]. Conversely, HER2 overexpression has been linked to drug resistance, such
as to paclitaxel, and increased tumor aggressiveness [84]. Although HER2 detection has
prognostic value, indicating higher recurrence and mortality rates without adjuvant therapy,
the clinical significance of this information is debatable, particularly with early use of HER2-
directed agents in treatment.

HER2-positive breast cancer displays intertumoral heterogeneity, with up to 45% of
cases expressing hormone receptors and exhibiting various molecular subtypes [85]. While
hormone receptor status does not define the overall genetic profile, specific genetic aberra-
tions characterize HER2-positive cancer subgroups. HER2-enriched tumors respond well
to anti-HER2 therapy, potentially reducing chemotherapy requirements. However, “HER2
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low” tumors, with fewer HER2 receptors, respond poorly to HER2-targeted treatments,
prompting the exploration of alternatives like immunotherapy [86].

The presence of tumor-infiltrating lymphocytes (TILs) in tissue samples signals the
immune response against cancer cells. TIL assessment is a growing research area with
implications for prognosis and treatment. Higher TIL quantities often correlate with better
outcomes in certain breast cancer subtypes, suggesting that an active immune response
can limit tumor growth and progression. Studies indicate that TIL presence, particularly in
triple-negative and HER2-positive tumors, may enhance responsiveness to chemotherapy
and anti-HER2 treatments [87].

4.2. Serological Biomarkers

In HER2-positive breast cancer, monitoring biomarkers in the blood can offer valuable
insights into treatment response and disease progression. While HER2 overexpression is
commonly analyzed in tissue samples, HER2/neu can also be detected in circulating DNA,
which is released by tumor cells into the bloodstream. This detection of HER2 amplification
in circulating DNA serves as an indicator of tumor burden and response to treatment [88].

Similarly to other molecular subtypes of breast cancer, tumor markers like CA 15.3,
CEA, and CA 27.29 are also useful. These markers aid in diagnosis and help monitor the
effectiveness of specific treatments.

4.3. Genetic Biomarkers

HER2-positive breast cancer patients often exhibit intratumoral genetic variability, a
phenomenon widely observed in various human cancers, including breast cancer. In these
cancers, HER2 overexpression and amplification can display a heterogeneous pattern [89].
Three types of cellular distributions have been identified based on HER2 status hetero-
geneity: “clustered”, featuring two distinct tumor clones (one with HER2 amplification
and another with a normal status); “mosaic”, where a diffused mix of cells with different
HER2 states exists; and “dispersed”, characterized by isolated HER2-amplified cells amidst
a majority of HER2-negative tumor cells.

Genomic analysis, including gene copy number profiling and massive parallel se-
quencing, has been conducted on heterogeneous HER2 breast cancers. This analysis has
identified driver genetic alterations restricted to HER2-negative cells. In vitro models have
shown that the overexpression/amplification of BRF2 and DSN1, along with the HER2
I767M mutation, compensate for the lack of HER2 amplification in the HER2-negative
components of these breast carcinomas [90].

Studies have linked the increased frequency of chromosome 17 polysomy with HER2
heterogeneity in breast cancer. While rare, chromosome 17 polysomy often appears as
a gain or amplification of the centromere of chromosome 17 (CEP17). In these cases, it
is crucial to refer to it as “abnormal CEP17 copy number”, particularly when evaluated
using FISH in interphase nuclei. The independent increase in CEP17 copy numbers in
heterogeneous HER2 carcinomas suggests a possible link to chromosomal instability [91].

The response to neoadjuvant chemotherapy in HER2-positive breast cancer can also
vary based on PIK3CA mutations and hormone receptor status. In HER2-positive/ER-
positive patients, a better prognosis and reduced benefit from trastuzumab have been
reported, along with lower rates of TP53 mutations and reduced HER2 expression [92].
Other mutations in genes like p53, PTEN, PIK2CA, or TOP2A may contribute to the
progression and treatment resistance of HER2-positive breast cancer.

Furthermore, mutations in BRCA1 and BRCA2 are more commonly associated with
HER2-positive breast cancer. Research suggests that HER2-positive patients with BRCA
mutations might be more sensitive to certain treatments, including PARP inhibitors like
olaparib [93].
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4.4. Circulating Tumor Cells and MicroRNAs

The role of microRNAs in HER2-positive breast cancer has garnered significant interest
in recent research. Various studies have explored how microRNAs regulate HER-2 and
impact the progression of this breast cancer subtype. For instance, microRNAs such
as microRNA-125a, microRNA-125b, and microRNA-148a have been identified for their
role in regulating HER-2, showing an inhibitory effect on its expression under certain
conditions [94].

Similar to its role in luminal tumors, microRNA-21 in HER2-positive breast cancer
has been linked to the activation of the HER-2 pathway. It functions by suppressing
tumor suppressor genes and promoting cell proliferation, a role paralleled by microRNA-
205. Conversely, research suggests that microRNA-26a may inhibit cell proliferation and
invasion in HER2-positive breast cancer by modulating the expression of genes associated
with these processes [95].

In HER2-positive breast cancer, research has focused on the expression of specific
molecules in circulating tumor cells (CTCs). One key area of study is the detection of
HER2/Neu mRNA in the blood, which helps assess the presence of the HER2 protein in
CTCs. High levels of HER2/Neu mRNA are linked to increased risks of recurrence and
mortality [96].

Cytokeratin 19 (CK19), found in epithelial cells, is a common immunohistochemical
marker in breast cancer diagnosis. Its presence in cancer cells confirms the epithelial origin
of the tumor and aids in identifying specific breast cancer subtypes. CK19’s role extends
to evaluating tumor aggressiveness and response to treatments, including HER2-targeted
therapies. The presence of CK19 mRNA in CTCs is associated with a worse prognosis,
particularly in patients with triple-negative and HER2/Neu-negative tumors, indicating
potential aggressiveness and treatment resistance [97,98].

Additionally, the breast-specific protein mammaglobin and its expression in CTCs are
being studied in HER2-positive breast cancer. Mammaglobin mRNA in the blood correlates
with shorter survival times and lower overall survival rates in these patients [99].

In summary, HER2-positive breast cancer, notable for its HER2 receptor overexpression
and lack of hormone receptors, makes up about 30% of breast cancers. HER2 status, key
for treatment decisions, is assessed using immunohistochemistry and, if necessary, in situ
hybridization techniques like FISH and CISH. The presence of HER2 overexpression in
CTCs directs the use of targeted therapies such as trastuzumab or lapatinib. Serological
biomarkers like CA 15.3 and CEA are important for monitoring disease progression. This
cancer subtype also shows genetic variability, including HER2 heterogeneity and mutations
in genes like PIK3CA, which affect treatment response and prognosis. MicroRNAs such
as microRNA-125a and -21 also play roles in regulating HER-2 expression and cancer
progression. The analysis of molecules in CTCs, like HER2/Neu mRNA, provides insights
into recurrence risk and treatment response. Overall, the combination of histological,
serological, genetic biomarkers, microRNAs, and CTCs is crucial in understanding HER2-
positive breast cancer and developing personalized treatment plans.

5. Therapeutic Implication of Specific Biomarkers in Luminal A, Luminal B, and
HER-2 Breast Cancer

5.1. CDK4/6 Inhibitors

The CCND1 gene is amplified in approximately 15% of breast cancer cells, and cy-
clin D1 is overexpressed in up to 67%. Overexpression of cyclin D1 increases cyclin-
dependent kinases 4 and 6 (CDK4/6) and stimulates cell division, making this pathway
an attractive target in cancer therapy [100–104]. Abemaciclib is a small-molecule inhibitor
of CDK4, CDK6, and CDK9. Amplification of CCND1 and overexpression of cyclin D1
are common in hormone receptor-positive breast cancers, implying greater sensitivity to
CDK4/6 inhibition.

The clinical trial MONARCH 2 [100], which evaluated abemaciclib for advanced
HR+/HER2- breast cancer that progressed during or after endocrine therapy, significantly
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reduced the risk of disease progression or death. The median progression-free survival
was 16.4 months with abemaciclib compared to 9.3 months with a placebo. In MONARCH
3 [101], abemaciclib improved progression-free survival in first-line treatment for advanced
HR+/HER2- breast cancer in postmenopausal women, in combination with aromatase
inhibitors. Abemaciclib was also approved as a second-line treatment based on the results of
the MONARCH 1 trial [102]. The monarchE trial [103] demonstrated a clinically significant
benefit by reducing invasive disease events when abemaciclib was added to endocrine
therapy in high-risk early-stage HR+/HER2- breast cancer.

Palbociclib is another potent CDK4/6 inhibitor, and the PALOMA-2 trial [104] demon-
strated its effectiveness in first-line treatment for advanced HR+/HER2- breast cancer
in postmenopausal women. The combination of palbociclib and letrozole significantly
increased progression-free survival compared to the placebo. The PALOMA-3 trial [105]
with palbociclib evaluated its effectiveness in combination with fulvestrant as second-
line treatment for advanced HR+/HER2- breast cancer. Palbociclib doubled the median
progression-free survival compared to the placebo.

The MONALEESA-2 trial [106] evaluated ribociclib as a first-line treatment for ad-
vanced HR+/HER2- breast cancer in postmenopausal women, showing a significant im-
provement in progression-free survival and overall survival. The MONALEESA-3 trial [107]
compared ribociclib as a first- and second-line treatment for advanced HR+/HER2- breast
cancer, demonstrating a significant improvement in progression-free survival and overall
survival in both settings. MONALEESA-7 [108] investigated ribociclib in combination
with endocrine therapy for early-stage HR+/HER2- breast cancer in premenopausal and
perimenopausal women, showing a substantial increase in progression-free survival and
overall survival.

Despite the clinical success of CDK4/6 inhibitors, they have side effects such as
diarrhea, thromboembolism, hematological toxicity, and interstitial lung disease. Resistance
to these inhibitors is an ongoing challenge, and studies like neoMONARCH [109] explore
molecular signatures associated with sensitivity or resistance to guide treatment decisions.

In conclusion, amplification of CCND1 and overexpression of cyclin D1 are key in
many breast cancers, making CDK4/6 inhibitors like abemaciclib, palbociclib, and ribociclib
effective treatments. Clinical trials have confirmed their benefits in various stages of breast
cancer, though challenges remain with side effects and resistance. Ongoing research is
crucial to enhance treatment efficacy and patient response.

5.2. mTOR Inhibitors

The mammalian target of rapamycin (mTOR) is a protein kinase that plays a role in
cellular proliferation and survival. Rapamycin, also known as sirolimus, inhibits mTOR
signaling by binding to the FK-binding protein 12 (FKBP12), disrupting the mTOR Complex
1 (mTORC1). Rapamycin analogs (rapalogs) were developed to enhance solubility and
pharmacokinetic properties.

Everolimus, an mTOR inhibitor, was evaluated in the BOLERO-1 trial [110] as a first-
line treatment for advanced HER2+ breast cancer. When combined with trastuzumab
and paclitaxel, everolimus did not show improvements in key outcomes in the overall
population but did benefit HR-/HER2+ patients. The interaction between the HR, HER2,
and PI3K pathways could contribute to resistance in HR+/HER2+ patients.

The combination of everolimus with letrozole synergistically inhibited cell prolifera-
tion and induced apoptosis in ER+ breast cancer cells. The BOLERO-2 trial [111] studied
everolimus with exemestane in non-steroidal aromatase inhibitor refractory breast cancer,
showing an increase in progression-free survival. Everolimus, in combination with exemes-
tane, was approved in 2012 for advanced HR+/HER2- breast cancer. mTOR inhibitors, such
as everolimus, have various adverse effects, including neutropenia, stomatitis, diarrhea,
and alopecia. Ongoing research explores their potential in triple-negative breast cancer
(TNBC), where preclinical studies suggest a cytostatic effect [112].
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To summarize, mTOR inhibitors like everolimus have shown promise in treating
advanced breast cancer. While results in HER2+ cases were mixed, they have been effective
in HR+ breast cancer, especially when combined with drugs like letrozole and exemestane.
Approved for advanced HR+/HER2- breast cancer in 2012, these inhibitors, despite their
side effects, are now being explored for potential use in triple-negative breast cancer.

5.3. PI3K Inhibitors

Approximately 40% of HR+/HER2- breast cancers have activating mutations in the
PIK3CA gene, leading to the hyperactivation of the catalytic subunit p110α of phosphatidyli-
nositol 3-kinase (PI3K). Mutations in PI3K p110α promote tumor-like behavior in mammary
epithelial cells and confer resistance to endocrine therapy and conventional chemotherapy,
correlating with unfavorable clinical outcomes.

The clinical trial SOLAR-1 [113] enrolled postmenopausal patients with advanced
HR+/HER2- breast cancer who experienced disease progression during or after aromatase
inhibitor therapy. Participants were administered alpelisib, a PI3K inhibitor, or a placebo in
combination with the estrogen receptor antagonist fulvestrant. A modest clinical benefit
was observed in the non-mutated PIK3CA subgroup, with alpelisib increasing progression-
free survival by 1.8 months, although the effect was not statistically significant. However,
for patients with PIK3CA mutations, the median progression-free survival almost doubled,
from 5.7 months with placebo to 11.0 months with alpelisib. Based on the positive results
of SOLAR-1, the FDA approved alpelisib in combination with fulvestrant for advanced
HR+/HER2- breast cancer with PIK3CA mutations in postmenopausal women.

The most common grade 3 or higher adverse events with alpelisib are hyperglycemia
and maculopapular rash. Both are considered specific effects of PI3Kα inhibition, owing
to the role of this pathway in glucose metabolism and the differentiation and survival of
keratinocytes. Indeed, there have been several case reports of alpelisib-induced diabetic
ketoacidosis, even in non-diabetic patients.

The utility of alpelisib as a second-line agent is complicated by the recent availabil-
ity of CDK 4/6 inhibitors and their introduction into the standard first-line treatment
for HR+/HER2- breast cancer. In the SOLAR-1 trial, only nine patients (5%) who re-
ceived alpelisib had previously been treated with a CDK 4/6 inhibitor. BYLieve is a
non-comparative Phase II trial of alpelisib plus endocrine therapy [114]. However, larger
comparative studies are needed to better define the role of alpelisib in breast cancer therapy.
Ongoing Phase III clinical trials explore the use of alpelisib with other agents, includ-
ing its combination with trastuzumab and pertuzumab for HER2+ breast cancer with
PI3KCA mutations (EPIK-B2) [115] and with nab-paclitaxel for triple-negative breast can-
cer (EPIK-B3) [116]. The results of these and other trials are expected to better delineate
the utility of alpelisib and possibly define new roles for its application in the therapy of
metastatic disease.

In brief, alpelisib, a PI3K inhibitor, has proven effective for HR+/HER2- breast cancer
with PIK3CA mutations, as shown in the SOLAR-1 trial. It notably increases progression-
free survival and is FDA-approved in combination with fulvestrant. Despite its efficacy,
alpelisib’s role in treatment regimens is evolving, particularly due to side effects like
hyperglycemia, and ongoing research is comparing it with other therapies.

5.4. Anti-HER2 Antibodies

HER2 is a transmembrane receptor tyrosine kinase involved in various cellular pro-
cesses. The amplification of the HER2 gene is linked to poor outcomes in breast cancer,
leading to the development of agents targeting HER2. Trastuzumab, an anti-HER2 mono-
clonal antibody, was the first drug developed and approved for clinical use. It demonstrated
efficacy in metastatic and early-stage HER2-positive breast cancer, showing benefits in
terms of progression-free survival and overall survival. There are clinical trials, such as
H0648g, M77001, BCIRG-006, and HERA, which assess the efficacy of trastuzumab in differ-
ent settings, including metastatic and adjuvant treatment [117]. Although these drugs have
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significantly improved outcomes, they can also cause adverse effects, such as cardiotoxicity
and pulmonary toxicity.

Pertuzumab, an anti-HER2 drug that acts on a different domain of the receptor than
trastuzumab, showed synergy when combined with trastuzumab and chemotherapy. Clin-
ical trials such as CLEOPATRA [118] and APHINITY [119] demonstrated the benefits of
dual HER2 blockade in both metastatic breast cancer and early-stage high-risk settings.
Its effectiveness has been demonstrated in patients with affected lymph nodes and small
tumors. Although there are therapeutic issues that still need clarification, such as early
recurrence in HER2+ breast cancer, anti-HER2 monoclonal antibodies are also essential in
advanced disease. The combination of trastuzumab–pertuzumab with chemotherapy is
standard in first-line treatment, and subsequent lines of treatment largely depend on these
antibodies, often in combination with other HER2-targeted drugs, such as tyrosine kinase
inhibitors. One advantage is that subcutaneous formulations of anti-HER2 antibodies
with hyaluronidase have been developed and have been approved by the Food and Drug
Administration, providing an alternative to the intravenous route [120].

Margetuximab is a monoclonal antibody against HER2 that, compared to trastuzumab,
features a modified Fc domain, increasing affinity for CD16A and reducing affinity for
CD32B. This modification enhances antibody-dependent cellular cytotoxicity (ADCC) of
the innate immune system. In the SOPHIA trial [121], which compared margetuximab
with trastuzumab in the treatment of advanced breast cancer following progression after
HER2-targeted therapies, margetuximab demonstrated an increase in progression-free
survival by approximately 1 month in the intention-to-treat population. The benefit of
margetuximab was selective for patients with the CD16A-158F allele, while it did not pro-
vide clinical benefit in V/V homozygotes CD16A-158 compared to trastuzumab. Based on
these findings, the Food and Drug Administration approved margetuximab in combination
with chemotherapy as a third-line treatment for metastatic HER2+ breast cancer. Common
adverse events were similar to those of trastuzumab, although infusion-related reactions
were more frequent with margetuximab.

Several studies have also been conducted on the use of these therapies in neoadjuvant
treatment. The Phase II clinical trial, NeoSphere [122], evaluated various combinations
of pertuzumab, trastuzumab, and docetaxel in the neoadjuvant setting for HER2+ breast
cancer treatment. Although the combination of all three agents showed the highest rate of
pathological complete responses (46%), it did not demonstrate superiority in progression-
free survival, possibly due to the small size of the study. Another trial, WSG-ADAPT
HR-/HER2+ [123], tested the combination of pertuzumab–trastuzumab with or without
paclitaxel in the same setting, showing a high rate of pathological complete responses (91%)
with the addition of paclitaxel. At 5 years of follow-up, disease-free survival was 98%
with paclitaxel and 89% without paclitaxel, although it did not reach statistical significance.
Larger trials are needed to assess the significance of survival outcomes, but the high rate
of pathological complete responses justifies reconsidering the use of this combination in
neoadjuvant treatment.

Therefore, despite lingering therapeutic questions, these anti-HER2 monoclonal an-
tibodies play a crucial role in various stages of HER2+ breast cancer treatment. They are
essential tools, demonstrating effectiveness in both adjuvant therapy and advanced disease.

5.5. PARP Inhibitors

Mutations in the BRCA1 and BRCA2 genes increase the risk of breast cancer, with
cumulative risks of 72% for BRCA1 and 69% for BRCA2 mutation carriers. The use of
PARP inhibitors, such as olaparib and talazoparib, has shown effectiveness in treating
breast cancer with BRCA1 or BRCA2 mutations. These inhibitors target Poly (ADP-ribose)
polymerase (PARP) 1 and 2, crucial in DNA repair. Studies in 2005 demonstrated that
tumors with BRCA mutations are particularly sensitive to PARP inhibition, leading to
chromosomal instability and apoptosis [124].
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The OlympiAD trial [124] compared the efficacy of olaparib with the physician’s
choice of single-agent chemotherapy in patients with HER2-negative metastatic breast
cancer and germline mutations in BRCA1 or BRCA2 (gBRCAm). Olaparib demonstrated
a significant extension in progression-free survival compared to TPC, reducing the risk
of disease progression or death by 42% in the intention-to-treat population. Although
there was no significant improvement in overall survival in the total population, subgroup
analysis revealed a clinically significant benefit in patients without prior treatment. In 2018,
the FDA approved olaparib for the treatment of HER2-negative metastatic breast cancer
with gBRCAm.

Talazoparib, another PARP inhibitor, was approved by the Food and Drug Adminis-
tration for use in gBRCAm HER2-negative locally advanced or metastatic breast cancer
based on the outcomes of the EMBRACA trial [125], a Phase III trial that compared the
efficacy of talazoparib with standard chemotherapy in this subgroup of patients.

To summarize, mutations in BRCA1 and BRCA2 significantly increase breast cancer
risk, and PARP inhibitors like olaparib and talazoparib have been effective in targeting
these mutations. These inhibitors work by disrupting DNA repair processes, particularly
in tumors with BRCA mutations. The OlympiAD trial showed that olaparib notably
extended progression-free survival in patients with HER2-negative metastatic breast cancer
and BRCA mutations, leading to its FDA approval in 2018. Similarly, talazoparib, proven
effective in the EMBRACA trial, was also FDA-approved for treating advanced breast cancer
in patients with BRCA mutations. These developments mark significant advancements in
personalized breast cancer therapy.

The complexities, clinical trial outcomes, side effects, and ongoing challenges associ-
ated with each of these therapeutic agents are summarized in Table 1.

Table 1. This table summarizes the therapeutic implications of specific biomarkers in breast cancer,
including clinical trial outcomes, side effects, challenges, and the corresponding references for each
therapeutic agent.

Biomarker/Therapeutic
Agent

Description Clinical Trials and Outcomes
Side

Effects/Challenges
References

“DK4/6 Inhibitors”

Abemaciclib

Targets CDK4/6,
effective in hormone

receptor-positive breast
cancer

MONARCH 2 [100], 3 [101],
1 [102], and E [103] trials

showed improved
progression-free survival

Diarrhea,
thromboembolism,

hematological toxicity,
interstitial lung disease

[100–103]

Palbociclib A potent CDK4/6
inhibitor

PALOMA-2 [104] and 3 [105]
trials demonstrated

effectiveness

Similar side effects as
abemaciclib [104,105]

Ribociclib Another CDK4/6
inhibitor

MONALEESA-2 [106], 3 [107],
and 7 [108] trials showed

improvements

Comparable side
effects to other CDK4/6

inhibitors
[106–108]

“mTOR Inhibitors”

Everolimus
Inhibits mTOR signaling,

effective in ER+ breast
cancer

BOLERO-1 [110] and 2 [111]
trials, mixed results in

HER2+ cases

Neutropenia,
stomatitis, diarrhea,

alopecia
[110,111]

“PI3K Inhibitors”

Alpelisib

Targets PI3K, effective in
HR+/HER2- breast
cancer with PIK3CA

mutations

SOLAR-1 [113] trial showed
improved progression-free

survival

Hyperglycemia,
maculopapular rash [113]
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Table 1. Cont.

Biomarker/Therapeutic
Agent

Description Clinical Trials and Outcomes
Side

Effects/Challenges
References

“Anti-HER2
Antibodies”

Trastuzumab Targets HER2 receptor
Various trials (H0648g,
M77001, BCIRG-006,

HERA) [117]

Cardiotoxicity,
pulmonary toxicity [117]

Pertuzumab Acts on a different
domain of HER2

CLEOPATRA [118] and
APHINITY [119] trials

showed benefits

Similar side effects to
trastuzumab [118,119]

Margetuximab Modified anti-HER2
antibody

SOPHIA trial [121] showed
increased progression-free

survival

Infusion-related
reactions [121]

“PARP Inhibitors”

Olaparib
Targets PARP, effective in

BRCA1/2 mutation
breast cancer

OlympiAD [124] trial showed
extended progression-free

survival

Similar side effects to
other PARP inhibitors [124]

Talazoparib Another PARP inhibitor
EMBRACA [125] trial, effective

in gBRCAm HER2-negative
advanced breast cancer

Comparable side
effects to olaparib [125]

6. Triple-Negative

Triple-negative breast cancer (TNBC), characterized by the absence of estrogen receptor
(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2),
accounts for 10–15% of all breast cancers. TNBC’s epidemiologic profile is complex, with
notable implications. Epidemiologically, it predominantly affects younger women, making
age a significant risk factor. Women under 40 years of age are more likely to be diagnosed
with TNBC compared to other breast cancer subtypes.

Beyond age, TNBC shows racial disparities in incidence, disproportionately affecting
Hispanic and African American women. These ethnic groups often present with more
advanced stages of the disease at diagnosis. Genetics also play a crucial role in TNBC, with
a significant number of cases linked to BRCA1 mutations, many of which are hereditary.
Understanding the genetic basis of TNBC is essential for effective risk assessment and
personalized treatment strategies.

Given TNBC’s aggressive nature and the scarcity of targeted treatments, developing
clinical biomarkers for this cancer type is crucial. These biomarkers aim to provide compre-
hensive information about prognosis, predict treatment response, analyze unique genetic
and molecular characteristics for personalized medicine, and identify potential therapeutic
targets. Consequently, several serologic, histologic, and genetic biomarkers for TNBC are
currently being developed.

6.1. Histological Biomarkers: PD-L1 and Novel Histological Biomarkers

Identifying biomarkers that can predict prognosis and guide treatment decisions is
critical for improving outcomes in triple-negative breast cancer (TNBC) patients. Recent
research has emphasized the clinical importance of programmed death-ligand 1 (PD-L1)
in TNBC. PD-L1 has become a significant biomarker in metastatic TNBC, with studies
exploring its expression and clinical implications.

One notable finding is PD-L1’s role as a negative prognostic factor in TNBC. Muenst
et al. [126] demonstrated that patients with PD-L1-positive tumors had poorer overall
and disease-free survival compared to those with PD-L1-negative tumors, suggesting
its potential as a prognostic marker. Furthermore, PD-L1 expression in TNBC is crucial,
particularly regarding immunotherapy. PD-L1 on tumor cells helps evade immune de-
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tection by interacting with the PD-1 receptor on immune cells. Blocking this interaction
with immune checkpoint inhibitors, like anti-PD-1 or anti-PD-L1 antibodies, can reacti-
vate antitumor immune responses. The IMpassion130 trial [127] showed that adding the
PD-L1 inhibitor atezolizumab to nab-paclitaxel improved survival in patients with newly
diagnosed metastatic or locally advanced PD-L1-positive TNBC. The FDA has approved
atezolizumab combined with nab-paclitaxel for treating unresectable locally advanced or
metastatic PD-L1-positive TNBC [128], representing a new approach in TNBC treatment.

However, challenges remain, including variable PD-L1 testing concordance among
pathologists and the dynamic expression of PD-L1. Standardizing PD-L1 testing is essen-
tial for accurate clinical decision-making [129]. Immunotherapy targeting PD-L1 shows
promise in managing metastatic TNBC, with PD-L1 expression emerging as a predic-
tive indicator for immunotherapy response. While combination treatments have shown
enhanced results, further research is needed to understand the response and resistance
mechanisms better.

Additionally, tumor-infiltrating lymphocytes (TILs) have gained attention as innova-
tive histological biomarkers in TNBC. Studies, including those by Loi et al. [130] and Adams
et al. [131], indicate that a higher quantity of TILs, particularly CD8+ TILs, correlates with
improved clinical outcomes in TNBC. This suggests TILs’ potential as a positive prognostic
factor. However, caution is needed when assessing TILs using machine learning algorithms,
as challenges and limitations exist in this approach [132].

In summary, both PD-L1 and TILs have emerged as important biomarkers in TNBC,
offering insights into prognosis and guiding treatment decisions. While PD-L1-targeted im-
munotherapy has shown promising results, TILs provide a valuable prognostic perspective.
Continued research and standardization of assessments are necessary to optimize these
biomarkers’ clinical utility in TNBC.

6.2. Serological Biomarkers: The Importance of Follow-Up

Serological biomarkers are essential in diagnosing, prognosticating, and managing
triple-negative breast cancer (TNBC), a subtype of breast cancer characterized by the
absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) expression. Understanding these biomarkers can provide
insights into TNBC and inform personalized treatment approaches.

CA15-3 has emerged as a significant biomarker in TNBC, linked to disease progression
and prognosis. Li et al.’s meta-analysis of 36 studies indicated that CA15-3 levels differ
among breast cancer subtypes, suggesting its utility in differentiating TNBC from other
forms [133]. Fu and Li emphasized the importance of combining CA15-3 with other tumor
markers for more accurate clinical assessments [134], while Zhu et al. highlighted its role
in monitoring therapy outcomes and disease progression in metastatic breast cancer [135].
Additionally, Wang et al. identified CA15-3 as a key biomarker in nipple discharge, aiding
in diagnosis and prognosis [136], and Oliveira et al.’s development of a microfluidic device
for CA15-3 detection underscores its practical application in clinical settings [137].

Carcinoembryonic antigen (CEA) is another crucial serological biomarker for mon-
itoring TNBC. Anoop et al. found that elevated serum CEA levels in metastatic breast
cancer patients were significantly associated with poorer survival outcomes, indicating
its prognostic value in metastatic TNBC [138]. Li et al.’s meta-analysis further supported
CEA’s association with larger tumor size, lymph node involvement, and advanced tumor
stage [139]. Yang et al.’s study demonstrated that increased CEA levels during therapy
could predict a poor therapeutic response [140]. However, CEA is not exclusive to breast
cancer and can be elevated in other conditions, necessitating its interpretation alongside
other clinical factors.

In conclusion, serological biomarkers like CA15-3 and CEA are promising tools in
TNBC management. They offer non-invasive methods for early diagnosis and tailoring
treatments. Despite challenges such as validation and standardization, these biomark-
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ers hold the potential to revolutionize the approach and management of this aggressive
cancer subtype.

6.3. Genetic Biomarkers

Genetic biomarkers are pivotal in understanding the biology of triple-negative breast
cancer (TNBC), guiding treatment strategies, and improving patient outcomes. Identifying
these biomarkers can aid in diagnosing and prognosing TNBC.

TP53, also known as tumor protein p53, is a tumor suppressor gene crucial for genomic
stability. In TNBC, TP53 mutations occur more frequently than in other breast cancer
subtypes, associated with a more aggressive phenotype, higher tumor grade, and poorer
prognosis [141]. Studies have demonstrated the link between TP53 mutations and higher
risks of distant recurrence and reduced overall survival in TNBC patients [142], indicating
its prognostic potential. For example, Petrovic et al. found that TP53 mutations were more
common in TNBC than other breast cancer subtypes [143]. Moreover, TP53 mutations
have been linked to a higher risk of developing TNBC, larger tumor size, and lymph
node involvement [144,145]. These mutations also correlate with resistance to common
chemotherapeutic agents like anthracyclines and taxanes [146], highlighting their role in
guiding treatment decisions.

BRCA1 and BRCA2 mutations are also crucial in TNBC. These tumor suppressor genes
are involved in DNA repair, and mutations in them increase breast cancer risk, including
TNBC. BRCA mutations are more prevalent in TNBC patients and may offer benefits from
targeted therapies like PARP inhibitors. The presence of BRCA mutations necessitates risk
assessment and genetic counseling for patients and their families [147]. A study found that
testing for BRCA mutations in TNBC patients under 50 could be a cost-effective strategy,
reducing the incidence of future breast and ovarian cancers [148]. Noh et al. reported
associations between BRCA mutations and younger onset age, higher nuclear grade, and
poorer histological grade in TNBC patients [149]. Additionally, these mutations have been
linked to increased risks of distant metastasis and decreased survival [150].

TNBC patients with BRCA mutations can benefit from PARP inhibitors, which exploit
DNA repair deficiencies caused by these mutations. Clinical trials have shown promis-
ing results in terms of response rates and progression-free survival with PARP inhibitor
treatments in TNBC patients with BRCA mutations [151,152].

In conclusion, TP53 and BRCA mutations significantly impact the development, pro-
gression, and treatment of TNBC. These mutations are associated with increased TNBC
risks, specific clinicopathological characteristics, and responsiveness to targeted therapies.

6.4. Circulating Tumor Cells and MicroRNAs: New Findings

MicroRNAs (miRNAs) are emerging as key regulators in the pathogenesis of TNBC
with their dysregulation implicated in the disease’s progression, diagnosis, and prog-
nosis [153]. Studies have identified specific miRNAs, including miR-145, miR-296, and
miR-93, as potential diagnostic and prognostic tools in TNBC [154]. Additionally, circulat-
ing miRNAs have been proposed as non-invasive biomarkers for TNBC, aiding in disease
monitoring [155]. These miRNAs offer potential for early-stage diagnosis, prognosis, and
prediction of therapeutic response.

Their role in TNBC extends to influencing cancer progression, metastasis, and drug
resistance [156]. MiRNAs are also involved in regulating the epithelial–mesenchymal
transition (EMT) and cancer stem cell properties, impacting the disease’s phenotype [157].
MiRNA expression profiling is instrumental in identifying specific miRNA signatures for
TNBC, with bioinformatic analysis revealing miR-934 as a potential EMT regulator [158].
Integrated analysis of data related to circulating miRNAs can unveil drug resistance mech-
anisms in TNBC [52], highlighting their therapeutic potential.

Circulating tumor cells (CTCs) also play a crucial role in TNBC. Their presence has been
linked to early metastatic relapse after neoadjuvant chemotherapy [159] and disease-free
survival in breast cancer, marking them as a prognostic marker [160]. CTCs offer insights
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into disease progression and treatment response in TNBC. Their association with residual
cancer burden is an independent prognostic factor in patients with residual TNBC [161].
Case studies, like one utilizing a tumor-informed CTC test in an advanced TNBC patient,
demonstrate CTCs’ utility in identifying therapeutic targets and monitoring treatment
response [162]. Additionally, the role of CTCs in metastasis and chemotherapy effectiveness
is under investigation, suggesting their therapeutic target potential [163].

In this sense, miRNAs and CTCs hold significant promise as prognostic and diagnostic
tools in TNBC. Their association with survival, treatment response, and residual disease
burden underscores their clinical importance in managing TNBC. The most relevant his-
tological, serological, and genetic markers, as well as microRNAs of HER2+ and triple
negative metastatic breast cancer, are concisely summarized in Figure 2.

Figure 2. Summary of the most relevant biomarkers in metastatic HER2+ and triple-negative tumors.

7. Limitations

The integration of biomarkers in breast cancer treatment faces multifaceted challenges.
Economically, the implementation of advanced detection technologies and targeted thera-
pies based on biomarkers is costly, posing a significant barrier in resource-limited settings
and developing countries. It should be noted that the interpretation of these biomarkers
requires specialized training, a resource often lacking in less developed healthcare systems.
Standardized methodologies are critical for the reliability of biomarker data, emphasiz-
ing the importance of uniform practices in sample collection and analysis to ensure data
quality [164]. Furthermore, disparities in access to cutting-edge technologies for biomarker
analysis lead to inequalities in breast cancer treatment across different regions or even in
different parts of the same country [165]. Lastly, the use of genetic data in patient treatment
raises ethical concerns, highlighting the need for comprehensive consent processes and ro-
bust data protection strategies to safeguard patient privacy and ensure the ethical handling
of sensitive information [166].

In summary, while biomarkers offer a promising approach to breast cancer treatment,
their integration is hindered by several technical and practical challenges. These include the
high cost of advanced detection technologies, the need for specialized training in biomarker
analysis, uneven access to necessary technology, and ethical concerns related to genetic
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data. Addressing these issues is crucial for leveraging biomarkers effectively in breast
cancer care, requiring both technical advancements and policy considerations.

8. Conclusions

In conclusion, this article emphasizes the necessity of a multidisciplinary approach
in managing metastatic breast cancer. It advocates for the integration of serological, his-
tological, and genetic analyses, coupled with the examination of circulating tumor cells
and microRNAs, thereby enhancing diagnostic accuracy. Moreover, this comprehensive
strategy not only tailors treatments to individual patient profiles but also significantly
improves the monitoring of disease progression. Consequently, these advancements herald
a promising shift towards more precise and effective breast cancer care, signifying a pivotal
moment in oncology.

Author Contributions: Conceptualization, L.P., M.A.O. and R.D.-P.; methodology, L.P. and M.A.O.;
validation, R.D.-P.; investigation, L.L.-G., A.S.C., C.S.C., E.D.R.C., J.C.E., T.P., M.A.O., O.F.-M., C.G.-M.,
A.M.R.-S., L.J.-Á., S.A.-H., L.P., M.A.-M., L.G.G. and R.D.-P.; data curation, L.P.; writing—original
draft preparation, L.L.-G., A.S.C., C.S.C., E.D.R.C., J.C.E., T.P. and L.P. writing—review and editing,
O.F.-M., C.G.-M., A.M.R.-S., L.J.-Á., L.G.G., S.A.-H., J.M., L.P. and M.A.O.; visualization, L.P. and
M.A.O.; supervision, M.A.O. and L.G.G.; project administration, M.A.O. and M.A.-M.; funding
acquisition, M.A.-M. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by the Comunidad de Madrid (P2022/BMD-7321), ProACapital,
and HALE KULANI, S.L. and MJR.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Giaquinto, A.N.; Sung, H.; Miller, K.D.; Kramer, J.L.; Newman, L.A.; Minihan, A.; Jemal, A.; Siegel, R.L. Breast Cancer Statistics,
2022. CA Cancer J. Clin. 2022, 6, 524–541. [CrossRef] [PubMed]

2. Arnold, M.; Morgan, E.; Rumgay, H.; Mafra, A.; Singh, D.; Laversanne, M.; Vignat, J.; Gralow, J.R.; Cardoso, F.; Siesling, S.; et al.
Current and future burden of breast cancer: Global statistics for 2020 and 2040. Breast 2022, 66, 15–23. [CrossRef] [PubMed]

3. Gorasso, V.; Silversmit, G.; Arbyn, M.; Cornez, A.; De Pauw, R.; De Smedt, D.; Grant, I.; Wyper, G.M.A.; Devleesschauwer, B.;
Speybroeck, N. The non-fatal burden of cancer in Belgium, 2004–2019: A nationwide registry-based study. BMC Cancer 2022,
22, 58. [CrossRef] [PubMed]

4. Zaheer, S.; Shah, N.; Maqbool, S.A.; Soomro, N.M. Estimates of past and future time trends in age-specific breast cancer incidence
among women in Karachi, Pakistan: 2004–2025. BMC Public Health 2019, 19, 1001. [CrossRef] [PubMed]
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Abstract: Background and Objectives: Pain is the most prevalent symptom in cancer patients. There is a
paucity of data regarding non-invasive brain stimulation (NIBS) for the treatment of chronic pain
in patients with cancer. The purpose of this article is to review the techniques of NIBS and present
the published experiences of the oncological population. Materials and Methods: Databases including
MEDLINE, Scopus, Web of Science, and the Cochrane Library were searched for articles on cancer
patients with pain that was managed with non-invasive brain stimulation techniques. We included
articles in English that were published from inception to January 2023. As studies were limited in
number and had different designs and methodologies, a narrative review was considered as the
best option to integrate data. Results: Four studies focusing on transcranial magnetic stimulation,
six articles on transcranial direct current stimulation, and three articles regarding cranial electric
stimulation were found and reviewed. Conclusions: Data are limited and not robust. Further studies
in this field are required. Guidelines on NIBS for non-malignant chronic pain conditions provide
good premises for cancer-related chronic pain.

Keywords: pain; neoplasm; non-invasive brain stimulation; repetitive transcranial magnetic stimulation
(rTMS); transcranial direct current stimulation (tDCS); cranial electric stimulation (CES)

1. Introduction

Cancer is one of the leading causes of death, but its major social impact regards
morbidity [1]. Pain affects half of patients receiving treatment and more than two-thirds of
patients with metastatic or terminal cancer [1,2]. Cancer-related pain is the most frequent
and feared symptom [3].

Jan Stjernsward, one of the pioneers and author of WHO analgesic ladder, had the
vision in the 1980′s ‘to achieve world freedom from cancer pain by the year 2000′ [4].
Twenty-three years after that deadline, not much has changed in the management of pain.

