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The goal of this thesis was to investigate optimisation of anti-infective therapy in 
immunocompromised patients. To achieve this, we explored the opportunities for 
better study design, conducted studies on therapeutic drug monitoring (TDM) 
and utilised data from previous clinical studies in order to develop population 
pharmacokinetic models. We showed underexposure of anti-infectives in certain 
patient groups and designed dosing regimens that could be used in the clinic and 
future prospective studies. However, the challenges in designing TDM studies for 
anti-infectives remain and incorporating pharmacodynamics is critical.

Clinical study trial design

Therapy and prophylaxis of opportunistic infections may fail due to an inappropriate 
trial design. In order to improve clinical trial design, it is important to assess why, 
for some patients, therapy fails. In Chapter 2 we looked for factors that explain why 
anti-infective prophylaxis or pre-emptive therapy for cytomegalovirus (CMV) and 
invasive fungal infections may fail. We observed that the main reason for stopping 
antifungal and CMV therapy was occurrence of adverse events. Surprisingly, there 
was a lack of reporting of reason of failure in 25% of the randomised controlled 
trials (RCTs) and 50% of the single-arm studies investigated. In previous studies the 
significant under-reporting of adverse events has been shown as well1,2. In order to 
be able to investigate the potential for improvement, first and foremost the reporting 
of clinical trials must be improved. To detect failure in a clinical setting, we proposed 
a structured approach in monitoring of both adverse events and successful treatment 
through e.g., patient self-reporting, monitoring infection markers and TDM.

Drug exposure is most often investigated through measuring of drug concentrations 
at certain time-points e.g., trough concentration (Cmin), peak concentration (Cmax) and 
utilising TDM. In studies that incorporate more complex study designs, additional 
parameters need to be collected. Currently, TDM studies remain heterogeneous, 
especially due to a lack of well-defined and generally accepted specific endpoints. 
Moreover, patient populations may differ across studies, and background data to 
better understand the variability in results across published studies are often missing. 

This knowledge gap led us to develop guidance in designing TDM studies for 
infectious diseases (Chapter 3) with the help of other experts in the field. We 
believe that these recommendations will help improve the design of future studies 
focusing on TDM of anti-infectives. The guidance included defining endpoints 
and incorporating pharmacokinetics and pharmacodynamics into study design, 
but also considerations on how to assess the exposure of the drug, susceptibility of 
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the pathogen and what prior information should be obtained to design the study. 
Depending on the aim of the study, patient group, infection and data availability, 
an appropriate study design should be chosen which could be a case study3–5, an  
observational study6–8, a quasi-experimental study9,10 or a RCT.

The aim of the study, presented in Chapter 4, was to explore the exposure of 
anti-infectives during mucositis (a side-effect of chemotherapy manifesting 
in inflammation and ulceration of the digestive tract) in autologous stem cell 
transplant recipients. We used a study design that was the least harmful for this 
vulnerable patient group. We collected left-over blood samples and fecal swabs from 
routine clinical care and conducted bioanalysis on these samples. In this way, it was 
possible to utilise samples that were otherwise discarded. The extent of mucositis 
was assessed using citrulline concentrations, which has been correlated with the 
severity of mucositis11–15. As a study incorporating both citrulline and anti-infective 
concentrations has not been performed before, the decision to use the left-over 
samples seemed appropriate. 

We observed severe mucositis in all patients, however, the impact on drug exposure 
was difficult to assess as fluconazole has a long half-life and it takes up to 10 days 
to reach steady state and sampling was performed mainly before steady state was 
reached. In addition, ciprofloxacin and acyclovir trough concentrations were too low 
to assess changes affected by mucositis. We propose to investigate this relationship 
using shorter half-life drugs, and in order to assess absorption of anti-infectives, 
we recommend that blood samples should be taken 1-2 hours after administration. 
Also, optimal sampling strategies could be used to calculate area under the 
concentration-time curve (AUC) that describes the exposure of the drug over time. 
Left-over blood samples are very helpful, and currently under-utilised, however it 
might be more beneficial to use this design in critically ill patients in the intensive 
care unit (ICU) (Chapter 6c). In the ICU, arterial samples are used to assess blood 
gas measurements multiple times during the day. The left-overs of these samples 
facilitate pharmacokinetic studies while reducing the burden on patients and clinical 
staff.

