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Chapter 1

Introduction
ungi are everywhere: we inhale the spores from the air, we get in contact with
them through the environment (via food, animals, plants, and soil), and they
are present in the human body itself. With the growing number of immunocompromised patients due to aggressive cancer treatment and immunosuppressive treatment after organ and stem cell transplantation, invasive fungal infections have increasingly challenged our health care system.

F

1.1

Invasive fungal infections

Both molds and yeasts can cause invasive fungal infections. Molds are a type
of fungus that has a tendency to grow with help of multiple celled filaments called
hyphae, whereas yeasts grow as a singe cell. The most common invasive fungal
infections are invasive aspergillosis (mold) and invasive candidiasis (yeast). Invasive aspergillosis is the leading cause of infection-related deaths in patients with
acute leukemia and in stem cell transplant recipients [1]. Aspergillus fumigatus is
the most common species recovered from cases of invasive aspergillosis. The potentially infectious conidia or spores of the Aspergillus species are inhaled from the
air. Spores of the Aspergillus fumigatus have a maximal cross-sectional diameter of
only 2-3 µm and may therefore diffuse easily to distal human airways. Humans
typically inhale around 200 spores daily, depending on the environment [2]. Demolitions of old buildings and certain rural settings have the highest numbers of
colony-forming units of Aspergillus per m3 of environmental air. However, hospital
rooms with high-efficiency particulate air filtration still have measurably quantities
of Aspergillus spores [3]. In healthy persons, the spores are disarmed by the immune
system. Mucociliary clearance is achieved by ciliated bronchial cells and goblet cells
in the airways. Spores that are not removed by mucociliary clearance encounter
alveolar macrophages and dendritic cells that are responsible for the killing of the
spores, as well as the initiation of a proinflammatory response that recruits neutrophils from the blood stream. Neutrophils are able to destroy the fungal hyphae
resulting in fungal killing [2].
However, in immunocompromised patients, such as patients with neutropenia
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Figure 1.1: Infectious life cycle of Aspergillus fumigatus. Aspergillus is ubiquitous in the environment and asexual reproduction leads to the production of airborne conidia. Inhalation by
immunocompromised patients results in conidium establishment in the lung, germination,
and either polymorphonuclear cell (PMN)-mediated fungal control with significant inflammation (in patients with corticosteroid therapy) or uncontrolled hyphal growth with a lack of
PMN infiltrates and, in severe cases, dissemination (in patients with neutropenia). Adapted
from Dagelais & Keller, 2009 [2].

as a result of chemotherapy or underlying hematologic disease, patients receiving
immunosuppression to prevent rejection after organ or stem cell transplantation,
patients with HIV/AIDS, and in patients with preexisting structural lung disease,
these spores can lead to pulmonary aspergillosis (Figure 1.1). The Aspergillus spores
can penetrate into the lung tissue and enter the bloodstream via the distal airways
and alveolar spaces of the lung, resulting in invasive aspergillosis. A poorly controlled aspergillosis infection can disseminate throughout the body and can infect
major organs including the liver, kidneys, and the brain [1, 2]. A crude mortality of
invasive aspergillosis of 37 to 49% is seen in adult patients [4, 5]. In immunocompromised children with invasive aspergillosis, an overall mortality of 18 to 53% is
found [6, 7].
Invasive candidiasis is caused by the Candida species, which are part of the microbiological flora of our skin, gastrointestinal and genitourinary tract, and are also
found in the environment. Candida albicans is the species which is seen most frequent in humans. When the skin and gastrointestinal barriers loose their integrity,
Candida species from the skin or gastrointestinal tract can migrate into the blood
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Figure 1.2: The development of invasive candidiasis. Candida species from the skin and gastrointestinal and genitourinary tract can migrate into the blood (candidemia) and disseminate
from the blood to other organs. Adapted from Eggiman et al. 2003 [8].