In the light of recent advances in cancer therapy with improved disease-free survival
and overall survival, pain has become even more challenging in daily practice [5,6].

Drugs are the main treatment for pain, with opioids being the most effective pharma-
cological treatment. The reality shows that these are insufficient in terms of efficacy. Up
to 20% of patients will not obtain relief of pain, despite a constant update of pain treat-
ment [7,8]. Moreover, pharmacological interventions have side effects that can influence
patients’ awareness and self-control and all in all, can decrease quality of life [9].

The nervous system has the ability to adapt to environmental changes. This process is
called neuroplasticity. Even pain is considered a “learned concept” by the International As-
sociation for the Study of Pain [10]. The implication of neural networks and neuroplasticity
have been proposed as mechanisms in the search for the pathophysiology of cancer-related
pain [11]. This idea provides a new possible intervention in the field of neuromodulation
of cancer pain [12].
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Neuromodulation relates to “the alteration of nerve activity through targeted delivery
of a stimulus, such as electrical stimulation or chemical agents, to specific neurological
sites in the body” [13]. Neuromodulation can be considered as a method to restore neural
activity, similar to a cardiac pacemaker re-establishing cardiac rhythm. It includes spinal
cord stimulation, peripheral nerve stimulation and deep brain stimulation, as well as a vast
category of non-invasive brain stimulation (NIBS).

NIBS primarily includes repetitive transcranial magnetic stimulation (rTMS), transcra-
nial electric stimulation using direct current (tDCS), and cranial electrotherapy stimulation
(CES). Other new but not very well established methods are transcranial electric stimulation
using alternating current (tACS), transcranial random noise stimulation (tRNS), reduced
impedance non-invasive cortical electrostimulation (RINCE), and transcranial ultrasound
stimulation (TUS).

The efficiency of non-invasive brain neuromodulation techniques for chronic pain has
been recently investigated using an updated Cochrane database review [14]. They provide
low quality evidence for single-dose high-frequency rTMS of the motor cortex as well as
for tDCS. The effect on pain appears to be of short duration. However the results are not
conclusive, as studies were conducted on a small number of patients with different chronic
conditions [14].

Several guidelines exists and are providing rTMS and tDCS with good levels of
evidence for chronic pain such as fibromyalgia, neuropathic pain, or migraine [15–17].

Not much is known regarding these methods in the management of cancer pain.
With the exception of two articles [15,18] that each included one study, the main database
reviews on NIBS in chronic pain [14,16,17] have excluded studies on cancer patients. Even
though these new techniques are mentioned in articles presenting advances in cancer
pain management [19,20], no comprehensive review of the existing data exists. Recently,
a systematic review and meta-analysis was performed on just four trials involving non-
invasive brain stimulation in patients with cancer [21].

With an understanding of the knowledge gap in this category of patients and the
urgent need to improve pain management, our primary goal was to perform a systematic
review on this topic. Some disadvantages were soon noted. Studies were numerically
poorly represented and diverse regarding study design and methodology. We decided to
remain faithful to our main idea to provide a comprehensive review of the existing data on
NIBS for the management of cancer pain. Therefore, a change in study design was made. A
narrative review was considered best to fit the data found.

2. Materials and Methods

A wide literature search was conducted at the beginning of January 2023 using the
following databases: MEDLINE (via PubMed), Scopus, Web of Science (via Clarivate),
Cochrane Library, LILACS, BBO (Brazilian Library of Dentistry) and other Latin American
databases (via VHL Regional Portal), and multiple databases from more than 70 countries
using WorldWideScience.org and the Grey Literature Database (via DANS easy).

Keywords such as ‘transcranial direct current stimulation’, ‘transcranial magnetic
stimulation’, ’cranial electrical stimulation’, ‘noninvasive brain stimulation’, ‘pain’, and
‘cancer’ were used. The search strategy combined MeSH (Medical Subject Headings)
terms and synonyms with significant occurrences in major databases. The search was
individualized according to the specificity of each database. The Boolean operators “AND”
and “OR” were used to combine the searches. The main database search strategies are
presented in Supplementary Table S1.

The inclusion criteria were as follows:

1. Articles involving adult patients with histological confirmed cancer and cancer-related
pain (both tumour- or treatment-related pain)

2. Articles describing studies that used non-invasive brain stimulation, including the
following:
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– transcranial direct current stimulation (tDCS) or
– transcranial magnetic stimulation (rTMS) or
– cranial electric stimulation (CES)

as a method of treating cancer-related pain.

The exclusion criteria were letters to the editor, reviews, and case reports.
An English language filter was applied. No time span was imposed. All articles from

database inception to the time of research—January 2023—were included.
The titles and abstracts found in the search were evaluated if they met the inclusion

criteria. Duplicate records were automatically removed. Relevant articles were retrieved
in the full text and read. A manual search was also performed on the reference lists of
articles included in this study. The flow diagram is shown in Figure 1. This narrative review
followed the recommendations proposed by Green on how to write narrative reviews for
peer-review journals [22].

Figure 1. Flow chart of article selection.

Articles that presented clinical trials were examined through the lens of the IMMPACT
recommendations [23]. The domains of interest were as follows: (1) pain scoring on an 11-
point scale, (2) physical functioning using the Brief Pain Inventory, (3) emotional functioning
using Beck Depression Inventory or equal, (4) participant ratings of improvement and
satisfaction with treatment, (5) reporting of adverse events, and (6) participant disposition
(e.g., adherence to the treatment regimen and reasons for premature withdrawal from the
trial). These six items were searched for in each article and if found, each was given one
point. A maximum of six points was possible. The scores that each paper received can be
found in Tables 1–3.
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3. Results and Discussions

In total, 210 articles were identified. After excluding duplicates and screening for
eligibility based on the title and abstract, 25 articles were selected for full-text reading.
Twelve articles were excluded; one treated deep brain stimulation [34] and one discussed
rTMS as a method used to study pain perception [35]. Furthermore, the following articles
were excluded: three letters to the editor, three case records, three reviews, and one trial
that did not consider pain as a major endpoint. The flow diagram is presented in Figure 1.

The 13 articles included were divided according to the non-invasive brain stimulation
method used in cancer patients.

� Transcranial magnetic stimulation (rTMS)—four articles
� Transcranial direct current stimulation (tDCS)—six articles
� Cranial electric stimulation (CES)—three articles

After a short overview of each technique, articles on the topic will be discussed.

3.1. Transcranial Magnetic Stimulation
3.1.1. Brief Technique Overview

Transcranial magnetic stimulation (TMS) was the first non-invasive brain stimulation
used for research and therapeutic purposes. It uses the electric current produced by a
dynamic magnetic field through electromagnetic induction. Single-pulse TMS was initially
designed and used as a non-invasive method to study human pain perception [35], but
its potential therapeutic role has rapidly surfaced. Repetitive TMS (rTMS) can induce
long-lasting changes in brain activity. Based on this mechanism, it has been proven to
be safe and well tolerated, as well as effective in numerous psychiatric and neurological
conditions [17].

By enhancing neuroplasticity, rTMS has the ability to indirectly modulate central
structures such as the cingulate, orbitofrontal, and prefrontal cortical regions that are
implicated in pain processing [36], as well as in the pain–emotion connection [37]. It can also
potentiate descending inhibitory pathways [19,38]. Another proposed mechanism is based
on the effect of increasing endogenous opioids in the nervous system [39]. The implications
of BDNF brain-derived neurotrophic factor (BDNF) have also been hypothesized [40].

Different sessions regarding intensity and length of time or type of impulses have
been investigated from that period, and many trials have shown some benefits in chronic
pain suppression [14]. The Cochrane review from 2018 indicates low and very low quality
evidence for prefrontal rTMS, whereas motor cortex stimulation has been accepted as a
potential method to reduce pain for short periods of time [14].

In neuropathic pain, it is considered that the damage to the peripheral nervous system
implies a dysfunction in the somatosensory processing in the central nervous system [41].
rTMS has been shown to have a beneficial effect on neuropathic pain by modulating neural
activity in the brain [14,42,43]. The main area of stimulation was considered the primary
motor area, not the dorsolateral prefrontal cortex (DLPFC) [44]. The Cochrane systematic
review and French recommendations concluded that only high-frequency stimulation
(>5 Hz), with >500 stimuli and only multiple sessions, have beneficial results [14,45]. rTMS
of the M1 (primary motor cortex area) contralateral to the pain side in neuropathic pain has
been considered to be effective through stimulation with high frequency (>5 Hz), with level
of evidence A, at a constant over the years [17,46]. A small response of rTMS to chronic
pain was identified in the Cochrane review [14] with a 7% reduction in pain and quality of
life. Moreover, the Latin American [15] consensus recommend level A for rTMS over M1
for fibromyalgia and neuropathic pain and level B for myofascial or musculoskeletal pain,
complex regional pain, and migraine.

3.1.2. Begining of rTMS in Cancer Pain

The first cases of rTMS in cancer patients were described by a French team from
Nantes. In each case [37,47] good response to rTMS for refractory cancer pain was recorded.
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The effect was observed after a few days, with a reduction in pain, as well as a drastic
reduction in analgesic drugs needed [47]. This technique has potential benefits for pain,
mood, anxiety, and depression and is considered by the authors as a possible adjuvant
method in the context of multidisciplinary management of palliative care [37].

3.1.3. Studies Using rTMS for Cancer Pain Treatment

Four studies focusing on rTMS and cancer pain were identified (Table 1), three clinical
trials [24,25,27], and one pilot study [26]. All trials received a score of four based on the
IMMPACT recommendations, whereas the pilot study gathered three points.

Two studies investigated neuropathic pain [24,26], and one focused on visceral pain [25].
All four studies used the visual analogue scale (VAS) or numerical rating scale (NRS) to
evaluate pain intensity. The population analyzed in this study was diverse. The first Egyptian
study [24] mostly included women with neuropathic pain after mastectomy. All patients were
undergoing active oncologic treatment, either chemotherapy or radiotherapy. A Japanese
study [26] also investigated neuropathic pain in women, but they included patients with
neuropathic pain and/or peripheral sensory neuropathy who received a chemotherapy
regimen based on taxane or oxaliplatin. It is worth mentioning the different inclusion criteria
for pain evaluation. The first study [24] used the DN4 score (Douleur Neuropathique 4) and
included patients with a questionnaire score equal to or greater than four who were resistant
to treatment for at least two months. Goto [26] defined neuropathic pain as a minimum grade
2 severity based on the National Cancer Institute Common Terminology Criteria for Adverse
Events (NCI-CTCAE, version 4.0) scale. In their study, they used a combination of patient-
reported symptoms and clinical assessment to select participants with chemotherapy-induced
peripheral neuropathy (CIPN). One year after their previous study, the same Egyptian team
published a new study [25] using the same procedure but focusing on malignant visceral
pain. They included diverse oncologic localizations. The pain investigated in all cases was
localized in the upper abdomen (either the right or left hypochondrium or epigastrium) and
was resistant to medical treatment for at least two months or associated with significant
adverse effects from medication. The latest study [27] coming from China included only lung
cancer patients, with cancer pain evaluated as equal to or greater than four on the NRS. The
type of pain, whether neuropathic or nociceptive, was not mentioned.

Patients with intracranial metallic devices, other metallic implanted devices (e.g.,
pacemakers), a history of seizures, and severe cardiac or psychiatric conditions were not
permitted to participate. The number of participants was modest, with Tang [27] having
the maximum (39) number of patients, whereas Khedr included 30 patients in both his
studies [24,25], and Goto analyzed only 11 patients [26]. The randomized sham-controlled
studies had all well-balanced groups in terms of age, duration of illness, and initial pain
evaluation score. Interestingly, all patients in the two Egyptian studies [24,25] were on the
same analgesic medication.

The stimulation received was also different. Khedr [24,25] used in both of his studies
10 daily sessions of rTMS at 20 Hz, applied to the motor cortical area corresponding to the
hand area in the painful side or the dominant hemisphere in the case of epigastric pain.
Tang [27] used a different approach, positioning the F8 coil in the dorsolateral prefrontal
cortex (DLPFC), providing 1500 pulses for 15 sessions in three weeks. Goto’s pilot study [26]
used four different types of stimulation, with differences in coil direction, intensity, and
position, which they applied in random order to 11 patients, with one stimulation per week.
A summary of the details regarding the stimulation is presented in Table 1.

The benefit was evaluated using the VAS or NRS as the principal endpoint. Moreover,
the studies used the verbal descriptor scale (VDS), Hamilton scale for depression (HAD),
Leeds assessment of neuropathic symptoms and signs (LANSS) [24], oral morphine equiv-
alent (OME), quality of life [27], and McGill Pain Questionnaire 2 (SF-MPQ2) [26]. One
study used blood samples to test for the level of serum human dynorphine [25].

The results of all four studies were positive. The first randomized clinical trial [24]
reported the benefit of rTMS based on the VAS score but also on the decrease in medication
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in the treated group compared to the control group. As shown in other studies on non-
cancer pain, the effect on pain appeared after several sessions and maintained some effect
after the end of stimulation but was not present at the one month follow up. Interestingly,
at one month, the reduction in the HAD and LANSS scores was still significant. It should
be noted that participants reported no side effects. Regarding the curves depicting the
effect of stimulation vs. sham, it is interesting to see that even the sham group had some
benefit, with a decrease in scores. In addition, none of the scores returned to the baseline
value in either group [24].

The second randomized trial [25] showed statistical significance in the primary out-
come, measured using the VAS. The effect appeared after the fifth stimulation, had a
maximum effect after the 10th stimulation, lasted for 15 days, and was absent at the
1-month evaluation. However, the sham group showed some improvement in the VAS and
VDS scores. The HAM-D evaluation showed no significant differences between the groups
over time in this study population [25].

The third study [26], published in 2020 in the Journal of Clinical Neuroscience by a Japanese
team, was a randomized pilot trial. Their results are encouraging and demonstrate the
potential of rTMS as a treatment for chemotherapy-induced neuropathy, both for pain and
dysesthesia. They used different coil orientation angles and found a positive effect in both the
postero-anterior (PA) 90% intensity and the lateral-medial (LM) 90% intensity orientation but
not in the PA 100% or PA 90% ipsilateral. They showed an amelioration in pain or dysesthesia,
mainly in the targeted extremity, and limited modification only on the D-VAS for the non-
targeted extremities [26]. Being designed as a pilot trial, it left some unanswered questions.
The study was complex, with pain assessment of all four extremities, but it did not provide a
concise definition of dysesthesia and how patients define it. They performed a randomized
trial with randomization of stimulation sessions rather than of patients. One of the drawbacks
is that they did not have a control group, and the meaning for stimulation randomization was
not very explicit. It must be noted that the stimulation frequency was lower than that in other
studies. In addition, they provided no clear explanation as to why the two other types of coil
positioning did not provide any benefit.

The most recent trial was based In China and published in 2022 [27]. Their main
endpoint was a decreased pain score, which was achieved with a statistical decrease in
NRS in the treatment group from the third day to the third week. Similar to previous
studies [24,25], the sham group also showed a decrease in the pain score. Somewhat
different from the other two trials, there was no follow-up after the end of stimulation.
Secondary endpoints (oral morphine equivalent dose, quality of life, depression, and
anxiety) also improved after rTMS. As predicted by Nizard [37], this technique also showed
a beneficial role in mood changes, with amelioration in anxiety and depressive symptoms.
This is the first study to report unpleasantness, such as scalp numbness or facial muscle
twitching in two patients from the rTMS group [27].

3.1.4. Conclusion Regarding rTMS in Cancer Pain

The results are encouraging, with rTMS providing benefits for pain suppression in
patients with cancer. This is supported by a recent meta-analysis [21] that included two of
the rTMS trials [25,27]. They showed a better effect on pain with rTMS compared to CES
and tDCS, but this could be attributed to the fact that tDCS and CES have been represented
with only one trial. More data are required to clearly state the role of rTMS in this category
of patients. Data on the effectiveness of rTMS on neuropathic pain will hopefully come in
the coming years from Colombian and Hong Kong researchers, where clinical trials are
open ([NCT05480410] and [NCT04107272]).

3.2. Transcranial Direct Current Stimulation—tDCS
3.2.1. Brief Technique Overview

Transcranial direct current stimulation is another type of non-invasive brain stimula-
tion that uses a low-voltage electric current (maximum of 3 mA). The current is produced by
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a small device that operates on a battery. It is delivered to the scalp using sponge electrodes.
It is safe and easy to use [48].

This technique can be used to modulate neural activity. The current is not powerful
enough to produce an action potential but influences the neuronal membrane potential [49].
It has the ability to induce immediate effects with anodal stimulation depolarizing mem-
branes and increasing cortical excitability, whereas cathodal stimulation hyperpolarizes
membranes and decreases cortical excitability [49].

New studies have shown that current flows through both outer and inner cortical
structures [50]. Motor cortex stimulation has the capacity to modulate the activity of other
regions, such as the thalamus, ventrolateral thalamus, insula, anterior cingulate gyrus, and
upper brainstem [38,51]. Other mechanisms include endogenous opioid release [38] or
activation of the u-opioid system [52].

Studies have proven the efficacy of tDCS in chronic pain [16,53]. The 2018 Cochrane
review included 27 studies and 747 patients with chronic pain and found a 0.82 reduction
that translates to a 17% reduction in pain in the intervention group. Through a meta-
analysis, they reported a positive effect of tDCS on quality of life [14]. The Latin American
consensus reviewed 24 tDCS studies and provided the following recommendations: level A
for anodal tDCs over M1 in fibromyalgia and level B for neuropathic pain, abdominal pain,
and migraine [15]. These recommendations were once again proven in a meta-analysis in
2021 [16]. None of the mentioned guidelines and reviews included studies on chronic pain
in patients with cancer.

3.2.2. First Data on tDCS Efficacy in Cancer Pain

There are two published case studies [54,55] using tDCS in cancer patients as a last
resort in the treatment of excruciating pain. The first case dates back to 2006 and shows the
benefits of tDCS in a patient with pancreatic cancer [54]. A second complex case of bladder
cancer with bone metastases had an incredible response to daily stimulation for 20 min
with a 1 mA intensity for five consecutive days [55]. Based on their experience, the French
team of Nguyen has opened a trial in two hospitals in Nantes, investigating the impact of
tDCS on cancer pain in a randomized fashion [56].

3.2.3. Studies on tDCS and Cancer Pain

A database search identified seven studies comprising two pilot studies, one proof-of-
concept study, and four randomized clinical trials.

One randomized trial focused primarily on the effect of one tDCS session on cancer-
induced nausea and vomiting (CINV), while pain was just one symptom assessed using the
Edmonton Symptom Assessment Scale. Their results showed no differences in pain scores
between the groups. The lack of benefit was explained by the need for a cumulative effect of
brain stimulation on pain impact [57]. This trial is not included in the following discussion.

The first randomized placebo-controlled trial using tDCS for visceral pain was de-
signed in Germany. Finally, it was reported as a pilot study and presented as an abstract
in the 2012 World Research Congress of the European Association for Palliative Care [58].
They showed promising results; however, considering the low number of patients, no
conclusions were provided.

The second pilot study was conducted by a team from Michigan, USA. Feasibility
and safety of tDCS for pain management in patients undergoing chemoradiotherapy for
advanced head and neck cancer was researched. A comparison of the five patients in the
historical control group showed less weight loss and less dysphagia in the tDCS group.
This is the first study to combine tDCS with EEG recording simultaneously [51].

The team continued their work, optimized the protocol, and published in 2022 a
proof-of-concept study on two patients with head and neck cancer undergoing radio-
chemotherapy [59]. In this study, they used novel devices with remote tDCS, as well as
functional near-infrared spectroscopy and EEG. A strict protocol, with multiple visits,
clinical measurements, questionnaires, and two neuroimaging techniques, was used to
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provide the maximum amount of information. With a very well-described method, this
study presents a unique type of pain assessment, with both hemodynamic and neurophysi-
ologic input, with data on connections between the bilateral prefrontal and sensory cortices.
Imaging revealed a decrease in functional connections between the bilateral prefrontal
cortex and sensory cortex, as well as activation of the right prefrontal cortex. With this,
they provided further proof that the dorsal lateral prefrontal cortex plays a role in pain per-
ception. Even if just a proof-of-concept study, the study of pain assessment using modern
technologies provides a new and optimistic perspective on pain understanding.

Three randomized clinical trials were identified and discussed. Details, as well as the
IMMPACT recommendation score, can be found in Table 2. Two of the trials [28,29] have a
score of four, while Hanna’s article [30] received three points.

The types of pain analyzed in the three randomized trials were diverse, ranging from
chronic visceral pain in hepatocellular carcinoma [28] and acute post thoracotomy thoracic
pain [29] to neuropathic post mastectomy pain syndrome [30]. The first two trials [28,29]
included mostly men, whereas the last trial included only female patients [30]. Chronic
pain was defined as pain resistant to medical treatment for at least two months or associated
with significant adverse effects, ref. [28], or six months of neuropathic pain in the post
mastectomy region, with a DN score of >4 [30]. In the Serbian trial [29], only acute pain
was considered, and patients with chronic pain conditions were excluded. The size of the
study population was limited, even though the Serbian trial [29] had the largest number
of patients (55). Ibrahim [28] and Hanna [30] included 40 and 30 patients, respectively.
As an endpoint, the VAS was maintained as the principal measurement of pain relief.
Furthermore, the studies reported results based on the VDS, HAM-D, Beck Depression
Inventory, morphine dose [29], and measurements of shoulder range of motion using a
digital goniometer [30].

The stimulation technique involved placing the anode in the area of the primary motor
cortex of the contralateral most painful abdominal area for 30 min, over ten sessions, at
2 mA [28], or the left primary motor cortex for 20 min, over five sessions, at 1.2 mA [29],
or was performed bilaterally on M1 for 20 min, over five sessions, at 2 mA [30]. The
cathode is usually placed in the contralateral supraorbital region [28,29] or in the ipsilateral
supraorbital region [30]. More data are presented in Table 2.

The reported results were encouraging. The Egyptian team of Kehr, in addition to
TMS, also took an interest in transcranial direct current stimulation [28]. A very clear and
concise results section showed an improvement in pain evaluation as a primary objective
but also in the depression score as a secondary outcome for both the active treatment and
the sham technique. The effect was seen in both groups starting with the fifth stimulation
and lasting to the tenth and then to the one month evaluation, without ever returning
to the starting base value. This was valid for both the sham and active groups, with a
greater effect in the tDCS group. The difference between the sham and real groups became
significant at the fifth evaluation; its maximum was seen on the 10th day of stimulation
and remained significant after one month for the VDS and VAS. The effect did not last
in the sham group at the last evaluation at one month. For the Hamilton rating scale for
depression, a similar effect was observed, but its statistical significance was lower. They
reported five mild side effects in terms of skin redness and local burning sensation.

In the Serbian trial [29] performed on patients with lung cancer who underwent
thoracotomy, the effect of tDCS combined with morphine was analyzed. A complex pain
management protocol for the trial should be complemented because of its rigorousness.
Data analyzed from 55 patients who received more than three tDCS stimulations showed
that the dose of morphine administered was lower in the active tDCS group. This effect
was stronger after the second tDCS session. They proved that tDCS can decrease the total
amount of morphine used. As a secondary objective, VAS pain scores were evaluated at
specific time points: during rest, in cough, and during movement. The results showed that
for the tDCS group, there was a decrease in VAS score with cough. No complications were
noted due to the transcranial stimulation procedure. Interestingly, no differences between
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groups were noted regarding anxiety, mood, depression, or patient-related outcomes,
somehow in discordance with studies on chronic pain [29].

The latest [30] randomized trial published in February 2023 came from Egypt and
showed a statistical decrease in pain, as well as in the depression score in the group that
received stimulation, pre vs. post treatment. Focusing on range of motion, shoulder flexion
and extension increased by 4.8% and 5.5%, respectively, in the active stimulation group.
Patients were evaluated before the first stimulation and after the last stimulation session,
with no further follow-up. This is the only trial that used bilateral cranial stimulation,
irrespective of the side of the pain.

3.2.4. Conclusion Regarding tDCS in Cancer Pain

Considering the diversity of pain mechanisms and pathologies, the limited number of
patients, and different stimulation parameters, no conclusion can be drawn regarding the efficacy
of tDCS in cancer pain. This method is of major interest and is currently under research in this
category of patients in a randomized controlled trial, STIMPAL [56], as well as in a Painless
PanEuropean Horizon project [60]. A trial of tDCS involving survivors of pediatric bone sarcoma
with chronic pain is also underway [NCT05746429]. Future data on better-represented cohorts
will provide further information on the role of tDCS in cancer patients.

3.3. Cranial Electrical Stimulation
3.3.1. Brief Technique Overview

Cranial electrical stimulation is another method of neuromodulation. It uses a pulsed
current stimulation technique that modifies alpha and beta wave frequencies, increasing
the concentration of neurotransmitters, thus having potential neuroplastic and cognitive
effects. It does not polarize brain tissue but stimulates it in a rhythmic manner, with potential
enhancement of the efficacy of endogenous neurophysiologic activity [32]. This method is
recognized as a medical device that is used for the treatment of depression, anxiety, insomnia,
and pain. These devices can deliver electrical stimulation through electrodes attached to
earlobes. The intensity was <1 mA at 100 Hz. The Cochrane meta-analysis [14] included five
studies using CES with 270 patients and showed no statistical effect of CES on pain.

3.3.2. Studies Using CES in Cancer Pain

Through the search, three studies of CES in cancer patients were identified: a prospec-
tive, three-group, randomized, double-blinded, longitudinal pilot feasibility study [31], a
randomized sham-controlled trial [32], and a non-randomized feasibility study [33]. For
further details, refer to Table 3. All three studies had an IMMPACT recommendation score
of four. None of the studies discussed below were included in the Cochrane analysis,
whereas the 2023 meta-analysis by Chien [21] included Lyon’s study published in 2015 [32].

All three studies used the same Alpha-Stim Stress Control System and stimulation
parameters. The first study [31] regarding CES dates back to 2010 and investigated the
effect of CES on reducing the symptoms of depression, anxiety, fatigue, pain, and sleep
disturbances. Their study was a randomized pilot feasibility trial applied to patients with
breast cancer receiving chemotherapy. In the interest of concrete results, they used three
groups: the active stimulation group, a sham group, and a group that received neither
active nor sham. The period of usage was six or eight weeks depending on the timing of
the chemotherapy protocols. The protocol was complex, using questionnaires and blood
samples to test for inflammatory biomarkers. Their study showed that the method is
feasible, as 72% of the eligible patients were enrolled. No adverse events were recorded
and none of the participants reported stopping the procedure. The study showed that the
devices and the method were safe and acceptable to patients. The results on anxiety, pain,
depression, and fatigue were not statistically significant. Authors considered this to be due
to the missing data and the disadvantages of the interactive voice response method used
for data collection. No conclusion can be drawn from this study regarding the efficacy of
CES for cancer pain [31].
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The same American team continued their research on CES and published a new article
in 2015 [32]. This protocol is somewhat related to the first protocol. They used the same
questionnaires but only two groups: sham and active stimulation. Congruent with the
first study, they found a certain level of symptoms in breast cancer patients, with fatigue
and depression increasing over time. Pain and sleep disturbances fluctuated and anxiety
levels decreased over time. Their results were non-significant. It was concluded that CES
had no effect on the symptoms of patients with breast cancer during chemotherapy. Their
explanation focused on the floor effect, as patients’ symptoms were not severe enough to
benefit from the intervention [32].

The most recent study on CES [33] was designed as a preliminary study to test the
feasibility and efficacy of CES in patients with advanced cancer. The protocol included sev-
eral questionnaires and saliva samples. The adherence rate was 92%, which revealed good
feasibility. Their results showed a statistically significant difference in several symptoms,
including pain after the four weeks use of CES. Overall, their results are promising, but the
lack of a control group is a major limitation [33].

3.3.3. Conclusion Regarding CES in Cancer Pain

Congruent with the Cochrane meta-analysis [14] that examined non-oncologic patients,
the studies discussed could not demonstrate the efficacy of CES in ameliorating pain in
patients with cancer. Therefore, further studies are warranted. Currently, no trials involving
CES in cancer patients are reported as open on clinicaltrials.gov. The impact of CES in this
category of patients remains unknown.

4. Conclusions

Pain is a permanent challenge for oncologists, and new treatment options are con-
stantly being researched. Non-invasive brain stimulation is a relatively new method of
neuromodulation that has proven beneficial in relieving chronic pain. With few exceptions,
trials regarding pain in patients with cancer were excluded from systematic reviews and
guidelines. The role of NIBS in the management of pain in cancer patients remains unde-
fined. There is a paucity of data, with only a handful of studies for each technique, using
a limited number of patients and different stimulation parameters. This diversity makes
it difficult for medical specialists to assess the potential benefits of NIBS and to integrate
them into the therapeutic management of cancer pain. There is an urgent need for more
data regarding non-invasive brain neuromodulation techniques in patients with cancer.
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Abstract: The CD34 protein was identified almost four decades ago as a biomarker for hematopoietic
stem cell progenitors. CD34 expression of these stem cells has been exploited for therapeutic purposes
in various hematological disorders. In the last few decades, studies have revealed the presence of
CD34 expression on other types of cells with non-hematopoietic origins, such as interstitial cells,
endothelial cells, fibrocytes, and muscle satellite cells. Furthermore, CD34 expression may also be
found on a variety of cancer stem cells. Nowadays, the molecular functions of this protein have
been involved in a variety of cellular functions, such as enhancing proliferation and blocking cell
differentiation, enhanced lymphocyte adhesion, and cell morphogenesis. Although a complete
understanding of this transmembrane protein, including its developmental origins, its stem cell
connections, and other functions, is yet to be achieved. In this paper, we aimed to carry out a
systematic analysis of the structure, functions, and relationship with cancer stem cells of CD34 based
on the literature overview.
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1. Introduction

CD34 represents a transmembrane phosphoglycoprotein present at the cell surface
in humans and various animal species and it was first described in hematopoietic stem
cells, functioning as an adhesion factor between cells [1,2]. CD34 can likewise mediate
the attachment of different stem cells to the extracellular matrix in the bone marrow or
straight to the tissue. From a medical perspective, this protein is involved in the process
of extracting and enriching hematopoietic stem cells in order to perform bone marrow
transplantation [3].

CD34 is primarily known as a biomarker for hematopoietic stem cells (HSCs) and
hematopoietic stem precursor cells, but it has also been identified as a marker for several
non-hematopoietic cells. For instance, CD34 expression has been observed on endothelial
precursors, which are responsible for the formation of blood vessels during development
and in response to injury [4]. Additionally, CD34 has been found on fibroblast progenitors,
which are involved in the formation and maintenance of connective tissue [5].

According to prior research, CD34 expression has been detected in various types of
cells, including hematopoietic stem/progenitor cells, multipotent stromal cells (MSCs),
muscle stem cells, interstitial cells, fibrocytes, and endothelial stem cells (Table 1). Never-
theless, the precise role of CD34 in these cells is still a matter of debate and requires further
investigation [6,7].
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Table 1. CD34 + cells—revised after reference [3].

Cell Type Differentiation Potential Morphology Other Markers

Hematopoietic
stem/progenitor cells

− Hematopoietic cells
− Hepatocytes
− Cardiomyocytes

− Large nucleus
− Little cytoplasm
− High proliferative capacity

− HLA-DR
− CD38
− CD117
− CD45
− CD133

Multipotent stromal cells
(MSCs)

− Adipocytes
− Chondrocytes
− Myocytes
− Osteoblats
− Angiogenic

− Small cell body
− Large round nucleus
− Presence of chromatin particles

− Stro-1
− CD73
− CD90
− CD105
− CD146
− CD29
− CD44
− CD271

Muscle stem cells

− Myocytes
− Adipocytes
− Chondrocytes
− Osteoblats

− Presence of myofibril bundles
− Large nucleus
− Little cytoplasm

− CD56
− Myf5
− Desmin
− CD90
− CD106
− Flk-1
− VEGFR
− Myod
− CD146

Fibrocytes

− Fibroblasts
− Adipocytes
− Osteogenic,
− Osteoblats

− Small spindle shape
− Moderate amount of cytoplasm
− Small and elongated nucleus

− CD45
− CD80
− CD86
− MHC class I and II

Endothelial cells − Angiogenesis − Elongated with filopodia
− Lack tight junctions

− CD146,
− VE-cadherin
− CD133,
− CD117,
− CD14,
− CD31

Interstitial cells − Unknown
− Triangular or spindle-shaped
− Large nucleus
− Long cytoplasmic processes

− CD117
− Vimentin
− Desmin
− Connexin-43
− Pdgfrb

Abbreviation list: ALDH (aldehyde dehydrogenase), CD (cluster of differentiation), CFU-F (colony forming
units fibroblast), Flk-1 (fetal liver kinase-1), HF (hair follicle), HLA-DR (human leukocyte antigen-DR), HSC
(hematopoietic stem cells), MSC (multipotent mesenchymal stromal cells), Myf5 (myogenic factor 5), MyoD
(myogenic differentiation 1), MHC (major histocompatibility complex), PDGFRβ (platelet derived growth factor
receptor β), and VEGFR (vascular endothelial growth factor receptor).

There are several different transmembrane proteins that belong to the CD34 family, but
among them, the most significant ones are the CD34 hematopoietic antigen, endoglycan,
and podocalyxin. These proteins are particularly important because they have been shown
to play critical roles in a variety of cellular processes; however, the complete function of
CD34 proteins still remains a mystery. According to scientific literature, CD34 proteins are
capable of enhancing the proliferation of progenitor cells, which are immature cells that
can differentiate into various types of specialized cells, such as blood cells. Furthermore,
CD34 proteins have been found to play a role in preventing the differentiation of progenitor
cells, which is important for maintaining a pool of immature cells that can continue to
develop into different cell types as needed. In addition, CD34 proteins have been shown
to improve the migration of cells, which is essential for the movement and distribution of
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cells throughout the body. Among the CD34 transmembrane proteins, podocalyxin appears
to have a particularly significant role in cell development and migration. Research has
demonstrated that podocalyxin is involved in regulating cell adhesion and movement,
which is crucial for the development and maintenance of various tissues and organs [3,6].

The CD34 molecules are commonly utilized as biomarkers for endothelial, stem, and
hematopoietic precursor cells [7,8], as well as podocalyxin, which also shows widespread
expression in the previously mentioned cells [9]. Nevertheless, podocalyxin was originally
documented as a marker for renal glomerular cells, thus being crucial in the process of
renal tissue development [10,11].

Aberrant podocalyxin expression also has immunohistochemical implications in a
wide range of malignant tumor pathologies such as breast and prostate cancers [12,13].

Endoglycan is the last member of the CD34 protein family, and it was identified
through gene sequencing techniques that showed similarities to the other members of this
protein family. Endoglycan is also expressed in a subset of hematopoietic cells, and some
studies have suggested that it may be involved in regulating the adhesion and migration
of these cells. However, the precise function of endoglycan in hematopoiesis and other
physiological processes is not yet fully understood, and further research is needed to
elucidate its role [14].

The current challenge in the field of stem cell research and therapy is the potential
implications of CD34 markers in cancer pathology. Although these markers have been
useful in identifying and isolating stem cells for therapeutic applications, they have also
been linked to the development of leukemia and various malignancies [15]. While CD34+
stem cells have shown significant progress in treating blood and immune disorders, recent
studies suggest that CD34 markers may also be present on cancer stem cells (CSCs) and
promote tumor recurrence and metastasis [15]. Moreover, the presence of CD34 markers on
CSCs may interfere with conventional cancer treatments [16]. Therefore, the use of CD34
markers in stem cell research and therapy needs to be carefully managed to improve patient
outcomes, and further investigation is necessary to understand their potential limitations
and risks.

In this paper, we aimed to carry out a systematic analysis of the structure, functions,
and relationship with the cancer stem cells of CD34 based on the literature overview.

2. Structure and Functions of CD34

All three proteins in the CD34 family share similar structural characteristics, including
the presence of serine, threonine, and proline residues in their extracellular domains. These
domains are heavily glycosylated and sialylated, which gives the proteins an effective size
range of 90–170 kDa and defines the CD34 family as a subfamily of sialomucins [10,17,18].

Additionally, for each member of these proteins, the extracellular portion includes:
a cysteine globular region, as well as a juxtamembrane region and numerous N-linked
glycosylation domains. Further, every protein has a specific and distinctive helix and a
cytoplasmic tail that is composed of several phosphorylation domains [6] (Figure 1).

Although CD34 family proteins are generally expected to share highly similar struc-
tural domains, the specific differences between them will be outlined in Table 2.

Identifying the binding partners of a novel protein with known functions can provide
valuable insights into its biological role. By identifying these partners, researchers can
infer the potential pathways and processes in which the novel protein may be involved.
This can lead to a better understanding of the protein’s function and potential therapeutic
applications. In the case of CD34 proteins, the highly conserved cytoplasmic regions
suggest the existence of intracellular binding partners. Therefore, in the past, research has
been directed towards identifying potential interacting proteins [6].

The first intracellular ligands to be discovered for a CD34 family member were the PDZ-
family proteins NHERF and NHERF2, which both interact with podocalyxin, providing a
potential link to the actin cytoskeleton [6].
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Table 2. Structural characteristics and differences of CD34 family proteins [3,14,19–21].

Structural Characteristics CD34 Endoglycan Podocalyxin

Mucin domain length 120 amino acids 350 amino acids 250 amino acids

Cysteine globular domains Three pairs Single pair Two pairs

Cysteine in juxtamembrane region Absent Unpaired—involved in its
homodimerization Absent

N-Linked glycosylation sites Numerous Numerous Numerous

Extracellular effective size range (kDa) 90–170 90–170 90–170

Nonglycosylated N-terminal sequences Absent Present—high abundance
of glutamic acid. Absent

C-terminal binding pattern
Mildly modified—which has

functional implications for
intracellular ligand binding

Similar to podocalyxin Similar to endoglycan

Figure 1. Structure of CD34 family proteins (revised from reference [22]. O-glycosylated (arrows),
sialylated (horizontal lines), extracellular mucin domain + sites for N-glycosylation (blue lines with
circles), cysteine residues (dark blue square), a juxtamembrane region (green), transmembrane
domain (light blue), cytoplasmic tail (red), phosphorylation sites, binding motifs DTEL or DTHL.
Endoglycan contains a polyglutamic acid-rich extracellular domain (blue rectangle) and unpaired
cysteine residues (dark blue square).

The most well-known ligand is L-selectin. L-selectin is a cell adhesion molecule that
is involved in the recruitment of leukocytes to sites of inflammation and infection. CD34
expressed on hematopoietic stem and progenitor cells has been shown to bind to L-selectin
expressed on endothelial cells, facilitating the homing of these cells to the bone marrow
and other sites of hematopoiesis [3,7].

Furthermore, the adapter protein CRKL has been shown to bind to CD34 in hematopoi-
etic progenitor cells, hinting at a role in signal transduction. These observations suggest
that CD34 family members likely have intracellular binding partners that are crucial for
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their functions [6]. A summarized breakdown of CD 34 protein ligands according to the
literature will be provided in Table 3.

Table 3. CD34 family ligands—revised from reference [21].

