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Abstract: Death in cancer patients can be caused by the progression of tumors, their malignity, or
other associated conditions such as sepsis, which is a multiphasic host response to a pathogen that can
be significantly amplified by endogenous factors. Its incidence is continuously rising, which reflects
the increasing number of sick patients at a higher risk of infection, especially those that are elderly,
pediatric, or immunosuppressed. Sepsis appears to be directly associated with oncological treatment
and fatal septic shock. Patients with a cancer diagnosis face a much higher risk of infections after
being immunosuppressed by chemotherapy, radiotherapy, or anti-inflammatory therapy, especially
caused by non-pathogenic, Gram-negative, and multidrug-resistant pathogens. There is a notorious
difference between the incidence and mortality rates related to sepsis in pediatric oncologic patients
between developed and developing countries: they are much higher in developing countries, where
investment for diagnosis and treatment resources, infrastructure, medical specialists, cancer-related
control programs, and post-therapeutic care is insufficient. This situation not only limits but also
reduces the life expectancy of treated pediatric oncologic patients, and demands higher costs from
the healthcare systems. Therefore, efforts must aim to limit the progression of sepsis conditions,
applying the most recommended therapeutic regimens as soon as the initial risk factors are clinically
evident—or even before they are, as when taking advantage of machine learning prediction systems
to analyze data.
Keywords: childhood cancer; septicemia; multidrug-resistant (MDR) bacteria; extensively
drug-resistant (XDR) bacteria; pandrug-resistant (PDR) bacteria; post-therapeutic neutropenic
fever; Mexico
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1. Introduction
The World Health Organization (WHO) defines cancer as the uncontrolled growth and spread of
cells that can affect any tissue in the body. According to data from the WHO, during 2015, 1 out of
6 deaths worldwide was related to cancer, and the WHO predicts a 70% increase in cancer cases during
the next two decades. Cancer is a condition mainly associated with populations above 50 years old
(87% of cases) [1,2].
Death in cancer patients can be caused by the tumor progression, their malignity, or by other
associated conditions (e.g., sepsis). Sepsis is particularly important, as it appears to be directly
associated with oncology therapy and fatal septic shock [3]. According to Cara B. Thurman et al.,
patients with cancer diagnosis face a much higher risk of infections after being immunosuppressed by
chemotherapy, radiotherapy, or anti-inflammatory therapy. Additionally, these high-risk treatments
demand in-hospital administration, thus increasing the potential for nosocomial infections [4]. In this
manner, severe complications decrease the poor survival rates for pediatric cancer patients.
Fever is the primary reason pediatric oncology patients present to the emergency services; some
studies have revealed that 0.9%–39% of febrile nonneutropenic oncology patients are bacteremic, and
it has been estimated that 7.3% of oncology patients who are admitted to emergency services have
positive bacterial blood cultures. The factors that increase the risk of sepsis development include URI
(upper respiratory infection), with an increase of sepsis risk by 2.3 times, neuroblastoma by 3.6 times,
other cancer diagnoses by 4.5 times, and tunneled externalized CVC (central venous catheter) by
5 times.
The hallmark of immunosuppressed patients undergoing cancer treatment is neutropenia, defined
as a granulocyte count below 500 cells per cubic millimeter [5]. When this white blood cell count is
accompanied by episodes of fever above 38 ◦ C, it is said that the patient suffers from a neutropenic
fever. The empirical use of more powerful antibiotics and antifungals, as well as the improvement
of post-therapeutic techniques, have reduced neutropenic fever mortality rates in children to 7%
worldwide [6,7]; however, the emergence of multidrug-resistant pathogens still represents a challenge
for immunosuppressed oncological patients, particularly increasing the infant mortality rate.
Here we provide an overview of antibiotic-resistant sepsis development during chemotherapy in
the pediatric oncological patients with neutropenic fever, with emphasis on the nosocomial infections
caused by multidrug-resistant (MDR), extensively drug-resistant (XDR), and to pandrug-resistant
(PDR) bacteria.
2. Background
Although the association between cancer and infection is well known, few studies have been
performed to determine how harmful it is. A study published in 2004 evaluated data from six states of
the United States in order to establish a relationship between oncological hospitalizations and sepsis.
Its results showed that sepsis is a very common and severe complication among oncological patients.
They are three times more likely to develop it [8]; 4.9% of the 2.5 million cancer-related hospitalizations
per year in the United States develop sepsis. Additionally, sepsis is responsible for 36.7% of mortality
in hospitalized cancer patients, and 8.5% of the total cancer-related deaths.
Neutropenic fever’s etiological agents have changed over a long period of time. During the 1970s,
Gram-negative bacteria were the most common pathogens involved with sepsis, however, starting
in the 1990s there was a transition to Gram-positive bacteria—most commonly those belonging to
Staphylococcus. Recently, the predominance of Gram-negative microorganisms has come back, mainly
characterized by Klebsiella and E. coli strains [7]. These epidemiological changes are associated with
different approaches used in patients with cancer, such as the prophylactic use of fluoroquinolones
and the in-hospital use of intravascular catheters. Additionally, it should be noted that the increase of
severe mucositis incidence is also associated with the use of chemotherapy [9].
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3. Statistics and Socio-Economic Gaps
The Global Cancer Observatory’s 2014 statistics, belonging to the International Agency for
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Figure 1. Estimated ASR (age-standardized mortality rates) World in 2018, all cancers, both sexes, age
age 0–19. Based on the International Agency for Research on Cancer, “Global Cancer Observatory.”
0–19. Based on the International Agency for Research on Cancer, “Global Cancer Observatory.”
https://gco.iarc.fr/ [13].
https://gco.iarc.fr/ [13].
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It should be noted that in developing countries, young people represent more than 50% of the
population, so, as estimated by the WHO report, these have a higher incidence of pediatric cancer [2].
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chemotherapy, immunosuppression, complications of hematopoietic stem cells transplantation (HSCT),
radiotherapy, and aggressive surgical intervention.
It should be noted that in developing countries, young people represent more than 50% of the