(candidemia). In disseminated candidiasis, the infection is migrated from the blood
to other organs, such as the liver, kidneys, and eyes (Figure 1.2) [2].
Invasive candidiasis is most frequent in immunocompromised hosts and critically ill patients, and risk factors include a prolonged stay in an intensive care unit
(ICU), the use of a central venous catheter, parental nutrition, mechanical ventilation, previous broad spectrum antibiotic therapy (resulting in overgrowth of Candida), immunosuppression, or a recent surgery [8–11]. A crude mortality of 31 to
61% is seen in adult patients with invasive candidiasis [12–16]. In children, a mor-
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tality rate of 16 to 29% is found [12, 16–20]. Furthermore, invasive aspergillosis and
candidiasis are both associated with a prolonged hospital stay of 10 to 23 days and
increased costs [5, 6, 12, 21].
Other invasive fungal infections are cryptococcal infections, for example cryptococcal meningitis, which is mostly seen in patients with HIV/AIDS and patients
who underwent organ transplantation [22]. Severely immunocompromised patients
are also vulnerable to infections with unusual fungi that are present in the environment. These infections, such as zygomycosis and hyalohyphomycosis, are less
common and have a high mortality of 50 to 95% [23].

1.2

Antifungal treatment

Several classes of antifungal drugs are available for the treatment of invasive fungal infections, the polyenes (amphotericin B), the azoles (voriconazole, posaconazole, itraconazole, and fluconazole), the echinocandins (caspofungin, micafungin,
and anidulafungin), and a residual group including flucytosine. The different classes
of antifungal drugs have different mechanisms of action. The polyenes and azoles
disrupt the fungal cell membrane, the echinocandins inhibit the formation of the
fungal cell wall, and flucytosine interferes with the DNA synthesis of the fungal cell
(Figure 1.3) [24, 25]. The polyenes have a broad spectrum of activity that includes
molds and yeasts. The susceptibility of the triazoles is more variable and depends
on the specific agent. Fluconazole, for example, has no activity against Aspergillus
species. The echinocandins are active against most Aspergillus and Candida species,
but lack activity against Cryptococcus and Fusarium species [26].
The guidelines of the Infectious Diseases Society of America (IDSA) and the
Dutch Working Party on Antibiotic Policy (SWAB) for the treatment of aspergillosis recommend voriconazole as primary treatment for invasive aspergillosis. For
patients refractory to or intolerant of voriconazole, therapy with amphotericin B,
caspofungin, or posaconazole are recommended. For prophylaxis against invasive
aspergillosis in neutropenic patients with acute leukemia and in stem cell transplant
recipients, posaconazole is the first choice treatment. It is recommended that treatment of invasive aspergillosis should be continued for a minimum of 6 to 12 weeks.
In immunosuppressed patients, therapy should be continued throughout the period
of immunosuppression and until lesions have resolved [28, 29]. The IDSA, SWAB,
and European Society for Clinical Microbiology and Infectious Diseases (ESCMID)
guidelines for the management of candidiasis recommend an echinocandin or amphotericin B in neutropenic patients, with fluconazole or voriconazole as an alternative. For nonneutropenic patients, fluconazole or an echinocandin are primary therapy, amphotericin B is an alternative. Fluconazole and posaconazole are advised
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Figure 1.3: The pharmacology of antifungal drugs. The polyenes act by binding to ergosterol
in the fungal cell membrane, resulting in depolarization of the membrane and formation
of pores that increase permeability, eventually leading to cell death. The azoles inhibit the
fungal cytochrome P-450 dependent enzyme 14-alpha demethylase, thereby interrupting the
synthesis of ergosterol. Inhibition of the ergosterol synthesis pathway leads to the depletion
of ergosterol in the cell membrane, causing increased membrane permeability and inhibition
of fungal growth. The echinocandins block the fungal cell wall synthesis by inhibiting the
enzyme 1,3-β-glucan synthase. Inhibition of this enzyme results in depletion of β-glucan
polymers in the fungal cell, resulting in an abnormally weak cell wall. Flucytosine interferes
with the DNA and RNA synthesis of the fungal cell. Adapted from Dodds Ashley et al.
2006 [27].

as prophylaxis in neutropenic patients, organ or stem cell transplant recipients, and
in patients in the ICU (Table 1.1). The recommended duration of treatment of candidemia is 2 weeks after documented clearance of Candida from the bloodstream
and resolution of symptoms and neutropenia. In patients with disseminated candidiasis, the duration of the treatment depends on clinical findings and resolution
of radiological abnormalities and is at least 6 weeks [29–32, 32].
Cryptococcal meningitis should be treated with amphotericin B plus flucytosine
for at least 2 weeks. When the disease is stable, the treatment can be continued
with fluconazole for a total of at least 10 weeks [22, 29, 33]. For the treatment of
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Table 1.1: Treatment of invasive fungal infections [20, 28–32, 32].