Ligand Cell Type Protein Bound Interaction

L-selectin High endothelial venules
(HEV)

CD 34
Endoglycan
Podocalyxin

Sialyl lewis-x carbohydrate
dependent

NRERF-1 Hematopoietic cells Endoglycan
Podocalyxin C-terminal PDZ interaction

NHERF-2 Podocyte Podocalyxin Terminal PDZ interaction

CRKL Hematopoietic cells CD 34 Juxtamembrane

ERM MDCK (Madin-Darby
Canine Kidney) cell line Podocalyxin Juxtamembrane

The exact functions of CD34 proteins remain a topic of debate, as their roles appear
to be complex and multifaceted. Researchers have proposed several potential functions
for CD34 proteins, including the ability to promote the proliferation of progenitor cells,
inhibit the differentiation of stem cells, and enhance cellular migration and adhesion.
CD34 proteins may also play a role in cell morphogenesis. Additionally, studies suggest
that CD34 proteins may be involved in immune system regulation, particularly in the
adhesion of lymphocytes to blood vessel walls. However, further research is needed to
fully understand the many functions of CD34 proteins and how they contribute to various
cellular processes [3].

(a) Enhancing proliferation and blocking cell differentiation.

The literature provides several possible explanations for the potential roles of CD34
in promoting cell proliferation and preventing differentiation. One possible reason is
its expression in pluripotent hematopoietic progenitor cells, which has been linked to a
decrease in adult cell number, suggesting a specific function of CD34 in maintaining the
phenotype of progenitor and immature stem cells. However, the precise mechanisms by
which CD34 contributes to these processes are still being investigated and are not yet fully
understood [23]. Additionally, CD34 has been observed to play a crucial role in regulating
hematopoietic precursor stem cell proliferation. Studies using knockout mice have shown
that a reduction in CD34 expression results in decreased numbers of these cells in both
embryonic and adult tissues, accompanied by defects in their ability to proliferate [24].

Compared to wild-type mice, these particular animals exhibit a substantial reduction
in the overall amount of adult precursor cells, along with a small number of embryonic
hematopoietic cells and fetal myeloid precursors, although there is certainly no obvious
reduction in total adult cell numbers in the hematogenesis system of mature mice [24].
Moreover, past studies have proposed the possibility of the CD34 protein being involved in
suppressing cell lineage differentiation, which may have implications for its potential use
in cell-based therapies and regenerative medicine [25,26].

(b) Enhance lymphocyte adhesion.

The most well-described function of CD34 proteins is to enhance the adhesion of
lymphocytes to specialized endothelial cells in various lymphoid organs. Nowadays,
there is a general acceptance that young lymphatic cells are assimilated within secondary
lymphoid organs through a multi-step developmental cycle that initially implies their
attachment to specialized lymphoid cells in the endothelium (high endothelial venules—
HEVs) [27].

When all CD34 proteins are expressed by specialized venules, appropriate glycosyla-
tion occurs for interaction with the L-selectin molecule, thus providing ligands for proper
cellular interconnection [28,29].
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On the other hand, even with extensive vascular display for CD34, podocalyxin, and
endoglycan, just these particular venules can properly glycosylate these molecules for the
L-selectin ligand, thus rapidly prompting the hypothesis that CD34 proteins possess an
overall function in accelerating cellular adhesion [30,31].

(c) Cellular development

It has been proven that podocalyxin is essential for preserving the complex microstruc-
ture of renal podocytes [32]. These epithelial cells comprise a cellular body containing
numerous extensions (called major processes) as well as several smaller extensions, which
arise directly within the main extensions. Podocytes are usually covered with podocalyxin,
while Podxl-mice display no evidence of such podocytes at all [32].

The obvious impact of podocalyxin in podocyte embryology and identification of
its connection with the actin molecular structure [17] led to further investigations of the
involvement of podocalyxin in determining cell form [25].

Podocalyxin is highly expressed on the cell surface, displaying intricate membrane
processes. As an example, it has been identified in a subtype of neurons [33]. Like podocytes,
neurons have a network-like structure of cytoskeletal components, and cytoskeletal proteins
are found in both podocytes and neurons, indicating that comparable processes contribute
to the development of extensions in each cell type [34]. Furthermore, megakaryocytes
express podocalyxin, which is involved in the formation of their long processes during
platelet generation [35].

2.1. CD 34 and Hematopoietic Cells

When used for medical purposes, CD34 levels are monitored in order to ensure quick
bone marrow transplantation and may further be applied as a specific label in selective
cell sorting in order to enhance an embryonic hematopoietic cell population [36]. Despite
the fact that sometimes it is believed that CD34 is only a stem cell indicator, its presence
in bone marrow or blood specimens indicates a mixture of both hematopoietic stem and
precursor cells [37]. The human hematopoietic cells are subsequently differentiated from
CD34+ precursor cells through a decreased level of CD90 and the absence of CD38, human
leukocyte antigen, and a range of markers of the adult hematopoietic cells [38].

Human CD34+ hematopoietic cells (HSCs) are also characterized by the ability to dif-
ferentiate into all hematopoietic lineage cells and possess a high proliferative capacity [38].
Information provided by the literature indicates that CD34+ HSCs and their precursors are
able to proliferate into new cell lines, such as cardiomyocytes, respiratory epithelial cells,
and hepatocytes [39,40].

2.2. CD 34 Multipotent Mesenchymal Stromal Cells (MSC)

MSCs are located in almost all adult tissues and are a predominant and versatile cell
type that is widely researched for therapeutic applications in regenerative medicine [41]. In
addition to their well-documented in vitro capacity for mesenchymal differentiation, MSCs
have also been shown to possess various other properties. These include their ability to
release paracrine factors that promote wound healing, their capacity to create specialized
niches within tissues, their ability to modulate immune responses, and their immune
privileged status. These properties have made MSCs an attractive therapeutic tool for a
wide range of medical applications, including tissue repair, autoimmune disorders, and
transplantation [42].

Two past studies have reported CD34 expression in MSCs, both of which focused
on fat-derived MSCs [43,44]. While one study focused on the structural characteristics
and roles of CD34 protein in association with MSC [44], the other study questioned the
hypothesis about CD34 being a specific negative biomarker of multipotent stromal cells [43].
Therefore, Lin et al. reviewed the evidence according to which, CD34 appeared to be an
essential marker in the initial MSC investigation, thus pointing to Simmons’ investigation,
which shows that newly isolated CD34+ bone marrow stem cells build a consistently higher
percentage of fibroblastic population comparable to CD34-cells [45].
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Additionally, some researchers have proposed that CD34 could potentially serve as a
positive biomarker for MSCs with a specific association with vascularization. These cells
may be referred to as vascular progenitor cells, suggesting that they have the ability to
differentiate into endothelial cells and contribute to blood vessel formation. The potential
of CD34+ MSCs as a source for vascular progenitor cells has been explored in various
studies, highlighting their potential therapeutic applications for cardiovascular diseases
and tissue engineering. However, further research is needed to fully understand the role of
CD34 in MSCs and its potential for vascularization [43].

Cells that exhibit CD34 expression constitute at least a fraction of the entire MSC net-
work, while this particular subgroup exhibits particular features. CD34 appears to be linked
to a greater efficiency of new cell colony formation and possesses a lasting proliferation
capacity [46]. CD34+ MSCs are known to express a range of common stromal cell markers,
such as CD90, CD105, and CD73, as well as other markers such as CD271 and Stro-1 that
have been identified as MSC-specific markers. Additionally, CD34+ MSCs may also express
markers that are associated with other cell types, such as CD45, which is commonly found
on hematopoietic cells, and CD133, which is expressed on a variety of progenitor and
stem cells. The co-expression of these markers suggests that CD34+ MSCs may represent a
heterogeneous population of cells with diverse functional properties [46,47].

CD34+ MSCs have been shown to have a greater pattern of endothelial transdifferenti-
ation [48], which is also observed in embryonic stem cell-derived MSCs, thereby strongly
implying that CD34 is a marker of early human MSCs [49].

2.3. CD 34 and Muscle Stem Cells

Muscle satellite cells, also known as muscle stem cells, are small precursor stromal
cells that reside in skeletal muscle tissue and have the ability to differentiate into mature
muscle cells. CD34 protein is widely used as an indicator for identifying these cells, as it
is expressed on the surface of satellite cells, making it a useful marker for identifying and
isolating them for further study. The differentiation and proliferation of satellite cells are
crucial for muscle growth and regeneration, making them an important focus of research in
the field of muscle biology [50].

In vivo, these muscle cells are quiescent until they are stimulated in order to supply
myonuclei for muscle fibers during high-intensity physical activity or during muscle injury.
The activation of these types of cells, which is believed to be for differentiation, corresponds
to a significant upregulation of CD34. Moreover, it is speculated that CD34 may play a
fundamental role in regulating muscle progenitor cell differentiation by establishing and
sustaining a population of satellite cells [51].

CD34 does not present expression for every satellite muscle cell; however, it is used
to identify them along with several other markers, such as CD56 [50]. The first myogenic
progenitors studied do not possess the ability to manifest CD34; CD34 expression is first
identified as satellite muscle cells develop [52].

Complementary tests further speculate that CD34+ cells may possess the capacity to
be more than just muscle progenitors. Separate MSC-like cells that display mesenchymal
differentiation were also detected in muscle satellite cells by identifying expression patterns
of CD34 [53].

Past studies have also proposed that CD34+ cells found inside the interstitial spaces of
muscles may be similar to those from the endothelium based on their expression pattern.
Such myoendothelial cells exhibit augmented muscle regeneration capacity when compared
to cells that express either muscle stem cells or endothelial patterns [54].

The differences found in the characteristics of satellite muscle cells can be explained
by the existence of different subgroups of CD34+ cells with unique differentiation poten-
tials. Markers expressed together with CD34 also affect the differentiation process. As
an example, CD34+ cells co-expressing the endothelial marker CD31 exhibit angiogenic
differentiation. Nevertheless, CD34+ CD31 cell populations show higher potential for
differentiation of adipose and muscle tissue [55].

225



Medicina 2023, 59, 938

2.4. CD34 and Endothelial Cells

CD34 is generally considered to be a biomarker for vascular endothelial precursor
cells [4]. These bone marrow tissue-derived cells are circulating in the peripheral blood, and
their value in proangiogenic therapies has been amply documented [56]. The characteristics
of CD34+ endothelial cells are frequently related to those of hematopoietic cells, as these two
cell types can be identified and isolated within blood samples by using CD34 as an antigen;
therefore, these cells are used in various vascular pathologies [57]. In addition, these cells
possess the ability to form new types of cells, such as osteoblasts and cardiomyocytes [58].

Matsumoto suggests from his research the hypothetical presence of an overlap between
osteoblasts and endothelial progenitor cells [59]. It is hypothesized that in the bone marrow
there are a number of CD34+ precursor cells, which possess the ability to differentiate into
endothelial cells as well as osteoblasts. A number of studies have highlighted the use of
circulating CD34+ cells for healing broken bones, which frequently have a poor recovery
because of insufficient circulation in the area of the fracture [59].

It is believed that there may be a subgroup of mature non-circulating endothelial cells
that exhibit CD34 expression and are predominantly situated in the smaller blood vessels,
whereas the vast proportion of endothelial cells from larger blood vessels does not exhibit
CD34 expression [4]. Unlike the usual biology of endothelial cells, all cells that exhibit
CD34 expression have an elongated cell shape without narrow junctions [60].

In the past, research on in vivo cultures has revealed the presence of CD34 protein
expression within endothelial cells originating in the umbilical vein; although when grown
in vitro, expression is essentially absent and only a small population of cells preserve
CD34 expression [4]. These particular cells mentioned previously display unique morpho-
logical features as well as numerous filopodia; in addition, CD34 is very well expressed
within these filopodia, where angiogenesis is most active, thus highlighting the important
functional role of CD34 in progenitor cell activity [60].

2.5. CD 34 and Cancer Stem Cells (CSCs)

Based on information available in the literature, CD34 has been identified in various
cancers, such as gastric, breast, thyroid, colorectal, and skin cancer [15]. CD34 has also been
utilized as a biomarker to assess angiogenesis in multiple malignancies, such as cervical
cancer, gastric cancer, lung cancer, and oral squamous cell carcinoma [15].

In recent years, an increase in CD34 expression, Ang II, and vascular endothelial
growth factor has been documented in patients with severe hepatocellular carcinoma [61].
Therefore, as well as for regenerative stem cells, in the case of CD34 expression on cancer
cells and CSCs, CD34 was linked with endothelial progenitors and adult cells and angio-
genesis. In addition, it is very likely that CD34+ cells found in different mature tissues are
endothelial precursor cells, which need future studies to be fully confirmed [15].

In 2006, a group of researchers led by Clarke published a study on the potential in-
volvement of CD34 in tumor development. The study was conducted on mice and involved
injecting them with a tumor-promoting substance to induce tumorigenesis. The researchers
found that mice lacking the CD34 protein failed to activate angiogenesis, a process that
involves the growth of new blood vessels, and therefore developed fewer tumors compared
to wild-type mice. CD34 is a protein that is primarily found on the surface of hematopoietic
stem cells, which give rise to different types of blood cells. Angiogenesis is a critical process
in tumor development, as it provides the growing tumor with a blood supply and nutrients
necessary for its survival and growth. Clarke et al.’s findings suggest that CD34 may
play a crucial role in angiogenesis and, consequently, tumor development. By comparing
CD34 knockout mice with wild-type mice, they were able to demonstrate the importance
of CD34 in angiogenesis and tumor growth. Their study provides valuable insights into
the molecular mechanisms underlying tumorigenesis and may have implications for the
development of new cancer therapies targeting CD34 or related pathways [62].

CSCs are a small subpopulation of cells within a tumor that are believed to be responsi-
ble for driving tumor growth and metastasis. These cells possess the ability to regenerate and
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produce different types of malignant cells that make up the tumor. One of the defining char-
acteristics of CSCs is their expression of certain cell surface biomarkers. These biomarkers
are also found in human embryonic cells, adult stem cells, and normal cells. Understanding
the biology of CSCs is critical for the development of new cancer treatments that target these
cells. By targeting CSCs, it may be possible to eradicate the tumor and prevent its recurrence.
However, more research is needed to fully understand the mechanisms underlying CSCs
and develop effective therapies that can selectively target them [15,62].

The origin of cancer stem cells is a topic of ongoing debate and speculation in the
scientific community. Although the precise source of these cells remains controversial,
there are several theories regarding their potential origins, including from precursor cells,
stem cells, or even differentiated cells that have undergone reprogramming within the
tumor microenvironment. Understanding the origin of CSCs is critical for developing
targeted cancer therapies that can effectively eliminate these cells and prevent tumor
recurrence [15,63].

Despite significant advances in cancer research, relapse of cancer and/or metastasis
remain major challenges in the field. CSCs have been implicated in the development of
these phenomena, as they are thought to play a critical role in tumor initiation, growth,
and metastasis. Because CSCs are resistant to conventional cancer therapies, they may
be responsible for the failure of many treatments to eradicate the disease completely. In
recent years, there has been growing interest in the use of CSC-targeted therapies for cancer
treatment. By selectively targeting CSCs, it may be possible to eliminate the source of tumor
growth and prevent relapse and metastasis. However, there is still much to learn about the
biology of CSCs and their role in cancer development, and further research is needed to
develop effective treatments that can specifically target these cells while sparing healthy
tissue [15].

The expression of various drug resistance receptors in CSC has been linked to
chemotherapy resistance. In addition, enhanced DNA repair capabilities in CSC have
been linked with the development of radiation resistance in some types of malignancies.
Therefore, CSCs were considered promising targets for cancer therapy and medicine dis-
covery. A greater comprehension of cell surface biomarkers expressed on CSCs will allow
their isolation and enrichment [15].

The earliest proof of CSCs was demonstrated in acute myeloid leukemia by Lapiod
et al. back in 1994 [64]. During the study, Lapiod et al. discovered a specific subpopulation
of CSC, characterized by the presence of CD34 and the absence of CD38. To further
investigate the role of these cells in the initiation and progression of AML, they were
transplanted into mice with severe combined immunodeficiency (SCID). The results of this
study confirmed that these CD34+CD38- cells were responsible for initiating leukemia [64].

According to the study conducted by Park et al., hepatic cancer may develop from
transformed CD34+ stem cells in the liver, suggesting that stem cells not only play a role
in organ and tissue regeneration but may also contribute to the development of cancer.
Furthermore, CD34+ cell populations isolated from PLC/PRF/5 liver carcinoma have
the ability to generate multiple types of liver cancer in mice. Therefore, this leads to the
hypothesis that CD34+ hepatocellular cells may be a subtype of hepatic CSCs [65].

A recent study carried out by Yin P. et al. revealed that a subset of cells found in
uterine leiomyoma exhibit characteristics of stem cells. These cells have been classified into
three categories based on their expression of CD34: CD34+/CD49b+, CD34+/CD49b-, and
CD34-/CD49b-. Among these categories, CD34+/CD49b+ cells were found to be the most
prevalent. It is speculated that CD34+ cells, which are known to be endothelial progenitors,
may play a role in angiogenesis and contribute to cancer stemness and metastasis in the
context of CSCs. The data from the study also suggested that the use of CD34 could be
useful in isolating these side population cells for further molecular investigation [66].

The study by Natarajan Aravindan and colleagues aimed to investigate the role of
CD34+ cancer stem cells (CSCs) in high-risk neuroblastoma (HR-NB) patients. The re-
searchers found that CD34 expression in NB was associated with MYCN amplification,
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advanced disease stage, and progressive disease after clinical therapy. CD34+ was also cor-
related with poor survival in patients with N-MYC-amplified HR-NB. Further analysis of
the genetic landscape of CD34+-NB-CSCs identified significant up- and down-modulation
of genes compared with NB-CSCs that lack CD34. The study suggests that careful con-
sideration should be exercised for autologous stem-cell rescue with CD34+ selection in
NB patients due to the risk of reinfusing NB-CSCs that could lead to post-transplant
relapse [67].

2.6. CD34 in Clinical Applications

Despite the potential of embryonic stem cells to differentiate into various cell types
during the blastocyst stage, most adult stem cells have limited potential for tissue regener-
ation. Hematopoietic stem cells are a well-known source of adult stem/progenitor cells.
However, CD34+ cells in adult human circulating/peripheral blood have also been found
to contain hematopoietic and endothelial progenitor cells, making them an essential source
of stem/progenitor cells. Previous research has focused on identifying ways to guide stem
cells towards tissue renewal [68]. Past studies have shown that tissue ischemia triggers
the mobilization of endothelial precursor cells from the bone marrow into the bloodstream
by upregulating cytokines, leading to their migration and incorporation into regions of
neovascularization. Based on this breakthrough, multiple studies have demonstrated the
therapeutic value of EPCs in various pathologies [68].

The initial investigations into the therapeutic uses of CD34 centered around the trans-
plantation of purified CD34+ hematopoietic progenitor cells for hematopoietic reconstitu-
tion. Studies involving irradiated baboons showed that transplantation of these purified
CD34 cells resulted in the eventual restoration of normal blood cell numbers [15,69].

Fan-Yen Lee et al. conducted a study to evaluate the effects of circulating CD34+ cells
among patients suffering from diffuse coronary artery disease who were not eligible for
coronary surgery. The results of this study have significant clinical implications. Intra-
coronary transfusion of autologous CD34+ cells has been shown to be a safe procedure
without any complications. Furthermore, the use of CD34+ cell circulatory therapy has
demonstrated efficacy in improving cardiac functions [70].

According to the study by Ahmed El-Badawy et al., stem cell therapy for diabetes
mellitus appears to be a reliable and potentially therapeutic alternative. The mobilized
marrow CD34+ HSCs exhibited the most encouraging treatment results [71].

Toru Nakamura et al. found that if they transplant CD34+ cells into the hepatic artery
in patients with severe liver cirrhosis, the blood flow to the liver will significantly improve.
This strongly supports the theory that these cells can differentiate into vascular endothelial
cells [15]. In addition to the research mentioned above, another study carried out in mice
revealed that transplantation of endothelial stem cells increased hepatic blood flow and
reduced portal pressure [72].

According to a study conducted by Quyyumi AA et al. in 2017, which focused on
patients with ST-elevation myocardial infarction, the use of CD34+ cells was found to lead
to improved myocardial perfusion [73].

3. Discussion

While the CD34 protein has extensive medical uses, its functional roles are not fully
clarified. Clinical difficulties encountered with this protein include its variability in expres-
sion among different cell types, low expression, and variations in glycosylation models,
resulting in challenges in utilizing antibody-based methods to isolate CD34+ cells. Hence,
considerable effort has been devoted to better understanding this protein. Despite its
reputation as a label for hematopoietic stem cells, its occurrence in other non-hematopoietic
cells is still under investigation.

The human CD34 gene is situated in a genomic region that is rich in genes encoding
cell adhesion molecules. This intriguing placement has sparked speculation that CD34 may
also have a role in cell adhesion, in addition to its well-known function as a marker for
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hematopoietic stem and progenitor cells. While the molecular mechanisms by which CD34
may regulate cell adhesion are not fully understood, several studies have suggested that
it can modulate the activity of integrins, a family of transmembrane adhesion receptors
that play crucial roles in cell migration, proliferation, and differentiation. Moreover, recent
evidence indicates that CD34 may interact with other adhesion-related proteins, such as
selectins, and participate in complex signaling networks that control cell behavior in diverse
physiological and pathological contexts.

The nature of CD34 also suggests that this protein participates in a variety of signal
transduction pathways, and furthermore, the CD34 protein has been reported to be involved
in angiogenesis. Up to now, medical use of CD34 has remained mostly confined to the
restoration of the hematopoietic system. The discovery of CD34 expression on a diversity of
non-hematopoietic precursor cells will help increase the role of CD34+ cells in the therapy
of pathologies beyond blood disorders.

CD34 is commonly used as a marker to identify and isolate CSCs in various types of
cancer. CD34-positive CSCs have been identified in leukemia, breast cancer, lung cancer,
and other types of tumors. These CD34-positive CSCs have been shown to have enhanced
self-renewal ability and increased tumor-initiating capacity compared to CD34-negative
cells. However, CD34 expression has been associated with increased tumor aggressiveness
and resistance to chemotherapy in some types of cancer. Despite all the information
obtained from past studies, the precise mechanisms by which CD34 contributes to cancer
development and progression are complex and not yet fully understood.

4. Conclusions

Further research is needed to better understand the functions of CD34 in both normal
and malignant cells. This could lead to the development of new targeted therapies that
can disrupt the role of CD34 in promoting cancer growth and progression, ultimately
improving the prognosis for individuals with cancer.
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Abstract: Cervical cancer is still the fourth most common cancer in women throughout the world; an
estimated 604,000 new cases were observed in 2020. Better knowledge of its pathogenesis, gained in
recent years, has introduced new preventive and diagnostic approaches. Knowledge of its pathogen-
esis has made it possible to provide individualized surgical and drug treatment. In industrialized
countries, cervical cancer has become a less frequent tumor entity due to the accessibility of the
human papilloma virus vaccination, systematic preventive programs/early detection programs,
health care infrastructure and the availability of effective therapy options. Nevertheless, globally,
neither mortality nor morbidity has been significantly reduced over the past 10 years, and therapy
approaches differ widely. The aim of this review is to address recent advances in the prevention,
diagnostic investigation and treatment of cervical cancer globally, focusing on advances in Germany,
with a view toward providing an updated overview for clinicians. The following aspects are ad-
dressed in detail: (a) the prevalence and causes of cervical cancer, (b) diagnostic tools using imaging
techniques, cytology and pathology, (c) pathomechanisms and clinical symptoms of cervical cancer
and (d) different treatment approaches (pharmacological, surgical and others) and their impact
on outcomes.

Keywords: cervical cancer; HPV; nerve-sparing radical hysterectomy; radiochemotherapy;
checkpoint inhibitors

1. Introduction

Ninety percent of cervical cancers occur in low- and middle-income countries (LMIC).
It is the fourth most common cancer in women worldwide after breast, colorectal and
lung cancer. In 2020, the World Health Organization (WHO) estimated a prevalence of
604,000 new cases and 342,000 deaths worldwide [1]. The median age of women at the
initial diagnosis of cervical cancer is currently 55 years and has decreased by 15 years over
the past 25 years. In about 25 percent of cases, cervical cancer occurs in women younger
than 35 years of age. It is the most common gynecologic malignancy during pregnancy,
with an incidence of 0.1–12:10,000 [2].

The introduction of screening examinations by the Papanicolaou smear (Pap smear)
since 1971 and the human papillomavirus (HPV) vaccination since 2006 led to a dramatic
reduction in the incidence of cervical intraepithelial neoplasms (CIN) and cervical cancer
in industrialized countries. Cervical cancer is now the thirteenth most common cancer
in women in developed countries such as Germany [3]. However, the past 10 years have
witnessed no significant reduction in mortality or morbidity; therapy approaches are still
very diverse [2].
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2. Pathogenesis and Risk Factors

Eighty percent of cervical cancers are squamous cell carcinomas. However, the in-
cidence of the less common adenocarcinoma of the cervix has been rising over the last
decades. Other rare types include adenosquamous, serous papillary and neuroendocrine
cervical carcinoma [4].

The carcinogenesis of cervical cancer is considered to be multifactorial. In addition to
common cancer risk factors, such as smoking, promiscuity, long-term use of oral contra-
ceptives, low socioeconomic status and immunosuppression caused by infection, such as
by the human immunodeficiency virus (HIV) or drug immunosuppressants after organ
transplantation, the most relevant factor in the emergence of cervical cancer is HPV [2].

Eighty percent of sexually active women and men are infected by HPV in their lifetimes,
but the infection persists in a mere 5–10% and leads to cervical cancer in just 3% [3,5]. A
persistent high-risk HPV infection may cause invasive cervical, vulvar, vulvovaginal, penile,
anal, oropharyngeal, or head and neck cancer [2]. The developmental phase from HPV
infection to cervical cancer is about 20 years [6]. HPV types most commonly responsible
for the development of cervical carcinoma include the high-risk HPV types 16, 18, 45, 31,
33, 58, 52, 35, 59, 56, 6, 51, 68, 39, 82, 73, 66 and 70. Cervical cancer arises from the CIN
I–III lesions, which are also classified as low-grade squamous intraepithelial lesions (LSIL),
high-grade squamous intraepithelial lesions (HSIL) and adenocarcinoma in situ (ACIS) [2].
With an annual regression rate of 15–23% and a regression rate of 55% in 4–6 years, CIN II
is less likely to progress to cervical cancer. In contrast, CIN III has an annual progression
rate to invasive carcinoma of 0.2–4% [6].

3. Diagnostic Investigation and Prevention

The Pap-only test, the Pap-HPV co-test and the high-risk HPV-only test are the three
tests commonly performed for the early detection of cervical cancer. A higher sensitivity,
reproducibility and safer prolongation of screening intervals have been proven in several
studies for the HPV test compared to conventional cytology or colposcopy [7]. The in-
vestigations have demonstrated the safe and sensitive effect of self-sampling for the HPV
test, as well as its benefits in LMIC due to its easy and convenient use and its physical
and emotional comfort [7,8]. Therefore, HPV self-sampling has been included in the WHO
guidelines on self-care interventions for health and well-being published in 2021. The
detection of CIN and CIN III by PCR-based self-sampling tests has been demonstrated, but
these tests have not been established yet [7].

HPV vaccination is an efficient primary prophylaxis of cervical cancer. In 2007, the
recommendations of the Standing Commission on Vaccination (STIKO) imported the
precautionary HPV vaccination, which currently advocate vaccination for girls between
the ages of 9 and 14 years; since 2018, it has also been recommended for boys of these
ages [2]. A prophylactic effect of the HPV vaccination with regard to vaccine-type-specific
anogenital diseases has also been shown in women and men aged 14–45 years [9]. The
Centers for Disease Control and Prevention (CDC) in the United States recommends a
routine HPV vaccination at the age of 11 or 12 years, with the possible start of vaccination
at the age of 9 years, a catch-up vaccination to the age of 26 years and a possible vaccination
for adults from the age of 27 to 45 years [6].

In terms of tertiary prevention, HPV vaccination was reported to be significantly
effective after the surgical treatment of patients with CIN I-III lesions; the risk of developing
recurrent CIN was reduced by 58.7% [10]. Despite these data regarding efficacy, the
provision of the vaccination on a worldwide basis is still very diverse and worthy of
improvement. Less than 30% of LMICs have introduced the HPV vaccination, and only
about 20% of women in LMICs have ever been screened for cervical cancer. In contrast,
high-income countries have more than an 85% uptake on HPV vaccination, and 60% of
women in high-income countries have been vaccinated [11].

Due to the high accessibility and acceptance of vaccines in the population as well
as school-based vaccination programs, Portugal, Norway, Iceland, Spain, England and
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Sweden have high vaccination rates (95%, 85%, 88%, 80%, 80% and 80%, respectively, in
15-year-old women). The proportion of vaccinated persons in Germany was 44.6% in 2018,
and in the United States it was 58.6% in 2020 [2]. The current standard Gardasil 9® vaccine
is a nonavalent vaccine for the oncogenic/high-risk HPV types 16, 18, 31, 33, 45, 52 and
58 and for the non-oncogenic/low-risk HPV types 6 and 11 [2,12]. HPV vaccination can
prevent up to 70% of HPV-related cervical cancers and up to 90% of genital warts [2].

A new classification was published by the Fédération Internationale de Gynécologie
et d’Obstétrique (FIGO) in 2018, which supplements the bimanual palpation examination
with magnetic resonance imaging (MRI) of the pelvis/computed tomography (CT) of the
chest, abdomen and pelvis, as well as biopsies for clinical staging. MRI provides the
best assessment of local tumor spreading in terms of parametrial infiltration (sensitivity
84% [13]), whereas CT is used to rule out distant metastases. Surgical staging permits
the best assessment of lymph node involvement through systematic lymphadenectomy
(LNE). Histological staging has been performed via the TNM classification from 2010
onward. Because the current treatment recommendations are based on data derived from
the application of the old FIGO classification of 2009, the following recommendations in
this review are also based on the old FIGO classification. Table 1 and Figure 1 reflect the
most recent FIGO classification of 2018 [14].

Table 1. FIGO classification 2018 [14].

Stage

I

Carcinoma strictly confined to the cervix

IA

Invasive carcinoma with maximum depth of invasion ≤ 5 mm

IA1 Stromal invasion ≤ 3 mm in depth

IA2 Stromal invasion > 3 mm and ≤5 mm in depth

IB

Deepest invasion > 5 mm; lesion limited to cervix uteri with size measured according to maximum tumor diameter

IB1 >5 mm depth of stromal invasion and ≤2 cm in greatest dimension

IB2 >2 cm and ≤4 cm in greatest dimension

IB3 >4 cm in greatest dimension

II

Invasion beyond the uterus, but no extension into the lower third of the vagina or to the pelvic wall

IIA

Involvement limited to the upper two thirds of the vagina without parametrial invasion

IIA1 ≤4 cm in greatest dimension

IIA2 >4 cm in greatest dimension

IIB Parametrial invasion but not to the pelvic wall

III

Involvement of the lower third of the vagina and/or extension to the pelvic wall and/or causes hydronephrosis or
non-functioning kidney and/or involvement of pelvic and/or para-aortic lymph nodes

IIIA Involvement of the lower third of the vagina, with no extension to the pelvic wall

IIIB Extension to the pelvic wall and/or hydronephrosis or non-functioning kidney (unless known to be due to another cause)

IIIC

Involvement of pelvic and/or para-aortic lymph nodes (including micrometastases), irrespective of tumor size and extent

IIIC1 Pelvic lymph node metastases only

IIIC2 Para-aortic lymph node metastases

IV

Extension beyond the true pelvis or involvement (biopsy proven) of the mucosa of the bladder or rectum

IVA Spread of the growth to adjacent organs

IVB Spread to distant organs
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Figure 1. FIGO staging system created with BioRender.com.

4. Surgical Treatment

The therapeutic decision for cervical cancer must be made on an interdisciplinary
basis involving gynecologic oncologists, radiation therapists, radiologists, and patholo-
gists. A crucial factor is whether the preservation of fertility is desired and possible. The
patient’s wishes as well as her general condition, risk factors, menopausal status and
life situation must be included in the decision-making process. Surgery and primary
radio(chemo)therapy (RCT) are available as curative treatment options. Based on the
current recommendations, a multimodal therapy concept should be avoided because of the
resulting increase in morbidity. Furthermore, over- or under-therapy should be avoided [2].

The patient’s lymph node status is one of the most important prognostic parameters
in cervical cancer. The determination of tumor stage, prognosis and the resulting therapy
decision is based on the intraoperative assessment of the lymph node status. Preoperative
imaging with CT, MRI or PET-CT has been shown to be inferior to the surgical detection of
lymph node metastases [15]. A comprehensive algorithm for tumor staging is shown in
Figure 2.

One approach to therapy de-escalation in early cervical cancer is the use of a sen-
tinel node biopsy (SNB). The sentinel technique for cervical cancer is recommended in
the primary stage pTIa1 L1 and/or pTIA 2 and stage pTIB1 (≤2 cm), and it consists of
combined detection with technetium-99 and blue dye or, more commonly used today,
with intraoperative visualization with indocyanine green (ICG, Figure 3). Ultrastaging to
detect low-volume nodal metastases (isolated tumor cells (ITCs) and micrometastases) is
recommended in these cases. SNB is feasible and provides excellent detection rates and
sensitivity. SNB reduces morbidity compared to pelvic LNE, especially the incidence of
lower limb lymphoedema [16]. The three large phase III studies, the Phenix, SENTICOL III
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and SENTIX trials, are currently evaluating this technique prospectively and will provide
further evidence in connection with this procedure [17–20].

Figure 2. Algorithm of tumor stage definition in cervical cancer, adapted from the German S3
guidelines [2].

In addition to SNB, the sentinel procedure is used as a part of radical systematic LNE
to improve the detection of lymph nodes and to avoid the inclusion of lymphatic drainage
pathways, which is associated with a higher rate of morbidity. Systematic radical LNE is
used to remove all lymph nodes along the vascular pathways of the associated lymphatic
drainage area. Fifteen to twenty pelvic lymph nodes and eight to ten para-aortic lymph
nodes are considered representative [2].

Data from the Laparoscopic Approach to Cervical Cancer (LACC) trial, a randomized
phase III study, especially those obtained in 2018, have called for significant rethinking in
the treatment of cervical cancer. The LACC trial showed that patients after laparotomy have
a significantly higher rate of disease-free survival (3-year DFS, 97.1% vs. 91.2%; HR) 3.74;
95% CI, 1.63 to 8.58) and a significantly better overall survival (3-year OS, 99.0% vs. 93.8%;
HR 6.00, 95% CI, 1.77 to 20.30) compared to patients who undergo minimally invasive
surgery [21]. The clear superiority of the abdominal approach in terms of OS and DFS
was also evident in a recently published final analysis of the LACC trial [22]. The cause
is still largely unexplained, which is why cervical cancer should currently be operated
on via laparotomy and, only in exceptional cases and after appropriate explanation, via a
minimally invasive procedure [14].
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Figure 3. Intraoperative sentinel node visualization with indocyanine green at the Department of
Obstetrics and Gynecology, University Hospital of Schleswig Holstein, Campus Kiel, Germany.

Studies aimed at reproving the safety of minimally invasive surgery for cervical cancer
have been initiated and are currently in progress. Among the leading points of criticism
of the LACC trial are the use of transcervical uterine manipulators, the lack of proper
tumor containment at the time of colpectomy leading to peritoneal contamination, non-
comparable operators/expertise, a low prevalence of robotic-assisted radical hysterectomy
and the lack of proper preoperative imaging and assessment [23–26].

Tumor extirpation by means of previous conization [27,28] or closure using a vaginal
cuff showed a comparable DFS and OS in patients treated with a laparoscopy and a
laparotomy [24,26]. Ronsini et al. showed, in their meta-analysis, that laparo-assisted
vaginal hysterectomies (LARVH) for tumors with a maximum diameter of 2 cm do not
appear to affect DFS and OS compared to abdominal radical hysterectomies by using a
vaginal cuff to prevent the tumor’s spillage and by not using a uterus manipulator. A
statement in the subanalysis about tumors > 2 cm could not be made [24].

Comparable OS, DFS and recurrence rates for open and robotic radical hysterectomies
were shown in several reports, thus demonstrating the safety of robotic-assisted radical
hysterectomies [25,29–33]. Leitao et al. showed, in their recent systematic review and
meta-analysis of cancer outcomes, similar OS and DFS rates for robotic-assisted and la-
paroscopic surgery [1.01 (0.56, 1.80), p = 0.98] or open [1.18 (0.99, 1.41), p = 0.06] [33].
However, large prospective randomized studies will be needed to cause a change in current
guideline recommendations.

The Robot-assisted Approach to Cervical Cancer (RACC) trial, an international, ran-
domized controlled multicenter trial, is currently in progress. Women with early-stage
cervical cancer are randomly assigned to robotic-assisted surgery or a laparotomy. The
results of this study are eagerly awaited [34]. Likewise, the ongoing Robotic versus Open
Radical Hysterectomy for Cervical Cancer (ROCC) trial will provide more detailed insights
into this currently critical issue [23].

The different radicality of hysterectomies is classified into the five grades of Piver I–V
according to Piver et al., among others, and is listed in Figure 4 [34,35].
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4.1. Nerve-Sparing Radical Hysterectomy

The goal of surgical treatment in cervical cancer is not only tumor-free resection but
also the preservation of organ functionality and crucial nerves. Modern imaging with MRI
provides three-dimensional anatomical information about principal nerves such as the hy-
pogastric nerve (HN), the inferior hypogastric plexus (IHP) and the pelvic splanchnic nerve
(PSN). Bladder functionality is achieved through sympathetic nerves for bladder relaxation
and parasympathetic innervation for bladder contraction. Therefore, the preservation of
the HN, the PSNs, the IHP and the vesical nerve branches must be ensured [36]. A detailed
anatomical illustration of these essential nerves is shown in Figure 5.

 
Figure 4. Classification of hysterectomy classified by Piver et al. [35].

A classical radical hysterectomy involves the complete resection of the cardinal lig-
ament along with pelvic splanchnic nerves. In a nerve-sparing radical hysterectomy, the
superior HN in conjunction with sympathetic innervation is visualized at the level of the
aortic bifurcation, followed by bilateral dissection along the sigmoid colon. The pelvic
splanchnic nerve in conjunction with parasympathetic innervation is exposed and spared
from the lateral aspect at the same level. Parametrial dissection during a nerve-sparing
radical hysterectomy is performed under directed visualization of the contiguous pelvic
autonomic nerves. During resection of the dorsal parametrium, the HN in the mesoureter
is spared with a previous preparation. The resection of the ventral and lateral parametrium
must be performed under the viewing and sparing of the IHP, the bladder branches of the
IHP and the PSN [36–39].

It should be mentioned here that nerve-sparing radical hysterectomies are not con-
fined to early-stage cervical cancer. Tumor size plays no role when making the decision
about sparing the autonomic nerve system, which must be the standard of care even for
tumors > 4 cm in size [38,40].

The classic triad of complications following a radical hysterectomy consists of the lack
of bladder sensitivity, a hypo- or non-contractile detrusor and disturbed coordination of
detrusor contraction; these should be strictly avoided. Rectal nerve preservation can also
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prevent slow transit constipation. An underestimated complication of radical hysterec-
tomies is the loss of function of the genital cavernous bodies and the associated vaginal
lubrication, which can also be reduced by using the nerve-sparing surgical technique.
Nerve-sparing surgery was shown to significantly reduce postoperative morbidity and
improve quality of life [38,41–43].

 

Figure 5. Anatomical illustration of somatic and autonomic pelvic nerves in a female pelvis. Yellow:
somatic nerves; orange: sympathetic plexus; purple: sympathetic trunk; green: pelvic splanchnic
nerves (PSN), courtesy of Alkatout et al. [44].