population, so, as estimated by the WHO report, these have a higher incidence of pediatric cancer [2].
According to the International Agency for Research on Cancer, between 2001 and 2010, approximately
300,000 cases of cancer were diagnosed in children and teenagers every year. About half of them die
each year due to the severe complications of cancer [15].
4. Role of Post-therapeutic Oncological Support Services Unit
Multidisciplinary teams, consisting of doctors, nurses, social workers, children’s life specialists,
schoolteachers, psychologists, religious experts, and others, are fundamental for the treatment of
pediatric cancer. When we talk about post-therapeutic care, the role of nurses is of vital importance as
they are considered the coordinators of the entire care of the patient. The staff of the intensive care
unit must be focused on preventing risks threatening patients’ lives. They should count on adequate
facilities and highly specialized staff in the post-therapeutic care of pediatric oncology patients.
The WHO remarks on the importance of national cancer control programs, defined as “public
health programs designed to reduce the number of cancer cases, deaths and improve life quality of
cancer patients, by implementing systematic, equitable and evidence-based strategies for prevention,
early detection, diagnosis, treatment and palliation using available resources”. According to data,
“equitable” is the characteristic of these programs which is least attended, as low-income people do
not have access to the latest therapeutic technologies, and sometimes, to adequate post-therapeutic
care [16].
According to the report “Cancer Control Access and Inequality in Latin America: A Tale of Light
and Shadow” by the Economist’s Intelligence Unit [17], currently in Latin America a vast amount of
people have access to cancer treatment as never before; however, it is not yet enough due to very limited
resources in specific areas (e.g., rural regions), the increasing phenomenon of “medical apartheid” that
is restricting poorer citizens to less well-resourced care, and a widespread lack of palliative care. This
report concludes that huge investment in the public sector to boost national cancer control programs is
fundamental for Latin American countries. According to the WHO, in order for a national healthcare
system be sustainable, it requires at least 6% of the nation’s GDP; however, in Latin American countries,
the percentage of GDP allocated to medical care is less than half, which is clearly insufficient to fight
the emerging crisis that cancer represents within them [17].
In Mexico, the National Health Protection Commission (Comisión Nacional de Protección en
Salud) reports 5000– 6000 new pediatric cancer cases yearly; 50%–60% of these are diagnosed and
treated in public institutions. The diagnosis of this disease is devastating, as it implies an important
economic load, which is in many cases untenable for low-income families. The treatment costs not
only imply the administration of oncologic drugs, but also the care for the patient for three years, plus
two more years under surveillance. Additionally, transportation, lodging, feeding, laboratory tests,
imaging, and supplementary medicines entail important costs to be considered [18–21].
The Mexican National Health Protection Commission reported that between 2013 and 2017,
11,725 treatments for childhood cancer cases were funded by this insurance, by means of a US$37.5
billion investment. On average, $8000 USD was invested in each case; however, this amount was
not sufficient, as in 2015 the Economic Analysis Unit of the Health Secretary estimated the average
cost for childhood cancer treatment doubled to USD$16,000. Taking these data into consideration,
an investment above USD$8000 is required in addition to the financial aid provided by the Fund
for Protection against Catastrophic Expenditures (FPGC) in order offer pediatric cancer patients the
treatment and care needed [18–21].
Some challenges faced in providing adequate attention to oncological patients are the lack of
resources for diagnosis and treatment, insufficient space for covering patients’ demands, the shortage
of appropriate radiation equipment, and insufficient resources for bone marrow transplants and
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oncology-specialized units. Another challenge is the lack of medical specialists, such as pediatric
oncologists, radiotherapists, pediatric surgeons, or hematologists, which do not belong to the core
staff of many institutions, limiting the possibilities of treatment and better prognosis. About this last,
in Mexico there are 56 Accredited Medical Units (AMUs) for oncological medical care in children
under 20 years of age, and 10.7% (n = 6) of them possess the infrastructure capacity to offer therapy for
malignant hematopathies, solid tumors of the central nervous system (CNS), solid tumors outside
the central nervous system (CNS), and bone marrow transplant; 64.3% (n = 36) offer three of these
services, 8.9% (n = 5) offer two services, and 16.1% (n = 9) offer only one service. The oncology service
for malignant hematopathies is offered in 96.4% (n = 54) of AMUs, therapy for CNS solid tumors
is offered in 73.2% (n = 41) of AMUs, treatment for solid tumors outside of CNS is offered in 83.9%
(n = 47), and only 16.1% (n = 9) of all AMUs offer bone marrow transplant. All of these services are
offered by 165 pediatric oncologists, 35 pediatric oncology surgeons, 36 pediatric hematologists, and
10 pediatric radiotherapists, which are clearly insufficient to meet the high demand. The lack of integral
service observed in the remaining 50 units (89.3%) represents an area of growth opportunity for the
country [18–21].
Of all their patients, 12% abandon treatment; 4.69% do so during the first year. In remote states
or communities, away from medical attention centers, the treatment interruption increases up to
18%—5.67% during the first year, leading to a huge fall in patient survival [18–21].
Recently, Mexican authorities established a comprehensive program for the prevention and
control of cancer; however, the limited federal budget makes it impossible to be fully implemented
before 2019. In this manner, it should be noted that the short budget and its incorrect assignment,
the ineffective collaboration between governmental and non-governmental organizations, the health
professionals’ instability, and the lack of effective health information systems drastically reduce patient
survival [18–21].
5. Multidrug-Resistant Post-Therapeutic Infections
Febrile neutropenia is characterized by oral temperature ≥38.5 ◦ C (or two consecutive readings of
≥38.0 ◦ C with a space of 1 hour) and absolute neutrophil count of ≤500 cells/µL. This condition is very
common in pediatric oncological patients, and is mainly associated with post-chemotherapy infection,
more specifically with the development of sepsis [22,23].
Unfortunately, the condition of the patient, as well as the prognosis and treatment, will worsen in
relation to the antimicrobial resistance profile of the bacteria associated with the infection [24,25].
