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Abstract
Background: Therapeutic drug monitor- 
ing (TDM) of voriconazole is recom- 
mended based on retrospective data  
and limited prospective data, and ad- 
vised in international guidelines. 

Objective: To investigate if TDM guided 
treatment of voriconazole is superior to 
the standard treatment in a multicenter, 
prospective, randomised trial.   

Methods: A multicentre (n=10), pros-
pective, cluster randomised, cross-over 
clinical trial was performed in haema- 
tological patients aged ≥ 18 years, tre-
ated with voriconazole for invasive 
fungal infections. Randomisation and 
allocation of each centre to start with 
including patients in the TDM-group or 
non-TDM group was computer-genera-
ted. In total 189 patients were enrolled. 
All patients received the standard vori-
conazole dose at start of treatment and  
voriconazole trough concentrations  
were taken immediately after treat- 
ment initiation and repeated over time. 
In the TDM group the dose was adjusted 
as appropriate. The primary composi-
te endpoint included response to treat-
ment and patients for whom voricona-
zole treatment was discontinued due to  
an adverse event related to voricon- 
azole within 28 days after treatment ini-

tiation. For this analysis 74 patients 
were included in the non-TDM group 
and 68 patients in the TDM group.

Findings: There was no significant 
difference for the composite pri-
mary endpoint between both groups  
(OR: 1.14 95% CI: 0.618 – 2.094, P = 
0.678). However, more trough con-
centrations were found within the 
generally accepted therapeutic range 
of 1–6 mg/L for the TDM group (74.0%) 
compared with the non-TDM group 
(64.0%; P < 0.001).

Interpretation: In this multi-centre,  
prospective, randomised trial TDM 
guided dosing was not superior 
to the standard dosing regimen of  
voriconazole. We hypothesise that 
a more selective approach for TDM 
of voriconazole could be more ap- 
propriate. For instance, in patients 
with a more severe fungal infection 
(i.e. probable or proven fungal infec-
tion), or patients who failed on other 
antifungal treatment.

Trial registration: ClinicalTrials.
gov registration no. NCT00893555.  

Funding: ZonMw, the Netherlands 
(project number 170995005).
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7.1 Introduction
The number of patients at risk for invasive 
fungal infections is increasing, due to an in-
crease in immunocompromised patients [1]. 
One of the most common mould infections 
is invasive aspergillosis (IA), which is a life- 
threatening complication that is frequently 
seen in patients with haematological ma-
lignancies or patients who received an allo-
geneic haematopoietic stem cell transplant 
[2,3]. In most patients with IA voriconazole is 
recommended as primary treatment [4].

A twice daily weight-based intravenous loa-
ding dose of 6 mg/kg or fixed oral loading 
dose of 400 mg twice daily on day one, fol-
lowed by a maintenance dose of 4 mg/kg 
intravenously or 200 mg orally twice daily 
is the licensed dosing schedule of voricona-
zole for the treatment of IA [5]. Subsequent-
ly, the treatment should be continued for 
a minimum of 6-12 weeks according to the 
Infectious Disease Society of America gui-
delines [4]. Despite using the licensed dosing 
strategy, large inter- and intra-individual 
differences have been observed in vorico-
nazole serum concentrations showing little 
to no correlation between the voriconazole 
dose and measured serum concentration 
[6]. Factors influencing voriconazole serum 
concentrations include age [7], liver func-
tion [8], cytochrome P450 polymorphism 
[9], co-medication [10] and inflammation [11].  
Since the serum concentration is associated 
with efficacy and safety, therapeutic drug 
monitoring (TDM) of voriconazole has been 
suggested to improve treatment outcome 
and to avoid adverse effect, such as neuro-
logical toxicity and visual hallucinations 
[12]. In a recent meta-analysis a therapeutic 
trough concentration ranging from 1.0-6.0 
mg/L was proposed [13]. The optimal serum 
concentration may differ for an individual 

patient. For instance, in patients with an in-
fection of the central nervous system or si-
nuses, or an infection with less susceptible 
fungi, serum concentrations at the higher 
end of the population range may be needed 
[14,15].
 