4.2. Fertility Preservation

As 40% of patients with cervical cancer are of reproductive age, the preservation
of fertility must be taken into account if the patient wishes to preserve her fertility and
when such preservation is oncologically justifiable. According to the National Compre-
hensive Cancer Network (NCCN) guidelines, the European Society of Gynecological
Oncology (ESGO)/European Society for Radiotherapy and Oncology (ESTRO)/European
Society of Pathology (ESP) guidelines, as well as the German guidelines, fertility-sparing
treatment can be offered to patients with stage IA1 to IB1 squamous cell carcinoma
and adenocarcinoma of the cervix. Fertility-sparing surgery is not recommended for
gastric-type adenocarcinoma, small cell neuroendocrine histology and non-HPV-related
adenocarcinomas [2,14,45]. The treatment options for preserving fertility include coniza-
tion; simple and radical trachelectomy performed abdominally, vaginally or by conven-
tional laparoscopy; or robotic assistance with prophylactic permanent cerclage. Whereas
conization or simple trachelectomy is performed with pregnancy rates of 71–75% in stage
IA1 and IA2 without risk factors, radical trachelectomy with permanent cerclage should be
used as a fertility-preserving procedure in stage IA1 L1 V0, stage IA2 V0 or stage IB1 and
IIA1 V0 < 2 cm. From stage IA1 L1 onward, prior histopathological exclusion of lymph
node metastases with SNB or LNE is mandatory [2,14,46]. Neoadjuvant chemotherapy
can be administered in stage IB1 ≥ 2 cm, followed by conization or trachelectomy within
studies; this procedure is not recommended as a standard therapy [2].

The selection of patients suitable for fertility preservation should be made on the basis
of the pathological extent/stage of the tumor, as well as the patient’s comorbidities and her
likelihood of becoming pregnant and carrying the pregnancy to term. The patient must be
informed in detail about the risks, advantages, and therapy alternatives in a strict sense of
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shared decision making. Therefore, multidisciplinary consultation with gynecologic oncol-
ogists, fertility specialists, pathologists, radiologists and radiation therapists is essential
before making therapy decisions. The oncologic safety of these techniques has been proven,
but patients must be educated about the fact of a high-risk pregnancy with a higher risk
of miscarriage, preterm birth (31–57%) and primary cesarean section after trachelectomy.
Similarly, cervical stenosis (5–15%) with associated infertility may occur postoperatively.
A hysterectomy need not be performed routinely after completed family planning, but it
is recommended in the case of HPV persistence, Pap abnormality, a desire for maximum
safety, or limited or abolished accessibility of the cervix [2,46,47].

4.3. Stage-Specific Therapy Guides

The following therapy algorithms for the individual stages of cervical cancer are
listed according to the German guidelines [2], the NCCN [46] and the ESGO/ESTRO/ESP
guidelines [14].

Patients with stage IA1 without a risk factor should be treated with conization and
cervical curettage or a simple hysterectomy in cases of positive margins after conization,
completed family planning or a desire for greater safety. In the case of positive margins
after conization and the desire to preserve fertility, the patient may be offered re-conization
or trachelectomy with prophylactic permanent cerclage. A secondary hysterectomy can be
performed in this setting, as mentioned before [2,14,46].

In stage IA1, with the invasion of lymphatic vessels (L1), SNB should be performed in
accordance with the same therapy recommendations as those of stage IA1 without L1. SNB
is also indicated in stage IA1 with at least two risk factors and in stage IA2 with one risk
factor. The involvement of SLN is an indication for systematic LNE followed by RCT, as
well as prior ovariopexy with bilateral salpingectomy to preserve intrinsic ovarian function
in premenopausal patients. Piver I is performed in cases of disease-free pelvic SLN.

Fertility cannot be preserved in stage IA2 with at least two risk factors. SNB is
performed as a part of surgical staging in this setting. In the case of negative SLN, the
approach used here is Piver II with bilateral salpingo-oophorectomy if needed [2].

In contrast, the NCCN guidelines for stage IA1 with L1 and stage IA2 recommend a
modified radical hysterectomy after previous pelvic LNE or SLN mapping, or in cases of inop-
erable patients/stage IA2 pelvic external beam radiotherapy (ERBT) with brachytherapy [46].
The ESGO/ESTRO/ESP guidelines recommend adjuvant radiotherapy alone in stage 1A2
with L1, stage 1B1 or stage 2A1 [14].

The international guidelines recommend the use of the Sedlis criteria as a guide for
adjuvant treatment decisions in node-negative, margin-negative and parametria-negative
cases. The Sedlis criteria include greater than one-third stromal invasion, capillary lym-
phatic space involvement and a cervical tumor diameter greater than 4 cm [46,48].

In the case of diseased pelvic lymph nodes, surgical staging is again extended to
include para-aortic LNE to remove the affected lymph nodes and to determine the radiation
field for subsequent RCT [2,14].

Patients with stage IB1 < 2 cm without risk factors should be treated with a radical
hysterectomy, Piver II, in the case of negative pelvic SLN [14]. If the patient wishes
to preserve her fertility, it would be advisable to perform a radical trachelectomy with
prophylactic permanent cerclage. Surgery should only be performed in the absence of
an upfront indication for adjuvant radiotherapy [2]. The NCCN or ESGO/ESTRO/ESP
guidelines provide no recommendations for a routine secondary hysterectomy [14,46].

Patients with stage IIA1 should be treated with a radical hysterectomy, Piver II, with
a tumor-free resection margin of the vaginal cuff. In postmenopausal patients or pre-
menopausal patients with adenocarcinoma, the German guidelines recommend a radical
hysterectomy, Piver III, with a tumor-free margin of the vaginal cuff and bilateral salpingo-
oophorectomy for stage IB2, IIA2 and IIB with a maximum of two risk factors. RCT is
recommended in stage 1B2 and higher with positive margins or residual tumors, including
positive lymph nodes on imaging [2,14]. In contrast, the NCCN guidelines give prefer-
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ence to RCT over surgery in stage IB2 and IIA2. The German and ESGO/ESTRO/ESP
guidelines advocate RCT rather than surgery in stage IIB and above [2,14]. Whereas the
German guidelines recommend surgical lymph node staging via pelvic and para-aortic
LNE for stage IB2 and IIA2 tumors with the possible removal of affected lymph nodes, the
NCCN guidelines recommend only lymph node staging via radiologic imaging in these
stages [2,46].

The recommendation for stage III is surgical staging via systematic LNE with the
removal of malignant lymph nodes or radiological assessment of malignancy prior to
R(C)T [2]. The ESGO/ESTRO/ESP guidelines advocate for the possibility of para-aortic
LNE, at least up to the inferior mesenteric artery with negative para-aortic lymph nodes on
imaging and debulking of suspicious pelvic lymph nodes, whereas the NCCN guidelines
recommend radiologic staging for stage IB2 and higher [14,46].

In stage IVA, the choices, among others, are R(C)T or primary exenteration in selected
cases. In stage IVB, the focus is on symptom-oriented therapy, which consists of radiother-
apy or RCT, palliative chemotherapy combined with bevacizumab and with or without
pembrolizumab, or best supportive care [2,14,49,50]. Therapy algorithms for the individual
tumor stages are shown in Figure 6, adapted according to the German guidelines.

 

Figure 6. Cont.
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Figure 6. Therapy algorithm for cervical cancer based on the German guidelines: (a) Stage IA1 with-
out risk factors; (b) Stage IA1 with L1; (c) Stage IA1 with ≥2 risk factors and stage IA2 with 1 risk fac-
tor; (d) Stage IA2 with ≥2 risk factors; (e) Stage IB1, IIA1; (f) Stage IB2, IIA2, IIB with ≤2 risk factors;
(g) Stage III, stage IVA, stage IVB [2].
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5. Radio(Chemo)Therapy

Intensity-modulated radiotherapy, individualized MRI-guided brachytherapy or image-
guided adaptive brachytherapy (IGABIT) should be used in the primary RCT of cervical
cancer; this approach provides optimal protection of surrounding tissue by reducing gas-
trointestinal and urogenital toxicities as well as acute and late therapy-related reactions. The
approach also permits the safe use of selective dose escalation or a simultaneous integrated
boost [2]. RCT is given with cisplatin 40 mg/m2 body surface area for 5 weeks as a ra-
diosensitizer and may be administered as a neoadjuvant, primary or adjuvant therapy. In
the event of existing contraindications to chemotherapy with cisplatin, such as renal failure,
radiation alone is used. Previous LNE may help to define the radiation field, which extends
over the pelvic and para-aortic lymphatic drainage area and is referred to as extended-field
radiotherapy in the sense of percutaneous radiotherapy when para-aortic lymph nodes are
also affected. Brachytherapy must be included if the hysterectomy is not a part of the primary
operative therapy/staging procedure. Percutaneous radiation of the primary tumor and
lymph nodes is primarily performed with combined cisplatin-containing chemotherapy,
followed by brachytherapy of the primary tumor [2,14,46]. Adjuvant RCT should be given
to patients with histologically confirmed postoperative high-risk factors, such as lymph
node metastases and parametrial infiltration, as well as positive resection margins. Adjuvant
radiotherapy alone is the adjuvant therapy of choice for intermediate-risk factors or positive
Sedlis criteria, such as lymphovascular space invasion, invasion of more than a third of
cervical stromal and tumor size > 4 cm [51]. Clearly, the high morbidity of adjuvant RCT
after surgery should be considered and discussed with the patient [46].

6. Medical Therapy

In addition to surgical and radiologic (lymph node) staging, the current standard ther-
apy for locally advanced cervical cancer is primary simultaneous RCT with cisplatin [2,14,46].
Patients with recurrent, persistent or metastatic cervical cancer should be treated with a com-
bination of cisplatin/topotecan or cisplatin/paclitaxel and bevacizumab. This combination
has shown benefits in terms of survival (8.2 months vs. 6 months; HR 0.68 [95% CI 0.56–0.84];
p = 0.0002), DFS (13.3 months vs. 16.8 months; HR 0.77 [95% CI 0.062–0.95]; p = 0.007) and
response rates (49% vs. 36%; p = 0.003) in a GOG 240 study [45,50]. A randomized phase
III JCOG0505 trial showed equal efficacy; carboplatin can be used instead of cisplatin to
prevent nephrotoxicity and neutropenia [52]. More recent data from the phase II CECILIA
trial showed that the combination of carboplatin with paclitaxel and bevacizumab achieves
comparable efficacy and has a favorable side effect profile [53]. Nab-paclitaxel, vinorelbine,
ifosfamide, topotecan, pemetrexed or irinotecan can be used in second-line therapy [2].

Analogous to the treatment of endometrial cancer, new data have been obtained for
cervical cancer in regard to immune checkpoint inhibitors. The largely HPV-dependent
carcinogenesis of cervical cancer explains the high immunogenicity of these tumors. Thus,
immunotherapy could be successful in this setting. The programmed cell death ligand
PD-1/PD-L1 system is particularly important for the course of the disease and is involved
in carcinogenesis. A KEYNOTE 158 trial revealed a response rate of 15% and promising
OS rates (median, 9.4 months for the entire study population and 11.0 months for the
PD-L1-positive population) in patients with advanced cervical cancer and PD-L1 positivity
of tumor tissue. This is roughly comparable to established therapies. What is outstanding,
however, is the favorable response rate within 2.1 months and the pronounced duration of
the response [54].

A randomized, placebo-controlled, double-blind phase 3 (KEYNOTE 826) trial yielded
notable results. Adding pembrolizumab (200 mg every 3 weeks), a humanized mono-
clonal PD-1 antibody, to cisplatin or carboplatin/paclitaxel with or without additional
bevacizumab, a recombinant monoclonal antibody to human vascular endothelial-derived
growth factor (VEGF), in patients with advanced cervical cancer and a positive PD-L1 status
(combined positive score (CPS) ≥ 1) demonstrated a significant improvement in median
OS (not reached vs. 16.3 months; HR 0.64; p = 0.0001) and median DFS (10.4 vs. 8.2 months;
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HR 0.62; p < 0.0001). Compared to the placebo group, the treatment with pembrolizumab
yielded an objective response rate of 68% vs. 50%, as well as a median response duration of
18.0 vs. 10.4 months [49,55]. Based on these data, the Food and Drug Administration (FDA)
approved pembrolizumab 2021 as first-line therapy in combination with chemotherapy,
with or without bevacizumab, for the treatment of patients with persistent, recurrent or
metastatic cervical cancer whose tumors express PD-L1 (CPS ≥ 1). Pembrolizumab has
also been approved as a sole therapy in patients with recurrent or metastatic cervical cancer
who are progressive on chemotherapy.

Currently, the effect of pembrolizumab in addition to concurrent RCT in primary
advanced cervical cancer is being investigated in an ENGOT-cx11/KEYNOTE-A18 trial.
Completion of the trial is anticipated in December 2024 [56].

Nivolumab (anti-PD-1) and ipilimumab (cytotoxic T-lymphocyte antigen 4 antibody;
anti-CTLA4) are other forward-looking compounds. Monotherapy with nivolumab and in
combination with ipilimumab are being tested in the ongoing CheckMate 358, a multicenter,
multicohort phase I/II trial. The treatment response ranged between 26.3% (nivolumab
treatment, 95% CI, 9.1 to 51.2) and 38.4% (nivolumab and ipilimumab) in non-pretreated
patients. Even patients with prior lines of treatment achieved a response rate of 34.9%.
These studies showed that, in patients who responded, the response was of a rather long
duration compared to that of conventional therapy. The median OS was 21.6 months
(95% CI 8.3–46.9), 15.2 months (95% CI 9.0–36.2) and 20.9 months (95% CI 14.4–32.8),
and the median PFS was 5.1 months (95% CI 1.9–9.1), 3.8 months (95% CI 2.1–10.3) and
5.8 months (95% CI 3.8–9.3) in patients treated with nivolumab monotherapy, a combination
of nivolumab 3 mg/kg and ipilimumab 1 mg/kg every 2 weeks, and a combination of
nivolumab 1 mg/kg and ipilimumab 3 mg/kg every 6 weeks, respectively [57].

Another promising antibody tested and proven in an EMPOWER-Cervical 1/GOG-
3016/ENGOT-cx9 study, an open-label, multicenter, phase 3 trial, is cemiplimab (anti-PD-1),
which most recently achieved a 3.5 month improvement in OS with an acceptable side
effect profile as a monotherapy, regardless of PD-L1 status, in advanced cervical cancer [58].
Cemiplimab was recently approved as a monotherapy by the European Medicines Agency
in patients with recurrent or metastatic cervical cancer whose disease progressed on or
after platinum-based chemotherapy.

Tisotumab vedotin, another new substance, is a tissue factor-directed antibody–drug
conjugate (ADC) and showed good efficacy in a multicenter, phase II innovaTV 204/GOG-
3023/ENGOT-cx6 trial; further testing in phase III studies will be needed [59]. The therapy
mechanism of tisotumab vedotin is based on its complex formation with tissue factors and
the subsequent intracellular release of monomethyl auristatin E, a microtubule-disrupting
agent, which leads to cell cycle arrest and apoptotic cell death.

In addition to the mentioned immunotherapies for cervical cancer, further promising
immunotherapy strategies such as the engineered T cell receptor (TCR)-like antibody
therapy and engineered chimeric antigen receptor (CAR) T cell therapy have yielded
promising outcomes in terms of cytotoxicity and cervical tumor regression. Resistance to
T-cell-mediated recognition, toxicity, patient specificity (genetically engineered T cells, no
standard treatment) and high costs are current hurdles that still need to be overcome [60,61].

Neoadjuvant Chemotherapy

Currently, neoadjuvant chemotherapy (NACT) is not a standard of care in cervical
cancer but may result in operable findings in selected patient. Although no improvements
have been shown yet in PFS and OS, the following advantages have been noted: potential
preservation of fertility, a significantly lower incidence of lymph node metastases and
parametrial invasion and a lesser need for adjuvant RCT [62–64]. Therefore, platinum-
based NACT followed by a radical hysterectomy represents a therapy option, especially
for selected patients with stage Ib2-IIb. However, the side effects of chemotherapy must
be weighed against its benefits. Trifanescu et al., in a retrospective study of 108 patients
treated with neoadjuvant radiotherapy ± chemotherapy followed by robotic-assisted
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radical hysterectomy, reported a pathological complete response rate of 66% and a DFS of
100% at 36 months in early-stage patients with stage IB-IIA, and 80% in advanced-stage
stage IIB-IVA [32]. Nevertheless, compared to cisplatin-based RCT, this treatment option
is inferior in OS and PFS. The number of patients who remain inoperable and require
definitive chemoradiation is about 25–30%. The value of NACT compared to cisplatin-
based RCT remains a subject of ongoing investigation [65–68].

7. Conclusions

Important data have been obtained recently about the prevention, diagnosis and
treatment of cervical cancer. The three pillars of therapy are surgery, RCT and medical
therapy. The effectiveness of the HPV vaccination has been established. However, we face
barriers in the achievement of high vaccination rates, especially in LMICs.

Screening programs for cervical dysplasia and cervical cancer have become widely
established. Rhythmic screening for HPV and the PAP smear, if necessary, with a colposcopy
for further clarification, have already been successful in terms of minimizing cervical
dysplasia. However, the effective implementation of these programs in LMICs—countries
with the highest incidence of cervical cancer—remains unresolved. The results of the LACC
trial, which yielded proof of a higher rate of recurrence, a lower rate of DFS and a lower OS
among patients undergoing minimally invasive surgery, have led clinicians to reconsider
their view about the surgical approach.

Immune checkpoint inhibitors in particular could serve as a relatively well-tolerated
therapy option, with a very prolonged response in patients with advanced cervical cancer
whose disease prognosis is predictably poor.

The goal is not only to generate global accessibility for the effective prevention of cervi-
cal cancer, but also to include patients in randomized, prospective trials and to standardize
evidence-based recommendations for all patients in order to improve disease-free survival,
overall survival and quality of life.
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ADC antibody–drug conjugate
Anti-CTLA4 cytotoxic T-lymphocyte antigen 4 antibody
CIN cervical intraepithelial neoplasm
CDC Centers for Disease Control and Prevention
CPS combined positive score
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CT computed tomography
DFS disease-free survival
ERBT pelvic external beam radiotherapy
ESGO European Society of Gynaecological Oncology
ESRO European Society for Radiotherapy and Oncology
ESP European Society of Pathology
FDA Food and Drug Administration
FIGO Fédération Internationale de Gynécologie et d’Obstétrique
HIV human immune deficiency virus
HPV human papilloma virus
HN hypogastric nerve
HSIL high-grade squamous intraepithelial lesion
ICG indocyanine green
IGABIT image-guided adaptive brachytherapy
IHO inferior hypogastric plexus
ITC isolated tumor cells
LACC Laparoscopic Approach to Cervical Cancer
LARVH laparo-assisted vaginal hysterectomy
LMIC low- and middle-income countries
LNE lymphadenectomy
LSIL low-grade squamous intraepithelial lesion
MRI magnetic resonance imaging
NACT neoadjuvant chemotherapy
NCCN National Comprehensive Cancer Network
PAP Papanicolaou
PD/PD-L1 programmed cell death/programmed cell death ligand 1
PSN pelvic splanchnic nerve
RACC Robot-assisted Approach to Cervical Cancer
RCT radiochemotherapy
ROCC Robotic versus Open Radical Hysterectomy for Cervical Cancer
SLN sentinel lymph node
SNB sentinel node biopsy
STIKO Standing Commission on Vaccination
TCR T cell receptor
VEGF vascular endothelial-derived growth factor
WHO World Health Organization
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Abstract: Introduction: Despite the improvement of early diagnosis methods for multiple patholog-
ical entities belonging to the digestive tract, bowel obstruction determined by multiple etiologies
represents an important percentage of surgical emergencies. General data: Although sometimes
obstructive episodes are possible in the early stages of colorectal cancer, the most commonly installed
intestinal obstruction has the significance of an advanced evolutionary stage of neoplastic disease.
Development of Obstructive Mechanism: The spontaneous evolution of colorectal cancer is always
burdened by complications. The most common complication is low bowel obstruction, found in
approximately 20% of the cases of colorectal cancer, and it can occur either relatively abruptly, or
is preceded by initially discrete premonitory symptoms, non-specific (until advanced evolutionary
stages) and generally neglected or incorrectly interpreted. Success in the complex treatment of a low
neoplastic obstruction is conditioned by a complete diagnosis, adequate pre-operative preparation, a
surgical act adapted to the case (in one, two or three successive stages), and dynamic postoperative
care. The moment of surgery should be chosen with great care and is the result of the experience
of the anesthetic-surgical team. The operative act must be adapted to the case and has as its main
objective the resolution of intestinal obstruction and only in a secondary way the resolution of the
generating disease. Conclusions: The therapeutic measures adopted (medical-surgical) must have a
dynamic character in accordance with the particular situation of the patient. Except for certain or
probably benign etiologies, the possibility of colorectal neoplasia should always be considered, in
low obstructions, regardless of the patient’s age.

Keywords: cancer; colorectal; obstruction

1. Introduction

Despite the improvement of early diagnosis methods for multiple pathological entities
belonging to the digestive tract, bowel obstruction determined by multiple etiologies
represents an important percentage of surgical emergencies, accounting for approximately
20–30% of the cases diagnosed with acute abdomen [1]. Efforts made to identify and
treat inflammatory diseases of the small intestine and colon, diagnosis of colic and rectal
neoplasms in early stages, or the surgical resolution of parietal defects in uncomplicated
stage have brought improvements regarding the precipitation of an obstructive episode of
various etiologies [2].

This research focuses on the determinism, the physiological mechanisms, and the
treatment particularities of obstructive colorectal cancer, an entity representing 60–80% of
low bowel obstructions [3,4].
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2. General Data

Intestinal obstruction is commonly found in surgical services, as a stand-alone entity
(with impressive etiological, pathogenic, and topographic diversity), or as an epiphe-
nomenon of other medical or surgical conditions (basal pneumonia, acute appendicitis,
acute pancreatitis, etc.). Although the clinic is generally sufficient for positive and topo-
graphic diagnosis, the etiological and pathogenic details cannot be clearly outlined, losing
their specificity due to an intricate clinic with a spectacular dynamic of the suggestive
elements for certain generating causes. With the exception of obstructions with ischemic
mechanism from the beginning (complicated parietal defects, intestinal intussusceptions
and volvulus, internal hernias, etc.), those of the simple obstructive type present a clinical,
dynamic mosaic, which frequently fails the attempts of systematization, creating taxo-
nomic controversies, but justifies hydro-electrolytic, acid-base and nutritional rebalancing
measures and finally the surgical procedure [5].

The contribution of paraclinical and laboratory investigations is extremely useful, but
even in these conditions a lot of cases remain etiologically obscure [3,6]. Clinical aspects
are even more nuanced when the obstructive accident occurs after surgery. The interplay
of anatomical and functional causative elements, as well as clinical atypia, explains the
diagnostic difficulties and medical-surgical treatment that is difficult to standardize [7].

A serious clinical entity by itself, intestinal obstruction can also be complicated (ab-
scessed tumors, bleeding, diastatic perforations, etc.) which produces an exponential
worsening generating mortality rates comparable to severe digestive bleeding, severe
pancreatitis, or major sepsis [8].

Distal bowel obstructions (colorectal) have a simple obstruction (except volvulus) as
their established mechanism. Symptoms are more indefinite, and the worsening of the
general condition occurs more slowly. These so-called “advantages” are nullified by factors,
such as age, etiology (often malignant), and multiple complications (most commonly septic).
The decompressing factor that the small intestine can have in distal obstructions can be
canceled by a pressure-competent ileocecal valve, transforming the colon into a closed,
under-pressure loop (double obturated) [9]. Massive and polymorphic bacterial transloca-
tion, colic perforations (adjacent to the tumor or diastatic), or diffuse parietocolic necrosis
are factors that can lead to rapid, sometimes irreversible worsening. The massive release of
endotoxins and digestive enzymes in conditions of compromised mucous-epithelial barrier
and microbial populations with exacerbated pathogenicity, explains the initiation of harm-
ful systemic effects, even in the absence of intestinal perforation. The existence and severity
of this pathogenic link are confirmed by toxico-septic phenomena being maintained even
after the surgical removal of the lesion that generated bowel obstruction [10,11].

Ischemic-type rheologic changes have multiple pathogenies. The cumulative effect
of colic parietal vessel elongation (as a result of progressive intestinal distension), the
ischemia produced by direct tissue pressure (brides or lateral obstructions), extensive
hemorrhagic intraparietal changes (as a result of the rupture of the vessels in the colic wall),
or hypovolemic parietal hypoxia contribute to the premature alteration of the mucous-
epithelial barrier, and then to colic perforation [3].

Massive fluid-electrolyte intersectoral redistributions, with the formation of the IIIrd
surgical space, associated with hydro-electrolyte losses through vomiting, contribute to the
establishment of the dysvolemic status (up to critical hypovolemia), which in association
with the installed toxic-septic status, represent a powerful pathogenic association [12].

The first pathogen that occurs is the impairment of lumen freedom, with upstream
storage of gas and stercoral content. Secondarily, enteral motility disorders are installed as
a result of cholic distension and episodic appearance of hyperperistaltism for evacuation
purposes (“fighting colic”). The tertiary element that occurs is the modification of intesti-
nal wall viability with the addition of infectious factor (tumor abscess) or juxtatumoral
or diastatic colic perforations. Low digestive malignancy, along with progressive lumen
obstruction, can precipitate the obstructive episode through other mechanisms: invagi-
nation of pediculate tumors, extrinsic parietal invasions, obstructive carcinomatosis, the
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association of ischemic colic sufferings, etc. From this perspective, mechanical intestinal
occlusion presents an initiator of pathogenic mechanisms (the obstacle in the colic lumen)
and a systemic resonator (the set of general changes) that worsens itself by dysvolemia and
sepsis [13].

Although sometimes obstructive episodes are possible in the early stages of colorec-
tal cancer, the most commonly installed intestinal obstruction has the significance of an
advanced evolutionary stage of neoplastic disease. Malignant colorectal obstructions gen-
erally evolve with an afebrile state. “Warm” obstructions suggest the appearance of septic,
ischemic or co-existence of multiple metastases with hyperpyrexia, accentuated in the
context of intersectoral dehydration [14].

A therapeutic attitude in confirmed or intuited non-ischemic cases begins with mea-
sures aimed at hydro-electrolyte, acid-base, metabolic rebalancing, and measures to release
the intestinal territory proximal to the stenosis through sustained digestive aspiration (less
effective in distal obstacles) and retrograde rectocolic lavage. The rhythm and duration
of these measures remain an equation with multiple unknowns and traps, but aim at
reconfiguring the general state, correcting the installed imbalances (most often partial),
impregnating with antibiotic and possibly anticoagulant, cardiac tonic, etc. [13].

Depending on the specific situation, these measures can be adopted regulated or
ultra-quickly. In the case of a favorable response, this period can be extended, hoping
for complete release, which would allow a safer and more comfortable surgical act, in
elective conditions. Failure to respond requires emergency surgery. The surgical attitude
cannot be standardized considering the multitude of factors involved, but it ranges from
large-scale surgical interventions aimed at solving the generating injury (tumor) as well
as the complication (obstruction), to minimal surgical gestures that can contribute to the
resolution of the obstruction (cecostomy) [15,16].

Although there is no unity of opinion regarding surgical strategies depending on
topography, for the right colon, the right hemicolectomy followed by ileo-transverse anas-
tomosis maintains a leading position, while for tumors located under the splenic flexure of
the colon, the interventions in two or three times with different types of stomas upstream
are valid, practiced for reasons of safety or necessity.

Quality pre-operative preparation, a well-conducted and adapted surgical act and
meticulous postoperative care can bring good results with the resolution of the underlying
disease (neoplasm) and its complication (obstruction). However, this morbid association
represents a severe pathological circumstance, in front of which optimism must remain
moderate and circumspect [17,18].

3. Determinism of Colorectal Cancer

Although there are embryological, anatomical, histological, and functional differences
between colic and rectal locations respectively, we note the existence of some common
elements between the neoplasms of these segments.

3.1. Embryological Factor

The middle portion of the primitive intestine (mesenteron) generates the upper struc-
tures of the digestive tract (duodenum, jejunum, ileum), but also cecum, appendix vermi-
form, ascending colon, and right half of the transverse colon. The metenteron (embryonic
posterior intestine) will develop the distal half of the transverse colon, descendant, sigmoid,
rectum and upper portion of the anal canal. Studies on the different embryological origins
of malignant colorectal segments suggest possible connections between embryology and
carcinogenesis, this area of research being of high interest and requiring further studies [19].

3.2. Genetic Factor

The involvement of genetic factors with autosomal dominant transmission was con-
firmed with the identification of hereditary nonpolyposis neoplasm (Lynch Syndrome I
and II) and adenomatous familial polyposis [20,21].
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In addition, it is important to mention the adenoma-carcinoma sequence, which is
defined by a set of recurrent driver mutations in a series of genes (KRAS, APC, SMAD4,
TP53) that accumulate in the process of adenoma formation and progression to sporadic
colorectal cancer [22].

3.3. Histological Factor

The entire colon and rectum above the pectinated line is lined with one layered colum-
nar epithelium. Below this level, up to the Hilton’s white line, the rectal epithelium is a
non-keratinized, pluristratified pavement. In the area of interference between the two terri-
tories, histologists describe a state of “cellular unrest”, which predisposes to phenomena of
metaplasia and even malignant degeneration. Gland structures with different morphology
and function can contribute to oncogenesis [23].

3.4. Environmental Factors

The geographical distribution of colorectal cancer is uneven between different coun-
tries or continents. The migration of some population groups to regions with high incidence
increases the frequency of this pathology, suggesting the influence of some environmental
factors [24].

3.5. Age and Gender

The distribution of colorectal cancer between the two genders is relatively equal, with
the prevalence on the right colon in women and on the left colon in men. The maximum
incidence is recorded at 60–70 years of age, although it is more and more common at a
young age [25]. In the case of obstructive colorectal cancer, the proportions are also similar,
with various studies showing heterogeneous results, some of them highlighting a slightly
higher frequency in men and others in women [26–29].

3.6. Precancerous Colorectal Disorders

Inflammatory bowel diseases (Crohn’s disease, ulcerative colitis) and diffuse colic
polyposis, register a significant percentage of malignant degeneration in the absence of
treatment or in conditions of insufficient or incorrectly conducted treatment [24,30]. The
risk of colorectal cancer may vary between 0.06% and 0.2% reported annual incidence,
between 2.5% and 8% reported cumulative incidence of 20 years, and between 7.5% and
18% reported cumulative incidence of 30 years of inflammatory bowel disease [31–33].

3.7. Diet

The low intake of vegetables and cellulose fibers and the excess of animal fats, carbo-
hydrates, and alcohol predisposes to the development of colorectal neoplasia [34].

3.8. Hepatobiliary Disorders and Cholecystectomy

The excessive presence of secondary bile acids (deoxycholic and lithocholic) in the
digestive tract promotes carcinogenesis. The effect seems mediated by the excessive fixation
of dietary calcium, which causes punctual peeling of the cholic mucosa, favoring the
appearance of metaplastic changes. Large bile discharges into the digestive tract post-
cholecystectomy raised the suspicion that this surgery predisposes to colorectal cancer [35,36].

3.9. Various Factors

Obesity, sedentary lifestyle, smoking, diabetes, abdominal radiotherapy, racial factor,
etc., are other factors that can leave their mark on colorectal carcinogenesis [37–41].
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3.10. Drug-Related Factors

Vitamins A, C, E, beta carotene, aspirin, and non-steroidal anti-inflammatory drugs
seem to have a protective role, noting a higher incidence of colorectal neoplasm in those
with vitamin deficiencies [42,43].

4. Development of the Obstructive Mechanism

The spontaneous evolution of colorectal cancer is always burdened by complica-
tions. Their variety is very large. Among the local complications, the most common
are: loco-regional invasion with possible inter-visceral or external fistulas, tumor infec-
tion with adjacent sclerolipomatous reaction or abscesses, peritonitis by evacuation of
tumor abscesses or intestinal perforations, intestinal obstructions, lower digestive bleeding,
etc. General complications are represented by anemia, paraneoplastic venous thrombosis,
multiple metastases, hepatic abscesses with systemic sepsis, etc. [44,45].

The most common complication is low bowel obstruction, found in approximately
20% of the cases of colorectal cancer and can occur either relatively abruptly, or is preceded
by initially discrete premonitory symptoms, non-specific (until advanced evolutionary
stages), and generally neglected or incorrectly interpreted [18,46].

The common obstructive mechanism is simple obstruction and is specific to situations
with preceding manifestations (transit disorders, anemia, weight loss, etc.). For forms
with sudden onset may occur intussusceptions (rare at the colic level and non-existent
at the rectal level), volvuluses of supratumoral mobile segments and the association of
peritoneal carcinomatosis or enteral ischemic phenomena. Colic volvulus is favored by
the increased weight of endoluminal content and hypermobility, with fixed points of the
extremities as close as possible. In intestinal volvuluses, necrosis is not directly correlated
with the number of rotations of the loop, but with the degree of “constriction of the affected
mesenteries” [29,47].

Low bowel obstruction due to neoplastic cause (colon and rectal cancer) presents
anatomical and functional characteristics important in stage, pathogenic, topographic, and
etiological diagnosis, orienting therapeutic consequences.

4.1. Anatomical Factors
4.1.1. The Diameter of the Colorectal Segments

The simple obstructive mechanism is installed later in colic segments with large caliber.
Subsequently, the ileocecal valve follows the segment with the largest diameter (the cecum
and the ascending colon), which explains the lower frequency of right colon occlusions if
the Bauhin valve is not interested. The diameter of the colic lumen decreases discreetly to
the distal segments (except the rectal ampulla). Peritumoral sclerolipomatosis and anemia
are more common in the right colon, contributing to the shaping of the characteristics
specific to this level of tumor location [48,49].

4.1.2. The Thickness of the Colic Wall

The thickness of the colic wall has less importance regarding the frequency of colorectal
neoplasms on certain topographies but has profound relevance in relation to retrograde
diastatic perforations (Laplace’s law) (Figure 1). The large colic caliber associated with
the reduced thickness of the wall allows the development of lateral rupture pressure that
makes the cecum and ascending colon wall vulnerable (the rupture pressure at this level
is approximately 80–100 cm H2O, compared to the one in the small intestine where it is
approximately 200–300 cm H2O) [50–53].
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Figure 1. Microscopic image revealing the difference between the thickness of the normal cecal
wall and the normal sigmoid colon wall; magnifying glass, 4× (obtained from the Histopathology
Department, “Bagdasar-Arseni” Clinical Emergency Hospital from Bucharest).

4.1.3. Colorectal Vascularization

Although it enjoys two important arterial sources (upper mesenteric artery for the right
colon and lower mesenteric artery for the left colon) and marginal arches Drummond and
Riolan-Haller and inconstant central intermesenteric anastomosis Huard, the colon does not
benefit through long and short vasa recta arteries of a generous arterial flow comparable to
the upper segments of the tract digestive system (stomach and small intestine). Mesenteric
arteries are the preferred territories for the phenomenon of atheromatosis contributing to
the progressive decrease of blood flow in irrigated territories. Elongation of vasa recta in
the distended colic wall favors ischemia and parietal microthromboses, precipitating colic
perforation. The closing of the venous network (a consequence of parietal pressure) is an
additional factor in the irreversibility of parietal lesions [54,55].

4.1.4. Anatomical and Functional Sphincters

The colorectal area stretches between the ileocecal valve and the anal sphincter. The
latter is of limited importance in low intestinal obstruction, being most commonly located
under the obstacle. The ileocecal valve is deeply involved in the pressure play and dynamics
of the cholic stasis content in low intestinal obstruction. A “permissive” valve can favor
the reflux of stercoral content towards the ileal and then jejunal territory, tempering for the
moment the axial and lateral pressures from the obstructed colon. Its increased pressure
competence can close the possibility of retrograde reflux, with the exponential increase of
intracolic pressures.

The functional sphincters of the colon (Cannon-Boehm, Payr, Moutier, and Obiern)
are limited areas with better represented circular musculature and may have a limited role
in colon dynamics in the early stages of the obstruction evolution. It can be concluded that
Laplace’s physical law may be influenced by cholic morphofunctional characteristics [56,57].

4.1.5. The Mobility of Colic Segments

The mobility of colic segments can influence the dynamics of the obstructive process.
If the fixed segments are the site of tumor development, they will suffer a simple process
of obstruction, while for mobile segments other obstructive mechanisms may overlap
(intussusceptions, volvuluses, etc.) [58].

4.1.6. Tumor Morphopathology

Obstruction of the colic lumen is more common in ulcer-vegetative (Figure 2), exo-
phytic, and polypoid forms. Diffuse infiltrative forms can also be incriminated, especially
in situations where the axial extension of the tumor is very large [59].
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Figure 2. Postoperative specimen of a tumor located in the colorectal junction (collection of General
Surgery Department—“Bagdasar-Arseni” Clinical Emergency Hospital from Bucharest).

4.2. Functional Factors
4.2.1. Colic Peristalsis

Colic innervation is vegetative, receptor and effector. The Meissner submucous plexus
and axons of neurons in the posterior root node of the spinal nerves T11-L1 are responsible
for visceral sensitivity. The secretive and motor activities are modulated by the Auerbach
myenteric plexus, unequally represented for the right colon (related to the upper mesenteric
plexus) and the left colon (dependent on the lower mesenteric plexus). The poor repre-
sentation of the myenteric plexus is associated with a diminished peristaltic accompanied
by a background distension of the left colon (megadolichocolon), decompensated early in
the obstacles of colorectal junction or below this level. Colic hyperdistension makes the
action of pharmacological active factors (acetylcholine, neostigmine) ineffective on tonus
and peristalsis [60,61].

4.2.2. Other Functional Factors

Other functional factors involved in the pathogenic mechanisms of low intestinal ob-
struction depend on the individual characteristics of each patient, or derive from anatomical
considerations: cholic resorptive function, dramatically extracted dysmicrobisms [62,63],
nutrition prior to the installation of the obstruction, degree of damage to the mucus-
epithelium barrier [64], associated diseases that amplify the effects of dysvolemia and
sepsis, various reflex factors, etc. [65,66].

Success in the complex treatment of a low neoplastic obstruction is conditioned by a
complete diagnosis, adequate pre-operative preparation, a surgical act adapted to the case
(in one, two or three successive stages) and dynamic postoperative care. Diagnostic errors
consist both in overestimating the case (sometimes practicing exploratory laparotomy
in medical conditions that evolve with intestinal paresis), but especially in the negative
(assessment of the case as a non-surgical emergency, failure to identify cases with initial
ischemic mechanism, not performing intraoperatively the diagnosis of all obstructive
mechanisms involved and incomplete, inadequate or with potential for relapse surgical
solutions). Etiological clarification is only possible sometimes, but this aspect is not a major
drawback given the indication of surgical exploration, which will clarify this aspect as well.

Preoperative management of patients diagnosed with bowel obstruction involves,
even from the emergency room, the placement of a peripheric venous catheter and starting
the infusion of crystalloid solutions such as saline or Ringer solution. Acid-base and elec-
trolyte rebalancing is a priority, often requiring repeated assessments of serum ions and
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pH. Considering the potential for dehydration and the rapid evolution of the disease, a
urinary catheter is necessary for monitoring diuresis. In patients with severe cardiac, renal,
or pulmonary failure, monitoring of fluid and electrolyte rebalancing using central Swan-
Ganz catheters may be helpful. Preoperative hematological imbalances such as severe
anemic syndromes can be adjusted by blood transfusions and severe thrombocytopenia by
administering platelet masses. In the case of coagulopathy (liver cirrhosis, hematological
disorders) or in case of changes in coagulation parameters due to treatments for various
cardiologic disorders, prompt administration of plasma or vitamin K is necessary. Antibio-
therapy, thromboembolic prophylaxis, and treatment of associated diseases are equally
important [52,67–70].