Simmon et al. (2005) performed the first multicenter prospective study confirming that pediatric
oncology patients have a much higher risk of developing an infectious condition. They reported
that septicemia was mainly caused by venous catheter contamination. Among the etiological agents
associated with these infections are Staphylococcus aureus, coagulase-negative staphylococci (CoNS),
Klebsiella spp., Pseudomonas aeruginosa, Escherichia coli, Enterobacter cloacae, Enterococcus faecium and
K. pneumoniae. In some cases, multiple infections (infections produced by more than one bacterium)
were reported, and many of them were due to multidrug-resistant bacteria [26].
In 2005, a study done in Israel showed the trends in the microbiological spectrum of pediatric
febrile oncologic patients when treated with two different empirical antibiotic regimes: (1) ceftazidime
and gentamicine; (2) piperacillin/tazobactam and amikacin. Results showed that 81 bacteremia episodes
occurred in just 41 patients; 132 microorganisms were isolated, of which 84 (65%) were Gram-negative
bacteria, 39 (30%) were Gram-positive bacteria, and 7 (5%) were fungi. When looking for antibiotic
resistance, 5 (18%) out of 28 E. coli and Klebsiella spp. isolates were β–lactamase producers, while no
methicillin-resistant microorganisms were detected. Both antibiotic regimes were effective, but better
results were achieved with the second one (piperacillin/tazobactam and amikacin) [27].
Another study carried out in Italy (2005) showed interesting results. The proportion of
Gram-negative ciprofloxacin-resistant bacteria isolated in the blood cultures of oncological pediatric
patients that had not received antibiotic prophylaxis was 10% in a pediatric hospital from Genoa, where
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the fluoroquinolone use was very restricted, in comparison to one in Rome where this proportion
reached 41% when fluoroquinolone use was common. In addition, the simultaneous resistance to
ciprofloxacin, ceftazidime, amikacin, and imipenem/cilastatin was 11% in Genoa, while it was 37%
in Rome. The resistance to ciprofloxacin was higher in children that had a shared environment
with adults receiving prophylactic therapy. The study concluded that the use of fluoroquinolones as
prophylactic agents can lead to the development of infections by multidrug-resistant bacteria, and
also that their use is a contraindication in pediatric patients due to their adverse effects. The isolated
microorganisms were: 54 Pseudomonas aeruginosa strains, 32 other Pseudomonadaceae, 62 Escherichia coli
strains, 63 other members of the Klebsiella–Enterobacter–Serratia group, 49 other Gram-negative bacilli
and 174 Staphylococci, 39 Staphylococcus aureus strains, and 135 coagulase-negative Staphylococci
strains [28].
Yet, another study done during 2005 in the United States reported that children with leukemia
treated with hematopoietic stem cell transplants and treated preventively with antibiotics later
developed infections. From 184 patients, 74 (41%) developed bacteremia. The microorganisms
responsible were mainly Gram-positive cocci, Staphylococcus (50%) and Streptococcus (28%) being
the most common. Gram-negative microorganisms were isolated from 22% of patients, including
Pseudomonas strains (5.7%) and Klebsiella species (3.4%). From streptococcal infections, 72% showed
resistance to ampicillin, and only 25% of Gram-negative bacteria were resistant to gentamicin [29].
In another multicenter study done in Italy between 2000 and 2008, results were obtained on the
prevalence of resistant Pseudomonas aeruginosa strains, which is the main etiological agent of nosocomial
infections. The presence of these bacteria was evaluated in 12 pediatric oncology centers. Results
showed that 31.4% of isolates were MDRPA (multidrug-resistant Pseudomonas aeruginosa). Death within
30 days of patients with positive blood culture occurred in 19.6% (25/127) of total patients; infections
by MDRPA occurred in 35.8% of patients (14/39) [30].
A study conducted during 2007 in Malaysia described isolates mainly from Gram-positive
microorganisms obtained after treating oncologic pediatric patients with chemotherapy. Specifically,
the study mentioned coagulase-negative microorganisms, which had high rates of resistance to
methicillin (76% of strains) [31].
A systematic analysis conducted between 2006 and 2011 in Italy concluded that there
were significant differences within centers that developed studies on bacteremia etiologies and
drug-resistance prevalence, with patterns that changed over time. Altogether, an overall decrease in the
Gram-negative to Gram-positive relation was observed, together with an increase in resistance
rates—particularly within enterobacteria. The increase of resistance is critical in the case of
Gram-negative pathogens, as very few new antibiotics against these microorganisms are expected.
As a result, considering the important differences between centers and the possibility of a quick
change, a deep knowledge of the local epidemiology is extremely important to guide decision-making
on optimal empirical therapy considering pediatric patients’ condition. This transition towards a
predominance of multidrug-resistant Gram-negative microorganisms was confirmed by another study
conducted in Spain during 2012, highlighting the clinical challenge that facing these microorganisms
represents [32].
In Sweden, Ola Blennow et al. described the epidemiological and clinical implications of the
increasing frequency of multidrug-resistant microorganisms in patients undergoing treatment against
hematologic pathologies. Two important changes in the epidemiology of bloodstream infections
during the past decade have been the increasing prevalence of Gram-negative microorganisms and the
rapid increase in antimicrobial resistance within Gram-negative and Gram-positive isolates. These
changes in resistance rates also include a greater detection of extended spectrum β-lactamases (ESBLs)
in Enterobacteriaceae that even get to produce carbapenemases. In addition, multidrug-resistant
Pseudomonas aeruginosa and Acinetobacter spp., methicillin-resistant Staphylococcus aureus (MRSA),
and vancomycin-resistant enterococci (ERV) strains have been isolated. These results are global
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threats, but intensive care patients as well as immunosuppressed oncologic patients suffer the greatest
damages [33].
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Figure 2. Schematic representation of the immunosuppressive effect produced both by the cancer cells
Figure 2. Schematic representation of the immunosuppressive effect produced both by the cancer cells
themselves and by chemotherapy. HIF: hypoxia-inducible factor; MDSC: myeloid-derived suppressor
themselves and by chemotherapy. HIF: hypoxia-inducible factor; MDSC: myeloid-derived suppressor
cell; PD1: programmed cell death-1; PDL1: programmed cell death-1 ligand; SIRPα: signal-regulatory
cell; PD1: programmed cell death-1; PDL1: programmed cell death-1 ligand; SIRPα: signal-regulatory
protein alpha; TReg: regulatory T cell; TCD4: T lymphocyte CD4 or helper.
protein alpha; TReg: regulatory T cell; TCD4: T lymphocyte CD4 or helper.

