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08 — General discussion & Future perspectives

Invasive aspergillosis is one of the most
common mould infections. This is a life-
threatening complication, which is fre-
quently seen in immunocompromised
patients 2, Voriconazole, a broad-spec-
trum antifungal agent, is recommended
as primary treatment in most patients
with invasive aspergillosis ?. The pharma-
cokinetics of voriconazole are highly
variable, which complicates adequate
treatment with this drug. Although a
therapeutic range has been defined for
voriconazole (1 - 6 mg/L) to optimise
response to treatment and to avoid
toxicity B it remains difficult to give a
proper dosing advice, for instance becau-
se of the non-linear pharmacokinetics
of voriconazole and a poor corre-
lation between the voriconazole dose
and the measured concentration 45,

8.1 Pharmacokinetics of voriconazole

First of all, to gain more insight in the
pharmacokinetics of voriconazole, voricon-
azole-N-oxide concentrations can be mea-
sured besides voriconazole concentrations.
Although voriconazole-N-oxide shows no
antifungal activity ©, it gives more infor-
mation on voriconazole metabolism. The
additional value of measuring voriconazo-
le-N-oxide concentrations is described in
Chapter 3a. By measuring both voricona-
zole and voriconazole-N-oxide concentra-
tions more information can be obtained on
the metabolic capacity of the liver and is
therefore helpful to interpret voriconazole
levels and to optimise voriconazole treat-
ment (see table 1). In Chapter 3b a fast liquid
chromatography-tandem mass spectromy
(LC-MS/MS) method is described to deter-

Several factors have been des-
cribed to influence the pharma-
cokinetics of voriconazole, including
age, CYP2C19 genotype, concomitant
use of CYP450 inhibitors or inducers,
and liver function ¢-9, However, all
these factors still do not fully explain
the observed pharmacokinetic vari-
ability. In this thesis we have inves-
tigated which other factors could
influence the pharmacokinetics of
voriconazole. Furthermore, we have
explored the additional value of per-
forming therapeutic drug monitor-
ing (TDM) for voriconazole in clinical
practice. Additionally, we have ex-
plored how voriconazole treatment
could be optimised, by determining
which factors influence the pharma-
cokinetics of voriconazole.

mine the voriconazole-N-oxide concentra-
tion.

To determine whether voriconazole treat-
ment is optimised by measurement of both
voriconazole and voriconazole-N-oxide con-
centrations, this should be implemented in
clinical practice. Subsequently, it should be
examined whether measurements of both
voriconazole and voriconazole-N-oxide re-
sults in better treatment guidance of vori-
conazole compared with measurement of
solely voriconazole concentrations. In addi-
tion, with successive low voriconazole con-
centrations and high corresponding vorico-
nazole-N-oxide concentrations, a switch to
another second-line antifungal agent, such
as posaconazole could be considered, espe-
cially in the initial and most critical phase of
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of antifungal treatment. Next, it should be
investigated if this strategy results in improved
treatment outcome with acceptable costs.

Besides N-oxidation another major meta-
bolic pathway in humans is the hydroxy-
lation of voriconazole, where hydroxy-
voriconazole and dihydroxyvoriconazole
are formed M. Although serum concentra-
tions of hydroxy-voriconazole and dihydroxy-
voriconazole are low compared with
voriconazol-N-oxide concentrations, the
hydroxylation pathway seems to be more
important than the N-oxidation pathway.
The partial metabolic clearance via hydroxy-
lation seems to exceed N-oxidation con-
siderably %3], Therefore, it should be further
examined to what extent the conversion
from voriconazole to voriconazole-N-oxide
is sufficiently representative for the total
metabolism of voriconazole in clinical
practice. Additionally, with the currently
available analysis techniques it remains
challenging to accurately measure subtle
changes for the observed low concentrations
of hydroxy-voriconazole and dihydroxy-
voriconazole. If an accurate method is avai-
lable, more information could be obtained
for the hydroxylation pathway, and the role
of this pathway and the N-oxidation path-
way in for instance drug interactions and
other factors influencing the metabolic
capacity of the liver.

A reduced bioavailability of voriconazole
is suggested as a factor that contributes to
variable voriconazole concentrations 041,
In adult patients the bioavailability of vori-
conazole is high, over 90% . In Chapter 4,
we showed that the bioavailability of vori-
conazole in hospitalised patients is slightly
reduced (83%) compared with the reported
bioavailability of > 90%, mostly studied in
healthy volunteers [6]. However, the obser-
ved bioavailability in our study is considera-
bly higher compared to other studies 4],
In contrast to these studies, we used strict
inclusion criteria. For instance, each patient
served as his/her own control and other
clinical parameters potentially influencing
voriconazole concentrations had to be
comparable. These strict inclusion criteria
were used to minimise confounding. There-
fore, it seems that other factors apart from
bioavailability contribute to the variable
voriconazole concentrations. For instance,
poor metabolisers of CYP2C19 could have
higher bioavailability compared with ex-
tensive metabolisers. This is probably due
to a reduced first-pass metabolism caused
by a decreased CYP2C19 activity in the gut
wall. In addition, for ultra-rapid metaboli-
sers bioavailability could be reduced based
on higher CYP2C19 activity in these patients
216l This hypothesis should be prospectively
confirmedinalarger patient population. The
results of our study however emphasise the