The moment of surgery should be chosen with great care and is the result of the experi-
ence of the anesthetic-surgical team. The operative act must be adapted to the case and has
as its main objective the resolution of intestinal obstruction and only in a secondary way
the resolution of the generating disease. The resection of the involved colorectal segment
is performed (right or left colectomy, segmental colectomy, rectocolectomy), respecting
oncological principles. Afterward, anastomosis is taken into account when the proximal
segment shows no structural changes. Otherwise, to avoid a digestive fistula, it is recom-
mended to close the distal segment and perform an ostomy at the level of the proximal
one [71].

Often, the surgical procedure does not involve the removal of the obstructive process,
but only the restoration of the digestive transit. This involves cases in which is intended to
shorten the duration of the surgical intervention due to the patient’s comorbidities and the
general condition at the time or procedures performed for palliative purposes, for advanced
neoplasia. In the case of external digestive derivations without removal of the obstructive
process, it is recommended to perform a continuous ostomy, in order to avoid a “closed
loop” [72].

“The patient with intestinal obstruction is in the situation of a rescued from drowning.
This is not the case for a swimming lesson”—Wangensteen.

The postoperative stage can crown the effort made to save the patient or compromise
the previous efforts and should be managed by a multidisciplinary team. Analgesic,
antibiotic, prokinetic, and anticoagulation therapy in the case of prolonged immobilization
should be taken into account. Diuresis and intestinal transit will be monitored, and
oral nutrition will be gradually resumed. Local complications (wound abscess, necrosis,
evisceration, ostomy dehiscence or parastomal abscess) or general complications, such
as cardiorespiratory, renal, or hepatic failures, should be closely monitored and treated
promptly [73].

5. Conclusions

� The main cause of low bowel obstruction is colorectal cancer.
� Preceded by early or sudden signs, low neoplastic obstruction generally has the

meaning of a neoplasm in an advanced evolutionary stage.
� The therapeutic measures adopted (medical-surgical) must have a dynamic character

in accordance with the particular situation of the patient.
� Except for certain or probably benign etiologies, the possibility of colorectal neoplasia

should always be considered, in low obstructions, regardless of the patient’s age.
� A “truce” in the fight against the obstruction can be deceptive.
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Abstract: For over four decades, mass spectrometry-based methods have provided a wealth of
information relevant to various challenges in the field of cancers research. These challenges included
identification and validation of novel biomarkers for various diseases, in particular for various
forms of cancer. These biomarkers serve various objectives including monitoring patient response
to the various forms of therapy, differentiating subgroups of the same type of cancer, and provid-
ing proteomic data to complement datasets generated by genomic, epigenetic, and transcriptomic
methods. The same proteomic data can be used to provide prognostic information and could guide
scientists and medics to new and innovative targeted therapies The past decade has seen a rapid
emergence of epigenetics as a major contributor to carcinogenesis. This development has given
a fresh momentum to MS-based proteomics, which demonstrated to be an unrivalled tool for the
analyses of protein post-translational modifications associated with chromatin modifications. In
particular, high-resolution mass spectrometry has been recently used for systematic quantification of
chromatin modifications. Data generated by this approach are central in the search for new therapies
for various forms of cancer and will help in attempts to decipher antitumor drug resistance. To
appreciate the contribution of mass spectrometry-based proteomics to biomarkers discovery and to
our understanding of mechanisms behind the initiation and progression of various forms of cancer, a
number of recent investigations are discussed. These investigations also include results provided by
two-dimensional gel electrophoresis combined with mass spectrometry.

Keywords: pediatric cancer; two-dimensional gel electrophoresis; MS-based proteomics; metabolomics;
pharmacokinetics of anticancer drugs; epigenetics; chromatin modifications

1. Introduction

Despite impressive advances in the genomic, epigenetic, and proteomic fields, various
forms of cancer continue to exact unacceptable price in terms of deaths and the quality
of life throughout the world. On the other hand, the last three decades have witnessed
intense research activities both at the clinical and at the academic levels to identify reliable
biomarkers, more targeted and less toxic therapies, and diagnostic strategies which can
help in the early diagnosis and better prognosis of these devastating diseases. One major
line of investigation concentrated on the identification of proteins which under disease
conditions may experience significant change in their levels of expression. These studies
involved both adult and pediatric patients delivering much needed information, which
may lead to new drug targets. It is worth pointing out that these proteomic studies assume
more relevance in the case of pediatric patients, because pediatric cancers tend to have less
genomic alterations compared to adults, while proteomic changes are comparable to those
observed in adult cancers. These proteomic analyses can be performed either on tissue
samples [1,2] or on biofluids [3,4]; the latter approach is commonly referred to as liquid
biopsy. A wide range of liquid samples used in this approach can be obtained in a non-
invasive manner, which renders it highly attractive in clinical investigations, particularly
in pediatric analyses. The most commonly analyzed biofluids are blood (plasma, serum)
and urine, but other biofluids have been examined by MS-based proteomics including
expressed prostatic secretions [5], saliva [6], tears [7], and cerebrospinal fluid (CSF) [8].
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In a recent review by McEachron and Helman [9], the authors underlined the emerging
role of liquid biopsy as a versatile source for various biomarkers, which are necessary for
monitoring and management of disease both in adults and in pediatric patients. According
to the authors, the increasing use of this approach removed the obstacle of performing serial
biopsies in pediatric patients. Such serial analyses allow monitoring and management of
solid and CNS tumors by using minimally invasive tests. These analyses can detect both
cellular and molecular biomarkers of a given disease, including cell-free DNA, circulating
tumor cells, micro RNAs, proteins, and metabolites.

Currently, the identification of the observed proteins may be established by monitoring
DNA and mRNA sequences. However, such approach carries two relevant limitations.
First, it cannot provide accurate information on the levels of expression of the proteins in
question [10,11], and second, it does not furnish information on their stability or on any
possible post-translational modifications [12,13]. Such limitations underlined the need for
an alternative, yet complementary approach to protein assessment based on transcripts.
MS-based proteomic techniques provide such second approach in which various proteomic
strategies can be used to assess protein expression, assign function(s), and identify possible
post-translational modifications, which a given protein may experience. These strategies
employ a wide range of MS-based methodologies and a variety of separation and sample
preparation protocols. It is relevant to point out that such strategies are not exclusively
designed to identify proteins as biomarkers. Other biological molecules present in blood,
cerebrospinal fluid, and tissues can have an equally important role as possible biomarkers
of various forms of cancer. In the last thirty years, a battery of separation methods coupled
to high-resolution mass spectrometry detection have been used to explore the molecular
mechanisms responsible for the initiation and progression of various forms of cancer. The
capability of some of these separation methods has been enhanced through the additional
use of purification, fractionation, metabolic labelling, and dominant proteins depletion to
favor the detection of low-copy proteins.

The recent review by McEachron and Helman [9] described the present status of key
aspects of pediatric cancer research, focusing on genetic and epigenetic drivers of disease,
cellular origins of various pediatric cancers, and cellular immunotherapies. The conclu-
sions by these authors are highly informative and deserve to be underlined in the present
work: First, at the genetic level, the authors argued that many genetic changes identified
in pediatric cancers are distinct from adult cancers and will require unique interventions.
Second, it is becoming clear that pediatric tumors appear to have a high degree of epigenetic
changes that lead to a widespread alteration in gene expression secondary to these changes,
understanding such alterations may lead to the discovery and development of novel thera-
pies. Third, germline genetic variations associated with predisposition to cancer appear to
occur at a higher frequency in pediatric patients compared to adult cancer patients.

Over the last two decades, a strong body of evidence has emerged confirming that
the initiation and progression of cancer is controlled by both genetic and epigenetic events.
Unlike genetic alterations, which are almost impossible to reverse, epigenetic aberrations
are potentially reversible, allowing the diseased cell population to return to its normal state.
The X-ray crystal structure of chromatin [14] revealed a structure made of repeating units
of nucleosomes, which consist of ~146 base pairs of DNA wrapped around an octamer of
4 core histone proteins (H3, H4, H2A, and H2B) (Figure 1).
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Figure 1. The structure of chromatin within a chromosome. Chromatin refers to a mixture of DNA
and proteins that form the chromosomes found in the cells of humans and other higher organisms.
Many of the proteins, namely histones, package the massive amount of DNA in a genome into a highly
compact form that can fit in the cell nucleus. Courtesy: National Human Genome Research Institute.

Genetic and epigenetic investigations that followed provided sufficient information
to suggest that chromatin structure can be modified in a number of ways. The recent
literature cites at least eight distinct types of modifications found on histones, where a
major part of available information regards small covalent modifications: methylation,
acetylation, and phosphorylation [15]. MS-based strategies are the methods of choice for the
analyses and quantification of protein post-translational modifications (PTMs), including
those associated with histones. Currently, “shot gun” MS-based strategy is the preferred
choice for the analyses and identification of histones PTMs. This strategy encompasses
three different methods: In bottom-up method, histones are enzymatically digested, and
the resulting peptides mixture is subjected to reversed-phase liquid chromatography (LC)
separation prior to MS and MS/MS analyses. The LC step is highly critical, in which
various gradients have to be used to separate a high percentage of isobaric peptides present
in the investigated digests [16]. The main limitation of this method is due to the presence
of a high number of basic residues within the histone sequence. This limitation is often
resolved by using Arg-C protease instead of trypsin [17]. Top-down or middle-down are
two MS-based methods, which can be used for the analyses of intact histones or large
protein fragments, respectively [18]. In top-down, intact histones are chromatographically
separated and directly analyzed, while in middle-down, long histone peptides (>5 kDa)
are obtained through enzymatic digestion with proteases that cleave at less frequently
occurring residues, such as Glu-C and Asp-N, and are usually separated using weak-cation
exchange combined with hydrophilic interaction liquid chromatography [19]. One of the
major challenges for both methods is the ability to distinguish isobaric peptides, a problem
that becomes more relevant for the larger molecules analyzed in middle- and top-down
methods. Using these methods, isobaric species are often co-isolated and fragmented at the
MS/MS level, and as a consequence, they cannot be discriminated. Another issue related
to top- and middle-down methods is that long peptides have much wider charge state
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distributions than bottom-up peptides, which reduces the overall signal intensity of each
charged state. This sensitivity issue may be partially mitigated for middle-down method
by prefractionation of the digested mixture. In this article, an attempt is made to underline
the contribution of MS-based strategies to cancers research. The authors cite and discuss
both early as well as recent studies in which the use of mass spectrometry contributed to
the discovery of potential cancer biomarkers, understanding of the progression, and the
biology of various tumors. A particular emphasis is given to the role of MS-based studies
of chromatin modifications, which are central to the understanding of various mechanisms
responsible for different epigenetic alterations.

2. MS-Based Proteomic Analyses

2.1. Two-Dimensional Gel Electrophoresis Combined with Mass Spectrometry

Currently, there are two main strategies for the analyses and identification of proteins
(proteoforms) present in complex biological samples: liquid chromatography coupled to
mass spectrometry (LC-MS, MS-MS) and two-dimensional polyacrylamide gel electrophore-
sis in combination with mass spectrometry (2D-PAGE-MS). The first approach is commonly
called shotgun proteomics, which encompasses the methods of top-down, middle-down,
and bottom-up [20]. Before discussing some data generated by the two strategies, the
following observations are of interest: (i) It is not always appreciated that the two strategies
are complementary (see Figure 2).

Figure 2. The main steps in bottom-up analyses of a protein mixture, Two routes of analysis: the
upper shows digestion of individual proteins separated by 2D-PAGE, while the lower route shows the
digestion and analysis of protein mixture. (Reprinted with permission from Fournier ML, Gilmore JM,
Martin-Brown SA, Washburn MP. Multidimensional separations-based shotgun proteomics. Chem.
Rev. 2007, 107, 3654–3686. Copyright {2007} American Chemical Society).

The intact proteins separated by 2D-PAGE are often digested into peptides to be
separated and identified by LC/MS, MS-MS. (ii) Two-dimensional gel electrophoresis was
instrumental in the birth of modern proteomics over 40 years ago, an observation which
explains why some research scientists consider such approach as outdated technique for
current proteomic analyses. The authors will not enter into the technical details, advantages,
and drawbacks of both strategies. Instead, a well-written review on what two-dimensional
gel electrophoresis can offer in present-day proteomics is worth reading [21].

Polyacrylamide gel electrophoresis (2D-PAGE) [22] remains one of the main players
in the investigation of complex proteomic systems. A modified version of this technique
is known as two-dimensional differential in gel electrophoresis (2D-DIGE) [23], where
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the proteins are pre-labelled with up to three fluorescent dyes. This labelling procedure
allows different protein samples to be run on the same gel with the direct consequence
of a better reproducibility and easier quantification when compared with 2D-PAGE. This
technique combined with MALDI-MS was used by Braoudaki et al. [24] to investigate
the proteomic profiles of pediatric patients of acute lymphoblastic leukemia (ALL). The
scope of the study was the search for candidate biomarkers in low- and high-risk patients,
which could be used for diagnosis, prognosis, and patient-targeted therapy. The authors
used Western blot analyses to confirm the differential expression of a number of the
detected proteins. Bone marrow and peripheral blood plasma and cell lysates samples
were obtained from pediatric patients with low- and high-risk ALL. To favor the detection
of low-abundant proteins, depletion of dominant proteins was performed. This study
identified a number of proteins, which the authors described as potential biomarkers for
the stratification of ALL. There are two interesting elements in this study, which should be
underlined: First, proteins depletion in complex biological samples helps in the detection
of low-copy proteins. Second, differentially expressed proteins, identified in the same
study, were used for pathway analysis. For this purpose, the Swiss-Prot accession numbers
were inserted into the search tool for the retrieval of interacting genes/proteins. Second,
differentially expressed proteins detected in 2D-PAGE and in MALDI-MS analyses were
further confirmed by Western blot analyses.

Cancer cell resistance to chemotherapy is still considered a major factor in the failure
of treatment of different forms of pediatric cancer, in particular high-risk forms of the
disease. A number of works have shown that such failure can have various forms. For
example, some forms of cancer can be intrinsically resistant and unlikely to respond to such
treatment, whereas other forms show initial response to such treatment but then regrow
to become resistant. The question of chemoresistance remains central for the success or
failure of a given treatment and more concentrated efforts are needed to understand the
main factors/molecules which may trigger such resistance.

In one of the early studies by Sinha et al. [25], 2D-PAGE in combination with MALDI-
TOF-MS was used to investigate chemoresistance development in melanoma cell lines. The
authors used a panel of human melanoma cell variants exhibiting low and high level of
resistance to four commonly used anticancer drugs in melanoma treatment. The authors
reported that a number of proteins have experienced differential expression. For example,
in most cell variants, upregulation of heat shock protein isoforms HSP60 and HSP70 was
observed. The same study reported an increased expression of the small stress protein
HSP27. It is interesting to note that in an earlier study by Sarto et al. [26], it was reported
that upon cell stimulation in leukemia, HSP27 was frequently the target of phosphorylation.
The same protein has been frequently associated with the inhibition of apoptosis induced
by different chemotherapeutics.

It is well established that cisplatin-based chemotherapy is one of the main treatments
for various forms of tumors in advanced stage. Although the rate of initial response to
the treatment is usually high, relapse with cisplatin-resistant cells occurs in the majority
of patients. It is now well recognized that chemoresistance is a major problem in can-
cer treatment; therefore, proteomic analyses, which can shed some light on the role of
different proteins involved in such resistance, are much needed. A number of studies
have demonstrated that cisplatin-based agents are known to target DNA, with which can
form both inter-strand and intra-strand crosslinks [27]. Further studies have also found
that mitochondria were associated with the cisplatin resistance. Mitochondrial DNA and
membrane proteins were reported as preferential targets of cisplatin. It was also shown by
several groups that mitochondria impairment appeared to play an important role in the plat-
inum resistance of ovarian cancer cells. Using 2D-DIGE combined with MALDI-TOF-MS,
Dai et al. [28] investigated the mitochondrial proteins difference between platinum-sensitive
human ovarian cancer cell with that of four platinum-resistant variants. The authors re-
ported a number of proteins observed in the resistant cells, which have experienced up or
downregulation. The same study reported that some proteins in the resistant cells were
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upregulated more than three folds compared to their counterparts in platinum-sensitive
cells. It is also fair to say that regardless of its entity, cancer is a highly complex disease
composed of cancer cells, stromal cells, and the extracellular matrix. It is now commonly
accepted that the genetic and epigenetic alterations could be responsible for the initial
growth and progression in various types of cancer. However, it is not clear yet whether
the microenvironment (stromal cells, extracellular matrix) plays a role in the resistance to
cell apoptosis. If that is the case, then it would not be unreasonable to assume that the
microenvironment of a given cancer can influence its progression, its drug resistance, and
metastasis. A recent review by Dzobo [29] has given an account on how deciphering the
role(s) of the tumor microenvironment could lead to more effective cancer therapies. The
author argued that therapies targeting exclusively cancer cells are usually insufficient when
the stromal component of the microenvironment causes therapy resistance. In other words,
the therapy is likely to be more successful if the anticancer drug can be designed to target
both cancer as well as stromal cells.

2D-PAGE, DIGE in combination with mass spectrometry have furnished extensive
experimental data on the role of proteomics in the understanding of various diseases, in
particular various forms of cancer. Having said that, this powerful analytical tool like
many others has its limitations, which are mainly due to extensive heterogeneity and a
wide dynamic range of proteins present in a given proteomic system. Other limitations are
associated with sample load in 2D gel analyses and the width of the pH range in which the
separation takes place. In a well-designed study, Gygi et al. [30] evaluated the capability
of 2D-PAGE in detecting low abundance proteins in yeast proteome. The authors used
this technique to separate and visualize proteins followed by mass spectrometry for their
identification. The main conclusion of this study was that despite the high sample load
and extended electrophoretic separation, proteins from genes with codon bias values of
<0.1 (low abundance proteins) were not found; this is despite existing data indicating
that at least half of all yeast genes fall into that range. Low abundance proteins were
however detected when higher sample loads were used. This included beginning with
50 mg of total yeast protein as well as using a strategy that included SDS/PAGE, in-gel
digestion, strong cation exchange chromatography separation, and on-line microcapillary
LC-MS/MS techniques.

The results of this study are in line with other investigations, which highlighted
the complexity of proteins heterogeneity in terms of the range of their isoelectric points,
molecular masses, and abundances, which can challenge the most powerful and high-
resolution techniques including 2D-PAGE. It is sufficient to recall that in a standard human
cell, the most abundant protein is often actin, which is present at roughly 108 molecules
per cell compared with some cellular receptors or transcription factors, which are probably
present at 102–103 molecules per cell [31]. The situation can be more challenging in sera,
where albumin is at 40 mg/mL, while cytokines are present at pg/mL levels. It has been
known for a number of years that to detect low-copy proteins in a proteome using 2D-
PAGE, enrichment or prefractionation strategies are needed. What these and other similar
studies tell us is that the combination of 2DE-MS can separate and identify hundreds of
proteins in a single analysis; however, to reach low copy proteins within the same analysis,
other strategies have to be adapted, including fractionation and enrichment on the 2DE
side, while the MS component has to adapt all recent developments not only on the MS
side but also on the chromatography of the digested proteins separated by the 2DE.

Drug resistance remains one of the big challenges in oncology, particularly for cytotoxic
chemotherapy. In the last few years, the use of 2D-DIGE to investigate drug resistance
has diminished in favor of LC/MS, MS-MS and mass spectrometry imaging (MSI) using
MALDI ionization. MSI is a label-free method that is used to map the distribution of a wide
range of molecules in different biological samples. One of the key features of MALDI-MSI
that makes its use appealing is the ability to detect and study the distribution of multiple
compounds simultaneously without the need for labelling. It is of interest to note that the
powerful and widely used LC/MS-MS lacks information on spatial distribution, which
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is highly important in the analyses of heterogeneous biological samples. Compared with
traditional clinical imaging methods requiring the use of indirect labels such as radiolabels
or probes, MSI not only has high spatial resolution in low micrometer scale but also can
simultaneously detect the spatial distribution of a drug and its resulting metabolites; both
features are relevant in studies related to drug mechanisms of action and related drug
resistance [32]. Traditional imaging methods, including whole body autoradiography
(WBA), positron emission tomography (PET), and fluorescence microscopy (FM), have all
been used to study drug distribution in pre-clinical models and occasionally in patients.
These methods have the advantage of being less invasive than biopsy-based assays, but
both WBA and PET have low spatial resolution and require radiolabeled drugs. FM allows
the study of drug distribution at a cellular level but is limited to drugs that have intrinsic
fluorescence; otherwise, fluorescent labels have to be introduced. Such labelling procedure
has its drawbacks, where the resulting images fail to distinguish between the parent drug
and its metabolites. Like any other analytical technique, MSI has a number of critical
steps, which have to be rigorously implemented before this relatively young technique
can deliver on its potential. The choice of the matrix and its application to the sample are
critical steps for the success of analyses. Interference of the matrix ions with those of the
sample, particularly at low m/z values, is a well-known defect of MALDI. This defect is
normally addressed by high-resolution MS to investigate the suspected ions; in the absence
of such option, the use of different matrices may provide a partial solution. MSI generate
impressive amounts of data, which have to be carefully analyzed and interpreted, a step
requiring experience together with powerful informatic tools, including suitable algorithms.

There is an ever-growing body of evidence suggesting that epigenetic mechanisms
play an important role in bringing about drug resistance in cancer cells. Furthermore, a
number of recent studies have shown some correlation between antitumor drug resistance
and some epigenetic alterations [33,34]. Pediatric acute lymphoblastic leukemia (ALL) is
a representative example on how these recent data are going to impact our understand-
ing of antitumor drug resistance. Survival rates for children diagnosed with ALL have
improved substantially, but patients who relapse continue to face an unacceptable prog-
nosis. Genomic research allowed for considerable advances in risk stratification of ALL
and have contributed to the development of novel therapeutic strategies. These strategies
have been enhanced and extended by the new discoveries in epigenetic research. Such
discoveries indicate an important role for the epigenome as a mediator of disease relapse
and chemoresistance. Furthermore, genome-wide approaches to interrogate the epigenetic
landscape have revealed relapse-specific patterns of epigenetic aberrations that tightly
correlate with gene expression. Evidently, further studies are needed to better understand
the correlation between these epigenetic alterations and leukemogenesis and how these
abnormalities contribute to differences in chemotherapy sensitivity. Many preclinical and
early phase studies have concentrated on the reversal of the epigenetic alterations. Some of
these studies have demonstrated the validity of such approach; however, the application of
this approach at the clinical level only had a partial success, mainly because of undesired
side effects [35]. Considering the fast progress in the area of novel epigenetic modulators,
there is a high potential for near future discovery of more efficient agents necessary to
apply this epigenetic therapeutic approach in ALL.

Gel electrophoresis in combination with mass spectrometry have furnished extensive
experimental data on the role of proteomics in the understanding of various diseases, in
particular various forms of cancer. Having said that, this powerful analytical tool like
many others has its limitations, which are mainly due to extensive heterogeneity and a
wide dynamic range of proteins present in a given proteomic system. Other limitations
are associated with sample load and the width of the pH range in which the separation
takes place. In a well-designed study, Gygi et al. [30] evaluated the capability of 2D-
PAGE in detecting low abundance proteins in yeast proteome. The authors used this
technique to separate and visualize proteins followed by mass spectrometry for their
identification. The main conclusion of this study was that despite the high sample load
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and extended electrophoretic separation, proteins from genes with codon bias values of
<0.1 (low abundance proteins) were not found; this is despite existing data indicating
that at least half of all yeast genes fall into that range. Low abundance proteins were
however detected when higher sample loads were used. This included beginning with
50 mg of total yeast protein as well as using a strategy that included SDS/PAGE, in-gel
digestion, strong cation exchange chromatography separation, and on-line microcapillary
LC-MS/MS techniques.

The results of this study are in line with other investigations, which highlighted the
complexity of proteins heterogeneity in terms of the range of their isoelectric points, molec-
ular masses, and abundances, which can challenge the most powerful and high-resolution
techniques. It is sufficient to recall that in a standard human cell, the most abundant protein
is often actin, which is present at roughly 108 molecules per cell compared with some
cellular receptors or transcription factors, which are probably present at 102–103 molecules
per cell [31]. The situation can be more challenging in sera, where albumin is at 40 mg/mL,
while cytokines are present at pg/mL levels. It has been known for a number of years that
to detect low-copy proteins in a proteome using 2D-PAGE, enrichment or prefractionation
strategies are needed. What these and other similar studies tell us is that the combination of
2D-PAGE-MS can separate and identify hundreds of proteins in a single analysis; however,
to reach low copy proteins within the same analysis, other strategies have to be adapted,
including fractionation and enrichment.

2.2. Mass Spectrometry Analyses of Biofluids

The invasive nature of surgical biopsies prevents their sequential application to mon-
itor disease, particularly for pediatric patients. Currently, there is enough evidence to
suggest that these single biopsies fail to reflect cancer progression, intratumor heterogene-
ity, and drug sensitivities, which tend to change over time. While tissue samples have the
potential to provide novel biological insights, many clinical proteomic studies have chosen
clinical samples that are obtainable in a non-invasive or minimally invasive manner, as in
the case of liquid biopsies. In recent years, liquid biopsy has assumed an important role
in disease monitoring both in adult and in pediatric patients. Furthermore, it is becoming
more evident that such monitoring is central in the management of various forms of cancer,
particularly in the pediatric population. The recent and unmistakable increase in the use of
this powerful analytical tool is due to its minimally invasive tests that can be performed on
easily accessible body fluids. Prior to the development of this tool, the repetition of surgical
biopsies in pediatric patients was discouraged unless considered medically necessary. Such
limitation hindered the search for reliable biomarkers associated with the development
of certain diseases. Such lack of reliable biomarkers was more evident in studies related
to CNS and solid tumors in children. The recent literature suggests that the use of liquid
biopsies could greatly reduce sampling limitations and thus allowing time-dependent
assessment of disease evolvement. Encouraging data generated by liquid biopsy sampling
has been reported recently, where the detection and quantification of cfDNA have been
revealed in various solid and CNS tumors of childhood [36].

Chromatography coupled to high-resolution mass spectrometry is one of the principal
tools for the analyses of samples derived from biofluids. Because of the very complex nature
of many biological samples, efficient sample preparation protocols to remove unwanted
components and to selectively extract the compounds of interest are an essential part
of almost every bioanalytical workflow. The proteomes of biofluids, including serum,
saliva, cerebrospinal fluid, and urine, are rich with proteins and other biomolecules varying
depending on the physiological and/or pathophysiological of the subject. Advances in
mass spectrometric technologies have facilitated the in-depth characterization of biofluid
proteomes which are now considered hosts of a wide array of clinically relevant biomarkers
for a number of diseases [37]. Currently, there are two main strategies in the proteomic
analyses of biofluids [38]. The strategy for biomarkers discovery requires multidimensional
fractionation in combination with high-resolution mass spectrometry methods, including
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tandem mass spectrometry (MS/MS). While this approach provides a large amount of
data and can identify hundreds of proteins, it remains time consuming and limited in the
number of comparisons that can be made. On the other hand, the high throughput nature
of the diagnostic development approach (see Figure 3) has made it highly popular.

 
Figure 3. MS-based methods for biomarker discovery (left side) and pattern-based diagnostic
proteomics (right side). (Reprinted/adapted with permission from Ref [38]. Copyright year 2005).

In this method, biofluids from hundreds of patients and controls are analyzed by
LC/MS, MS/MS. Information on the detected proteins can be rapidly obtained, while
the use of sophisticated algorithms facilitates the recognition of various peaks within a
multitude of spectra that allow the source of the biofluids (i.e., disease-afflicted or healthy
individual) to be established. Although this approach has shown remarkable ability to
correctly diagnose patients in blind validation studies, it lacks the capability to directly
identify specific proteins associated with the peaks that indicate the source of the biofluids.
In cases where the diagnostic protein peaks have been identified, their relationship to the
disease condition is not clear because the proteins within the peak are not identified.

It can be said that one of the main objectives of various MS-based proteomic analyses
of biofluids is to detect and possibly identify molecular entities associated with a given
disease condition. These (entities can be protein(s), metabolite(s), lipids, cfDNA, or other
biomolecules present in the investigated sample. Some of these molecules are further
investigated to establish their potential as valid biomarkers for a given disease. This phase
of discovery is commonly followed by a phase of validation and clinical testing of these
potential biomarkers. It has to be emphasized that a successful conclusion of both phases
requires highly strict standard operating procedures. The application of such procedures
becomes fundamental in metabolic analyses, where a wide spectrum of methods is used in
different metabolomics laboratories. In view of this, the Metabolomics Society has set up
the “metabolomics Standards Initiative Committee that has established rules to standardize
metabolomics systems [39]. Quality control and standard operating procedures should be
carefully followed to reduce pre-analyses errors.

Research efforts over the last two decades have provided strong evidence to suggest
that various forms of cancer can be attributed to metabolic alterations in various cellular
systems. These emerging data have been supported by recent research efforts in which
new technologies including high-resolution mass spectrometry have been employed. A
representative example of such efforts has been recently reported by Petrik et al. [40]. In
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their study, the authors used high-resolution negative-ion electrospray mass spectrometry
to analyze blood spots taken from newborns. Untargeted metabolomic analyses were
performed on 48 archived blood spots from newborns who later developed AML as well as
samples taken from 46 healthy controls. Before considering the main conclusions of this
study, the following considerations should be underlined: First, ongoing research activities
that consider cancer as a disease of highly altered cellular metabolism have accelerated
interest in snapshot metabolomics in various human tissues. Second, the chemistry of the
endogenous metabolites is fairly complex, which ranges from charged inorganic molecules
to hydrophobic lipids to hydrophilic carbohydrates. Because of such complexity, no single
analytical method can capture the full range of endogenous metabolites. This chemical
complexity required the combination of two powerful analytical tools: high-resolution
mass spectrometry and liquid chromatography. The chromatography component allows
the separation of various chemical entities, which happen to have different chemical prop-
erties (different hydrophobicity/hydrophilicity), while high-resolution mass spectrometry
provides accurate molecular weight assignments of the separated metabolites. The au-
thors concluded that metabolic profiles of newborns’ dried blood spots could discriminate
between newborns that later developed acute myeloid leukemia (AML) from those that
did not, and that these profiles were sex specific. Furthermore, predictive metabolites in
females suggested that several biological pathways may be involved in AML initiation.
One pathway contained four ceramide metabolites positively associated with AML risk,
while another pathway in females may be linked with protective effects of breastfeeding.
Metabolite predictors in males were more heterogeneous and showed no relationship with
the available covariate risk factors, suggesting that etiology in males may be more multifac-
torial than females. The authors also acknowledged that the sample size was limited in
accordance with the rarity of pediatric AML. Furthermore, annotations of the metabolite
predictors were limited by the absence of tandem mass spectrometry data for confirmation.

In a more recent study [41], LC/MS was used to investigate metabolites in urine
samples taken from medulloblastoma (MB) patients. Samples were taken from over 100
(MB) patients and from a similar number of healthy controls. These analyses concluded
that among all differentially identified metabolites, four metabolites (tetrahydrocortisone,
cortolone, urothion, and 20-oxo-leukotriene E4) were specific to MB. Furthermore, the
analysis of these four metabolites in pre- and postoperative MB urine samples showed
that their levels returned to a healthy state after the operation (especially after one month),
showing the potential specificity of these metabolites for MB.

3. Investigation of Pediatric Leukemia by Mass Spectrometry-Based Methods

3.1. Acute Myeloid Leukemia

Acute lymphocytic (lymphoblastic) leukemia (ALL) is the more diffused form of
leukemia, where three out of four childhood cases are attributed to this form, in which
the predominant phenotype is B-cell precursor ALL. It affects children in the age from
2 to 5 years, while the less common T-cell phenotype tends to increase with age (United
States SEER program 1975–1995 Vol. vi). B-cell precursor ALL tends to have numerical
and structural chromosomal abnormalities such as high hyper diploidy (defined by the
presence of 51–67 chromosomes, referred to as 51+). Acute myeloid leukemia (AML) is
rare in children and occurs uniformly across all ages. This form of leukemia is often
characterized by recurrent chromosomal abnormalities such as MLL fusions located at
chromosome 11q23 [42]. It is useful to emphasize that world-wide clinical investigations
have demonstrated that ALL is an intrinsically lethal form of cancer. Having said that, it is
encouraging to note that current cure rates for ALL using combination chemotherapy are
around 90%, making such achievement one of the success stories of oncology.

Almost 50 years ago, French-American-British (FAB) Co-operative Group published
proposals for the classification of the acute leukemias [43]. These proposals based on
conventional morphological and cytochemical methods were suggested following the
study of peripheral blood and bone marrow films from some 200 cases of acute leukemia
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by a group of French, American, and British hematologists. These proposals were later
enriched by classifications provided by the World Health Organization (WHO), which
combined the analyses of morphology, immunophenotyping, cytogenetics, and molecular
genetics of acute leukemia cells [44].

3.2. Leukemia Subgroups

Based on the type and degree of maturity of the leukemic cell population (blast), which
are defined by French-American-British (FAB) classification, AML is further divided into
eight subgroups (M0 to M7), including subgroups from granulocytic- or myeloid-derived
progenitors (M0 to M3), subgroups from monocytic myeloid-derived progenitors (M4
and M5), and the relatively rare leukemias deriving from megakaryocytic and erythroid
progenitors (M6 and M7). The (FAB) classifications provide important guidelines for the
diagnosis, treatment, and prognostic prediction of acute leukemia; however, the same classi-
fications fail to provide accurate differentiation between all indicated subtypes, and do not
correlate well with the clinical outcomes. The identification of reliable protein biomarkers
for acute myeloid leukemia (AML) that could help in diagnosis and prognosis, treatment,
and the selection for bone marrow transplant requires substantial comparative proteomic
studies and a high number of samples suitable for use in present-day technologies. These
efforts have been given new momentum by the more frequent use of high-resolution mass
spectrometry combined with newly developed enrichment and labelling schemes to favor
the detection and quantification of post-translational modifications. There is no shortage of
proteomic studies in the search for protein biomarkers for the diagnosis and classification
of AML. That being said, the current literature shows that a major part of these studies
has used low-resolution mass spectrometry, low number of investigated samples without
follow-up investigations, involving a major number of samples to validate the findings of
the initial analyses. However, more recent reports on this argument show that proteomic
and phosphoproteomic investigations are taking advantage of more access to large cohorts
of AML patients to sample from. It should be pointed out that such proteomic efforts are
not limited to biomarkers discovery; a variety of MS-based methods and technologies now
play valuable and expanding roles in the diagnosis and monitoring of acute leukemia, as
well as in identification of therapeutic targets and biomarkers, drug discovery, and other
important areas of leukemia research [45].

MS-based approaches to identify and quantify proteins in complex biological samples
require a multistep workflow that includes sample preparation, liquid chromatography
tandem mass spectrometry (LC-MS/MS), data analysis, and results interpretation. In
sample preparation stage, cells are lysed, sulphur bridges reduction, cystine alkylation,
protein digestion, and desalting to remove chemicals and residual intact proteins before
introducing the sample for LC/MS-MS analysis (see Figure 4).

To perform protein quantification, it is necessary to perform some form of labelling.
Stable isotope labeling by amino acids (SILAC) is a metabolic labeling technique that
introduces light and heavy versions of amino acids (the most commonly used are arginine
and lysine) to whole cells through the growth medium containing the desired amino acid
form [46]. Other less used labelling methods include isobaric tags for relative and absolute
quantification (iTRAQ) and tandem mass tag (TMT). These two techniques are often used
for quantitative biomarker discovery studies where SILAC is not applicable [47].
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Figure 4. Proteomic workflow comprising three approaches for sample preparation, including
filter-assisted sample preparation (FASP). (From Aasebø, E.; Forthun, R.B.; Berven, F.; Selheim,
F.; Hernandez-Valladares, M. Global Cell Proteome Profiling, Phospho-signaling and Quantitative
Proteomics for Identification of New Biomarkers in Acute Myeloid Leukemia Patients. Curr. Pharm.
Biotechnol. 2016, 17, 52–70).

It is now fairly accepted that AML patients do not exhibit clinical indications, which
could help clinicians to predict risk. MS-based proteomics can contribute to the discovery
of new prognostic and risk stratifying biomarkers to complement existing morphological,
cytogenetic, and molecular risk factors. Several groups have used MS-based proteomics to
optimize the cytogenetic classification of AML. An investigation by Nicolas et al. [48] re-
ported the use of protein profiles to subdivide the intermediate and unfavorable cytogenetic
groups into subgroups with significantly different survival rates. The same study reported
that the most discriminating protein between survival and death was S10A8, which was
verified as a biomarker for poor prognosis in a different patient cohort, and found to predict
death (during the follow-up period of 57 months) with 85% sensitivity and 72% specificity.
Based on these results, the authors suggested that the increased expression of this protein
may be used as a high-risk prognostic AML biomarker. In another study, profiling of
serum peptides has been performed on samples from 72 AML patients, 72 healthy controls,
37 AML patients with complete remission, and 30 refractory and relapse AML patients [49].
The samples were analyzed with MALDI-TOF and LC-ESI-MS/MS spectrometry to identify
candidate biomarkers, followed by immunoblotting for validation studies. Three proteins,
ubiquitin-like modifier activating enzyme 1 (UBA1), isoform 1 of fibrinogen alpha chain
precursor (FIBA), and platelet factor 4 (PLF4), correlated with AML clinical outcome and
could possibly be used for predicting AML relapse, monitoring minimal residual disease,
and predicting prognosis in clinical practice. The increase in the availability of AML sam-
ples directly from patients or from biobanks, suitable for proteomic analyses, promises new
validated protein biomarkers. Furthermore, the increasing use of peptide and modified
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peptide signatures based on MS data may result in clinical strategies to differentiate AML
subgroups and to predict prognosis or treatment response [50].

4. Mass Spectrometry in the Study of Solid Tumors in Children

Solid tumors account for about 60% of all pediatric malignant neoplasms. The spec-
trum of tumor types that occur in children is much different from that observed in adults.
Pediatric neoplasms include tumors of the central nervous system (35%), soft sarcoma,
including rhabdomyosarcoma (7%), Wilms tumor (6%), bone tumors, including osteosar-
coma and Ewing sarcoma (8%), retinoblastoma (5%), and miscellaneous tumors, including
hepatoblastoma, germ cell tumors, and melanoma (17%) [51]. Substantial progress has
been made in the diagnosis and management of these tumors since the original demon-
stration of the chemosensitivity of Wilms tumor to actinomycin D in 1966. Cure rates
for most childhood solid tumors have increased by as much as 50% since the mid-1970s.
Such increase is attributed largely to improved understanding of prognostically important
biological and clinical features, enhanced precision of clinical staging systems, consistent
use of supportive care, and development of more effective treatment, often incorporating a
combination of chemotherapy, surgery, and radiation.

4.1. Medulloblastoma

Medulloblastoma (MB) is the most common malignant pediatric brain tumor known to
be characterized by high incidence of metastasis of the central nervous system, a characteris-
tic which calls for highly aggressive cure, including prophylactic radiation administered to
the entire brain and spine. Unfortunately, such highly aggressive regime leaves the majority
of long-term survivors with permanent and debilitating neurocognitive impairments, while
the remaining patients relapse with terminal metastatic disease. This dramatic scenario un-
derlines the need for a more targeted and possibly more effective therapies. It goes without
saying that to achieve such tantalizing objective, a further understanding of the various
mechanisms regulating this disease, particularly the process of metastasis, is necessary.
Mass spectrometry-based methods can give a valuable contribution to realize such goal. A
recent work by Paine et al. [52] is a representative example in this direction. The authors
used MALDI-mass spectrometry imaging to examine whole brains from SmoA1 mice. The
authors reported that the disease progression in these species faithfully recapitulates the
pattern of tumor progression in humans. Briefly, six mice brains were collected under iden-
tical conditions: three brains containing non-metastasizing primary tumor and three brains
containing a metastasizing primary tumor. These brains were segmented into three main
regions and examined by MALDI-TOF operating in negative ion mode. The mean mass
spectra for the three segmented regions from both non-metastasizing and metastasizing
MB mouse brains are shown in Figure 5.