On the other hand, it has been described that chemotherapy by itself is able to induce
Immunosuppression associated with infection becomes more critical if it is due to a multidrugimmunosuppression. Samanta et al. in 2018 described that chemotherapy induces the production
resistant (MDR) or extensively drug-resistant (XDR) bacterium, and it results in a worse prognosis if
it is due to pandrug-resistant (PDR) bacteria. The immunosuppression observed in cancer patients
represents an important risk factor for developing sepsis, leading to higher mortality rates and higher
costs for the healthcare sector.
For a long time, the main cause of the clinical picture presented during sepsis (systemic
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of hypoxia-inducible factors (HIFs) in tumor cells. HIFs activate CD47, which is a ligand of
signal-regulatory protein alpha (SIRPα) in the macrophage with the consequent inhibition of
phagocytosis. HIF also activates the expression of programmed cell death-1 ligand (PDL1) which binds
to PD1, inducing the anergy of T Cells (Figure 2) [36].
Antibiotics
2019, 8, x
Immunosuppression
associated with infection becomes more critical if it is due to 8aof 14
multidrug-resistant (MDR) or extensively drug-resistant (XDR) bacterium, and it results in a worse
However, recent evidence points to the fact that the clinical characteristics and the pathophysiology
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Figure 3. The clinical characteristics and pathophysiology of sepsis are multifactorial in nature.
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These molecules have been called damage-associated molecular patterns (DAMPs). Among the most
studied DAMPs are the B1 protein of the high mobility group, the S100 proteins, and the RNA, DNA,
as well as extracellular histones [39].
When DAMPs are recognized by the cells of the immune system, they initiate the liberation of a
complex of chemical mediators, such as proinflammatory cytokines, complement system, platelet
activating factor, arachidonic acid metabolites, nitric oxide (NO), and reactive oxygen species (ROS) [39].
On the other hand, bacterial exotoxins called superantigens, such as the erythrogenic toxin of
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The injury and death of various cell types occurs during the defensive process against
microorganisms, and with it, the liberation of the endogenous molecules of injured or dead cells. These
molecules have been called damage-associated molecular patterns (DAMPs). Among the most studied
DAMPs are the B1 protein of the high mobility group, the S100 proteins, and the RNA, DNA, as well as
extracellular histones [39].
When DAMPs are recognized by the cells of the immune system, they initiate the liberation of
a complex of chemical mediators, such as proinflammatory cytokines, complement system, platelet
activating factor, arachidonic acid metabolites, nitric oxide (NO), and reactive oxygen species (ROS) [39].
On the other hand, bacterial exotoxins called superantigens, such as the erythrogenic toxin
of
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Figure 4. A brief look at the molecular and cellular mechanisms involved in the pathophysiology
Figure 4. A brief look at the molecular and cellular mechanisms involved in the pathophysiology of
of sepsis. CLR: C-type lectin receptor; DAMP: damage-associated molecular pattern; MHC-II:
sepsis. CLR: C-type lectin receptor; DAMP: damage-associated molecular pattern; MHC-II:
histocompatibility complex class II; NLR: NOD-like receptor; PAMP: pathogen-associated molecular
histocompatibility complex class II; NLR: NOD-like receptor; PAMP: pathogen-associated molecular
pattern; ROS: reactive oxygen species; TCR: T-cell receptor; TLR: Toll-like receptor.
pattern; ROS: reactive oxygen species; TCR: T-cell receptor; TLR: Toll-like receptor.