It is currently uncertain whether TDM  
guided voriconazole treatment for adult 
patients with IA is superior to the standard 
voriconazole dosing regimen, regarding ef-
ficacy and toxicity. Furthermore, the eviden-
ce to support the benefit of TDM is limited to 
few studies, most of them uncontrolled [12]. 
In a post-hoc analysis of Phase II/III clinical 
trials an exposure-response relationship 
was found for the efficacy and safety of vo-
riconazole [16,17]. In this analysis, the utility of 
TDM with dose adjustments was not deter-
mined. Clearly, retrospective studies may 
have been hampered by selection bias [6,18]. 
Other studies have shown that individuali-
sed treatment of voriconazole by using TDM 
is beneficial compared with the standard 
dosage regimen of voriconazole, but the-
se studies have some limitations including 
small sample sizes [18,19]. Only one randomi-
sed controlled trial in a single-centre was 
performed which demonstrated the addi-
tional value of TDM [20]. Therefore, we hypo-
thesised that TDM guided dosing of vorico-
nazole improves treatment outcome and 
reduces toxicity in adult patients with IA 
compared with standard of care.

7.2 Methods

7.2.1 Study design and participants

We performed a multicentre, prospective, 
clinical trial of individualised voriconazo-
le treatment by using TDM (intervention 
group) versus the standard dosing regimen 
of voriconazole without routine TDM (con-
trol group) for the treatment of IA. A clus-94
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ter-randomised cross-over design was cho-
sen and allocation of each centre to start 
with the intervention or control group was 
generated per computer at random. The 
number of patients to be included in both 
groups per centre was predetermined. A 
wash-out period of 28 days was established 
between the two periods, to prevent that 
two strategies were operational at the same 
time. Patients were enrolled in this study by 
the principal investigator or his delegate of 
each participating centre. 

Patients were enrolled from April 2009 to 
September 2016 and were recruited from 
nine centres in the Netherlands and one cen-
tre in Germany (see supplementary table 1). 
Patients ≥ 18 years with a haematological 
malignancy or an allogeneic stem cell trans-
plant, and diagnosed with IA, which was tre-
ated with the recommended dose of vori- 
conazole [21], were eligible to enter the trial. 
Patients were excluded from participating 
in this study if they were hypersensitive or 
allergic to voriconazole or its excipients.

This study was approved by the institutio-
nal review board of the University Medical  
Centre Groningen (registration no. 2009/027) 
and by the Bundesinstitut für Arzneimit-
tel und Medizinprodukte and conducted 
according to the principles of the Declara- 
tion of Helsinki and in accordance with  
the Medical Research Involving Human Sub-
ject act (WMO). Written informed consent 
was obtained from all patients. This study 
was registered at ClinicalTrials.gov (number 
NCT00893555).

7.2.2 Procedures
Patients were diagnosed with IA according 
to the European Organization for Research 
and Treatment of Cancer/Invasive Fun-

gal Infections Cooperative Group and the  
National Institute of Allergy and Infectious 
Diseases Mycoses Study Group (EORTC/MSG) 
Consensus Group’s criteria. Patients were 
classified as having a possible, probable or 
proven invasive fungal infection [22]. 

At the start of treatment all patients re- 
ceived the standard voriconazole dose  
according to the package insert which con-
sisted of a loading dose of 6 mg/kg intra-
venously or 400 mg orally twice daily, fol-
lowed by a maintenance dose of 4 mg/kg 
intravenously or 200 mg orally twice daily 
[5]. For both groups the voriconazole trough 
concentration was measured on day 3 (up  
to six days after treatment initiation) and 
twice weekly from that day onward until 
end of treatment or hospital discharge [14,23]. 
After discharge, surveillance samples were 
drawn during outpatient visits. The turn-
around-time, i.e. samples received by the 
laboratory up to measuring and reporting 
the results, was 8 up to 72 hours. For the TDM 
group the voriconazole dose was adjusted if 
the trough concentration was lower than  
2 mg/L or higher than 5 mg/L. A dosing algo-
rithm was defined for dose adaptations in 
the TDM group. Briefly stated, the quantity 
by which the dose was adjusted depended 
on the deviation of trough concentration 
from the target concentration and ranged 
from an increase or decrease of 50 – 200 
mg per dose for oral administration or 0.5 –  
3 mg/kg for intravenous administration. In 
the non-TDM group patients received the 
standard voriconazole dose and samples 
were stored and measured afterwards to 
evaluate trough concentrations. The at-
tending physician could decide to de-blind 
the voriconazole trough concentration for 
a patient in the non-TDM group at any time 
if deemed necessary, based on the clinical 95
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condition of the patient. This event was also 
considered to be an endpoint. Furthermore, 
treatment modifications (such as, addition 
of or switch to another antifungal agent) 
could be made for both groups, also ba-
sed on the clinical condition of the patient, 
whether or not supported by new microbio-
logical insights or radiological progression.