The authors identified ten lipids that were differentially expressed within non-
metastasizing and metastasizing MB primary tumors. The low abundance and the het-
erogeneity of these lipids required the imaging of the full 3D volume of the brain and the
segmentation of the tumor regions. These lipids were identified as having significant differ-
ences in TIC normalized relative abundances between the two groups. Chemical structures
of these lipids were obtained using accurate mass measurements and MS/MS experiments.

Among the lipids observed to increase in metastasizing primary tumors are the phos-
phatidylinositol and two phosphoinositides. These three lipids are all structurally related,
containing the same fatty acyl chain composition and core head group, and differing only
by the degree of phosphorylation on the inositol moiety. PIPs are generated by phospho-
inositide kinases (PIKs) to convey signals from the cell surface to the cytoplasm and are
downstream effectors on multiple pathways involved in the survival and growth of normal
cells. Dysregulation of the PI3K signaling pathway, most commonly caused by alteration of
the PTEN gene, has been widely associated with oncogenesis in humans due to unbridled
cell growth and proliferation. All three lipids—participants in the same signaling pathway–
were observed to be elevated in metastasizing tumors compared to their non-metastasizing
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counterparts, therefore providing strong evidence that this pathway is upregulated in
medulloblastoma metastasizing tissue. According to the authors, the ten lipids identified
represent prime candidates for validation in human MB tissues and for further investiga-
tion with respect to the potential functional mechanism of these lipids in the promotion of
metastasis in human and murine SHH MB.

Figure 5. The calculated mean spectra for tumor regions mouse brain containing a non-metastasizing
medulloblastoma primary tumor (a–c) and tumor regions in a mouse brain containing a metastasizing
medulloblastoma primary tumors (d–f). (From Paine et al., Sci. Rep. 2019).

Considering the results reported above, the following observations can be made:
(i) Mass spectrometry imaging on its own (without prior separation/fractionation or
labelling) can detect specific molecular changes in complex biological samples. (ii) The
difference in lipid profiles between metastasizing and none reported in this study is an
important contribution to current attempts to understand the mechanism(s) regulating
the metastasize and the tumor progression in MB. (iii) Phosphatidylinositol-3 kinases
(PI3Ks) constitutes a lipid kinase family characterized by their ability to phosphorylate
inositol ring 3′-OH group in inositol phospholipids to generate the second messenger
phosphatidylinositol-3,4,5-triphosphate (PIP3) at the inner side of the membrane. It is
relevant to point out that PI3K and AKT has gained a relatively recent recognition as an
important regulator of mammalian cell proliferation and survival. The dysregulation of
several components of this pathway in a wide spectrum of human cancers is one of the
reasons why PI3K-AKT has gained a prominent status in cancer research.

Another recent study demonstrating the use of MS imaging to investigate brain
tumors has been reported by Clark et al. [53]. The aim of the study was to identify lipid
profiles capable of differentiating medulloblastoma (MB), which originates in the posterior
fossa of the brain, from pineoblastoma (PB), which originates within the pineal gland.
Medulloblastoma and pineoblastoma exhibit overlapping clinical features and have similar
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histopathological characteristics. Histopathological similarities confound rapid diagnoses
of these two tumor types. The authors used high-resolution Fourier transform ion cyclotron
resonance (FT-ICR) equipped with MALDI to examine archived frozen human tumor
specimens (eight medulloblastoma and three pineoblastoma tissue samples). The acquired
datasets were examined with multivariate statistical analyses to generate classifiers capable
of distinguishing the two tumor types. Furthermore, the discriminative molecules were
queried against the lipid maps database and identified. The authors concluded that imaging
MS identified a number of lipids which could distinguish the two forms of brain cancer.
Glycerophosphoglycerols were identified as the classifiers of MB, while sphingolipids were
identified as the top classifiers of PB. This study revealed a number of elements which merit
further considerations. First, the two investigated forms of cancer are known to exhibit
overlapping clinical features and have similar histopathological characteristics, which
renders the reported conclusions highly valuable. Second, these conclusions are based on a
fairly limited number of samples and therefore, and as suggested by the authors, verification
and possible validation of the reported classifiers require further investigations, where
much higher number of samples should be used. Third, one of the interesting elements in
the same study is that the MS images were serially acquired using alternating positive and
negative ion modes. This approach enhances the chances of capturing molecules, which
ionizes more efficiently in positive ion mode but not in negative ion mode and vice versa.
The authors have used high-resolution MS imaging, which is highly suitable for spatially
resolved molecules within a given sample allowing for label free molecular images. This
characteristic allows these images to be compared with more traditional histopathology
and immunohistochemistry assessment for initial validation.

In a study by Woolman et al. [54], Picosecond infrared laser desorption mass spec-
trometry (PIRL-MS) was used to generate molecular signatures, which could be used for
MB subgroups classification. The authors used in excess of a hundred tissue samples
supplied by a local biobank. Each sample was subjected to 10 to 15 s PIRL-MS data col-
lection and principal component analysis with linear discriminant analysis (PCA-LDA).
The MB subgroups model was established from 72 independent samples; the remaining
41 samples were classified as unknown tumors and further subjected to multiple 10 s
PIRL-MS sampling and real-time PCA-LDA analyses using the above model. The resultant
124 PIRL-MS spectra from each sampling event, after the application of a 95% PCA-LDA
prediction probability threshold, yielded a 98.9% correct classification rate. Post-ablation
histopathologic analyses suggested that heterogeneity or sample damage prior to PIRL-MS
sampling at the site of laser ablation was responsible for the failure of the classification.

4.2. Neuroblastoma

Neuroblastoma is the most common extracranial solid tumor in childhood and the
most frequently diagnosed neoplasm during infancy. The disease is known for its broad
spectrum of clinical behavior and efforts to tailor treatment according to the predicted clini-
cal aggressiveness of the tumor have been ongoing for decades. Neuroblastoma patients are
classified according to disease stage and molecular alterations into three groups: low, inter-
mediate, and high risk. Although the first two groups show five-year survival rates greater
than 90%, the survival of high-risk patients remains poor at approximately 40%. Despite
aggressive treatment consisting of surgery and a combination of high-dose chemotherapy,
radiotherapy, and immunotherapy, the survival rate of high-risk neuroblastoma remains
notably low [55,56], which renders high-risk NB a good candidate for epigenetic therapies
to overcome drug resistance. In fact, epigenetic therapies are an emerging option for over-
coming NB drug resistance. This approach proposes targeting of epigenetic regulators,
which are proteins involved in the creation, detection, and interpretation of epigenetic
signals. Currently, most epigenetic drugs act at three main levels: (i) DNA methylation,
which can be modulated by targeting of DNA methyltransferases (DNMT); (ii) histone
modifications, such as acetylation and methylation, which can be targeted by inhibiting the
enzymes responsible for these chemical changes; and (iii) blockage of the interpretation
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of these modifications by targeting epigenetic readers, among which proteins containing
bromodomains are the most thoroughly characterized.

It is important to point out that there is an unidentified subset of low-risk and
intermediate-risk children who would benefit from treatment reduction while maintaining
high survival rates. However, current classification fails to distinguish those high-risk NB
that will not respond to initial therapy or will relapse after treatment. Thus, a refinement in
risk group classification at the time of diagnosis is crucial to guide therapy and identify
those patients who will not respond to standard treatments. Increasingly accurate risk
classification and refinements in treatment stratification strategies have been achieved
with the more recent discovery of robust genomic and molecular biomarkers. The last
few years have witnessed increasing use of MS-based strategies in the search for such
markers. Two examples, which use such strategies, are considered here. In a study by
Quintàs et al. [57], plasma samples collected from 110 NB patients were analyzed by ultra-
performance liquid chromatography-time of flight mass spectrometry (UPLC-TOF-MS);
the potential of plasma metabolomic profiling to improve current NB risk-group stratifi-
cation and predict response to therapy was evaluated. Plasma samples were analyzed in
positive electrospray ionization mode. A sample aliquot was also analyzed using the auto
MS/MS method. The analyses were able to identify different plasma metabolic profiles
in high- and low-risk NB patients at diagnosis. According to the authors, the metabolic
model correctly classified 16 high-risk and 15 low-risk samples in an external validation
set providing 84.2% sensitivity and 93.7% specificity. Metabolomic profiling could also
discriminate high-risk patients with active disease from those in remission. Notably, a
plasma metabolomic signature at diagnosis identified a subset of high-risk NB patients
who progressed during treatment. The main conclusion of this study was the ability of the
metabolic profiling to potentially predict those patients with high-risk neuroblastoma who
are more likely to progress during treatment.

In a fairly recent study [58], MS imaging was used to generate spatial peptide signa-
tures, which could be used to discriminate NB high from low and intermediate risk. As
well as MALDI imaging, the authors also used a bottom-up nano-liquid chromatography
electrospray ionization tandem mass spectrometry approach for protein identification. In
these analyses, the authors used formalin-fixed, paraffin-embedded (FFPE) tissue sections,
in which diagnostic biopsies from primary neuroblastoma categorized them as high (five
samples) or other risk groups (low or intermediate risk, four samples). The acquired spatial
peptide signatures allowed the identification of 11 proteins, most of which are associated
with the extracellular matrix and cytoskeleton, which enabled the authors to distinguish
high risk neuroblastomas from the tissue sections independently of conventional histology.
Differential expression of the identified discriminative proteins, AHNAK and CRMP1, was
immunohistochemically confirmed. These data showed a lower intensity distribution of
CRMP1 in high-risk neuroblastomas and inversely higher intensity distribution in low- and
intermediate-risk neuroblastomas. The authors claimed that such result is well in line with
the reported role of CRMP1 in neuronal differentiation and its previous use as a marker
gene in neuroblastoma gene expression panels as well as its usefulness as a prognostic and
diagnostic marker in other cancers. The acquired data also identified AHNAK as a marker
protein highly expressed in high-risk neuroblastoma, from which tryptic peptides have
high intensity distributions in tumor cell-rich regions of sections analyzed by MALDI-MSI.
The authors reported that AHNAK has not been previously associated with neuroblastoma
but has been implicated in several cellular functions associated with cancer. Furthermore,
discriminative spatial intensities of m/z peaks were validated in microarrayed tissue cores
from tumor cell-rich regions in neuroblastomas. The imaging data generated by MALDI-
MS allowed the detection of molecular heterogeneity in the investigated regions. In our
opinion, the reported detection of molecular heterogeneity in NB by MS imaging needs
further investigations, possibly involving much higher number of samples compared to
those used in this study. Having said that, these initial data on a limited number of samples
are a highly welcomed result. Currently, international risk classification of neuroblastoma
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is mainly based on clinical criteria plus MYCN oncogene amplification and more recently
complemented by transcriptomic data, proving its central role for making therapy deci-
sions and for disease management. Adding diagnostic information derived from proteomic
analyses can only improve the precision of current risk classification approaches. The
data presented by Wu et al. [58] provide a proof-of-concept for the technical feasibility of
this approach. Furthermore, detection of tumor heterogeneity reported in the same study
is likely to be a useful contribution to future efforts aimed at more reliable selection of
prognostic or predicative biomarkers and signatures at the protein level in neuroblastoma.

Recent progress in epigenetic research has given hope for cancer patients, particularly
those suffering from forms resistant to existing conventional therapies. Epigenetic therapies
are generally designed to reverse the oncogenic alterations in chromatin components. These
therapies are considered an emerging alternative to existing therapies against aggressive
tumors that are or will become resistant to conventional treatments. In principle, these
therapies target regulators, which are proteins that are involved in the creation, detection,
and interpretation of epigenetic signals, such as methylation or histone post-translational
modifications. MS-based proteomics is giving a substantial contribution to current efforts
to investigate and understand these protein modifications. A recent article [59] described
MS-based workflow that is capable of tracking all possible histone PTMs in an untargeted
approach that makes use of human cells. In this workflow, histones were extracted from
harvested cell culture, chemical derivatization by propionylation, and tryptic digestion
followed by LC/MS, MS-MS. The derivatization step was necessary [60] because of the
unusually high levels of lysines and arginines within the sequence of histone proteins;
such high levels have the consequence that proteins digestion by trypsin would result in
relatively short tryptic peptides and would vary based on the modification status of the
histones. Derivatization by propionylation has two benefits: Firstly, it modifies all free
primary amines, resulting in an Arg-C specificity instead of a tryptic specificity. Secondly,
short tryptic peptides will show less retention on a C18 column during reversed-phase
high-performance liquid chromatography. The presence of a propionyl group increases
the hydrophobicity, thereby enhancing the retention and separation of the peptides in the
LC analyses. That being said, the optimization of the derivatization step is not as straight
forward as it sounds. In a careful examination of the various derivatization procedures [59],
the authors investigated the pitfalls in histone propionylation during bottom-up mass
spectrometry analysis.

5. Epigenetic-Based Therapies

Epigenetic therapies are an emerging alternative for overcoming drug resistance. This
approach proposes targeting of epigenetic regulators, which are proteins involved in the
creation, detection, and interpretation of epigenetic signals. The reversible nature of the
epigenetic changes that occur in cancer has led to the possibility of ‘epigenetic therapy’
as an alternative to conventional therapies. The aim of epigenetic therapy is to reverse
the epigenetic aberrations that occur in cancer, leading to the restoration of a ‘normal
epigenome’. A number of epigenetic drugs have been discovered in the last ten years that
can effectively reverse DNA methylation and histone modification aberrations that occur
in cancer. DNA methylation inhibitors were among the first epigenetic drugs proposed
for use as cancer therapeutics. The potential of these drugs was realized over 50 years
ago with the publication by Constantinides [61], showing that treatment with cytotoxic
agents, 5-azacytidine (5-aza-CR) and 5-aza-2′-deoxycytidine (5-aza-CdR), leads to the
inhibition of DNA methylation that induced gene expression and caused differentiation
in cultured cells. The authors are not in a position to list and discuss the epigenetic
mechanisms, which led to the discovery and development of various drugs, which gave
hope to cancer patients, in particular those in pediatric age. That being said, the following
general observations are in order: The recent literature has amply demonstrated that
these epigenetic modifications are central in the initiation and progression of various
forms of cancer. Furthermore, the information on the type and on the position of these
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modifications provided by MS-based proteomics are highly relevant to current and future
efforts to discover new epigenetic therapies. However, further analytical data are needed
before considering such technology a source for diagnostic and prognostic biomarkers to
suggest therapeutic path for various forms of cancer. Despite the great potential of DNA
methylation inhibitors as therapeutic option, their reaction with the DNA is known to be
non-specific, causing genome-wide hypermethylation, which results in undesirable effects
regarding the activation and/or silencing of various genes. It has been argued that such
side effect could be mitigated by chemically synthesized small molecules, which are more
effective than cytidine analogues. The attractive characteristic of these small molecules is
that they do not require incorporation into DNA and bind directly to the catalytic site of
the DNA methyl transferases [62].

In recent years, it has been established that aberrant gene silencing is linked to histone
acetylation, bringing histone acetylation pattern to its normal state through treatment with
histone deacetylase inhibitors (HDAC). These agents have been shown to have antitumor
effects, including growth arrest, apoptosis, and the induction of differentiation. These ef-
fects by HDAC inhibitors are due to their ability to reactivate silenced suppressor genes [63].
A representative member of this class of inhibitors is suberoylanilide hydroxamic acid
(SAHA), which has been approved for use in clinic over fifteen years ago for the treatment
of T cell cutaneous lymphoma [64]. The well-studied interaction between the different
components of the epigenetic machinery renders the use of combinatorial cancer strategies
a highly attractive therapeutic option. A representative example of this combinatorial
cancer treatment is the use of both DNA methylation in combination with HDCA inhibitors.
Synergistic activities of DNA methylation and HDAC inhibitors were also demonstrated
in a study showing greater reduction of lung tumor formation in mice when treated with
phenylbutyrate and 5-Aza-CdR together [65].

6. Mass Spectrometry Monitoring of Therapeutic Drugs

Chemotherapeutic drugs are still a principal player in the treatment of various forms
of cancer, particularly those in advanced stages. The determination of appropriate dosing
regimens for the treatment of infants and very young children with cancer represents a
major challenge in pediatric oncology. Dose reductions are commonly employed for many
chemotherapeutic regimes; however, the suitability of dose reductions for various anti-
cancer drugs remains unclear due to the lack of deep knowledge of the pharmacokinetics of
these drugs in the infant patient population. In any disease, the efficacy of a given drug is
measured by considering both its therapeutic effect and its toxicity. It is also well established
that most anticancer drugs are cytotoxic in nature and have low specificity, which means
that the optimal range of a therapeutic dose for a given patient is likely to be narrow. Recent
works on this argument have shown that for most anticancer drugs, the concentration at
which serious toxicity tends to manifest is many times higher than the concentration at
which the therapeutic efficacy is achieved. This observation underlines the central role of
therapeutic drug monitoring (TDM). Numerous works have demonstrated that failure of
systemic cancer treatment can be, at least in part, due to the drug not being delivered to the
tumor at sufficiently high concentration and/or sufficiently homogeneous distribution. The
last decade has witnessed an increased use of mass spectrometry for TDM analyses. Aghai
et al. [66] used LC/MS-MS for the simultaneous determination of ten kinase inhibitors
in human serum and plasma. This method was designed for application in daily clinical
routine. The authors reported that the development and validation of the method was
according to the US Food and Drug Administration (FDA) and European Medicines Agency
(EMA) validation guidelines for bioanalytical methods. The main steps in this method
included proteins precipitation of the plasma samples and room temperature LC separation;
eluted components were injected into positive electrospray ion source and the resulting ions
were analyzed and detected using multiple reaction monitoring mode. Stable isotopically
labeled compounds of each kinase inhibitor were used as internal standards. This method
has a number of interesting elements, which should be underlined: (i) The method has a
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relatively short analysis time (7 min), which renders it highly suitable for high throughput
analyses, particularly in clinical environment. (ii) A number of therapeutic regimes use
multiple anticancer drugs simultaneously, which renders the simultaneous monitoring of
multiple compounds highly informative regarding the response of the patients and the
therapeutic usefulness of the combination of these drugs.

The relatively recent introduction of oral anticancer drugs resulted in significant im-
provement in the treatment of various forms of cancer. Patients undergoing this type
of therapy tend to have variable concentrations of plasma, resulting in reduced thera-
peutic efficacy of the drug, and in some cases, unforeseen side effects One approach to
mitigate these effects is regular TDM analyses of the patients receiving such treatment.
Kehl et al. [67] described a method to simultaneously quantify the plasma concentrations
of 57 oral antitumor agents. The authors used liquid chromatography coupled to high-
resolution mass spectrometry and the method was fully validated according to the FDA
guidelines. The application of this method to clinical routine was tested by the analysis of
71 plasma samples taken from 39 patients.

Mass spectrometry imaging (MSI) is a label-free molecular imaging technique that
provides spatial as well as temporal information on the spatial distribution of drugs and
their metabolites in a wide range of biological samples, a capability which lacks in the
more diffused LC/MS methods. In recent years, (MSI) started to give relevant contribution
to the emerging field of precision pharmacology. In this approach, various analytical
techniques, including MSI, are used to understand whether an administered anticancer
drug is being adequately delivered to the tumor region. Such information is central to both
the assessment of the adequacy of the therapy and the resistance to the drug. In a relatively
recent study [68], the authors reviewed the role of MSI in pre-clinical studies to characterize
anticancer drug distribution within the body and the tumor, and the application of MSI in
pre-clinical studies to define optimal drug dose or schedule, combinations, or new drug
delivery systems. In their review, the authors underlined the following observations: the
characterization of drug concentrations, and in particular drug distribution, within tumors
or normal tissues is a challenge that the rapidly developing technique of MALDI-MSI has
started to address and may have an important role in drug development. MALDI-MSI
already has the potential to support pre-clinical studies by comparing the penetration of
candidate molecules into different regions of spheroids in vitro and xenografts in vivo.

Published works in the last few years clearly show that LC coupled to tandem mass
spectrometry is the preferred method for TDM analyses. It is also interesting to note that
these works indicate a limited use of high-resolution mass spectrometry. This limited
use can be justified by the following considerations: First, TDM analyses detect and
quantify chemical entities with known molecular structure(s) and predetermined molecular
weights; therefore, instruments with mass resolution of one atomic mass unit (amu) are
sufficient for this type of analyses. This explains the extensive use of triple quadrupole
instruments hyphenated with liquid chromatography. That being said, certain analyses
conditions do necessitate the use of high-resolution mass spectrometry. For example,
simultaneous monitoring of multiple anticancer drugs, some of which happen to have
the same nominal molecular mass but different elemental composition. Identification of
some untargeted metabolites of the monitored compounds is another analyses condition
in which high resolution can be the only route for an unambiguous identification of the
detected metabolites. Second, the relatively limited use of high-resolution instruments for
TDM analyses can be partially attributed to higher costs and more demanding operational
skills compared to their low-resolution counterparts.

7. Conclusions and Perspectives

Works discussed in this review underline the central role of MS-based proteomics in
cancer research. The cited examples show how such approach is providing a wealth of
information relevant to various aspects of cancer research, including biomarkers discovery,
in particular those which could be used to discriminate tumor subgroups which happen to
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have similar or even overlapping histopathological features. The same approach furnishes
much needed information on metabolic profiles, therapeutic drug monitoring, protein post-
translational modifications, and molecular mechanisms in cancer, and signaling pathways
associated with various forms of cancer. In recent years, such contribution has been
enhanced by more frequent use of high-resolution mass spectrometry in combination
with more efficient separation, fractionation, and metabolic labelling methods. MS-based
proteomics has been given a fresh momentum by recent epigenetic findings, showing the
central role of protein modifications in the landscape of epigenetic events. The involvement
of epigenetic abnormalities in the initiation and progression of cancer is now widely
accepted. Consequently, targeting the enzymatic machinery that controls the epigenetic
regulation of the genome has emerged as a highly promising strategy for therapeutic
intervention, in particular for forms of cancer showing drug resistance. It is also becoming
more evident that the development of epigenetic drugs requires a detailed knowledge
of the processes that govern chromatin regulation. Mass spectrometry-based proteomics
is becoming a major source for such knowledge. There are various scientific opinions
predicting that in the next few years more cancer therapies will be approved, as many are
currently in advanced clinical trials. The authors are convinced that MS-based proteomics
will greatly contribute to such anticipated developments.
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Abstract: The interstitial cells of Cajal (ICC) represent a particular network formed by some peculiar
cells that were first described by the great neuroanatomist, S. Ramon y Cajal. Nowadays, the ICC
have become a fascinating topic for scientists, arousing their curiosity; as a result, there is a vast
number of published articles related to the ICC. Today, everybody widely accepts that the ICC
represent the pacemaker of the gastrointestinal tract and are highly probable to be the origin cells for
gastrointestinal tumors (GISTs). Recently, Cajal-like cells (ICLC) were described, which are found
in different organs but with an as yet unknown physiological role that needs further study. New
information regarding intestinal development indicates that the ICC (fibroblast-like and muscle-
like) and intestinal muscle cells have the same common embryonic cells, thereby presenting the
same cellular ultrastructure. Nowadays, there is a vast quantity of information that proves the
connection of the ICC and GISTs. Both of them are known to present c-kit expression and the same
ultrastructural cell features, which includes minimal myoid differentiation that is noticed in GISTs,
therefore, supporting the hypothesis that GISTs are ICC-related tumors. In this review, we have tried
to highlight the origin and distribution of Cajal interstitial cells based on their ultrastructural features
as well as their relationship with gastrointestinal stromal tumors.

Keywords: interstitial cells of Cajal; cancer; gastrointestinal tumors; c-kit

1. Introduction

The story of the ICC is a fascinating story of ever-changing medical concepts that
emerged as a result of the interplay between researchers’ limitless scientific intuition and
its formal constraints through the continuous development of medical methodology but
always limited [1]. It is this interplay that lies behind the evolution of fundamentally correct
concepts many decades before the methods moved to the stage of providing sound theories
if not providing the evidence itself [1].

Thus, the great Spanish neuroanatomist, Santiago Ramon y Cajal, conducting studies
on these cells, arrived at the hypothesis (1893, 1911) that networks of interstitial cells
anastomosed to each other are influenced “primarily” by components of the nervous system,
while interstitial cells (seen as primitive “accessory” neurons) exert direct regulatory effects
on the contraction of smooth muscle in the gastrointestinal tract [1].

Despite the fact that more than a century has passed since Ramon y Cajal described
the staining characteristics of the “interstitial nerve cell” located between the external
longitudinal muscle and the circular muscle of the intestine at the level of the Auerbach’s
plexus (1893, 1911), the function and developmental origin of these cells have remained
unclear [2]. Although Ramon y Cajal and other contemporary researchers believed that
these interstitial cells of Cajal were primitive neurons, it has been suggested that these cells
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are specialized smooth muscle cells [3], while other researchers have characterized them as
fibroblasts [4].

Independent of Cajal’s research, Sir Arthur Keith (1914, 1915), the scientist who
described the sino-atrial cardiac pacemaker and was apparently unaware of Cajal’s research,
considered these cells to be a real pacemaker of the intestinal muscle layers [5]. The methods
needed to prove or disprove these theories were not developed until 7–8 decades later,
subsequently proving both to be essentially correct [1].

Between 1925 and 1965, several controversial papers were recorded with scientists
presenting different opinions regarding the origin, function and distribution of the ICC. In
1970, after the development of electron microscopy, many mysteries were elucidated. The
ICC presents similar properties to smooth muscle cells but also specific characteristics
to perform the function of intestinal pacemaker. In the early 1980s, these cells were
again brought back to the attention of gastroenterologists by Thunenberg and Faussone-
Pellegrini [4,6].

Nowadays, the ICC are the object of study in many medical fields in order to under-
stand the motility of the gut, their involvement in the development of GIST pathology, as
well as to elucidate the pathogenesis of various motility disorders [7].

The main function of the digestive system is considered to be the digestion and
absorption of nutrients. However, the digestive tract possesses a number of other important
functions, namely motor, evacuatory, secretory and incretory immune functions [8]. The
motility of the digestive tract is constantly under the control of several regulatory factors,
among which are the intrinsic and extrinsic nervous system as well as the humoral system.
The main cell types involved in regulating gastrointestinal motor function are enteric
neurons, the ICC and effector cells (smooth muscle cells) [9].

The activity of the ICC has been shown to be fundamental, generating and propagating
slow electrical waves that regulate the contractile activity of intestinal smooth muscle as
well as mediating neurotransmission from intestinal motor neurons towards the intestinal
muscle cells. Slow-wave amplitude is under the control of local factors, such as distention
and intraluminal chemical stimulation [10,11].

Cajal cell damage leads to hypokinesis and hypotonia of the intestine, which causes
severe constipation. In turn, impaired motor function of the digestive tract triggers patho-
logical conditions in the whole body, such as autointoxication due to the absorption of
toxic products and deregulation of the absorption of microelements and vitamins, which
accelerate the aging process of the body [10].

For this review, we discuss the origin and distribution in the human gastrointestinal
tract of the ICC as well as the relationship between these cells and GISTs based on their
common ultrastructural features and biomarkers.

2. Origin of the Interstitial Cells of Cajal

The gastrointestinal system consists of cells that arise from all embryonic layers [12].
The endoderm gives rise to the epithelial cells of the intestinal lumen and the epithelial
cells of the intestinal glands [13]. From the mesoderm, all muscle cells, connective tissue
and lymphatic and blood structures are born [12]. Neural crest cells are derived from the
ectoderm. Neural crest cells migrate in the digestive system and, after that, they give birth
to all enteric neurons [12–14].

Despite the fact that the ICC was described more than 100 hundred years ago, their
origin has long been an enigma, which is due to the fact that the ICC share structural
features with neural crest-derived cells (neurons, glial cells) but also share features with
mesoderm-derived cells (muscle cells, fibroblasts) [13]. Despite this debate over the years,
some research conducted on chickens, quails [15] and rats [16] demonstrated that the origin
of the ICC is in the mesoderm. This fact, demonstrated by the previous research teams, is
reinforced by other subsequent studies on rats [2,17].

In the past years, Faussone-Pellegrini [3,6] analyzed the ultrastructural evolution of the
ICC in the Auerbach’s plexus and deep muscle plexus. They identified the ICC progenitor
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cells in newborn rats that are closely related to the nerve fibers of the myenteric plexus,
but they could not establish the embryological origin of these cells [12]. Several studies
from the past suggested that the ICC is derived from the mesoderm and share the same
progenitor cells with cells from the smooth muscle [2,17].

Furthermore, Torihashi studied the evolution of c-kit reactivity markers for smooth
muscles and neural crest-derived cell markers on embryonic small intestine specimens
from rats [17], thus finding the existence of c-kit+ cells in the outer layers of the intestine in
day 12 embryos. However, the cells at this level were not differentiated, and they did not
present structural characteristics of an adult muscle cell or the ICC [17].

At embryonic day 15, cells at the level of the circular muscle layer, which are located
inside the myenteric plexus, present immunoreactivity for actin and muscle myosin; in
contrast, cells that develop at the place where the future longitudinal muscle tissue will be
located are c-kit+ cells, but they lack the expression for actin and smooth muscle myosin [17].
In the late stages of embryonic development, a c-kit+ cell subpopulation was found to
differentiate into smooth muscle cells showing positive expression for myofilament proteins;
consequently, these cells lose the ability to show c-kit+ expression [17]. It is thus assumed
that the ICC and smooth muscle cells have a common origin from c-kit+ progenitor cells in
the primitive intestine, and all c-kit+ cells will differentiate into the ICC [17].

Another study from the literature carried out in 1998 by Kluppel [2] confirmed the
previous results that the ICC and smooth muscle cells have the same embryonic progen-
itor cell. Kluppel studied the mRNA expression of smooth muscle myosin heavy chain
(SMMHC) and c-kit immunoreactivity [2]. He found that all intestinal muscle cells initially
show c-kit+ expression and expression for SMMHC; later in the developmental stages, they
lose the ability to show c-kit+ expression, while all cells that will further become the ICC
will keep c-kit expression but will lose expression for SMMHC [2]. The main conclusion of
all this data is that the ICC and smooth muscle cells present the same progenitor cell [12,18].

In conclusion, the origin of the ICC is from the progenitor cells that arise from the
mesoderm of the primitive intestine and possess the tyrosine kinase receptor c-kit [19].
However, there are a number of mesenchymal cells with c-kit+ expression that are destined
to differentiate into smooth muscle cells, which lose expression for c-kit in the process of
development but retain expression for myofilament proteins [18]. Furthermore, information
is required to fully understand the entire process [12].

3. ICC Distribution in the Human Gastrointestinal Tract

The presence of the ICC in the human gastrointestinal tract has been demonstrated
over the years from the esophagus [20] to the anal canal [21]; however, these cells present
different morphological features and different tissue distribution.

The ICC exhibit a specific cell position, arrangement and shape based on the local-
ization in different anatomical locations and different layers of the gastrointestinal tract
(Figure 1). Therefore, these cells present several cellular subpopulations [22]. In the gastric
region, there are reported different subtypes of the ICC and, in the small intestine and
colon, the ICC present the same pattern of the subtype of the ICC in each segment [22]. All
the subtypes of the ICC have the same ultrastructural characteristics, presence of numerous
mitochondria, abundant intermediate filaments and gap junctions with the same cell and
smooth muscle cells [22]. The structure of the ICC helps us understand the physiology of
the gastrointestinal tract [22].

The ICC include a vast array of specialized cell types within the musculature of the
gastrointestinal system. A number of these cell types play a pacemaker role within the
gastrointestinal musculature, while others are heavily involved in the modulation of enteric
neurotransmission. The most important cell types with a role in intestinal tract motility are
the ICC of the myenteric plexus (MP), ICC intramuscular (IM) and ICC of the deep muscle
plexus (DMP) (Table 1) [23].
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Figure 1. Distribution of the ICC.

Table 1. Features of the ICC subtypes.

Subtypes Distribution Morphology Function

ICC progenitor Stomach
Intestine Groups of round or oval cells Possess the ability to repair or

replenish damaged ICC. [24]

ICC of the myenteric plexus
(Auerbach): MY

Stomach
Ileon and jejunum

Colon

Multipolar cells, possessing
multiple interconnected branches

Generate and propagate slow
electrical waves. [24]

ICC of longitudinal muscle
tissue: LM

Distal oesophagus
Stomach

Ileon and jejunum
Colon

Bipolar cells, oriented along the
long axis of the surrounding

smoth muscle cells

Important role in
neurotransmission between

the intestinal nervous system
and smooth muscle cells. [25]

ICC of circular muscle
tissue: CM

Distal oesophagus
Stomach

Ileon and jejunum
Colon

Bipolar cells, oriented along the
long axis of the surrounding

smoth muscle cells

Important role in
neurotransmission between

the intestinal nervous system
and smooth muscle cells. [26]

ICC-IM: mixed form,
combining ICC-CM

and ICC-LM

Distal oesophagus
Stomach

Ileon and jejunum
Colon

Bipolar cells, oriented along the
long axis of the surrounding

smoth muscle cells

Important role in
neurotransmission between

the intestinal nervous system
and smooth muscle cells. [24]

ICC of deep muscular
plexus: DMP Ileon and jejunum

Multipolar cells, located in the
deep muscular plexus; in close

association with the nerve
fascicles of the deep

muscular plexus

Neural transmission. [27]

ICC of submucosa and
submucosal plexus: SM

and SMP

Pylorus–SM
Colon–SMP Bipolar or Multipolar cells Pacemakers and

neurotransmission roles. [24]
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4. ICC and GISTs

The concept of “gastrointestinal stromal tumor” was first expressed by Mazur and
Clark [28], whom mentioned that all spindle cell tumors from the gastrointestinal system
do not present the characteristics of smooth muscle cells. GISTs present diverse structural
features, and therefore, a range of tumor subtypes are described, such as plexosarcomas [29]
and myenteric plexomas [30]. All of these different features were given only based on
the structural features of the progenitor cells. Data from the literature state that tumors
with a diameter of less than 3 cm are generally considered benign; however, all GISTs can
degenerate malignantly [31]. According to data from the literature, most gastrointestinal
tumors are present in the entire gastrointestinal tract with predominant involvement of
the stomach (60–70%) but with lesser involvement of the small intestine (20–30%) and
large intestine (10%), generally occurring in middle-aged patients [32]. A number of
similar tumors have been described with structural features similar to GISTs but with some
particular differences and are referred to as extra-gastrointestinal stromal tumors [31].

GISTs often have minimum myoid differentiation and a big number of cytoplasmic
filaments [33]. GISTs show ultrastructural features similar to the ICC, namely an elongated
cell body and a series of cytoplasmic processes. In order to distinguish ICC from fibroblasts,
it should be taken into account that the cytoplasmic processes of fibroblasts are usually
thin, very broad, fascia-like structures, whereas the cytoplasmic processes of the ICC are
narrow, round in shape and present as slightly flattened. The nucleus is ovoid with one
or more nucleoli and has limited content located at the periphery. The cytoplasm of the
cell body is in the form of a thin frame around the nucleus often enlarged at the origin of
the primary cytoplasmic processes. These extensions are two to five in number, giving rise
to numerous secondary and tertiary extensions, and the basal lamina is present but often
incomplete [7]. The ultrastructural features between Cajal interstitial cells, smooth muscle
cells, fibroblasts and gastrointestinal tumor cells are shown in Table 2.

Table 2. Cytological characteristics of ICC, Fibroblasts, Smooth muscle cells and GIST.

Cell Type C-Kit CV BL MIT NC IF RER GJ

ICC + + - ++ ++ ++ + ++

Fibroblats - - - + + + ++ +

Smooth muscle cells + ++ ++ ++ ++ ++ + ++

GIST + + - ++ + + ++ -

Abbreviations: CV = caveolae, BL = basal lamina, MIT = mitochondria, NC = nerve contact, IF = intermediate
filaments, RER=Rough endoplasmic reticulum, GJ = gap junction, C = kit reactivity [7,34,35].

Diffuse hyperplasia of the ICC is observed in these patients, which is considered a
pre-neoplastic lesion [31]. Also in the literature data, it is stated that almost 80% of all
GISTs express CD 34 [36]. Germline c-kit mutations have also been detected in patients
with GISTs at exons 11 and 13 [37].

GISTs express multiple biomarkers in common with the ICC; some of them, as for
example Anoctamin1 and Kit, have been identified as key markers in the diagnosis of
GISTs [37].

Additional common biomarkers between the ICC and GISTs have revealed important
biological mechanisms in the genesis of GISTs; one of these is ETV1 that is a part of the ETS
domain of transcription factors, which holds a key role in the regulation of transcription of
ICC and GIST, thereby stimulating tumorigenesis and GIST development [37].

5. Discussions

It is assumed that the ICC showing myoid features are not the ICC originally depicted
by Raymon y Cajal almost a century ago. The cells around the enteric lymph nodes with
immunohistochemical expression of CD117 more likely represent the initially described
ICC [7].
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The physiological role of these interstitial cells has not yet been fully elucidated.
Also, from multiple studies, we can see encouraging information to fully understand the
intercellular relationships of the ICC and their role in gastrointestinal tract pathology [38].

The ICC and GISTs show the same precursor cells, most likely stem cells present in the
muscle wall of the intestine. These cells retain a certain feature of the evolving germ stem
cell and can associate RNA expression of both c-kit and SMMHC protein. Furthermore, the
ICC and GISTs share other common biomarkers, such as Anoctamin1 ETV1, which is an
important factor in the genesis of GISTs [37] and, in addition, can present muscle cells [7].

New information and data from future studies will be able to clarify all questions
regarding this topic.
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Abstract: Background and Objectives: The hemoglobin (Hb)/red cell distribution width (RDW) ratio
has emerged as an accessible, repeatable, and inexpensive prognostic factor that may predict survival
in cancer patients. The focus of this systematic review is to investigate the prognostic role of the
Hb/RDW ratio in cancer and the implications for clinical practice. Materials and Methods: A literature
search of PubMed, Scopus, and Web of Science databases was performed by an independent author
between 18 March and 30 March 2023 to collect relevant literature that assessed the prognostic value
of the Hb/RDW ratio in cancer. Overall survival (OS), progression-free survival (PFS), and the
association of these with the Hb/RDW ratio were considered to be the main endpoints. Results:
Thirteen retrospective studies, including 3818 cancer patients, were identified and involved in this
review. It was observed that, when patients with a high vs. low Hb/RDW ratio were compared, those
with a lower Hb/RDW ratio had significantly poorer outcomes (p < 0.05). In lung cancer patients,
a one-unit increase in the Hb/RDW ratio reduces mortality by 1.6 times, whilst in esophageal
squamous-cell carcinoma patients, a lower Hb/RDW ratio results in a 1.416-times greater risk of
mortality. Conclusions: A low Hb/RDW ratio was associated with poor OS and disease progression in
patients with cancer. This blood parameter should be considered a standard biomarker in clinical
practice for predicting OS and PFS in cancer patients. Future searches will be necessary to determine
and standardize the Hb/RDW cut-off value and to assess whether the Hb/RDW ratio is optimal
as an independent prognostic factor or if it requires incorporation into risk assessment models for
predicting outcomes in cancer patients.