Invasive
aspergillosis
Invasive
candidiasis1,2

Primary treatment
Voriconazole

Neutropenic
Echinocandin
Amphotericin B
Non-neutropenic
Fluconazole
Echinocandin

Alternative treatment
Amphotericin B
Caspofungin
Posaconazole
Neutropenic
Fluconazole
Voriconazole
Non-neutropenic
Amphotericin B
Voriconazole

Prophylaxis
Posaconazole

Fluconazole
Posaconazole

1

Choose an echinocandin (caspofungin, micafungin, or anidulafungin) for critically ill or unstable
patients [29, 30].
2
In children fluconazole or amphotericin B, and caspofungin as an alternative [20, 29].

zygomycosis, amphotericin B is advised. For salvage treatment on failure or intolerance of amphotericin B, posaconazole can be considered [29]. Voriconazole is
recommended as first-line treatment for hyalohyphomycosis with Fusarium or Scedosporium species [23].

1.3

Pharmacokinetics and pharmacodynamics

Whereas pharmacokinetics studies the absorption, distribution, metabolism, and
excretion of a drug by the body, pharmacodynamics explores the pharmacological
effect of the drug on the body. In case of invasive fungal infections, pharmacodynamics studies the activity of the drug against the fungal pathogen. Pharmacokinetics and pharmacodynamics (PK/PD) together describe the exposure to the drug and
the antifungal effect of the drug. The most common PK/PD indices in antimicrobial
therapy are the ratio of the area under the concentration-time curve (AUC) over 24
hours to the minimum inhibitory concentration (MIC), the percentage of the dosing
interval in which the concentration of the drug exceeds the MIC, and the ratio of the
maximal concentration to the MIC [34, 35].
Resistance to antifungal drugs can occur as a result of antifungal pressure with
the azoles by applying these antifungal drugs to protect crops against fungal infections and by adding azoles in wall paint products. Fungi such as Aspergillus may
develop drug resistance by selective pressure, facilitating survival of drug-resistant
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mutants by exchanging genetic material. Furthermore, resistance can occur as a
result of selection of less-susceptible subpopulations due to suboptimal antifungal
drug exposure in the human body [34]. Antifungal resistance has consequences in
terms of elevated MICs that are associated with poorer outcomes and breakthrough
infections during antifungal treatment and prophylaxis [36, 37]. Antifungal drug
susceptibility testing is therefore an essential component of the PK/PD target and is
important to optimize the antifungal treatment.

1.4

Critically ill patients

Prompt initiation of antifungal therapy in the appropriate dose is required to
improve outcome in patients with invasive fungal infections [25, 38–40]. However,
when drugs are registered, severely ill patients are most often not included in registration studies by the manufacturer of the drug. Hence, it is often unknown if the
recommended dose is also suitable for these critically ill patients. Due to alterations
in function of various organs and body systems in this patient group, the pharmacokinetics and the plasma concentration of the drug can be different [34, 35, 41–44].
Underexposure to the required drug can occur as a result of an increased volume of
distribution. Fluid extravasation as a result of endothelial dysfunction and capillary
leak, edema in sepsis and trauma, ascites, fluid resuscitation, and hyper-hydration
can all lead to dilution of the drug in plasma or extracellular fluids and lower drug
concentrations, in particular of hydrophilic drugs such as fluconazole. Furthermore,
enhanced renal clearance as a result of an increased cardiac output (leading to increased renal blood flow) is seen in patients with burns, hyperdynamic conditions
during sepsis, use of hemodynamically active drugs, and hypoalbuminemia. Hypoalbuminemia leads to an increased unbound fraction of a drug, making it available for elimination. On the other hand, reduced renal clearance due to renal impairment, as a result of the underlying disease or iatrogenically induced by nephrotoxic
comedication, can result in drug overexposure [34, 35, 41, 43, 44]. Besides, hepatic
dysfunction is also often present in critically ill patients. Advanced liver disease,
decreased hepatic blood flow, and impaired metabolic activity (for example due to
inflammation [45]) can result in overexposure of mainly hepatically metabolized
drugs such as voriconazole. Other alterations that may impact the pharmacokinetics
of drugs in critically ill patients are gastrointestinal, respiratory, and cardiovascular
failure (Figure 1.4) [42,44]. Finally, concomitant use of other drugs or substances can
give pharmacokinetic interactions and influence antifungal drug exposure [46].
The aforementioned altered pharmacokinetics of drugs also applies to critically
ill children and infants [47]. Besides, developmental changes in renal and hepatic
function, the gastrointestinal tract, and body composition can contribute to a vary-
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ing drug concentration with age [48,49]. Children are typically not included in registration studies and the recommended childrens dose is extrapolated from the adult
dose, which may result in decreased efficacy or toxic effects of antifungal drugs.