7.2.3 Outcomes
The primary outcome was a composite end-
point including response to treatment de-
termined 28 days after treatment initiation 
and an adverse event that resulted in vorico-
nazole discontinuation within 28 days. Res-
ponse to treatment and an adverse event 
resulting in voriconazole discontinuation 
were also assessed separately. The response 
to treatment consisted of a combination of 
clinical, microbiological and radiological 
responses and was categorised as comple-
te response, partial response, stable disease 
or failure (defined as progression of disease, 
or death). Additionally, a complete or par-
tial response was classified as successful 
treatment. Stable disease, progression of 
the disease or death of the patient was clas-
sified as failure of treatment [24]. To prevent 
investigator’s bias an expert panel unawa-
re of allocation of the patient to either the 
intervention or control group determined 
the radiological response to treatment. For 
some critically ill patients radiological exa-
mination was not possible exactly 28 days 
after treatment initiation. To overcome this 
problem, response to treatment was asses-
sed within a time window (28 days ± 5 days 
or 10 days) instead of on a single day (day 28). 
If voriconazole treatment was discontinued 
due to an adverse event the Naranjo scale 
was used to assess whether this adverse 
event was actually caused by voriconazole 
or by another factor [25]. For the composite 

primary endpoint a possible or higher Na-
ranjo score (1 up to 13) was considered as an 
adverse event caused by voriconazole and 
subsequent discontinuation was considered 
as failure of treatment.

Patients were followed for up to 12 weeks 
after treatment initiation. Secondary out-
comes included the overall mortality at 28 
days and 84 days after start of voriconazole 
treatment, and the percentage of voricon- 
azole trough concentrations within the the-
rapeutic range. The occurrence of an event 
was also included as secondary outcome, 
were an event was defined as discontinua-
tion of voriconazole for several reasons in-
cluding death, a palliative policy, an adverse 
event, lack of efficacy, or successful treat-
ment outcome. Lastly, the percentage of 
patients switched to salvage therapy or for 
whom another antifungal drug was added 
to voriconazole treatment was assessed, as 
well as the number of de-blinded patients in 
the control group.

7.2.4 Sample size calculation
Based on the occurrence of low and high  
voriconazole trough concentrations it was 
estimated that TDM could reduce the fai- 
lure of voriconazole treatment from 40% [26]  

to 20%. In the most unfavourable assump- 
tion the intra-cluster correlation coeffi-
cient equals the intra-period correlation  
coefficient and varies between 0.002 
and 0.02. Additionally, in this study, 
we anticipated participation of 12 cen-
tres. To obtain 80% power with an un-
reliability of 5% (two-sided) each cluster 
should include 16 patients to detect a  
clinically relevant improvement of 20% in 
the intervention group compared with 
the control group, resulting in a calculated  
sample size of 192 patients in total.96
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7.2.5 Statistical analysis
Descriptive statistics of the patient charac- 
teristics are reported by treatment group. 
For numerical data the median with inter-
quartile range were determined and Wil-
coxon rank sum test was used to determine  
if there was a difference between the  
groups. For categorical data (nominal, or- 
dinal, and binary), frequencies were deter-
mined, and chi-square tests were used to 
determine differences between treatment 
arms.

The first part of the statistical analysis was 
to determine the confounding factors at  
baseline that would affect the treatment  
indicator, since enrolment of patients in 
the intervention and control period did not  
fully proceed according to schedule. A lo-
gistic regression analysis with a stepwise 
model selection approach was applied to 
find possible influencing confounders, using 
procedure HPGENSELECT of SAS institute, 
version 9.4. Bayesian information criterion 
(BIC) was used to determine the best pos-
sible treatment indicator model, similar to 
a propensity score. Confounders and their 
two-way interactions may enter the model 
when the overall p-value was below 0.25 and 
they may leave the model when the p-value 
was higher than 0.10. The confounders that 
were considered were: age, body mass in-
dex (BMI), race, gender, type of underlying 
disease, type of fungal infection, recovery of 
neutropenia within 28 days after start of vo-
riconazole treatment (if applicable), medical 
history of diabetes, coronary heart disease 
or thromboembolic disease, route of admi-
nistration and the voriconazole dose. 