Keywords: hemoglobin to red cell distribution width; Hb/RDW ratio; cancer; risk assessment

1. Introduction

Cancer poses a significant global health challenge, accounting for substantial morbid-
ity and mortality, with 19.3 million new cases and 10 million deaths reported worldwide in
2020 [1]. There is a high prevalence of cancers such as female breast cancer, lung cancer,
and colorectal cancer, influenced by factors like lifestyle, environment, and screening prac-
tices. Notably, breast cancer has become the most-diagnosed cancer globally, and thyroid
cancer rates have surged due to overdiagnosis [2,3]. While developed countries exhibit
higher cancer incidence rates, mortality rates vary less. Globally, prostate cancer is fre-
quently diagnosed, with the highest rates in specific regions, but mortality rates for breast
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and cervical cancers are notably higher in developing countries due to lifestyle, environ-
mental, and healthcare disparities [4–9]. The global cancer burden is projected to increase
by 47% from 2020 to 2040, with a more substantial increase in developing countries [10].
This growth is fueled by demographic changes and increasing risk factors associated with
globalization and economic growth [11]. Addressing this challenge necessitates the es-
tablishment of sustainable infrastructure for cancer prevention and care in developing
countries [12]. Tailored interventions can reduce the future cancer burden and bridge
disparities between developing and developed nations [13]. Public health policies should
prioritize building such infrastructure to mitigate the growing cancer challenge [12].

In this context, the development of novel tools is critical and must emphasize clinical
applications and translational research [14–16].

An augmented red cell distribution width (RDW) serves as a crucial measure, indi-
cating the variability in red blood cell (RBC) size. The RDW, expressed as a percentage
in the complete blood count, aids in the diagnosis and monitoring of various medical
conditions [17].

An elevated RDW often indicates a mix of large and small red blood cells, signifying
diverse potential causes for anemia. Scientific interest in the clinical utility of the RDW has
been observed in specific disease states, such as obstructive sleep apnea syndrome (OSAS),
chronic obstructive pulmonary disease (COPD), immune disorders, surgical procedures,
retinal artery occlusion, and even COVID-19 [18–20].

The clinical relevance of the RDW extends beyond anemia, demonstrating significance
for various disease states, including OSAS, COPD, immune disorders, surgical procedures,
retinal artery occlusion, and even COVID-19 [21]. Conditions such as iron, vitamin B12,
and folate deficiencies contribute to alterations in the RDW by impacting the production
and size of RBCs [22]. Additionally, hemoglobinopathies like thalassemia and chronic
inflammatory conditions such as rheumatoid arthritis and lupus are associated with an
elevated RDW [21,23]. Diseases affecting the bone marrow, including myelodysplastic
syndromes and leukemia, further influence the production of RBCs, which is reflected in
the RDW. Moreover, the RDW emerges as a potential biomarker in cardiovascular diseases,
linking an increased RDW to a higher risk of adverse cardiovascular events [24]. It is
crucial to emphasize that while the RDW is valuable, its interpretation is most effective
when considered in conjunction with other clinical and laboratory parameters [9,25–31].
This comprehensive evaluation is vital for informed clinical decision making. Its proposed
role as a biomarker extends to certain cancers, potentially indicating larger tumors and
advanced cancer stages.

Similarly, hemoglobin (Hb) levels have historically been indicators of a patient’s
tolerance to treatment. Changes in Hb levels can influence decisions about the intensity
and duration of therapy. Low Hb levels may indicate malnutrition, such as anemia, which
potentially indicates a low tolerance to treatment [24,25]. Substantial evidence suggests
that anemia before treatment may predict poor outcomes in cancer patients, including
nasopharyngeal carcinoma, head and neck cancer, cervical cancer [26–30], and colorectal
cancer [32]. Hb levels play a crucial role in diagnosing and monitoring various medical
conditions. In anemia diagnosis, Hb levels are a primary indicator, suggesting the reduced
blood oxygen-carrying capacity that is characteristic of various types of anemia [29,30]. Hb
levels can reflect nutritional deficiencies, especially iron-deficiency anemia. Insufficient
iron intake can lead to decreased Hb production, affecting overall health [28].

Hb levels are monitored to assess blood loss, either due to acute events like trauma
or due to chronic conditions such as gastrointestinal bleeding. Certain chronic diseases,
such as chronic kidney disease, can impact Hb levels, necessitating monitoring for ef-
fective management [29]. Hb is essential for transporting oxygen throughout the body,
and abnormal Hb levels may indicate issues with oxygen delivery, affecting overall tissue
and organ function. Various blood disorders, including sickle cell anemia and thalassemia,
which are characterized by an abnormal Hb structure or production, can be diagnosed
and managed through monitoring Hb levels [30]. Hb is linked to cardiovascular health,
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and abnormal levels may be associated with conditions such as heart failure and COPD [33].
In pregnant women, monitoring Hb levels is essential to detect and manage conditions like
iron-deficiency anemia, which impacts both maternal and fetal health [34]. Hb levels are
monitored postoperatively to assess blood loss during surgery and to guide transfusion de-
cisions if necessary [35]. In summary, Hb levels are a versatile marker used in the diagnosis
and the monitoring of various medical conditions, providing valuable insights into overall
health, nutritional status, blood disorders, and treatment tolerance [36].

The relationship between the RDW and Hb levels in the context of cancer is intri-
cately influenced by various non-neoplastic factors. These include deficiencies in essential
nutrients, such as iron, vitamin B12, and folate [37]. Additionally, chronic inflammatory
conditions, such as rheumatoid arthritis, systemic lupus erythematosus, and inflammatory
bowel diseases, can exert an impact on both the RDW and Hb levels [38]. Certain chronic
diseases, including chronic kidney disease and COPD, contribute to alterations in the RDW
and Hb. Conditions leading to the increased destruction of red blood cells (hemolysis) can
significantly influence both the RDW and Hb levels. Moreover, impaired kidney function
has repercussions on erythropoiesis, manifesting as changes in the RDW and Hb. Diseases
affecting the bone marrow, such as myelodysplastic syndromes and leukemia, play a role
in shaping the production and maturation of red blood cells, thereby affecting the RDW
and Hb [39]. Furthermore, specific drugs and medications may impact the production and
survival of RBCs, exerting an influence on the RDW and Hb [40]. Inherited conditions, like
thalassemia and sickle cell anemia, contribute to variations in both the RDW and Hb [41].
Disorders influencing the structure or synthesis of hemoglobin, such as thalassemia, can
similarly impact both the RDW and Hb.

In the realm of cancer research, the Hb/RDW ratio emerges as a pivotal biomarker that
was initially proposed as a prognostic indicator in esophageal squamous-cell carcinoma
(ESCC) [23] and subsequently applied across diverse cancer types [34,42,43]. Demonstrating
its utility as an independent prognostic factor, the Hb/RDW ratio significantly influences
both overall survival (OS) and disease-free survival.

This ratio provides valuable insights into RBCs’ size distribution and oxygen-carrying
capacity, which are essential aspects influenced by cancer-related factors. As cancer often in-
duces alterations in blood parameters, the Hb/RDW ratio gains particular significance [43,44].
Changes in the RDW and Hb levels, influenced by factors like inflammation, nutritional
deficiencies, or bone marrow disorders, directly impact the Hb/RDW ratio. Monitoring
this ratio over time becomes crucial for gaining valuable information on cancer progres-
sion and prognosis, establishing itself as a promising tool in cancer prognosis research.
The Hb/RDW ratio acts as a composite measure, offering a comprehensive perspective on
RBCs’ distribution and oxygen-carrying capacity, which are both critical elements that are
affected by various cancer-related factors.

The Hb/RDW ratio has been investigated in various cancer types, demonstrating
its correlation with tumor characteristics and progression. In hepatocellular carcinoma
(HCC), the Hb/RDW ratio was identified as a significant factor influencing progression-free
survival (PFS) and OS [45]. Studies in hematologic cancers revealed a significantly higher
Hb/RDW ratio in patients with endometrial carcinoma and primary HCC, which was
associated with poor survival outcomes [46,47].

Cancer-related physiological changes play a substantial role in influencing the Hb/RDW
ratio [48]. The systemic nature of cancer induces physiological stress, triggering changes in
blood parameters such as the RDW and Hb, subsequently affecting the Hb/RDW ratio [49].
Chronic inflammation, a common response to cancer, impacts both the RDW and Hb levels,
contributing to alterations in the Hb/RDW ratio [50]. Conditions often associated with
cancer, such as deficiencies in iron, vitamin B12, and folate, can impact the production and
size of RBCs, further affecting the Hb/RDW ratio [17]. Tumors affecting the bone marrow,
as seen in myelodysplastic syndromes and leukemia, can disrupt the normal production
of RBCs, manifesting as changes in the RDW and Hb levels, ultimately influencing the
Hb/RDW ratio [51].
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Furthermore, advanced tumor stages and larger tumor sizes have been linked to
changes in the RDW, offering insights into tumor characteristics and progression [52].
Therapies like chemotherapy and radiation, which directly affect bone marrow and the
production of RBCs, contribute to the composite nature of the Hb/RDW ratio, making it a
valuable indicator of a patient’s overall condition [53,54].

This systematic review aims to comprehensively explore the prognostic value of the
Hb/RDW ratio in cancer, shedding light on its implications for clinical practice. Figure 1
provides a visual representation of the key components and relationships discussed in
this review.

 

Figure 1. Critical role of hemoglobin (Hb)/Red Cell Distribution Width (RDW) ratios in utilizing
blood cell data for diagnostic and prognostic purposes. Hb levels and RDW are fundamental
parameters analyzed from blood samples, and their ratio (Hb/RDW) serves as a valuable metric in
clinical assessment.

2. Materials and Methods

2.1. Search Strategy and Selection Criteria

This systematic review adheres to the PRISMA guidelines and aligns with the Grades
of Recommendation, Assessment, Development, and Evaluation (GRADE) criteria [45,47,55].
From 18 March to 30 March 2023, the authors conducted a comprehensive search on the
PubMed, Scopus, and Web of Science databases. Utilizing keywords such as “Hb/RDW”,
“hemoglobin to red cell distribution width”, “HRR”, “hemoglobin”, “red cell distribution
width”, “cancer”, “prognosis”, “prognostic value”, “overall survival”, “progression-free
survival”, and “event-free survival”, the search aimed to refine the scope of the literature.

Inclusion criteria involved the exploration and reporting of the Hb/RDW ratio’s
value in cancer patients. Literature was excluded if it fell into categories such as review
articles, pre-2013 publications, or non-English language articles. Additional relevant
material was sought by screening the reference lists of the identified literature and previous
review articles.
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The exclusion criteria were carefully applied, encompassing materials like abstracts,
letters, reviews, case reports, etc. Studies with insufficient data for comprehensive analysis
were omitted. Research lacking specific data regarding hematologic malignancies or the
RDW was excluded. In cases where multiple publications originated from the same cohort,
only the most recent report was included for our meta-analysis.

2.2. Data Collection and Quality Assessment

The literature satisfying our eligibility criteria and incorporated into this review
underwent data extraction by the authors. The key data points comprised details of
the study (author and date), the study design, the total number of patients, their cancer
diagnoses, the specific outcomes measured, and the study results. The assessment of the
literature incorporated in this review aligned with the GRADE criteria, which assesses the
quality of evidence and provides recommendations for use [45]. These criteria encompass
the quality of the methodology, the directness of evidence, heterogeneity, the precision of
effect estimates, and the potential for publication bias. This resulted in assigning a level of
evidence and recommendation for use, categorized as high, moderate, or low.

3. Results

3.1. Literature Search and Study Characteristics

The search revealed 421 papers, with 213 duplicates among them. Following the
assessment of titles and abstracts from the remaining 208 papers, 72 full texts underwent
review. In total, 13 studies met the specified criteria, and no further literature was identi-
fied in the references of the incorporated studies or by the reviewer team (Figure 2). All
studies integrated in this systematic review and meta-analysis followed a retrospective
design, in alignment with the inclusion criteria depicted in the methodology. The number
of patients investigated ranged from 80 to 840, with a total of 3818 patients included across
all 13 studies. The value of the Hb/RDW ratio as a prognostic measure was evaluated
in lung cancer, upper tract urothelial carcinoma, esophageal carcinoma, renal cell can-
cer, bladder cancer, gastric carcinoma, lymphoma, head and neck cancer, breast cancer,
and nasopharyngeal cancer. The comprehensive data extraction is described in Table 1.

Table 1. Data extraction and baseline characteristics of the identified literature.

Reference
Author
(Year)

Study Design Patient Population Outcome Measures Results

[56] Su et al.
(2021) Retrospective

730 patients with
upper tract urothelial

carcinoma

Clinicopathological
measures compared
with Hb/RDW ratio

Patients with an Hb/RDW ratio
below 1.05 showed a poorer renal

function, tumor with high
pathological stage, and

high grade.

[57]
Figen
et al.

(2023)
Retrospective 840 patients with

small-cell lung cancer

OS
PFS

RDW and Hb and
associated ratios

A one-unit increase in Hb/RDW
ratio reduced mortality and

increased survival by 1.6 times.

[58]
Petrella

et al.
(2021)

Retrospective

342 patients with lung
adenocarcinoma

operated in the last
two years

Preoperative
Hb/RDW,

Pathological stage
Disease characteristics

DFS had an increased HR of
relapse for preoperative

Hb/RDW ratio lower than 1.01
(p < 0.004).

[59] Sun et al.
(2016) Retrospective 362 patients ESCC

patients
Hb/RDW ratio, OS,

5-year OS

Patients with a lower Hb/RDW
ratio showed a 1.416 times greater

risk of dying through the
follow-up compared to

healthy patients.

296



Medicina 2023, 59, 2124

Table 1. Cont.

Reference
Author
(Year)

Study Design Patient Population Outcome Measures Results

[60]
Yilmaz

et al.
(2021)

Retrospective 198 patients with RCC

Hb/RDW ratio,
systemic immune-

inflammation index,
LMR, NLR, OS, PFS

Hb/RDW ratio is an independent
prognostic factor for predicting

PFS and OS in RCC patients.

[61] Zhao et al.
(2022) Retrospective

80 patients with
pulmonary large-cell

neuroendocrine
carcinoma

Hb/RDW ratio,
characteristics, risk

factors for OS

Patients with low Hb/RDW ratio
exhibited a poorer OS than those

with a high ratio (p < 0.001).

[62]
Yilmaz

et al.
(2020)

Retrospective
152 patients with
muscle-invasive
bladder cancer

Hb/RDW ratio,
systemic immune-

inflammation index,
LMR, NLR, OS, PFS

Hb/RDW ratio is an independent
prognostic factor for PFS and OS
in patients with muscle-invasive

bladder cancer

[63]
Yilmaz

et al.
(2020)

Retrospective

85 patients with
gastric cancer who
were treated with

neoadjuvant FLOT

Hb/RDW ratio, DFS,
PFS, NLR, systemic

immune-
inflammation

index

Hb/RDW ratio was an
independent prognostic factor for

DFS and OS (p = 0.001 and
p = 0.037, respectively); higher
Hb/RDW was associated with

better DFS and OS in
gastric cancer.

[64]
Dong
et al.

(2022)
Retrospective 265 patients with

DLBCL
Hb/RDW ratio, OS,

PFS

Hb/RDW ratio is an independent
prognostic factor for OS

(p < 0.001) and PFS (p < 0.001) in
DLBCL patients.

[65]
Tham
et al.

(2018)
Retrospective 205 patients with head

and neck cancer
Hb/RDW ratio, EFS,

OS

Multivariate analysis identified as
independent prognostic factors

associated with EFS: BMI
(p = 0.0364), advanced T
stage (p = 0.001), and low
Hb/RDW ratio (p = 0.017).

Hb/RDW was not associated
with OS.

[66]
Bozkaya

et al.
(2019)

Retrospective 153 patients with
NSCLC

Hb/RDW ratio,
Glasgow prognostic
scores, NLR, OS, PFS

Low Hb/RDW was an
independent prognostic factor for
OS (p = 0.03) and PFS (p < 0.001)

in advanced NSCLC.

[67]
Zhang
et al.

(2022)
Retrospective 226 patients with

breast cancer

Hb/RDW ratio, PLR,
monocyte to
high-density

lipoprotein ratio, risk
of breast cancer

Hb/RDW and monocyte to
high-density lipoprotein ratio
were independent prognostic

factors for breast cancer
(p < 0.001).

Low Hb/RDW was linked with
prolonged hospitalization, higher

RDW, and lower Hb levels
(p < 0.05).

[68] Lin et al.
(2021) Retrospective 180 patients with NPC

Hb/RDW ratio, NLR
and PLR for the

diagnosis of
nasopharyngeal cancer

NLR and PLR were notably
higher in NPC patients than in

healthy subjects (p < 0.001).
Hb/RDW ratio was extensively
lower in NPC patients than in

healthy subjects (p < 0.001).

Hb: hemoglobin; RDW: red cell distribution width; OS: overall survival; PFS: progression-free survival;
DFS: disease-free survival; HR: hazard ratio; ESCC: esophageal squamous-cell carcinoma; RCC: renal cell can-
cer; LMR: lymphocyte-to-monocyte ratio; NLR: neutrophil-to-lymphocyte ratio; FLOT: fluorouracil, leucovorin,
oxaliplatin, docetaxel; DLBCL: diffuse large b-cell lymphoma; EFS: event-free survival; BMI: body mass index;
NSCLC: non-small-cell lung cancer; PLR: platelet-to-lymphocyte ratio; NPC: nasopharyngeal cancer.
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Figure 2. PRISMA flow diagram representing the literature search and study selection process.

3.2. Prognostic Value of Hb/RDW

All included literature reported a significant association between the Hb/RDW and
prognostic outcomes of patients with cancer, including OS, PFS, and EFS (p < 0.05 to
p < 0.001). In patients with small-cell lung cancer, a one-unit increase in the Hb/RDW ratio
reduced death and increased survival by 1.6 times and had a statistically significant effect
on OS and PFS [69,70]. Similarly, in patients with esophageal cancer, a lower Hb/RDW
ratio was associated with a 1.416-times greater risk of mortality through the follow-up [71].
These associations were observed across all included cancer types aside from head and
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neck carcinoma. However, Tham et al. reported that the Hb/RDW ratio was independently
related to event-free survival (EFS, p = 0.017) [42,43,72–75].

3.3. Other Outcomes

Beyond the association of the Hb/RDW ratio with primary parameters of survival,
the identified literature also reported the prognostic value of the Hb/RDW ratio for pre-
dicting renal function and pathological staging in upper tract urothelial carcinoma patients.
In these patients, a Hb/RDW ratio below 1.05 was related to a poorer renal function, and a
tumor with a high pathological stage and grade [76]. It was observed in one study that a
low Hb/RDW was linked with prolonged hospitalization, a higher RDW, and lower Hb
levels (p < 0.05) [53,77–79].

3.4. Risk of Bias and Quality of Evidence

The assessment of the included studies’ risk of bias and the quality of evidence
has been crucial for interpreting the findings and making informed conclusions. In this
systematic review, the retrospective nature of the included literature presents inherent
limitations in the study design, primarily in terms of selection and recall biases, as described
by Talari et al. [80], Table 2.

Table 2. GRADE criteria for risk-of-bias evaluation. Green: No Risk of Bias; Yellow: Low or Maybe
Risk of Bias; Red: High Risk of Bias.

Reference Author (Year)
Methodological

Quality
Directness

of Evidence
Heterogeneity

Precision of
Effect

Estimates

Publication
Bias

Overall
Quality of
Evidence

[56] Su et al. (2021)
[57] Figen et al. (2023)
[58] Petrella et al. (2021)
[59] Sun et al. (2016)
[60] Yilmaz et al. (2021)
[61] Zhao et al. (2022)
[62] Yilmaz et al. (2020)
[63] Yilmaz et al. (2020)
[64] Dong et al. (2022)
[65] Tham et al. (2018)
[66] Bozkaya et al. (2019)
[67] Zhang et al. (2022)
[68] Lin et al. (2021)

Risk of Bias:
All the studies included in this systematic review followed a retrospective design,

aligning with the predefined inclusion criteria. However, retrospective studies inherently
carry risks of bias, particularly in terms of patient selection, data collection, and potential
recall biases. The absence of a prospective approach limits the ability to control for con-
founding variables and may impact the robustness of the findings. Moreover, the inclusion
of only retrospective studies may introduce a selection bias, as certain relevant data from
prospective studies might have been excluded.

Quality of Evidence:
The GRADE evaluation encompasses considerations such as the methodological

quality, the directness of the evidence, heterogeneity, the precision of effect estimates,
and the risk of publication bias. All studies included in the review followed a retrospective
design, but, as per the GRADE criteria, retrospective studies are considered lower in
methodological quality compared to prospective ones. This limitation is acknowledged
in the risk-of-bias assessment. The evidence directly addresses the prognostic value of
the Hb/RDW ratio in various cancers, aligning with the research question. However,
the retrospective nature of the studies may have impacted the directness of the evidence
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due to potential biases and confounding factors. Moreover, the included studies cover
a diverse range of cancer types, which may contribute to heterogeneity in the findings.
Heterogeneity can affect the generalizability of the results and should be considered in
the interpretation.

The precision of effect estimates relies on the consistency and accuracy of the data.
The retrospective design and potential biases may have impacted the precision of the effect
estimates, and this limitation is reflected in the risk-of-bias assessment.

4. Discussion

This systematic review delves into the prognostic significance of the Hb/RDW ratio in
cancer, aiming to shed light on its potential implications for clinical practice. The Hb/RDW
ratio emerges from the literature and our findings as an accessible, repeatable, and cost-
effective prognostic factor that is capable of predicting survival across various cancer
types [23,29,81].

Our results consolidate evidence demonstrating the substantial prognostic value
of the Hb/RDW ratio in lung, breast, gastric, esophageal, and lymphoma cancers [82].
The overarching trend establishes a correlation between a low Hb/RDW ratio and poorer
OS, PFS, and EFS compared to cases with a higher ratio. This association is not only
consistent but also notably significant in specific cancer subtypes, such as ESCC and
pulmonary large-cell neuroendocrine carcinoma [16,30].

Moreover, the Hb/RDW ratio demonstrates its predictive capabilities post-treatment,
as observed in gastric cancer patients treated with neo-adjuvant fluorouracil, leucovorin,
oxaliplatin, and docetaxel (FLOT) [32]. These findings advocate for the broad clinical
applications of the Hb/RDW ratio in cancer, warranting further exploration of its potential
as a reliable prognostic marker.

In the era of advanced technologies like genomics, proteomics, and imaging, the financial
implications of biomarker screening programs are well-documented [83]. Our study un-
derscores the cost-effectiveness of the Hb/RDW ratio, positioning it as a practical and
valuable screening tool for cancer. The observations of Toumazis et al. on the limited
cost-effectiveness of biomarkers costing USD 750 or more highlight the pragmatic appeal
of the Hb/RDW ratio, easily obtained from routine complete blood cell counts [41,42].

While the primary focus of this systematic review is the prognostic value of the
Hb/RDW ratio, its diagnostic potential in cancer patients is noteworthy. The findings
of Lin et al. on its utility in the auxiliary diagnosis of nasopharyngeal cancer, especially
when combined with other ratios like the neutrophil-to-lymphocyte ratio or the platelet-to-
lymphocyte ratio (PLR), extend its clinical relevance beyond prognosis [37]. Zhai et al.’s
proposed combination of the Hb/RDW ratio with platelet/lymphocyte ratios (HP + PLR)
further validates its efficacy as a simple and reliable prognostic marker, surpassing alterna-
tive indicators [43,44].

However, it is imperative to consider certain exclusions for the Hb/RDW ratio to
maintain its prognostic value. Chronic inflammatory and autoimmune diseases must be
ruled out, as emphasized by Su et al. [27]. Additional factors, including white blood cell
count and platelet count, should be factored into the assessment, particularly in upper tract
urothelial cancer patients.

Transitioning to the physiological underpinnings, the Hb/RDW ratio becomes a dy-
namic parameter reflecting changes during cancer development. The increased production
of red blood cells, stimulated by tumor-induced metabolic demands and cytokines/growth
factors, offers mechanistic insights. The nuanced relationship between cancer cells’ higher
rate of cell division, the cytokine-induced production of RBCs, and the body’s response to
cancer-induced anemia contributes to the variability in the Hb/RDW ratio.

The co-analysis of Hb and the RDW underscores their roles as crucial physiological
markers during cancer progression and treatment. Hemoglobin’s susceptibility to decreas-
ing due to chemotherapy-induced anemia and due to direct effects on the bone marrow
positions it as a prognostic marker, especially in head and neck cancer. The association
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of the RDW with adverse prognostic factors in hematological lymphoma signifies its po-
tential inclusion in prognostic scores for HL, given its simplicity, affordability, and easy
availability [84].

In conclusion, the Hb/RDW ratio emerges as a promising, cost-effective, and easily
accessible prognostic and diagnostic tool in cancer. Its versatility across cancer types, cou-
pled with its mechanistic insights into physiological changes, warrants further exploration
and validation in prospective studies. The limitations, particularly the retrospective nature
of the included literature, advocate for future large-scale, multicenter prospective studies
to standardize the Hb/RDW cut-off values and solidify its prognostic value.

5. Conclusions

In conclusion, this systematic review explores the prognostic significance of the
Hb/RDW ratio in various cancers, shedding light on its potential implications for clinical
practice. The global cancer burden is on the rise, necessitating innovative approaches
to diagnosis, monitoring, and prognosis. As established in the introduction, cancer is
a complex and multifaceted challenge influenced by various factors, including lifestyle,
environment, and screening practices.

The review emphasizes the critical role of Hb and the RDW in cancer prognosis, with
a focus on their dynamic interplay in the Hb/RDW ratio. An elevated RDW and altered
Hb levels can serve as indicators of diverse medical conditions, ranging from nutritional
deficiencies to chronic diseases and cancers. The systematic literature search and the
meta-analysis, conducted in accordance with established guidelines, reveal a significant
association between the Hb/RDW ratio and prognostic outcomes in various cancer types.

The findings underscore the versatility of the Hb/RDW ratio as a prognostic marker,
demonstrating its value in predicting OS, PFS, and EFS. Notably, the association holds
across different cancer subtypes, indicating the potential broad clinical applicability of
this ratio.

Moreover, this review addresses the cost-effectiveness of the Hb/RDW ratio as a
screening tool, contrasting it with more expensive biomarkers. The simplicity and the ac-
cessibility of the Hb/RDW ratio, derived from routine complete blood cell counts, position
it as a practical and valuable option for cancer prognosis.

While focusing primarily on prognosis, this review also acknowledges the diagnostic
potential of the Hb/RDW ratio, especially when combined with other ratios or parameters.
The physiological underpinnings of the ratio are explored, highlighting its dynamic nature
reflecting changes during cancer development.

Despite the compelling findings, this review acknowledges the limitations inherent
in the retrospective nature of the included studies. To address this, we call for future
large-scale, multicenter prospective studies, aiming to standardize the Hb/RDW cut-off
values and to solidify its prognostic value across different cancer contexts.

In summary, the Hb/RDW ratio emerges from this review as a promising, cost-
effective, and easily accessible prognostic and diagnostic tool in cancer. Its versatility,
coupled with mechanistic insights into physiological changes, warrants further exploration
and validation in prospective studies, offering a potential breakthrough in the landscape of
cancer prognosis and patient management.
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6 Discipline of Modern Languages, 3rd Preclinical Department—Complementary Sciences, Faculty of Medicine,
“Carol Davila” University of Medicine and Pharmacy, 37 Dionisie Lupu Street, 020021 Bucharest, Romania;
roxana.sfetea@umfcd.ro

7 Discipline of Surgery and General Anesthesia,“Sf. Ioan” Clinical Emergency Hospital, 2nd Department,
Faculty of Dental Medicine, “Carol Davila” University of Medicine and Pharmacy, 37 Dionisie Lupu Street,
020021 Bucharest, Romania

8 General Surgery Department, “Sf. Ioan” Clinical Emergency Hospital, 13 Vitan-Bârzeşti Road,
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Abstract: Rhabdomyosarcoma is a rare tumor that is diagnosed mostly in children and adolescents,
rarely in adults, representing 2–5% of all soft tissue sarcomas. It has four subtypes that are recognized:
embryonal (50%), alveolar (20%), pleomorphic (20%), and spindle cell/sclerosing (10%). The diagnosis
of rhabdomyosarcoma is based on the histological detection of rhabdomyoblasts and the expression
of muscle-related biomarkers. Spindle cell/sclerosing rhabdomyosarcoma consists morphologically
of fusiform cells with vesicular chromatin arranged in a storiform pattern or long fascicles, with
occasional rhabdomyoblasts. Also, dense, collagenous, sclerotic stroma may be seen more commonly
in adults. We present a rare case of an adult who presented to the hospital with a tumor in the left
inguinal area, was first diagnosed with a left strangulated inguinal hernia and was operated on
as an emergency, although the diagnosis was ultimately a spindle cell rhabdomyosarcoma of the
inguinal region.

Keywords: rhabdomyosarcoma; spindle cell; inguinal; hernia; adult

1. Introduction

Rhabdomyosarcoma is defined as a malignant mesenchymal tumor that has skeletal
muscle differentiation, with four subtypes that are recognized: embryonal (50%), alveolar
(20%), pleomorphic (20%), and spindle cell/sclerosing (10%) [1]. A more detailed classi-
fication includes the botryoid rhabdomyosarcoma, which is a subtype of the embryonal
rhabdomyosarcoma, characteristic of the mucosal surfaces on the walls of hollow organs,

Medicina 2023, 59, 1515. https://doi.org/10.3390/medicina59091515 https://www.mdpi.com/journal/medicina306



Medicina 2023, 59, 1515

such as the vagina, the uterine cervix, the bladder, the biliary tract, or the nasopharynx of
infants [2,3].

Rhabdomyosarcoma is a rare tumor that is diagnosed mostly in children and ado-
lescents, but rarely in adults, representing 2–5% of all soft tissue sarcomas [4]. Around
two-thirds of the cases occur in children younger than 6 years of age [5]. Rhabdomyosarco-
mas account for 3% of childhood cancers and 2% of adolescent cancers and its incidence
makes information regarding its characteristics very limited [6–8].

The diagnosis of rhabdomyosarcoma is based on the histological detection of rhab-
domyoblasts and the expression of muscle-related biomarkers. Despite showing elements
of skeletal muscle differentiation, rhabdomyosarcomas can develop in areas where skeletal
muscle is absent [9].

Following the efforts of the Intergroup Rhabdomyosarcoma Study, Newton and al.
proposed a classification for the prediction of the outcome of patients with various types of
rhabdomyosarcomas (Table 1) [10,11]:

Table 1. Prognosis of various types of rhabdomyosarcoma.

Prognosis Type

Superior prognosis Botryoid rhabdomyosarcoma
Spindle cell rhabdomyosarcoma

Intermediate prognosis Embryonal rhabdomyosarcoma

Poor prognosis Alveolar rhabdomyosarcoma
Undifferentiated rhabdomyosarcoma

Cavazzana et al. first described spindle cell rhabdomyosarcomas in children [12], while
Rubin et al. published the first occurrence of spindle cell rhabdomyosarcomas in adults [13].
Furthermore, Mentzel et al. reported sclerosing pseudovascular rhabdomyosarcoma, an
additional morphological variant of spindle cell rhabdomyosarcoma, in adults [14]. Al-
though initial classifications included the spindle cell/sclerosing rhabdomyosarcoma as
a subtype of embryonal rhabdomyosarcoma [15], it was classified as a separate entity by
the World Health Organization in 2013 [16]. Morphologically, it consists of fusiform cells
with vesicular chromatin arranged in a storiform pattern or long fascicles, with occasional
rhabdomyoblasts. Also, dense, collagenous, sclerotic stroma may be seen more commonly
in adults [1].

We present a rare case of an adult who presented to the hospital with a tumor in the
left inguinal area, was first diagnosed with a left strangulated inguinal hernia and was
operated on as an emergency before diagnosis with a spindle cell rhabdomyosarcoma of
the inguinal region.

2. Detailed Case Description

A 69-year-old male patient, known to have type I obesity, arterial hypertension, and
type II diabetes, for which he takes oral medication, presents to the Emergency Department
of our hospital with a tumor in the left inguinal region. The patient reports that he observed
the tumor several months ago, during which it grew and was accompanied by local pain.

The local clinical exam reveals, in the left inguinal region, a mass of approximately
8/5 cm (cm), that has an increased consistency, adherent to the superficial and profound
planes. Given its location, the pain reported by the patient, and our inability to mobilize
the tumor, we establish an initial diagnosis of a strangulated left inguinal hernia.

A chest X-ray exam reveals right lateral-basal right pleurisy in small quantity, while the
abdominal X-ray exam does not reveal pneumoperitoneum or air-fluid levels. Biologically,
we find hyperglycemia, with a value of 170 milligrams (mg)/deciliter (dL).

We perform an emergency surgical procedure using a left inguinal approach. We
identify a tumoral mass in the inguinal canal, which encompasses the spermatic cord up to
the profound inguinal orifice and modifies the local anatomy, making it difficult to identify
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the normal structures of this area. We are not able to identify a hernia sac, but the certain
exclusion of a strangulated hernia is only made after we perform an additional midline
incision in the lower abdomen, with the endo-abdominal inspection of the inguinofemoral
region. The dissection in the inguinal area is difficult due to the infiltrative characteristic
of the tumor, which also invades the inguinal ligament and is in close vicinity to the
external iliac vessels and the left pubic ramus. Due to the lack of an extemporaneous
histopathological analysis and the impossibility of performing a complete resection of the
tumor without the sacrifice of the left testicle, we limit our procedure to a biopsy from
the tumor.

Subsequently, the patient has a favorable surgical evolution, being discharged on the
fifth postoperative day.

The histopathological examination of the biopsy specimen reveals adipose and muscle
tissue that includes a diffuse infiltrative mesenchymal tumoral proliferation, with a fasci-
culated pattern made by elongated cells, with obvious pleomorphism. Associated with
these elements, a component of multinucleated cells with eosinophilic cytoplasm, of the
rhabdoid type (3 mitoses/high-power-field (HPF)) is observed.

Given the histopathologic result, suggesting a rhabdomyosarcoma, the patient receives
an oncologic evaluation, including one from an expert based in an European Society for
Medical Oncology (ESMO) Sarcoma reference center. The recommendation, taking into
account the age and the associated diseases of the patient, is for a surgical procedure with
microscopic complete resection (R0) if possible, followed by adjuvant radiotherapy and
adjuvant chemotherapy with Doxorubicin.

The patient returns to our department 10 days after the first discharge. A thoracic,
abdominal, and pelvic computer tom ography (CT) is performed, revealing a nodular
tumor with left inguinal topography, imprecisely delimited outline, iodophil, dimensions
of 51/33/73 mm (transverse/anteroposterior/craniocaudal diameters). The lesion is not
distinguishable from the content of the inguinal canal and presents relations posteriorly and
laterally with the external iliac vessels, with a fatty cleavage plane to them, superiorly and
medially with the inferior epigastric vessels, without cleavage plane, invasive medially in
the rectus abdominis muscle, superior and laterally invasive in the transversus abdominis
muscle, and posteriorly and inferiorly in contact with the pectineus muscle. In addition
to these relations the CT reveals a small lymph node of 15/10 mm between the portal
vein and inferior cava vein. It also reveals multiple thyroid nodules and a pseudo-nodular
pulmonary consolidation, with subpleural topography in the posterobasal segment of the
right inferior pulmonary lobe, most probably of atelectatic origin (Figure 1A,B).

Figure 1. Abdominal CT image of the tumor (marked with white arrow) at different levels (A,B).

We perform the surgical procedure, in which we manage to resect the entire tumor
en bloc with the spermatic cord and left testicle, including its invasion in the muscles,
the invasion of the pubic ramus with resection of the periosteum and the dissection from
the left external iliac vessels (Figure 2). Subsequently, the patient has a favorable surgical
evolution, being discharged on the ninth postoperative day.
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Figure 2. The resected tumor en bloc with the left testicle.

The histopathological examination of the resected tumor reveals a spermatic cord,
with the architecture disrupted by malignant mesenchymal tumor proliferation. This has a
nodular, fascicular pattern, in the form of intersecting, confluent bundles, forming extensive
groups of spindle-shaped tumor cells and frequent tumor cells with abundant cytoplasm,
intensely eosinophilic, with nuclei dislocated at the periphery of the cell having a rhabdoid
appearance. In addition, some multinucleated giants can be seen, with marked cytonuclear
atypia, relatively rare mitotic figures, and the presence of atypical mitoses (approximately
5 mitoses/10 HPF), narrow foci of tumor necrosis (<50% of the examined tumor mass),
areas of hemorrhage, siderophagia and polymorphic inflammatory infiltrate with a diffuse
intratumoral and peritumoral disposition. In addition, perineural invasion (PNI+) and
lymphovascular invasion (LVI+) are present (Figure 3A–C). The proximal limit of resection
is free, and the left testicle and epididymis are not invaded by the tumor.

 
(A) 

 
(B) (C) 

Figure 3. The histopathologic aspect of the specimen—optic microscopy, hematoxylin-eosin staining,
magnifying of 4× (A), 20× (B), and 40× (C), respectively.
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The histopathological analysis and the immunohistochemistry tests (Table 2) reveal
a malignant paratesticular mesenchymal proliferation, compatible with a spindle cell
rhabdomyosarcoma.

Table 2. Results of the immunohistochemistry exam.

Immunohistochemistry Marker Result

Vimentin Diffuse and intense positive in the tumoral
proliferation

Myogenic determination gene (MyoD1) Diffuse positive in the tumoral proliferation

Myogenin (Myf-4) Focal positive in the tumoral proliferation

Desmin Focal positive in the tumoral proliferation

Actin Positive in the tumoral proliferation

Epithelial membrane antigen (EMA) Negative in the tumoral proliferation

CD34 Negative in the tumoral proliferation; the presence
of internal control

Ki67 Positive in approximately 25% of the tumoral cells

The patient is evaluated again by the oncologist who recommends a cardiology eval-
uation before starting the adjuvant therapy. The patient receives a transthoracic echocar-
diogram, revealing a normal global ejection fraction, normal aspect of both ventricles with
preserved systolic function, and only mild diastolic dysfunction, but with normal filling
pressures.

About one and a half months after the second surgical procedure, pelvic Magnetic
Resonance Imaging (MRI) is performed (Figure 4A,B), revealing a recent postoperative
aspect in the left inguinal and femoral area, with associated inflammatory modifications.
In addition, it reveals external iliac lymph nodes of a maximum 21/7 mm size on the right
side and 19/6 mm on the left side, and inguinofemoral lymph nodes of a maximum of
13/8 mm in size on the right side and 13/9 mm on the left side. In addition, the pectineal
muscle presents in its 1/3 anterior region a few muscle bundles with modified signal
(short tau inversion recovery (STIR) hypersignal), gadolinium enhancement—inflammatory
modifications or tumor invasion, as well as a few satellite lymph nodes of maximum
7/6 mm in size.

Figure 4. Postoperative MRI aspect of the left inguinal area—axial sections at different levels showing
inflammatory modifications (A) and several lymph nodes (B).

Shortly after the MRI exam, the patient undergoes radiotherapy for a month and
a half, with external radiation in two areas at a planned target volume (PTV): left in-
guinal region (PTV1) and tumor bed (PTV2). The total dose for PTV1 was 50 Grays (Gy)
(25 fractions of 2 Gy, 5 days a week, conventional fractionation), using arc therapy with
volume modulation of intensity (IMRT-VMAT technique). The total dose for PTV2 was
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66 Gy (33 fractions of 2 Gy, 5 days a week, conventional technique), using the IMRT-VMAT
technique (Figure 5A–C).