The state of sepsis becomes even more critical and of worse prognosis in immunosuppressed
patients, due to its inability to generate an adaptive immune response against these microorganisms.
However, this situation becomes even more dangerous in these patients when the bacteria involved
turn out to be multidrug-resistant (MDR) or extensively drug-resistant (XDR), and it is fatal if they
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The state of sepsis becomes even more critical and of worse prognosis in immunosuppressed
patients, due to its inability to generate an adaptive immune response against these microorganisms.
However, this situation becomes even more dangerous in these patients when the bacteria involved
turn out to be multidrug-resistant (MDR) or extensively drug-resistant (XDR), and it is fatal if they are
pandrug-resistant (PDR) [44]. Sepsis is currently defined a multiphasic host response to a pathogen that
can be significantly amplified by endogenous factors. Previously, sepsis was considered as an infectious
condition with at least two out of four systemic inflammatory response syndrome (SIRS) criteria [37].
However, it has been observed that most patients entering the intensive care unit have at least two
criteria without having sepsis. Thus, it is now considered that sepsis involves an early activation of proand anti-inflammatory responses along with important modifications to non-immunological pathways
such as cardiovascular, neural, autonomous, hormonal, metabolic, and coagulation pathways, which
are part of the prognosis [37].
Currently, there are several scales used as sepsis severity calculators, which allow the identification
of optimal treatments according to the stage of the condition. They establish prognosis through
validated mathematical calculations, evaluating the quality and efficiency of intensive care units.
In addition, they correlate with mortality and in-hospital stay [37,45]. One of the most frequently used
in the hospital environment is the Sequential Organ Failure Assessment (SOFA) [46]. The predictive
validity of the SOFA score for in-hospital mortality among critically ill patients with suspected sepsis is
higher than that of the SIRS criteria [47]. In addition, it should be noted that the SOFA score evaluates
clinical and biochemical parameters in order to determinate the condition’s severity and the need for
quick and appropriate intervention, if it has not been yet established [37].
In a meta-analysis of the 30 most important studies on multi-organ failure from the past decades,
the ideal criteria as a detector of dysfunction in each organ are described. Four scales have been
proposed for multi-organ failure, all of them including all six systems: cardiovascular, respiratory,
liver, hematopoietic, renal, and neurological. This has several advantages: (1) it results from the
physiological alterations of six organs; (2) it correlates with mortality since day one; (3) it shows that
mortality correlates with the number of failed organs and their degree of dysfunction; (4) it shows
early anomalies as well as changes after admission.
Septic shock is a condition where circulatory, cellular, and metabolic anomalies are deep enough
to substantially increase in-hospital mortality. This condition is defined as sepsis complicated by
either hypotension that is refractory to fluid resuscitation or by hyperlactatemia [48]. Patients in septic
shock can be identified by a clinical construction of sepsis with persistent hypotension that requires
vasopressors to keep mean arterial pressure at 65 mmHg and lactate levels >2 mmol/L (18 mg/dL) in
spite of an adequate reanimation. The incidence of sepsis is continuously increasing, which reflects the
increasing numbers of sick patients at higher risk of infection, especially the elderly, pediatric, and
immunosuppressed ones [37]. Several studies show that sepsis is frequently associated with initial foci
of infection in the lungs mainly and to a lesser extent with urinary infections. [48].
This infection takes high relevance when it is caused by drug-, multidrug-, or pandrug-resistant
nosocomial bacteria, and when it is caused by medical procedures or long in-hospital stay.
7. Big Data Analysis to Predict or Identify Sepsis Development
The term “big data” refers to information collected on a large scale and evaluated to obtain new
insights or forms of usefulness [49]. The growing evolution of big data analysis techniques makes
it necessary to develop platforms capable of analyzing perioperative risks dynamically and in real
time, starting from large amounts of newly generated information or that stored in electronic clinical
files. This data is characterized by its high dimensionality, sparsity, and heterogeneity. Data-driven
deep-learning approaches, also known as DNNs (deep neural networks), are methods to approximate
parametric functions by using algorithms and training data [50].
New diagnostic methods developed based on automatic learning algorithms for the analysis of
big data obtained from pediatric patients with serious illness have allowed us to differentiate between
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sepsis and the systemic inflammatory response syndrome (SIRS)—two common conditions that affect
children with cancer. Both pathologies have similar pathophysiological and clinical patterns, but
different causes. With this approach, it has been possible diminish the risk of mistreatment in actual
septic cases and to reduce 20.6% of the in-hospital stay time and 12.4% of in-hospital mortality [51–53].