Table 1. Voriconazole/voriconazole-N-oxide concentrations in relation to typical clinical situations [l

DDI: drug-drug interaction



need for the input of an expert with know-
ledge of factors influencing the pharmacoki-
netics of voriconazole if a patient is treated
with this drug. Although the switch from
intravenous to oral antifungal treatment is
encouraged in antimicrobial stewardship
programmes (ASPs) to reduce costs 7, the
condition of the patient remains an impor-
tant factor whether this switch is clinically
appropriate. For instance, in hematologic
patients gastro-intestinal complications are
commonly observed. Therefore in ASPs, gui-
delines should be included for specific pa-
tient populations. In this guideline patient
characteristics of this population should be
highlighted and taken into account to opti-
mise treatment. Furthermore, ASPs mainly
focussing on antifungal agents are limited.
In addition, even less research is performed
on the conversion from intravenous treat-
ment to oral treatment for azoles in ASPs
sl Therefore, the potential benefits of ASPs
for antifungal agents should receive more
attention. Additionally, the implementation
of these antifungal stewardship program-
mes with the potential benefits should be
assessed in clinical practice.

Another potential factor that can influence
voriconazole pharmacokineticsis inflamma-
tion. During inflammation several drug-me-
tabolising enzymes, including cytochrome
P450 iso-enzymes, are down-regulated 201,
Since voriconazole is mainly metabolised
by cytochrome P450 (CYP) iso-enzymes [©),
its metabolism can be influenced during
inflammation. In Chapter 5 we showed that
the pharmacokinetics of voriconazole were
indeed influenced in adult patients by se-
vere inflammation, reflected by increased
C-reactive protein (CRP) concentrations. Du-
ring severe inflammation high and poten-
tially toxic voriconazole concentrations

Chapter 08

were observed, while trough concentrati-
ons decreased significantly if the infection
and the degree of inflammation subsided,
reflected by decreasing CRP concentrations.
Based on the CYP2C19 genotype of the pa-
tient, the effect of inflammation was even
more pronounced. For instance, the meta-
bolism of voriconazole is more reduced
during inflammation for intermediate
metabolisers of CYP2C19 compared with
extensive and ultra-rapid metabolisers of
CYP2C19. Besides CYP2C19, voriconazole is
also metabolised by CYP2C9 and CYP3A4,
though to a lesser extent [°l. The metabolic
capacity of CYP2C9 and CYP3A4 can also be
reduced during inflammation #I, In our
study solely CYP2C19 genotyping was
performed. A reduced metabolic capa-
city for CYP2C9 is also commonly ob-
served in the Caucasian population @3
Therefore, an intermediate metaboli-
ser for both CYP2C19 and CYP2C9 can re-
sult in an even larger effect on voricon-
azole metabolism during inflammation.
A recent study in 29 patients showed that
the genetic score, including both CYP2C19
and CYP3A4 genotype, and inflammation
significantly influenced voriconazole trough
concentration 4. By using the genetic
score of a patient, where all CYP450 geno-
types of interest are included, more infor-
mation could be obtained on the metabolic
capacity of the liver and the effect of in-
flammation on vorionazole metabolism. In
this case, quantification of the main meta-
bolite of a drug, active or not, gives impor-
tant additional information on drug meta-
bolism [ Qverall, the effect of inflamma-
tion on voriconazole metabolism, including
CYP2C19, CYP2C9 and CYP3A4 genotype
should be studied for a better understan-
ding of the variable voriconazole pharmaco-
kinetics.
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In children the effect of inflammation on vori-
conazole trough concentration is less pro-
nounced compared to adults. In Chapter awe
showed that in children aged = 12 years, vori-
conazole trough concentrations are higher
at elevated CRP concentrations (> 150 mg|/L).
However, in children aged < 12 years, a trend
of increased voriconazole concentrations at a
higher degree of inflammation was not obser-
ved. This could be explained by a higher me-
tabolic capacity in children aged <12 years for
voriconazole, confirmed by the linear phar-
macokinetics of voriconazole in this patient
group 5., Yanni and colleagues showed that
CYP2C19 activity was higher in children aged
< 12 years compared with adults, as well as
flavin-containing mono-oxygenase (FMO) ac-
tivity 2. Although both CYP2C19 and FMO ac-
tivity are reduced during inflammation ', this
does not seem to influence the metabolic ca-
pacity of the liver in children aged < 12 years.
For other drugs, including theophylline and
midazolam, a reduced clearance was shown
in children aged < 12 years during inflamma-
tion #7. However, these drugs are primarily
metabolised by CYP1A2 and CYP3A4, which
could explain the difference in drug clear-
ance during inflammation. Since our study
was based on retrospective data with a limi-
ted number of patients and a limited number
of samples per patient a larger observational
study should be performed including longitu-
dinal data to gain more insight on the effect of
inflammation in children from different age
groups.