Figure 5. Sections of external radiation areas: clinical target volume (CTV) 1—red (50 Gy); PTV1—
dark blue (50 Gy); CTV2—green (66 Gy); PTV2—purple (66 Gy); axial (A), coronal (B) and sagittal
(C) sections. Sky blue, pink, yellow and orange have no clinical significance in this case.

A week after the completion of the radiotherapy, a CT scan of the thorax, abdomen
and pelvis is performed, showing no suggestive CT signs for local left inguinal tumoral
recurrence and no lumbar-aortic or pelvic suspect lymph nodes (Figure 6A,B).

Figure 6. CT scan aspect, over three months after the tumor resection, at various levels, axial
sections (A,B).
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After the insertion of a port-a-cath, 5 months after the resection of the tumor, the
patient undergoes six sessions of chemotherapy with Doxorubicin 60 mg/m2, one dose
every 3 weeks.

Interspersed with the chemotherapy sessions, 6 months after the surgical procedure,
the patient undergoes a positronic emission tomography (PET-CT).This reveals: a few
lymph nodes with low uptake for fluorodeoxyglucose (F18-FDG) located on the right
side of the trachea (not suggesting oncological lesions), encapsulated pleural fluid with
pachypleuritis and atelectasis, diffuse enhanced uptake of the mentioned substance in
the colon in the context of the oral antidiabetic treatment, and left inguinal modifications,
diffuse and with minimal uptake. The conclusion of the PET-CT is that there are no active
metabolic lesions with oncologic interest (Figure 7A,B).

Figure 7. Postoperative PET-CT aspect, at different levels—axial sections (A,B).

After the chemotherapy, two more thoracic, abdominal, and pelvic CT scans are
performed, as well as a head CT scan, with no evidence of tumor relapse or metastases,
with the most recent being made just a few days before the submission of this research.

At present, 15 and a half months after the resection of the rhabdomyosarcoma, the
patient is in good condition, monitored closely, and presenting with an incisional hernia
at the site of the abdominal midline incision, which we will repair after the oncological
assessment.

3. Discussion

Spindle cell/sclerosing rhabdomyosarcoma represents 3–10% of rhabdomyosarcomas,
affecting infants, children, and adults (ICD-O coding—8912/3) [17]. Studies show a strong
predilection for young patients, with a mean age of around 7 years [15,18]. It affects both
sexes, but some studies report a male preponderance with a ratio of 6:1 [19,20], while
the presence of the MYOD1-mutant genetic subtype reveals a decreased male-to-female
ratio [21].

In contrast to the spindle cell rhabdomyosarcoma in children and adolescents, where
the most commonly affected region is the genitourinary tract and the orbital area, the main
location of the spindle cell rhabdomyosarcoma in adults is in the head and neck region
(except the orbital area) and the deep soft tissue of the extremities [22–25]. In addition,
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although they have a better prognosis compared to other subtypes of rhabdomyosarcoma,
spindle cell rhabdomyosarcoma tumors are very aggressive and associated with a poor
prognosis in adults, compared to this subtype of tumors in children [14,26].

The particularity of our patient was the unusual age of discovery for this subtype
of rhabdomyosarcoma and the location of the tumor, mimicking a strangulated inguinal
hernia that forced us to perform an emergency surgical procedure at that moment.

Regarding the pathogenesis of spindle cell rhabdomyosarcoma, several groups have
been described:

- Spindle cell/sclerosing rhabdomyosarcoma with a somatic activating mutation of the
MYOD1 gene at position Lys122 that can be homo- or heterozygous. The mutated
gene interacts with the MYC oncogene. This subtype can be encountered both in
children in adults, being characterized by a poor prognosis, especially in children and
adolescents, with the latter group age presenting a characteristic mutation of MyoD1
p.Leu122Arg [21,27,28];

- Variants with a rearrangement in the VGLL2/NCOA2 genes, that occur in children
under the age of five or as congenital neoplasms. The prognosis is good, but with a
high risk of local recurrence [16,29];

- Patients with spindle cell rhabdomyosarcoma developing in their bones, with EWSR1/
FUS-TFCP2 or MEIS1-NCOA2 translocations. The presence of these mutations in
adults has a very poor prognosis [30–35];

- Cases that do not have the alterations described above, encountered most commonly
around the area of the testis or within the abdominal cavity [36];

- Patients with spindle cell rhabdomyosarcoma without molecular alterations [27].

Spindle cell/sclerosing rhabdomyosarcoma appears as a variably circumscribed tumor,
with a size ranging between 1.5 and 35 cm. It shows a white-to-tan surface with a whorled
appearance. Necrosis and cystic degeneration can also be present [17].

Histopathologically, spindle cell rhabdomyosarcoma is identified by cellular fascicles
in spindle cells, with an intersecting or herringbone growth pattern, similar to fibrosarcoma
or leiomyosarcoma. The spindled cells have pale eosinophilic cytoplasm and blunted,
fusiform or ovoid, centrally located nuclei with small undistinguished nucleoli. Hyperchro-
matic nuclei, mitotic figures, and nuclear atypia are often present. In addition, primitive
undifferentiated areas with round cells and hyperchromatic nuclei can also be present
focally. Tadpole or strap cells, rhabdomyoblasts with elongated eosinophilic tails with
cross-striations, can sometimes be identified [17]. Sclerosing rhabdomyosarcomas have
prominent sclerosis/hyalinization, with tumor cells in various arrangements:cords, nests,
microalveoli, or trabeculae in pseudovascular growth pattern. Areas with sclerosis may
mimic osteosarcoma due to the extensive formation of the matrix [12,14,21,23,36]. In-
traosseous spindle cell rhabdomyosarcoma, described recently, presents, apart from the
typical spindle cell morphology, as areas of distinctly epithelioid cells arranged in fascicles
and sheets [29,30,33].

Immunohistochemically, spindle cell/sclerosing rhabdomyosarcoma is characterized
by the diffuse expression of desmin in all cases, with only the focal expression of myogenin
(Myf-4) in most cases. MyoD1 staining can be diffuse or focal in the spindle cell tumors, but
it is usually present in a diffuse pattern in sclerosing cases. Staining for smooth muscle actin
(SMA) and muscle-specific actin (MSA) is usually absent. In addition, a positive result in
cytokeratin and anaplastic lymphoma kinase (ALK) can be seen in the intraosseous spindle
cell rhabdomyosarcoma [17].

According to the acknowledged histopathological description of spindle cell rhab-
domyosarcoma, histopathological examination of the resected specimen in our patient
revealed extensive groups of spindle-shaped tumor cells and frequent tumor cells with
eosinophilic cytoplasm, with nuclei of rhabdoid appearance. At the immunohistochemical
exam: desmin was focally positive, MyoD1 was diffuse positive, myogenin was focally pos-
itive, and, atypically, actin was positive in the tumoral proliferation. Furthermore, vimentin
was diffuse and intensely positive, while Ki67 was positive in approximately 25% of the

313



Medicina 2023, 59, 1515

tumoral cells in our patient. Various published cases in the literature have shown variable
values of Ki67 expression. Kacar et al. presented a case of spindle cell rhabdomyosarcoma
with a Ki67 proliferation index < 2% [37], Jakkampudi et al. published a case with positivity
of 40–50% for Ki67 [19] and Zhao et al. described a series of cases diagnosed with spindle
cell/sclerosing rhabdomyosarcoma in which the proliferative index Ki67 varied from 15%
to 80% [38]. The markers EMA and CD34 were negative in tumoral proliferation. Also,
characteristically, spindle cell rhabdomyosarcoma has a negative expression for caldesmon,
S-100 protein or glial fibrillary acidic protein (GFAP) [39], but the immunohistochemical
examination for our patient did not include these markers.

Rhabdomyosarcoma should be treated by a multidisciplinary team. Surgery is the
basic therapeutic option for these patients, regardless of the risk group to which they belong.
It should first be considered after diagnosis with the intent of complete resection of the
tumor and obtaining microscopically radical surgical margins—R0 [27,40]. If metastases
to lymph nodes are present, radical radiotherapy is used, but given the complications
of radiotherapy, a histopathological examination of the lymph nodes should be made
to exclude a reactive, non-neoplastic lymphadenopathy. Sparring treatment is usually
preferred in case of the involvement of extremities.

In the case of our patient, we resected the recommended 5 cm of normal tissue cranially
to the tumor and the histopathological result revealed a tumor-free limit of resection.
Distally, we were forced to perform a left orchiectomy, with the histopathological analysis
revealing no invasion of the left testicle and epididymis. Circumferentially, the limit of 5 cm
could not be achieved because of the particular area involved, the inguinal canal, but we
managed to perform a complete resection of the tumor after dissecting it from the external
iliac vessels and a resection of the pubic ramus periosteum.

Radical radiotherapy should be considered in the case of extensive local tumoral
invasion without the possibility of radical surgery, or in the case of other contraindications
for surgical treatment [4,27,41]. Depending on the localization and clinical group (radical
radiotherapy or supplementary radiotherapy after the surgical procedure), the total doses
for radiotherapy vary between 50 and 65 Gy, with individual, personalized regiments for
each patient, also taking into account the age of the patient [42,43].

Regarding chemotherapy, adding neoadjuvant and adjuvant therapy to the patients
with metastases obtained a from 60% to 90% 5-year survival. In patients over 16 years
of age and adults, the results were determined to be worse, with a 5-year survival of
only 30–40% [27]. Various chemotherapy drugs are used, either in monotherapy or in
association with two or three drugs: Vincristine, Doxorubicin, Ifosfamide, Dactinomycin,
Cyclophosphamide, Actinomycin, and Etoposide. The subject of adjuvant and neoadjuvant
radiotherapy and chemotherapy is one of actuality and several research studies are trying
to determine the optimal protocols for the treatment of these tumors [36,44–48].

After finishing the oncological treatment, the patient should be observed carefully.
The recommended procedure involves a physical examination and imaging studies such
as CT and MRI of the primary localization, and CT of the chest, abdomen, and pelvis.
Medical evaluation should take place every three months for the first two years, then every
six months for the next three years, and subsequently once a year [27].

The most important factors for predicting the overall survival in patients with spindle
cell rhabdomyosarcoma are the presence of metastatic disease at the first evaluation, tumor
size, obtaining a negative margin status after primary surgical resection, and the response
to chemotherapy [22,24,44].

In our case, after the complete surgical resection of the tumor, the patient responded
well to radiotherapy and chemotherapy, whilst being closely monitored clinically and
imagistically by multiple CT scans of the chest, abdomen, and pelvis, a pelvic MRI, and a
PET-CT scan. These images showed no tumor relapse up until this moment, 15 months
after the surgery.
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4. Conclusions

Spindle cell rhabdomyosarcoma is a rare form of malignant mesenchymal tumor that
occurs especially often in children and adolescents. In adults, especially the elderly, the
presence of this type of tumor in the inguinal area is very uncommon and may come as a
surprise, due to its resemblance to a complicated inguinal hernia.

The management of these cases is complex and involves the complete surgical resection
of the tumor when possible, and associated radiotherapy and chemotherapy, as well as a
strict follow-up, with frequent clinical and imagistic evaluations.
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Abstract: Relapsed acute lymphoblastic leukemia (ALL) represents a continuous challenge for the
clinician. Despite recent advances in treatment, the risk of relapse remains significant. The clinical,
biological, cytogenetic, and molecular characteristics may be different at the time of relapse. Current
comprehensive genome sequencing studies suggest that most relapsed patients, especially those
with late relapses, acquire new genetic abnormalities, usually within a minor clone that emerges
after ALL diagnosis. We report the case of a 23-year-old young woman diagnosed with Philadelphia
chromosome-negative B cell acute lymphoblastic leukemia. The patient underwent allogeneic stem
cell transplantation (allo-HSCT) after complete remission. Despite having favorable prognostic factors
at diagnosis, the disease relapsed early after allo-HSCT. The cytogenetic and molecular exams at
relapse were positive for the Philadelphia chromosome, respectively for the Bcr-Abl transcript. What
exactly led to the recurrence of this disease in a more aggressive cytogenetic and molecular form,
although there were no predictive elements at diagnosis?

Keywords: acute lymphoblastic leukemia; Philadelphia chromosome; relapse; allogeneic stem
cell transplantation

1. Introduction

Acute lymphoblastic leukemia (ALL) is the most common childhood cancer, but is
less common in adolescents and young adults (AYA) and is rare in older adults. AYA is an
age between 15 and 49 years, depending on the study. Patients with B precursor ALL-AYA
are known to have worse outcomes and more treatment-related toxicities compared with
children. The 5-year survival rate of ALL is higher than 90% in children [1], but falls
significantly to 60–85% in adolescents and young adults ([2], pp. 3660–3668) and to less
than 30% in older adults [3].

In terms of clinical and biological characteristics and response to treatment, AYA-ALL
differs from the pediatric ALL population. Lower event-free and survival rates in AYA
patients are due in part to unfavorable tumor biology. Although survival of adolescents and
young adults with acute lymphoblastic leukemia has improved with the use of pediatric-
inspired protocols [4], the results of those who relapse remain poor.

The Philadelphia chromosome (Ph) is the most common cytogenetic abnormality in
adult patients with acute lymphoblastic leukemia, occurring in about 20% to 30% of all
cases [5]. The incidence increases with age and represents the most common form of ALL
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in the elderly population and is therefore a relatively rare event in AYA (less than 20%) [6].
Patients with Ph-positive ALL are at increased risk for central nervous system (CNS)
involvement and an aggressive clinical course. Historically, they have had worse outcome
compared to their Ph-negative counterparts [7]. However, the outcomes of patients with
Ph-ALL have changed dramatically with the addition of tyrosine kinase inhibitors (TKI) to
cytotoxic chemotherapy, increasing the rate of complete response to as high as 90% [8].

Risk stratification by cytogenetics and molecular genetics reflects the prognostic heterogene-
ity of ALL that determines which patients are at a high risk of relapse and should be considered
for more intensive treatment strategies, including allogeneic stem cell transplantation.

Also, minimal residual disease (MRD) assessment plays a central role in risk stratification
and treatment guidance in patients with ALL. MRD assessment is of extreme prognostic
importance, as MRD is one of the most important risk factors for relapse, as confirmed by
multivariate prognostic analyses in many studies [9]. Measurable residual disease is the
amount of cancer cells that remain after therapy. MRD is not a classic biomarker, but a
measure of actual disease burden. Patients with morphologic complete remission (CR) may
also have MRD. Laboratory techniques for MRD testing in ALL provide a higher degree of
sensitivity and specificity than morphology. Current MRD testing includes flow cytometry
(FC), polymerase chain reaction (PCR), and more recently, next-generation sequencing (NGS).
MRD assessment by FC has a sensitivity of 10−4 (standard) to 10−5, by PCR a sensitivity of
10−4 to 10−5, while the NGS method has the highest sensitivity, at 10−6.

Various studies show that the lower the level of MRD before HSCT and the better
the results, the lower the risk of relapse [10]. However, it is still unclear what is the best
treatment approach in case of MRD positivity. Early systemic relapses, occurring within
the first 12 months after allogeneic hematopoietic stem cell transplantation, have a poor
prognosis with a median survival of 7.4 months and a long-term survival rate of only
20–30% [11].

Although therapy for ALL has made great strides in recent years, relapses are still
present in a high percentage of cases and present a challenge to the clinician. Identification
of predictive risk factors for relapse is necessary at diagnosis and it is also necessary to
evaluate them during the development and treatment of the disease.

The case of ALL, presented below, represents a rarer situation of early relapse after
bone marrow transplantation, involving the occurrence of a cytogenetic change with an
unfavorable prognosis that was not present at diagnosis. It was a challenge to identify the
possible factors that could have caused this rather atypical relapse(Figure 1).

Figure 1. Evolution of disease. CMMR = complete medullary morphological remission;
MRD = minimum residual disease; Allo-HSCT = allogeneic hematopoietic stem cell transplanta-
tion; Cz Ph = Philadelphia Chromosome.
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2. Presentation

We discuss the case of a 21-year-old woman who came to the emergency department
with altered general condition, fatigue, loss of appetite, cough, fever, and purpura. Her med-
ical history was irrelevant. Laboratory findings on admission revealed life-threatening ane-
mia (a hemoglobin of 2.3 g/dL), severe thrombocytopenia (a platelet count of 24 × 109/L),
and a normal leukocyte count of 6.8 × 109/L. In the peripheral blood smear (PBS), we found
6% medium-sized blasts with a morphological aspect suggestive of lymphoblasts (ALL-1,
according to the FAB classification). Bone marrow examination revealed involvement of
38% blasts similar to those described in PBS.

Immunophenotyping by flow cytometry from bone marrow aspirate identified 33%
cells with the following aspect: SSC low, CD34+, cMPO-, cCD79a+, cCD3-, CD3-, CD7-,
CD117-, CD13-, CD33-, CD10+ (CALLA), CD19+, CD20-, sIgM kappa, lambda-, CD66c-
(KOR-SA), NG.2-, CD123-, cTdT-, CD58-. The described are based on the diagnosis of acute
B-cell lymphoblastic leukemia, positive for CALLA, not otherwise specified, according to
the 2016 World Health Organization (WHO) criteria.

Cytogenetic examination carried out on 10 metaphases revealed that there were no
numerical or structural alterations in chromosomes at this level of resolution (it should be
noted that the cellularity of the bone marrow aspirate was low). In addition, a molecular
study was performed that did not detect the Bcr-Abl transcript or the MLL fusion gene.

At the time of diagnosis, the patient had no neurologic signs or symptoms. Cere-
brospinal fluid (CSF) studies and imaging also did not describe central nervous system
(CNS) involvement.

Taking into account the available data—young age, normal white blood cells, precursor
of the B lineage, positive for CALLA (CD10+), no evidence of CNS involvement, and no
Philadelphia chromosome—we classified the patient in a standard risk group.

Based on the preponderance of the data presented in the review, the best therapeutic
approach for this patient would be intensive pediatric treatment. We decided to treat
according to the Berlin-Frankfurt-Münster (BFM) protocol because we knew the following
data from the literature. The BFM 2000 protocol consisted of the following stages: induction
(prednisone, vincristine, daunorubicin, PEG -asparaginase, intrathecal methotrexate), early
intensification (cyclophosphamide, cytarabine, 6-mercaptopurine, intrathecal methotrex-
ate), consolidation (combination of dexamethasone, vincristine, vindensine HD-cytarabine,
HD-methotrexate, cyclophosphamide, ifosfamide, PEG–asparaginase, etoposide, intrathe-
cal therapy), and re-induction therapy (dexamethasone, vincristine, doxorubicin, PEG–
asparaginase, cyclophosphamide, cytarabine, 6-thioguanine), followed by maintenance
(6-mercaptopurine, methotrexate).

The patient achieved complete morphological marrow remission immediately after
the induction phase. After the reinduction phase, i.e., 9 months after the start of treatment,
the patient was still in complete morphologic remission, without CNS damage, but with
the presence of minimal residual disease of less than 0.1% as determined by flow cytometry.
It should be noted that no major infectious or hemorrhagic complications or other severe
toxicities occurred during chemotherapy according to the BFM protocol, except for grade
2–3 hepatic cytolysis, which was controlled by hepatoprotective treatment.

At this time, the patient underwent allo-HSCT from a matched related donor, knowing
that MRD is the most important prognostic information and decision support for allocation
to allogeneic hematopoietic stem cell transplantation. The procedure was successful,
with no major complications and no graft-versus-host disease (GVHD). Chemotherapy-
based myeloablative transplant conditioning regimens were applied without total body
irradiation (TBI) for technical reasons. Six months after allo-HSCT, the patient was in
complete remission, with negative MRD and 100% chimerism.

After another three months, the patient came to the scheduled follow-up in good
general condition. However, PBS revealed a recurrence of blast cells, which raised suspicion
of relapse of the disease. We performed a reexamination to determine the current state
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of the disease. Morphologically, the blasts had a similar appearance to that at diagnosis
(ALL-1). The bone marrow aspirate showed the presence of 85% lymphoblasts.

The immunophenotypic aspect of the bone marrow blast cells showed some changes
from the time of diagnosis, namely the positivity of the CD66c marker (KOR-SA), indi-
cating the likelihood of the presence of the Philadelphia chromosome (Figure 2). This
suspicion was confirmed by the result of the cytogenetic and molecular examinations.
The Philadelphia chromosome was detected in 34% of the analyzed 10 metaphases. In
45.1% of malignant cells, molecular analysis identified the Bcr-Abl e1a2 transcript (m-Bcr)
corresponding to protein p190. An examination of the central nervous system was also
performed, and no relapse was found at this level.

 

Figure 2. Immunophenotypic expression of KOR-SA at diagnosis versus relapse. In blue: CD19+
blasts (and CD34+). In violet: granulocytes as internal control (almost absent at diagnosis due to the
hypocellular marrow sample and consequently few events).

At this point, in the face of a relapse with the presence of the Philadelphia chromosome,
we decided to initiate treatment with dasatinib, knowing that this TKI has the advantage
of preventing CNS involvement. The selected dose of dasatinib was 70 mg/day. Given
the corticosteroid sensitivity the disease exhibited at the time of diagnosis, dexamethasone
therapy was also administered.

After only 3 days of TKI treatment, we observed the disappearance of blast precursors
from peripheral blood. The occurrence of grade 2–3 liver toxicity was noted, which required
the interruption of TKI treatment. Complete remission of liver toxicity occurred after 7 days
of dasatinib treatment. Subsequently, TKI was administered again, but at a dose reduced to
50 mg/day. It should be mentioned that there were no other toxicities, either hematologic
or nonhematologic of higher magnitude, that would require interruption of treatment.

Very quickly, after another week of treatment with dasatinib, bone marrow evaluation
already showed morphologic remission and Bcr-Abl transcript was no longer detected. It
should be noted that the sample studied was from peripheral blood and the number of
copies was reduced.

At this time, the patient is on treatment with dasatinib 3 months after relapse after
bone marrow transplantation, with maintenance of morphologic and molecular remission,
and is awaiting CAR-T therapy as a bridge to a second bone marrow transplantation.

3. Discussion

AYA with ALL represent a special subset of patients compared with the pediatric or
adult population.

Although the survival rate for most children with ALL is now 90%, older adolescents
and young adults historically have a much worse prognosis, with an event-free survival
rate (EFS) of only 30% to 45% [12].
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Over the past decade, treatment outcomes for AYA patients have improved with a
disease-free survival rate of 60% to 70% when treated with pediatric approaches [13].

The superiority of pediatric approaches for the AYA population has now been demon-
strated in several retrospective analyses, with higher complete remission rates, higher event-free
survival, lower risk of relapse, and with comparable rates of nonrelapse mortality.

However, the number of cases of AYA-ALL that relapse remains high and is a challenge.
This case of acute lymphoblastic leukemia with a precursor of the B lineage, Ph-

negative, with early relapse less than one year after HSCT (although the initial features
of the disease placed the patient in a low-risk group) raises several questions. There are
certain biological characteristics that influence treatment response and survival.

In our case, the biological, morphological, immunophenotypic, cytogenetic, and
molecular characteristics at the time of diagnosis were not predictive of relapse. Certain
characteristics of blast cells might allow predictions of the presence of certain genetic or
molecular alterations and of the prognosis. It is well known that the expression of the
markers CD66c [14], CD33 [15] or CD13 [16] can be correlated with the presence of the
Philadelphia chromosome. NG2 (neuronal glial antigen 2) also has predictive value for MLL
rearrangements [17]. In our case, the absence of the Philadelphia chromosome, the BCR-
ABL1 fusion gene, and the absence of the MLL gene was later confirmed by cytogenetic
and molecular studies. The presence of CALLA provides a good prognosis for the disease.

On the other hand, the pattern of ALL cytogenetics at AYA differ from that of the
pediatric population. For example, a newly recognized unfavorable risk entity, BCR-ABL1-
like (Ph-like) ALL, describes a category of B cells in ALL characterized by gene expression
profiles similar to those of BCR-ABL1 ALL but lacking BCR-ABL1 translocation [18]. The
incidence of Ph-like ALL appears to peak in adolescents, with a prevalence of nearly 30%
(compared with 10% in children and 20–25% in older adults), and Ph-like ALL is associated
with a poor prognosis across the age spectrum [19].

Overall, the lower incidence of cytogenetic abnormalities associated with favorable
outcome, combined with the higher proportion of patients with low-risk genetic features,
such as Ph+ and Ph-like ALL, in AYA patients contributes to their poorer survival compared
with children. In our case, this evaluation of the presence or absence of this genetic
abnormality could not be performed.

The choice of treatment was made with knowledge of the data from the literature,
which states that the patients with AYA-ALL treated with the BFM protocol had high overall
survival (OS) and complete remission (CRD) rates and tolerated this pediatric regimen
with acceptable toxicity. The OS and CRD rates were comparable to those achieved with
hyper-CVAD, an adult leukemia therapy ([2], pp. 3589–3754)

The persistence of minimal residual disease at the end of chemotherapy led to the
indication of bone marrow allotransplantation. When feasible, allogeneic HSCT is prefer-
able to standard intensive pediatric chemotherapy in MRD-positive patients to reduce the
risk of relapse and increase survival from ≤25% without HSCT to approximately 45–55%
(GMALL, NILG, GRAALL studies, reviewed by Bassan et al.) [9].

However, 9 months after bone marrow transplantation, the patient relapsed with a
new chromosomal change (Philadelphia chromosome) compared to the time of diagno-
sis, although 9 months after transplantation, minimal residual disease was negative and
chimerism was 100%.

Measurement of donor chimerism using peripheral blood and/or bone marrow sam-
ples is an alternative method for detecting residual or impending disease recurrence.
Assessment of donor chimerism may be particularly valuable in patients for early detection
of impending relapse when a reliable MRD marker has been lost and/or cannot be deter-
mined after transplantation [20]. Data suggest that the relevance of low MRD positivity
after allo-HCT depends on the time elapsed since transplantation. In a study of pediatric
patients, the longer the time has elapsed from the time of transplantation, the higher the
risk of treatment failure in the presence of low-level MRD [10].
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Several hypotheses can be considered that underlie the relapse of the disease: Was
there a dormant clone that could not be identified at diagnosis that escaped immune system
control? Is this mutation acquired during the development of the disease or is it secondary
to treatment? Could possible contamination by the donor also be considered? Did the use
of a myeloablative conditioning regimen in TBI potentially favor relapse?

In view of all this, the question arises of whether it would not be more effective to
include TKIs in treatment in prophylactic doses and after certain clinical trials, starting
from the diagnosis of ALL.

Relapse after allo-HSCT in patients with ALL has a poor prognosis. However, in mod-
ern times, outcomes and management of this group of patients have improved. The advent
of immunotherapy, deep insights into the molecular mechanisms leading to resistance, and
the discovery of new targeted therapies have led to numerous clinical trials and provide
new hope for this patient group.

4. Conclusions

The Philadelphia chromosome is the most common cytogenetic alteration associated
with acute lymphoblastic leukemia. It leads to an unfavorable prognosis for the disease.
However, the introduction and development of TKIs have improved response rate and
survival in this disease. The Philadelphia chromosome may be present at diagnosis or may
occur later in the course of the disease and contribute to relapse of the disease.

It is extremely important that, in the case of acute leukemia relapse but also throughout
the evolution of the disease, a complete and thorough reevaluation, both morphological
and immunophenotypic, as well as cytogenetic and molecular, is carried out, because there
may be acquisitions of new changes compared to the time of diagnosis, which require other
targeted lines of treatment.
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Abstract: Different cancers have multiple genetic mutations, which vary depending on the affected
tumour tissue. Small biopsies may not always represent all the genetic landscape of the tumour. To
improve the chances of identifying mutations at different disease stages (early, during the disease
course, and refractory stage), liquid biopsies offer an advantage to traditional tissue biopsy. In
addition, it is possible to detect mutations related to metastatic events depending on the cancer types
analysed as will be discussed in this case report, which describes a patient with brain metastasis and
lung cancer that harboured K-RAS mutations both in the brain tumour and in the ctDNA present in
the bloodstream.

Keywords: brain metastases; lung hepatoid adenocarcinoma; K-RAS; liquid biopsy; ddPCR

1. Introduction

The minimally invasive technique known as liquid biopsy can detect tumour-derived
biomarkers in body fluids such as in blood. Circulating tumour DNA (ctDNA) refers to
DNA of tumour origin, and being cell-free [1]. In fact, there are two sources of DNA that
can be noninvasively assessed in blood circulation: cell-free circulating DNA (cfDNA) and
the tumour-derived DNA fraction (ctDNA). They consist of small fragments of nucleic acid
that are not associated with cells or cell fragments, and several studies have shown that
ctDNA is present in advanced neoplasia [2]. This probably occurs because of apoptosis,
cell necrosis, and active tumour secretion since tumour cell division occurs faster than
normal cell division [3]. Thus, analysis of ctDNA is considered helpful in the prognosis,
identification of alterations in different genes, selection of targeted therapies, and disease
monitoring in cancer [4]. In addition, apart from blood (serum or plasma), sources of
cfDNA/ctDNA include urine, saliva, cerebrospinal fluid, seminal fluid, and pleural fluid
samples [3,5].

Plasma offers the possibility to give crucial molecular information via the analysis
of ctDNA to detect cancer-related mutations in distinct tumour types, such as already
described in the profiling of lung, colorectal, brain, and breast tumours, showing a promis-
ing perspective for clinical monitoring [6–9]. The first Food and Drug Administration
(FDA) approval of a ctDNA liquid biopsy test occurred in 2016, being developed to detect
epidermal growth factor receptor (EGFR) gene mutations in patients with non-small-cell
lung cancer (NSCLC) as a companion diagnostic test. In recent years, multigene panel
assays of liquid biopsy have been approved as companion diagnostics taking advantage of
NGS methods for sequencing analyses [10]. The European Society for Medical Oncology
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(ESMO) guidelines recommend validated liquid biopsies for genotyping of patients with
advanced cancer even when tissue-based testing remains the gold standard procedure, due
to limitations of ctDNA assays in detecting certain molecular alterations [11]. Nevertheless,
ctDNA analysis is an important choice when tissue biopsies are not possible [11].

The anatomical site of tumours was shown to correlate with variable amounts of
ctDNA levels in plasma, with brain tumours showing the lowest levels probably due to
the presence of the blood−brain barrier (BBB) [2,12]. The brain is composed of unique
cells that perform tissue-specific functions (e.g., neurons, astrocytes, oligodendrocytes, etc).
Brain tumours are heterogeneous, and depending on the tumour type, are considered
among the most lethal, such as glioblastoma [13]. Brain metastases are one of the most
frequent intracranial lesions, which develop via tumour cells passing from the bloodstream
to the central nervous system through the breakdown of the BBB, resulting in distribution
throughout the central nervous system, especially in areas of blood flow [14].

The colonisation of tumour cells from the primary tumour site into distant organs
results in the formation of metastatic tumours. With regards to frequent metastatic sites
in the body, usually the most common are the lung, liver, and brain, which were shown
to present organ-specific patterns, brain metastases being one of the most lethal among
them [15]. When comparing the genetic landscape of primary versus metastatic tumours,
some studies have reported genetic heterogeneity in paired primary tumours and brain
metastases [16], while others revealed high similarity among them [17]. In that sense,
through the search for ctDNA mutations in different brain cancer patients that undergo
surgery in our Institute, we detected K-RAS mutations in one patient’s plasma sample. This
was unusual since K-RAS mutations are not frequently found in primary brain tumours but
are, for example, commonly present in lung tumours, being also considered a therapeutic
target in lung cancer. A recent study showed that in 242 gliomas analyzed for RAS gene
alterations, only 3 showed K-RAS mutations confirming its infrequency [18]. Therefore, we
gathered both molecular and clinical information to report this case.

The patient arrived at our Institute, transferred from an emergency care unit with an
image of an expansive lesion on her occipital and parietal lobe and an infiltrative lesion
on the occipital bone. After careful evaluation of the patient’s clinical and molecular data,
the case described in this report was considered to represent an interesting example of
the importance of liquid biopsy being performed alongside conventional biopsy. This
case study was approved by the Human Ethics Committee of the Instituto Estadual do
Cérebro Paulo Niemeyer (protocol No CAAE 90680218.6.0000.8110). The patient’s case will be
discussed in this article as follows.

2. Case Report

A female, sixty-year-old patient presented with syncope, a history of headache, paresis
in the right side of the body, and an occipital bulge with progressive growth in the past
nine months. After being admitted to the first hospital, she underwent a chest x-ray that
showed a pulmonary mass on the left side (Figure 1). Regarding clinical history, the patient
was an ex-smoker with a smoking load of 1 pack/year for 40 years, with systemic arterial
hypertension, dyslipidaemia, and a history of an acute heart infarct treated with stent
placement 2 years before. No further investigation was performed at that time. She was
then transferred to the Instituto Estadual do Cérebro Paulo Niemeyer (Rio de Janeiro, Brazil)
for further evaluation and surgical programming.

A brain CT scan revealed a parietal-temporal-occipital (PTO) lesion and a transcranial
tumour (Figure 2). She underwent the surgical procedure to remove both lesions resulting
in deficit improvement.

The histopathological analysis was also performed and revealed an epithelial neoplasia
composed of cells with rounded, vesicular nuclei and eosinophilic cytoplasm, forming
glands. There were extensive areas of necrosis. Immunostains (Figure 3) showed positivity
for cytokeratin 7 (CK7), with cytoplasmic and nuclear positivity for thyroid transcription
factor 1 (TTF1), cytoplasmic positivity for both napsin A, and hepatocyte antigen (Hep-
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Par). Cytokeratin 20 was not expressed by tumour cells. The immunoprofile favoured a
metastatic adenocarcinoma with hepatoid features.

 
Figure 1. Chest X-ray showing a round mass in the upper lobe of the left lung (indicated with an
arrow) suggestive of lung cancer (D in the image means right side).

We next investigated whether the ctDNA in the patient’s plasma could be detected and
analysed using Droplet Digital PCR (ddPCR) following the methodology described in our
previously published study [19]. Briefly, presurgical plasma samples were obtained and
analysed for the presence of ctDNA via ddPCR using Bio-Rad’s mutation-specific assays
(i.e., Bio-Rad’s ddPCR G12/13 screening kit able to detect seven KRAS mutations: G12A,
G12C, G12D, G12R, G12S, G12V, G13D). The liquid biopsy revealed the presence of K-RAS
mutations in the samples analysed, which could be any of the G12/13 mutations detected
in the assay. The two-dimensional scatter plot shows blue and orange dots representing,
respectively, mutant-only and wild-type plus mutant K-RAS ctDNA in the patient’s plasma
(Figure 4A), with a mutation frequency of 1.2%. In addition, we performed the same analy-
sis on the patient’s tumour sample that was removed during surgery followed by formalin
fixation and paraffin embedding. Interestingly, we found the same K-RAS mutations tested
in the plasma sample, but at a much higher rate, 68.8% (Figure 4B).
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Figure 2. Computer tomography (CT scan) of the brain showing pre- (A) and postoperative im-
ages (B). (A) CT scan with venous contrast showing an intra-axial lesion on the occipital/parietal
lobes and an infiltrative transcranial lesion in the occipital bone. (B) Postoperative image of both
intracranial and transcranial lesions.

 
Figure 3. Histopathologic analysis of the brain metastasis tumour sample. Hematoxylin and
eosin-stained histological sections show adenocarcinoma, comprised cells with increased nu-
clear/cytoplasmic ratio and prominent nucleoli forming glands (A). Neoplastic cells display strong
cytoplasmic positivity for cytokeratin 7 (B), strong cytoplasmic positivity for HEP-PAR (C), and both
nuclear and cytoplasmic staining for TTF1 (D). Magnification: 300×.
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Figure 4. Two-dimensional scatter plot presenting four clusters obtained with mutant K-RAS and
its wild-type allele. (A) Analysis of ctDNA extracted from patient’s plasma. (B) Analysis of ctDNA
extracted from patient’s brain tumour mass. In both graphs (A,B), the fluorescence of channel 1
(FAM) is plotted against the fluorescence of channel 2 (HEX) for each drop (colour: blue, black,
orange, or green). Drops are grouped into the following groups: FAM negative, negative HEX
(doubly negative drops—black marking); FAM positive, HEX negative (positive drops for the sam-
ple with mutation—blue marking); FAM negative, HEX positive (positive drops for wild-type
sample—green marking); FAM positive, HEX positive (doubly positive drops, containing both wild-
type and mutated DNA—orange labelling). The ddPCR™ KRAS G12/G13 Screening Kit (Bio-Rad’s
catalogue number 1863506) detects seven K-RAS mutations: G12A, G12C, G12D, G12R, G12S, G12V,
G13D (blue labelling), without discriminating each one of them.

3. Discussion

There is not enough knowledge regarding pathways that control blood–brain barrier
(BBB) permeability in the normal brain versus brain tumours; however there is consensus
that an important step during the metastatic cancer cell journey to the brain is the invasion
through the BBB [20]. The most frequent primary tumours that metastasize to the brain
are lung, breast, and melanoma, being magnetic resonance imaging (MRI) and CT scan,
commonly used in the initial diagnosis of brain tumours [21]. Regarding the molecular
profile of brain metastasis, it was previously observed that K-RAS mutations were signifi-
cantly increased in primary lung tumours metastasized to the brain via next-generation
sequencing (NGS) analysis [22]. Interestingly, the ddPCR performance has demonstrated
more accuracy when compared to NGS in distinct tumour analysis [23]. The main differ-
ence between NGS versus ddPCR techniques is that the latter is mainly restricted to the
detection of known mutations, with limited capability of detecting several mutations per
assay, whereas NGS more broadly detects multiple specific genetic changes at once but
cannot efficiently detect mutation frequencies below 1% as the ddPCR does [24].

There are insufficient studies evaluating the precision of the ddPCR analysis performed
in plasma versus brain tumour tissues, probably due to the difficulty in obtaining enough
levels of nucleic acids extracted from plasma for analysis. In addition, only a small portion
of cfDNA contains ct-DNA. Thus, the present report contributes to the field since it indicates
the high sensitivity of the ddPCR technology in identifying low-frequency mutations both
in the plasma and in the tumour tissue of the same patient. Our analysis showed the
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presence of K-RAS mutations in both samples, which are not frequently found in brain
tumours but have been reported in lung hepatoid adenocarcinoma [25], a tumour that was
also found in the patient analysed. In addition, lung cancers frequently harbour K-RAS
mutations, and it is also one of the most common origins of brain metastases [22], which
could potentially explain the present finding in the tumour tissue analysed. Besides, it has
been shown that K-RAS alterations found in plasma are significantly predictive of K-RAS
tumour status with significant tumour and plasma status consensus [26,27].

Although one limitation of ctDNA detection relies on the low abundance of ctDNA
fragments in plasma samples making its detection difficult, the ddPCR method can suc-
cessfully detect low-frequency mutations, even below 1% [28]. In our study, we were able
to detect a K-RAS mutation frequency of 1.2% compared to 68.8% in the tumour sample
analysed. Thus, the ddPCR method could be potentially employed to detect metastatic
events and serve as a monitoring tool for the evaluation of gene mutations, such as K-RAS,
in both primary and metastatic brain tumours. The major limitation of our report is that we
were unable to obtain plasma samples after the brain tumour’s surgical resection, which
could have been useful to check if the levels of circulating K-RAS ctDNA were affected
after surgery.

Even though liquid biopsies have been established in various clinical settings, there are
still important validations to be made in the brain tumours’ scenario, including noninvasive
diagnosis of different brain tumour types, prognosis, disease monitoring and prediction of
minimal residual disease.

4. Conclusions

Although the evaluation of ctDNA alone cannot yet bypass the need for tissue biopsies,
it may be complementary to other diagnostic and disease monitoring tools, such as in brain
metastases. A study including large numbers of paired samples will be important to further
confirm this finding and to support liquid biopsy as a noninvasive and reliable screening
method that could potentially benefit patients with brain tumours.
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