8. Conclusions
Childhood cancer is a serious global health problem that is on the rise, especially affecting
underdeveloped countries, which have the highest incidence of the disease and the worst prognosis
of survival. In this matter, one of the great obstacles faced by underdeveloped countries is the
post-therapeutic management of the patient. After chemotherapy, and as a secondary effect of it, the
patient suffers from immunosuppression. This generates a critical period of susceptibility to infectious
processes. Although in many cases childhood cancer can be curable, one of the main causes of death is
due to the development of sepsis, mainly associated to post-therapeutic neutropenia. This condition
is worsened when the etiological agents responsible are multidrug-resistant bacteria—especially
Gram-negative ones.
The uncontrolled widespread use of antibiotics, mainly ciprofloxacin and ceftazidime, amikacin,
or imipenem/cilastatin in immunosuppressed patients, have induced a high selection pressure on the
microorganisms and have been the driving force for the changes in the epidemiology of pathogens.
Currently, mainly Gram-negative pathogens such as Klebsiella and E. coli are found in oncologic pediatric
patients with sepsis. However, there are no studies on Latin American populations identifying the
accurate etiology of sepsis among these patients. The treatment of cancer should be multi-disciplinary,
with emphasis on intensive therapy to prevent and decrease the risk of new or recurrent infections.
Considering the current pediatric cancer control studies, even if healing and detection rates have
increased, this trend only is applicable for developed countries; underdeveloped countries lack or do
not have access to the advanced technologies used in prevention, early child cancer detection, and the
post-therapeutic management of cancer patients. One of the clear strategies that must be implemented
by the healthcare sector is adequately distribution the necessary resources to this condition, in order to
facilitate the early detection and efficient prevention of sepsis-associated complications.
A second strategy to be considered is increasing the financing of new specialists in pediatric
oncology and medical centers, including the incorporation of new medical personnel and adequate
academic training to optimize treatments and post-therapeutic care, increasing survival and quality of
life for oncologic pediatric patients.
Starting from the premise that prevention is always better than treatment, it is much more practical
to take post-therapeutic care measures than to treat patients with a severe sepsis event with a reserved
prognosis. As part of the strategies to reduce mortality from this disease, the countries involved must
invest in the research and monitoring of multidrug-resistant pathogens.
There are no studies within the Mexican population that estimate sepsis incidence in childhood
patients with a cancer diagnosis. However, a significant association between immunosuppression and
the frequent development of sepsis in these patients has been established. New studies should be
undertaken to clarify the pathology of childhood cancer and its treatment as a risk factor for developing
new infectious entities or sepsis.
Machine-learning models must be considered as an alternative to ensure timely diagnosis and
antibiotic treatment of sepsis in pediatric oncologic patients during post-therapeutic care, increasing
survival rates and reducing sepsis-related costs.
Even if immunosuppression in pediatric patients has been associated with sepsis development,
morbidity and mortality statistics can be yet improved, along with patient quality of life, by the creation
and optimization of multidisciplinary teams focused on prevention, treatment, and post-therapeutic care.
Their efforts must aim to limit the progression of sepsis conditions, applying the most recommended
therapeutic regimens even before the initial risk factors are clinically evident.
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Williams, M.D.; Braun, L.A.; Cooper, L.M.; Johnston, J.; Weiss, R.V.; Qualy, R.L.; Linde-Zwirble, W.
Hospitalized cancer patients with severe sepsis: Analysis of incidence, mortality, and associated costs of care.
Crit. Care 2004, 8, R291–R298. [CrossRef] [PubMed]
Mikulska, M.; Viscoli, C.; Orasch, C.; Livermore, D.M.; Averbuch, D.; Cordonnier, C.; Akova, M. Aetiology
and resistance in bacteraemias among adult and paediatric haematology and cancer patients. J. Infect. 2014,
68, 321–331. [CrossRef]
Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int.
J. Cancer 2015, 136, E359–E386. [CrossRef]
Cronin, K.A.; Lake, A.J.; Scott, S.; Sherman, R.L.; Noone, A.; Howlader, N.; Henley, S.J.; Anderson, R.N.;
Firth, A.U.; Ma, J.; et al. Annual Report to the Nation on the Status of Cancer, part I: National cancer statistics.
Cancer 2018, 124, 2785–2800. [CrossRef]
Negoita, S.; Feuer, E.J.; Mariotto, A.; Cronin, K.A.; Petkov, V.I.; Hussey, S.K.; Benard, V.; Henley, S.J.;
Anderson, R.N.; Fedewa, S.; et al. Annual Report to the Nation on the Status of Cancer, part II: Recent
changes in prostate cancer trends and disease characteristics. Cancer 2018, 124, 2801–2814. [CrossRef]
Cancer Today. Available online: http://gco.iarc.fr/today/home (accessed on 16 July 2019).
Plummer, M.; de Martel, C.; Vignat, J.; Ferlay, J.; Bray, F.; Franceschi, S. Global burden of cancers attributable
to infections in 2012: A synthetic analysis. Lancet Glob. Health 2016, 4, e609–e616. [CrossRef]