Ganciclovir

Ganciclovir (intravenous) and its oral prodrug valganciclovir are the gold standard 
anti-viral drug used for prevention and treatment of CMV in the immunosuppressed 
patient population, especially in transplant recipients. There is limited evidence which 
ganciclovir exposure targets should be used to achieve fast viral load decline16,17. 
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However, due to the commonly occurring myelotoxicity, resistance development and 
the lack of other available medications for prevention and treatment of CMV, there is 
a need for ganciclovir therapy optimisation18–20. We developed a bioanalytical method 
using liquid chromatography tandem mass spectrometry to measure ganciclovir 
concentrations (Chapter 5a). Ganciclovir TDM seemed beneficial in specific patient 
cases (Chapter 5b) and this led to an observational study where TDM was analysed 
in a wider patient population (Chapter 5c). We observed significant variability of 
ganciclovir exposure and only a moderate correlation between Cmin and 24-hour 
area under the concentration-time curve (AUC24h) values. There was significant 
underexposure especially within a patient population with normal to increased renal 
function, reflected by a higher range of estimated glomerular filtration rate (eGFR).

Due to lack of data, we could not directly correlate the viral load decline with 
ganciclovir exposure, thus we developed a pharmacokinetic-pharmacodynamic 
model describing the viral load decline in relationship with individual patient-
specific pharmacokinetic parameters (Chapter 5d). An extremely slow decline in viral 
load was shown in the model and simulations (on average 1 log10 decline over 12.5 
days). This could mean that there might have been too low exposure of ganciclovir 
(dosages should be increased to achieve faster response), however, the therapeutic 
window is narrow, and options to increase the dose are limited by toxicity18,19,21. The 
analysis might have been further complicated by the fact that neither viral loads, 
nor ganciclovir exposure were measured at the site of the infection, and perhaps the 
effects of this drug cannot be reliably assessed with plasma viral load values alone. 
As also suggested by Perrottet et al22,23, it could have been due to low numbers of 
CMV-infected cells; ganciclovir requires bioactivation within infected cells in order 
to effectively inhibit CMV viral replication. The authors suggested that the observed 
slow CMV clearance might have been due to the fact that immunocompromised 
patients were lacking CMV cell-mediated immunity22.

Although ganciclovir pharmacokinetics are well known, describing the relationship 
between exposure and response is difficult as the success of CMV therapy does 
not seem to only depend on ganciclovir exposure. Other potential factors that are 
associated with the severity of CMV disease can be the extent of immune suppression 
in the individual patient and the viral load22,24. There have been attempts to design 
a vaccine against CMV, however, this is challenging as latent CMV is lifelong and 
some of the immunology remains unclear24. Newer agents such as letermovir (only 
approved for CMV prophylaxis) and maribavir are currently under investigation 
to be used in CMV treatment alone and potentially in combination; perhaps, these 
novel agents cause less adverse events25. Still, it remains important that not only viral 
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load decline is explored as an outcome parameter, but also the relationship between 
drug exposure and viral load decline needs to be investigated. The first step could 
be building preclinical models, where pharmacokinetic-pharmacodynamic indexes 
could be defined and thereafter used in a clinical study. This approach is often 
used, for example in studying dosing strategies to treat bacterial infections, where 
hollow fiber infection models mimicking the in vivo exposure are used26–28. There 
are different host cells that can be infected and re-creating that process in a model 
can be complex. Another complicating factor for antiviral models is that there is no 
general consensus in what is the best endpoint to assess antiviral efficacy, however, 
viral load decline and CD4 counts have been used previously29,30. Moreover, in viral 
infections like CMV, the patient immunity plays a major role, which is difficult to 
capture in a model29.

Antifungal drugs

In Chapter 6 we explored the optimisation of antifungal drugs: posaconazole, 
fluconazole and caspofungin. It was previously observed that voriconazole 
exposure is higher during severe inflammation as expressed by CRP concentrations 
as the hepatic metabolic pathway of voriconazole is affected by cytokines resulting 
in a down regulation of drug metabolising enzymes31. We were curious if this 
could explain the observed inter- and intraindividual variability of posaconazole 
concentrations in patients with hemato-oncological disease in previous studies32–34. 
We did not observe any association between CRP and posaconazole exposure as 
this drug is metabolised to lesser extent by hepatic enzymes than voriconazole 
(Chapter 6a). In a post-hoc analysis (Chapter 6b), we analysed whether the high 
inter- and intraindividual variability of posaconazole concentrations was related to 
potential confounders. There were no significant relationships, however, potential 
additional causes such as presence of diarrhoea and graft versus host disease were 
not investigated due to the absence of data33. Dosage changes recommended by 
pharmacists resulted in more concentrations within the target, although only 39% 
recommendations were followed up by attending clinicians. This highlights the 
need for interdisciplinary on-site teams, where optimisation of therapy does not 
stop with drawing the blood sample.