Based on the results of the studies descri-
bed in Chapter 5 and 6a inflammatory pa-
rameters like CRP concentrations should be
measured routinely in clinical practice du-
ring treatment with voriconazole for adults
and possibly alsoin children aged 12 years or
older. This results in a better understanding

of the variable voriconazole concentrations.

The synthesis of CRP is mainly regulated
by the cytokine interleukin-6 (IL-6) 8. The-
refore, IL-6 concentrations can be an ear-
ly predictor of inflammation resulting in a
decreased metabolism of voriconazole and
hence higher voriconazole trough concen-
trations. In a recently performed prospec-
tive study in adult haematology patients
was shown that IL-6 concentrations were
significantly correlated with voriconazole
trough concentrations. However, the results
of this study suggest that the IL-6 concentra-
tion is not a better predictor for the variable
voriconazole trough concentrations than
the CRP concentration 2. Since CRP con-
centrations are more frequently measured
in clinical practice and the costs are lower
than measuring IL-6 concentrations, it is
questionable whether measuring IL-6 con-
centrations provides more information on
voriconazole metabolism during inflamma-
tion with acceptable costs. Since the sample
size of this study was small and information
on voriconazole metabolism was lacking, a
larger prospective study should be perfor-
med with more frequent sampling of both
inflammatory parameters and voriconazole
and voriconazole-N-oxide concentration to
confirm these findings.

8.2 Optimising voriconazole treatment

TDM is recommended in several guidelines
Bo3” but it is questionable whether solely
performing TDM is the ultimate solution to
optimise and individualise treatment with
voriconazole. In Chapter 6b we developed
a pharmacokinetic/pharmacodynamic (PK/
PD) mathematical model, where the circu-
lating galactomannan concentration was
used as pharmacodynamic parameter.
Although the data included in this study are



sparse and should be confirmed by larger
studies in which more patients are inclu-
ded, the results of this study suggests that
the generally accepted therapeutic range of
1-6 mg/L Bl is not applicable for all patients
treated with voriconazole and highlights
the need for true individualised treatment
with voriconazole. By performing TDM the
variable pharmacokinetics of a patient is
taken into account, but a factor to determi-
ne response to treatment is lacking. Especi-
ally for patients with a probable or proven
fungal infection a biomarker to determine
response to treatment should be included,
like the galactomannan index. By combining
the galactomannan index with the voricon-
azole concentration, a real-time indication
is provided for the individual response of
the patient to voriconazole treatment. Sin-
ce this study was performed in paediatric
patients, a similar study should be perfor-
med in adult patients. Subsequently this
treatment strategy, including both pharma-
cokinetic and a derived pharmacodynamic
parameter, should be applied in clinical
practice to determine if this results in opti-
mised voriconazole treatment.

TDM of voriconazole is recommended
based on retrospective data 5 and limited
prospective data 23], Although it is cur-
rently uncertain if TDM guided treatment
of voriconazole for adult patients with inva-
sive aspergillosis is superior to the standard
voriconazole dosing regimen, it is advised
in international guidelines 331, In Chapter
7 a multicentre, prospective, clinical trial
was performed. In this study, it was shown
that individualised voriconazole treatment
by routinely using TDM in all adult patients
with invasive aspergillosis was not superi-
or compared with the standard dosing re-
gimen of voriconazole without performing

Chapter 08

TDM. Here, both response to treatment and
patients for whom voriconazole treatment
was discontinued due to an adverse event
of voriconazole was included in the analysis.
However, significantly more trough concen-
trations were found within the predefined
therapeutic range for the TDM-group. The
results of this study suggests that other fac-
tors, apart from TDM cause treatment failu-
re of voriconazole. Therefore, the additional
value of TDM must be furtherinvestigated, to
determine which patients could benefitfrom
TDM. For instance in patients with a more
severe fungal infection (i.e. probable or
proven infections) the benefits of TDM
could be more pronounced compared
with patients with a less severe fungal
infection (e.g. a possible infection as com-
pared to a probable or proven infection,
or infections with a lower fungal load).
Although we found no difference in res-
ponse to treatment and adverse even-
ts resulting in voriconazole treatment
discontinuation for patients with a more
severe fungal infection, our study was not
powered for this subgroup analysis. There-
fore, these results should be confirmed or
invalidated in a properly designed study
with sufficient power.