Antibiotics 2019, 8, 106

15.

16.
17.
18.
19.

20.

21.
22.

23.
24.
25.

26.

27.

28.

29.

30.

31.

13 of 15

WHO. International Agency for Research on Cancer (IARC). International Childhood Cancer Day: Much
Remains to Be Done to Fight Childhood Cancer pr241_E.pdf. Available online: https://www.iarc.fr/wpcontent/uploads/2018/07/pr241_E.pdf (accessed on 16 July 2019).
WHO. National Cancer Control Programmes (NCCP). Available online: http://www.who.int/cancer/nccp/en/
(accessed on 16 July 2019).
Cancer Control, Access and Inequality in Latin America: A Tale of Light and Shadow. Available online:
https://eiuperspectives.economist.com/LACCS (accessed on 16 July 2019).
Adolescencia, C.N. Cáncer Infantil en México. Available online: http://www.gob.mx/salud%7Ccensia/
articulos/cancer-infantil-en-mexico-130956 (accessed on 16 July 2019).
Rivera-Luna, R.; Cárdenas-Cardós, R.; Olaya-Vargas, A.; Shalkow-Klincovstein, J.; Pérez-García, M.;
Pérez-González, O.A.; Díaz-Jiménez, V.; Amador-Zarco, J.J.; Vidal, Y.M. El niño de población abierta
con cáncer en México. Consideraciones epidemiológicas. An. Méd. Asoc. Médica Cent. Médico ABC 2015, 60,
91–97.
Secretaría de Salud. Sistema de Protección Social en Salud. Informe de Resultados 1er Semestre. 2017.
Available online: http://www.transparencia.seguro-popular.gob.mx/contenidos/archivos/transparencia/
planesprogramaseinformes/informes/2017/InfdeResdelSPSSEne-Jun2017.pdf (accessed on 16 July 2019).
Secretaría de Salud. Unidad de Análisis Económico. Impacto Económico del Cáncer en México. Available online:
http://www.cefp.gob.mx/difusion/evento/2015/forocancer/presentaciones/p02.pdf (accessed on 16 July 2019).
Freifeld, A.G.; Bow, E.J.; Sepkowitz, K.A.; Boeckh, M.J.; Ito, J.I.; Mullen, C.A.; Raad, I.I.; Rolston, K.V.;
Young, J.-A.H.; Wingard, J.R. Executive Summary: Clinical Practice Guideline for the Use of Antimicrobial
Agents in Neutropenic Patients with Cancer: 2010 Update by the Infectious Diseases Society of America.
Clin. Infect. Dis. 2011, 52, 427–431. [CrossRef] [PubMed]
Mongkolrattanothai, K.; Bard, J.D. Sepsis in Children with Febrile Neutropenia. J. Appl. Lab. Med. 2019, 3,
530–533. [CrossRef]
Zimmer, A.J.; Freifeld, A.G. Optimal Management of Neutropenic Fever in Patients with Cancer. J. Oncol.
Pract. 2019, 15, 19–24. [CrossRef] [PubMed]
Schmidt-Hieber, M.; Teschner, D.; Maschmeyer, G.; Schalk, E. Management of febrile neutropenia in the
perspective of antimicrobial de-escalation and discontinuation. Expert Rev. Anti-Infect. Ther. 2019, 1–13.
[CrossRef] [PubMed]
Simon, A.; Ammann, R.A.; Bode, U.; Fleischhack, G.; Wenchel, H.-M.; Schwamborn, D.; Gravou, C.;
Schlegel, P.-G.; Rutkowski, S.; Dannenberg, C.; et al. Healthcare-associated infections in pediatric cancer
patients: Results of a prospective surveillance study from university hospitals in Germany and Switzerland.
BMC Infect. Dis. 2008, 8, 70. [CrossRef]
Greenberg, D.; Moser, A.; Yagupsky, P.; Peled, N.; Hofman, Y.; Kapelushnik, J.; Leibovitz, E. Microbiological
spectrum and susceptibility patterns of pathogens causing bacteraemia in paediatric febrile neutropenic
oncology patients: Comparison between two consecutive time periods with use of different antibiotic
treatment protocols. Int. J. Antimicrob. Agents 2005, 25, 469–473. [CrossRef]
Castagnola, E.; Haupt, R.; Micozzi, A.; Caviglia, I.; Testi, A.M.; Giona, F.; Parodi, S.; Girmenia, C. Differences
in the proportions of fluoroquinolone-resistant Gram-negative bacteria isolated from bacteraemic children
with cancer in two Italian centres. Clin. Microbiol. Infect. 2005, 11, 505–507. [CrossRef]
Kersun, L.S.; Propert, K.J.; Lautenbach, E.; Bunin, N.; DeMichele, A. Early bacteremia in pediatric
hematopoietic stem cell transplant patients on oral antibiotic prophylaxis. Pediatric Blood Cancer 2005,
45, 162–169. [CrossRef]
Caselli, D.; Cesaro, S.; Ziino, O.; Zanazzo, G.; Manicone, R.; Livadiotti, S.; Cellini, M.; Frenos, S.;
Milano, G.M.; Cappelli, B.; et al. Multidrug resistant Pseudomonas aeruginosa infection in children
undergoing chemotherapy and hematopoietic stem cell transplantation. Haematologica 2010, 95, 1612–1615.
[CrossRef] [PubMed]
Baskaran, N.D.; Gan, G.G.; Adeeba, K.; Sam, I.-C. Bacteremia in patients with febrile neutropenia after
chemotherapy at a university medical center in Malaysia. Int. J. Infect. Dis. IJID Off. Publ. Int. Soc. Infect. Dis.
2007, 11, 513–517. [CrossRef] [PubMed]

Antibiotics 2019, 8, 106

32.

33.
34.

35.
36.

37.

38.
39.

40.

41.
42.

43.

44.

45.

46.

47.
48.
49.
50.
51.