Fluconazole, another azole antifungal, is used for prophylaxis and step-down 
treatment for invasive candidiasis35,36. In Chapter 6c, we again used the observational 
study design where left-over blood samples were collected. In this case, over 500 
fluconazole concentrations were obtained, which made it possible to analyse the 
relationship between fluconazole Cmin and AUC24h for multiple days. In addition, 
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we built a pharmacokinetic model that was used to estimate an appropriate dosing 
regimen. From our study, it was clear that the current manufacturer37 and guideline 
recommended dosing35 does not provide sufficient fluconazole exposure for critically 
ill patients.

Critically ill patients, admitted to ICU, were also investigated in Chapter 6d, where 
we used previously published data on caspofungin exposure34. In the initial study, 
low exposure was noted, thus in this study we developed a pharmacokinetic model 
to describe the population further. This model was used to explore the potential 
drug regimens that would reach the pre-defined exposure targets. For caspofungin, 
we suggest a weight-based regimen might be a better option to reach these targets 
as the manufacturer recommended fixed dose does not result in sufficient exposure 
in all patients38.

Invasive aspergillosis and candidiasis have high mortality rates and require 
prolonged prophylaxis and/or treatment. In Chapter 6 we showed that the therapy 
could be improved for multiple antifungals. The emergence of antifungal resistance 
and lack of agents are important reasons to perform TDM and estimate exposure-
response relationships on the individual patient level. Optimising treatment of 
invasive fungal infections can be difficult, as minimal inhibitory concentrations 
(MICs) are not always known and exposure parameters are often based on pre-
clinical data39. When treating these life-threatening infections, it is crucial to reach 
the target as early as possible, that is why we also simulated the optimal dose to 
reach the target already after 24h of treatment. We detected significant variability and 
underexposure in our populations and proposed new dosage regimens. However, 
we acknowledge that these should be confirmed in future clinical studies. 

Future perspectives

Drug exposure can be investigated by performing studies to evaluate clinical TDM 
(Chapter 5b, 5c, 6b), but also by developing population pharmacokinetic models 
from clinical study data to develop dosing regimens that could be tested in future 
studies (Chapter 6c, 6d). Defining pharmacokinetic parameters in population 
pharmacokinetic models is crucial in drug development, especially in designing 
phase 1-3 clinical studies and estimating appropriate sampling/dosing regimens. 

Pharmacodynamic parameters, such as drug response, biomarkers and viral loads, 
become critically important in specific patient groups. In order to achieve patient 
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level optimisation pharmacokinetics and pharmacodynamics need to be combined 
with new sampling methodologies and improved infrastructure. In the following 
section we have presented the current optimisation of anti-infective therapy and 
potential future directions (Figure 1).

Pharmacokinetics and pharmacodynamics

An important step to move forward in the fi eld of pharmacokinetic therapy 
optimisation is incorporating pharmacodynamics into pharmacokinetics in order 
to take also the pharmacodynamic variability into account. When estimating drug 
exposure (pharmacokinetics), the weight of the patient, renal and liver function, eff ect 
of food and interacting medication are considered. Adding the information on the 

Figure 1. Current personalisation of therapy and future perspectives.   
In order to develop further from present optimisation of therapy that uses population 
average values and often is confi ned to central hospitals, bedside sampling, 
pharmacogenetics and exposure-eff ect relationships should be investigated and 
implemented.
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infection (pharmacodynamics) would mean including the MIC of the pathogen, the 
infectious burden, the site of the infection and specific immune status and genotype of 
both the host and the causative pathogen. Currently, when specific pharmacokinetic-
pharmacodynamic targets (e.g., AUC/MIC) are aimed for, a population average is 
used. This is not truly optimisation of therapy on an individual patient-level, as 
these targets vary between centres, clinical departments, patient groups and sites 
of infection. The variability can be caused by inter-laboratory, antimicrobial or 
antiviral resistance prevalence differences. It is necessary to know patient-specific 
targets. Clinical studies could be utilised to design more specific pharmacokinetic-
pharmacodynamic studies to describe what occurs in a more distinct patient 
population as licencing studies are done with a set of restricted inclusion criteria. 
These studies and potentially linked pharmacokinetic-pharmacodynamic models 
could be used in precision therapy.

In order to take a patient-level approach, a more specific MIC should be targeted. 
MIC testing is widely applied to estimate drug resistance and incorporated 
into pharmacokinetic-pharmacodynamic estimations. Recently, whole genome 
sequencing has been applied in estimating drug susceptibility to analyse the 
genotypic MIC. This approach has shown to be beneficial in determining a particular 
mutation that causes a certain level of antimicrobial resistance40. The application of 
MIC range associated with a specific genotype to clinical care is important to regulate 
as this is a new diagnostic methodology, but it can provide additional information 
to truly optimise therapy. Another issue with MIC occurs during empirical therapy, 
when often the MIC of the causative pathogen is unknown and (only) the breakpoint 
is used.