1.5

Therapeutic Drug Monitoring

Since different underlying pathophysiological or iatrogenic situations, that influence the pharmacokinetics of a drug, often coexist in the same patient, the pharmacokinetic variability may therefore become even more unpredictable in critically
ill patients and the required PK/PD target may not be reached. Due to the variable intra- and interindividual pharmacokinetics in critically ill patients, therapeutic
drug monitoring (monitoring of drug concentrations in blood/body fluids and subsequent dose adjustment, TDM) can be useful to ensure patients achieve target drug
concentrations and prevent toxicity [35, 41]. Research has been shown that TDM of
voriconazole, posaconazole, itraconazole, and flucytosine may improve treatment
outcome with reduced toxicity. TDM is therefore recommended in several guidelines for the treatment of invasive fungal infections [20, 26, 28, 30, 31, 37, 38, 50, 51].
The utility of TDM of fluconazole and the echinocandins needs to be further explored.

1.6

Aim of the thesis

Adequate initial dosing regimens and subsequent TDM can be useful to ensure
adequate drug exposure in the critically ill patient, resulting in improved efficacy
and safety of the treatment. The first objective of this thesis is to evaluate the exposure to antifungal drugs and to establish the relation with the outcome of the
antifungal treatment in critically ill adults and children. The second objective is to
gain a better insight into the pharmacokinetics and exposure of antifungal drugs in
critically ill patients with invasive fungal infections. The third objective is to develop
noninvasive sampling methods for performing TDM.

1.7

Outline of the thesis

In the first part of this thesis, the influences on the exposure of fluconazole and
posaconazole will be evaluated using TDM. Furthermore, the relation of the drug
exposure with the treatment outcome will be established. Finally, this part of the thesis includes the development of noninvasive sampling methods to perform TDM of
the azoles at home and in hospitals without an advanced bio-analytical infrastructure.
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Figure 1.4: Alterations in function of various organs and body systems that can influence the
pharmacokinetics of drugs in critically ill patients. Adapted from Power et al. 1998 [42].

• The objective of Chapter 2 is to determine the clinical variables that are associated with the serum concentration of fluconazole in critically ill children and
infants, and to identify which patient groups are at risk for underexposure of
fluconazole. Besides, the relation between the fluconazole concentration and
the time to culture conversion will be assessed.
• The goal of Chapter 3 is the development and clinical validation of a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method of analysis
to determine the fluconazole concentration in oral fluid in children and infants.
• In Chapter 4 we establish risk factors for underexposure of posaconazole in
adult cancer patients and organ transplant recipients. Furthermore, we determine the relation between the posaconazole serum concentration and the
outcome of the treatment.
• The objective of Chapter 5 is to develop and clinically validate a dried blood
spot analysis for the azoles voriconazole, fluconazole, and posaconazole. Additionally, we evaluate the patients opinion on the sampling method.
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The second part of the thesis focuses on the pharmacokinetics and exposure of
caspofungin in critically ill patients.
• The goal of Chapter 6 is developing a method of analysis for the determination
of caspofungin in plasma with LC-MS/MS.
• In Chapter 7 we describe the caspofungin exposure at two different dosing
regimens in a patient with hepatic dysfunction.
• The objective of Chapter 8 is to investigate the pharmacokinetic parameters,
the exposure, and the optimal dose of caspofungin in ICU patients and to determine the correlation of the caspofungin exposure with disease severity.
In Chapter 9 a general discussion and future perspectives are provided.

1.7. Bibliography
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