14 of 15

Gudiol, C.; Bodro, M.; Simonetti, A.; Tubau, F.; González-Barca, E.; Cisnal, M.; Domingo-Domenech, E.;
Jiménez, L.; Carratalà, J. Changing aetiology, clinical features, antimicrobial resistance, and outcomes of
bloodstream infection in neutropenic cancer patients. Clin. Microbiol. Infect. 2013, 19, 474–479. [CrossRef]
[PubMed]
Blennow, O.; Ljungman, P. The challenge of antibiotic resistance in haematology patients. Br. J. Haematol.
2016, 172, 497–511. [CrossRef] [PubMed]
Magiorakos, A.-P.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Harbarth, S.;
Hindler, J.F.; Kahlmeter, G.; Olsson-Liljequist, B.; et al. Multidrug-resistant, extensively drug-resistant and
pandrug-resistant bacteria: An international expert proposal for interim standard definitions for acquired
resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. [CrossRef]
Alizadeh, D.; Larmonier, N. Chemotherapeutic Targeting of Cancer-Induced Immunosuppressive Cells.
Cancer Res. 2014, 74, 2663–2668. [CrossRef] [PubMed]
Samanta, D.; Park, Y.; Ni, X.; Li, H.; Zahnow, C.A.; Gabrielson, E.; Pan, F.; Semenza, G.L. Chemotherapy
induces enrichment of CD47+/CD73+/PDL1+ immune evasive triple-negative breast cancer cells. Proc. Natl.
Acad. Sci. USA 2018, 115, E1239–E1248. [CrossRef]
Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.;
Bernard, G.R.; Chiche, J.-D.; Coopersmith, C.M.; et al. The Third International Consensus Definitions for
Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315, 801–810. [CrossRef]
Bosmann, M.; Ward, P.A. The inflammatory response in sepsis. Trends Immunol. 2013, 34, 129–136. [CrossRef]
Raymond, S.L.; Holden, D.C.; Mira, J.C.; Stortz, J.A.; Loftus, T.J.; Mohr, A.M.; Moldawer, L.L.; Moore, F.A.;
Larson, S.D.; Efron, P.A. Microbial recognition and danger signals in sepsis and trauma. Biochim. Biophys.
Acta BBA-Mol. Basis Dis. 2017, 1863, 2564–2573. [CrossRef]
Horiguchi, H.; Loftus, T.J.; Hawkins, R.B.; Raymond, S.L.; Stortz, J.A.; Hollen, M.K.; Weiss, B.P.; Miller, E.S.;
Bihorac, A.; Larson, S.D.; et al. Innate Immunity in the Persistent Inflammation, Immunosuppression, and
Catabolism Syndrome and Its Implications for Therapy. Front. Immunol. 2018, 9, 595. [CrossRef] [PubMed]
Krakauer, T. Staphylococcal Superantigens: Pyrogenic Toxins Induce Toxic Shock. Toxins 2019, 11, 178.
[CrossRef] [PubMed]
Langerak, T.; Van Gorp, E.C.M.; Levi, M.; ten Cate, H. 13-Crosstalk of Inflammation and Coagulation in
Infectious Disease and Their Roles in Disseminated Intravascular Coagulation. In Consultative Hemostasis
and Thrombosis, 4th ed.; Kitchens, C.S., Kessler, C.M., Konkle, B.A., Streiff, M.B., Garcia, D.A., Eds.; Content
Repository Only! Elsevier: Amsterdam, The Netherlands, 2019; pp. 226–240. ISBN 978-0-323-46202-0.
Ikeda, M.; Matsumoto, H.; Ogura, H.; Hirose, T.; Shimizu, K.; Yamamoto, K.; Maruyama, I.; Shimazu, T.
Circulating syndecan-1 predicts the development of disseminated intravascular coagulation in patients with
sepsis. J. Crit. Care 2018, 43, 48–53. [CrossRef] [PubMed]
Busani, S.; Serafini, G.; Mantovani, E.; Venturelli, C.; Giannella, M.; Viale, P.; Mussini, C.; Cossarizza, A.;
Girardis, M. Mortality in Patients With Septic Shock by Multidrug Resistant Bacteria: Risk Factors and
Impact of Sepsis Treatments. J. Intensive Care Med. 2019, 34, 48–54. [CrossRef] [PubMed]
Sadaka, F.; EthmaneAbouElMaali, C.; Cytron, M.A.; Fowler, K.; Javaux, V.M.; O’Brien, J. Predicting Mortality
of Patients With Sepsis: A Comparison of APACHE II and APACHE III Scoring Systems. J. Clin. Med. Res.
2017, 9, 907–910. [CrossRef]
Vincent, J.-L.; Moreno, R.; Takala, J.; Willatts, S.; De Mendonça, A.; Bruining, H.; Reinhart, C.K.; Suter, P.M.;
Thijs, L.G. The SOFA (Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure.
Intensive Care Med. 1996, 22, 707–710. [CrossRef] [PubMed]
Marik, P.E.; Taeb, A.M. SIRS, qSOFA and new sepsis definition. J. Thorac. Dis. 2017, 9, 943–945. [CrossRef]
[PubMed]
Angus, D.C.; van der Poll, T. Severe Sepsis and Septic Shock. N. Engl. J. Med. 2013, 369, 840–851. [CrossRef]
Chute, C.G.; Ullman-Cullere, M.; Wood, G.M.; Lin, S.M.; He, M.; Pathak, J. Some experiences and opportunities
for big data in translational research. Genet. Med. 2013, 15, 802–809. [CrossRef]
Ian Goodfellow; Yoshua Bengio; Aaron Courville Deep Learning. Available online: https://www.
deeplearningbook.org/ (accessed on 16 July 2019).
Shimabukuro, D.W.; Barton, C.W.; Feldman, M.D.; Mataraso, S.J.; Das, R. Effect of a machine learning-based
severe sepsis prediction algorithm on patient survival and hospital length of stay: A randomised clinical
trial. BMJ Open Respir. Res. 2017, 4, e000234. [CrossRef]

Antibiotics 2019, 8, 106

52.

53.

15 of 15

Desautels, T.; Calvert, J.; Hoffman, J.; Jay, M.; Kerem, Y.; Shieh, L.; Shimabukuro, D.; Chettipally, U.;
Feldman, M.D.; Barton, C.; et al. Prediction of Sepsis in the Intensive Care Unit With Minimal Electronic
Health Record Data: A Machine Learning Approach. JMIR Med. Inform. 2016, 4, e28. [CrossRef] [PubMed]
Nemati, S.; Holder, A.; Razmi, F.; Stanley, M.; Clifford, G.; Buchman, T. An Interpretable Machine Learning
Model for Accurate Prediction of Sepsis in the ICU. Crit. Care Med. 2018, 46, 547–553. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