Besides using the pharmacokinetic-pharmacodynamic indices as response 
parameters, biomarkers can be used to follow the response to antimicrobial therapy. 
For example, using procalcitonin has been shown to be beneficial in shortening 
the duration of antimicrobial therapy in the ICU setting and galactomannan can 
be used to optimise antifungal therapy41,42. In addition to pharmacokinetic and 
pharmacodynamic variability, drug and patient pharmacogenetic variability must be 
considered in optimisation of therapy. While pharmacogenetic testing is not widely 
suggested on a population level, for individual anti-infectives (e.g., voriconazole) 
this approach might be very beneficial in combination with pharmacokinetic 
and pharmacodynamic considerations43. TDM could be utilised in combination 
with pharmacogenetic testing. For instance, genetic variation in genes coding for 
cytochrome P450 iso-enzymes (e.g. CYP2C19, CYP2D6) impacts enzymatic drug 
metabolism and predicts drug exposure of certain drugs eliminated by this route44.  
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Infrastructure

The delivery of precision therapy requires appropriate infrastructure. Firstly, 
samples must be obtained from the patient and sent to the laboratory in a timely 
fashion. Secondly, determination of drug concentrations requires laboratories to 
have appropriate equipment at their disposal, like liquid chromatography-based 
methodologies such as LC-MS/MS (Chapter 5a). Challenges are that the equipment 
is expensive, in house development of assays can be time consuming and requires 
highly skilled laboratory scientists. Thirdly, in order to apply these results to clinical 
care, trained clinicians with pharmacological expertise are needed. As a solution, 
governmental agencies could form hospital networks, which would mean regional 
and central hospitals could work closely together as they are already doing in for 
example cancer care. Central hospitals can provide high level laboratory services 
to regional hospitals. This would likely result in a more appropriate allocation of 
resources. It has been previously proposed for tuberculosis that on a regional, central 
and community level different kind of drugs could be prioritised45. The authors 
proposed that only screening of first-and second line drugs for tuberculosis should 
be done on a community level, TDM of key first (e.g. rifampicin, isoniazid) and 
second line drugs (e.g. fluoroquinolones) should be done on regional level and TDM 
for other drugs should be done on a central level45. Regional hospital laboratories 
could also have a role in research in collaboration with the central hospital, resulting 
in a network of laboratories providing a service with the appropriate turn-around 
time for both clinical care as well as research.

In order to implement precision therapy in routine care, also the development of 
bedside tests to measure drug concentrations is crucial. The current methodologies 
do not provide the opportunity to do real-time therapy optimisation46. Closed-loop 
monitoring incorporating microneedles (Figure 2) could be a great potential for 
bedside monitoring of anti-infectives in ICU patients46. The microneedle technique 
has been used in diabetes research for glucose monitoring and has shown good safety 
and tolerability profile47. Microneedles that have integrated biosensors for drug 
measurement are placed on the skin without affecting the nerves and blood vessels 
of the dermis46. Using this method, it is possible to measure drug concentrations from 
interstitial space fluid (ISF). ISF concentrations show the anti-infective exposure on 
the site of the infection (measuring unbound drug concentrations) and could replace 
plasma monitoring46,48. The data that is generated with this technique can be used 
for real-time monitoring of ISF anti-infective concentrations and then be applied to 
closed-loop control system46. These systems are essentially algorithms that estimate 
the optimal dose (continuous/bolus intravenous and oral dosing) therapy using pre-
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defi ned pharmacokinetic-pharmacodynamic indexes that describe the exposure-
eff ect or exposure-toxicity relationships46.

In vitro artifi cial ISF and microdialysis methodology used in ICU patients has shown 
good results49–51. However, currently there is limited data on effi  cacy and toxicity 
targets for anti-infectives for implementation of ISF. Besides this, implementing 
closed-loop monitoring is complex as the development is time-consuming and 
there have already been issues with measuring extremely low concentrations, 
drugs with large molecules and variability46,48. Here, chemists and engineers need 
to provide expertise in order to develop validated methodologies to measure drug 
concentrations in real-time. This will reduce the current turn-around time and will 
lead to faster interventions.

Figure 2. Closed-loop monitoring for anti-infectives. Adapted from Rawson et al., 201846
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Conclusions

Clearly, we have only just started on a journey to optimise therapy of anti-infectives 
in immunocompromised patients. Investigating pharmacokinetics is important in 
describing exposure of anti-infectives, as still many anti-infectives are potentially mis-
dosed. To further optimise outcome in this highly vulnerable patient population, we 
should use specimens collected for routine care, and novel technologies like closed-
loop monitoring incorporating microneedles to minimise harm to patients. To further 
optimise outcome, the future challenge will be to move on to real personalisation of 
therapy, considering patient specific and infection specific variables.
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