Furthermore, emerging azole resistance is a
global problem and the mortality rates are
high in patients with documented azole re-
sistant invasive aspergillosis 343l Troke et
al. suggested a trough concentration divi-
ded by the minimal inhibitory concentration
(MIC) of 2 to 5 to optimise voriconazole treat-
ment 33 With the emerging problem of azo-
le resistance, the probability of achieving
adequate voriconazole exposure decreases
with increasing MIC values. This also sug-
gests that TDM could play an important role
in less susceptible species, which should be
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be confirmed in clinical practice. Again, this
highlights the need for true individualised
treatment of voriconazole, including not
solely the voriconazole trough concentra-
tion if TDM is indicated, but both a pharma-
cokinetic and pharmacodynamic parame-
ter, or other derived pharmacodynamic pa-
rameter with which response to treatment
could be determined (i.e. galactomannan
index). Additionally, this also highlights the
importance of rapid molecular testing for
the presence of mutants with reduced or
lost susceptibility for triazoles to optimise
treatment.

The impact and additional value of TDM for
voriconazole could be highest during the
initial and most critical phase of antifungal
treatment. Although a therapeutic range of
1-6 mg/L is recommended for optimal treat-
ment outcome and to avoid toxicity, it is un-
clear whether this therapeutic range should
be maintained during the entire treatment
with voriconazole, or solely in the initial
phase. Therefore, more research should be
performed to determine if TDM for voricon-
azole should be performed during the en-
tire treatment with voriconazole, or solely
during the initial and perhaps most critical
phase of treatment. For patients with speci-
ficrisk factors, forinstance patients with per-
sistent neutropenia, longer follow-up with
TDM to optimise voriconazole treatment
could have more additional value compared
with patients who recover from neutrope-
nia after one or two weeks. Patients who
already failed on other antifungal treatment
could also benefit from longer routinely use
of TDM, because this is a more vulnerable
population as well as patients with a fun-
gal infection in for instance the central ner-
vous system. Furthermore, patients recei-
ving a strongly deviating voriconazole dose

should be followed up more often, because
of the highly variable pharmacokinetics of
this drug. Though, correct adjustment of the
voriconazole dose remains difficult, because
of the many different factors influencing
voriconazole concentration as described
earlier. Therefore, a proper dosing algo-
rithm including multiple factors influencing
voriconazole concentration, which is also
easy to use in clinical practice should be de-
veloped.

Another important aspect in antifungal
treatment is the financial burden for the
health system. The ever continuous costs of
antifungal treatment is a concern B¢. New
antifungal drugs, such as isavuconazole,
are available at higher costs compared to
the generic variant of voriconazole. The ef-
ficacy of isavuconazole is comparable with
voriconazole and antifungal susceptibility
seems comparable. However, for isavucona-
zole less drug-related adverse events have
been observed. In addition, the pharmaco-
kinetics of voriconazole are highly variable
as also shown in this thesis, while isavuco-
nazole seems to have more predictable
and linear pharmacokinetics with minimal
inter-patient variability 3738, However, also
with frequent use of TDM for voriconazole
to maintain efficacy and avoid toxicity the
treatment with voriconazole might be more
cost-effective, compared with isavucona-
zole. Therefore, in future studies where
different treatment strategies of antifungal
agents are compared, cost-effectiveness
should be included in the analysis to keep
antifungal treatment affordable.

8.3 Final remarks

The number of patients at risk for invasive
fungal infections is increasing B9, Invasive
aspergillosis is one of the most common



mould infections, for which voriconazole is
recommended as first-line treatment 40,
However, it remains difficult to optimise
treatment with voriconazole, because of
the observed pharmacokinetic variability of
this drug. In this thesis we have investigated
which factors could influence the pharma-
cokinetic variability of voriconazole, includ-
ing inflammation and bioavailability. We
showed that inflammation contributes to
the variable pharmacokinetics of voricon-
azole. In this thesis we have also shown that
not solely the voriconazole trough concen-
tration predicts treatment outcome. Other
factors apart from the voriconazole trough
concentration cause treatment failure as
well. Therefore, to optimise treatment with
voriconazole other factors, for instance the
galactomannan index, could provide more
information for optimal voriconazole treat-
ment.Inaddition,althoughTDMis suggested
to optimise treatment [30,31] the utility of
TDM for voriconazole must be re-establish-
ed in patients treated with voriconazole, to
determine which patients could benefit the
most from TDM. Last, more attention should
be paid to the cost-effectiveness of the dif-
ferent treatment strategies of mould infecti-
ons, because of the increasing costs of anti-
fungal treatment.

For true individualised and optimal
treatment of voriconazole not solely
the pharmacokinetics of voriconazole
should be taken into account, but
also a pharmacodynamic parameter
to determine response to treatment.
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