The second part was to analyse the outco-
me variables uncorrected (since this was 
the analysis proposed during the study de-

sign) and corrected for the variables that in- 
fluenced the treatment indicator at the start 
of the trial. Categorical outcome variables 
were analysed with (binary or nominal) lo-
gistic regression and survival times were 
analysed with Cox proportional hazard 
method. The effect size for treatment is re-
ported as an odds ratio for logistic regres-
sion analysis and a hazard ratio for survi-
val analysis. The P-values are based on the 
Wald test statistic. The analyses were done 
with procedures GENMOD and PHREG of SAS  
institute, version 9.4. All analyses were per-
formed as per-protocol analyses.

7.2.6 Role of funding source
This study was financially supported by the 
Netherlands Organization for Health Re-
search and Development (ZonMw: project 
number 170995005). This funding source 
had no role in study design, data collection, 
data analysis, data interpretation, writing of 
the report, or decision to submit the paper 
for publication.

7.3 Results
In total 189 patients were enrolled. Figure 1 
provides an overview of the number of pa-
tients finally included in the per-protocol 
analysis (n=170) and the number of evalua-
ble patients for the primary outcome (n=142) 
and the reason of exclusion, including the 
number of patients excluded.

All patients in the non-TDM group had an in-
vasive pulmonary aspergillus, while in the 
TDM group four patients had an invasive as-
pergillus sinusitis. The most common host 
factor was neutropenia for both non-TDM 
(89.7%) and TDM (79.5%) group, whether or 
not in combination with another host fac-
tor. For the TDM group 73.1% recovered from 
neutropenia within 28 days, in the non-TDM 97
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group 66.2% (P = 0.360; for two patients in 
the non-TDM group recovery of neutropenia 
was unknown). Other patient characteris-
tics are presented in Table 1. Patients in the 
control group received a lower initial main-
tenance dose in mg/kg/day than patients in 
the intervention group (5.9 and 7.2 mg/kg/
day respectively, P = 0.006).

According to the study protocol the vori-
conazole dose had to be adjusted if vori-
conazole trough concentrations were < 2 
mg/L or > 5 mg/L. However, a recent meta- 
analysis recommended a wider therapeu- 
tic range of 1 – 6 mg/L [13]. Therefore, we  
analysed the results taken both ranges into 
account (Figure 2: 1 – 6 mg/L, supplementa- 
ry Figure 1: 2 – 5 mg/L). Figure 2 shows 
the voriconazole trough concentrations  

drawn at a median of 3 days (range 2 
to 6 days) after treatment initiation (Fi- 
gure 2A), the median voriconazole trough 
concentration per patient during treat- 
ment for both groups (Figure 2C) and the 
percentages of patients with an initial and 
median voriconazole trough concentration 
of < 1 mg/L, 1 up to 6 mg/L or > 6 mg/L (Fi- 
gure 2B and 2D) also stratified by the TDM  
and non-TDM group. The median initial 
trough concentration in both groups were 
similar (TDM group 3.8 mg/L and control 
group 3.9 mg/L, P = 0.614). In total 465 trough 
concentrations were measured for the non-
TDM group of which 333 (71.6%) within four 
weeks after treatment initiation and 613 for 
the TDM group of which 390 (63.4%) within 
four weeks after treatment initiation. During 
the entire treatment period with voricon- 

Figure 1. Number of patients included. Number of patients included in the per-protocol analysis and 
number of evaluable patients for the combined primary endpoint. #Not dosed according to the SPC of 
voriconazole [5]. 98
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Table 1. Baseline patient characteristics by treatment group.

Data are presented as number of patients (percentage) unless specified otherwise.
aMedian (interquartile range) 
#Other primary diagnosis included folliculotropic mycosis fungoides, hemophagocytic syndrome,  
hypereosinophilic syndrome

99
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azole, for 60 patients in the TDM group a 
dose adjustment was proposed and im-
plemented, see supplementary table 2 for  
details. Significantly more trough concen-
trations were found within the therapeutic  
range (1 – 6 mg/L) for the TDM group com- 

pared with the non-TDM group (respective-
ly 74.0% and 64.0%, uncorrected analysis P < 
0.001, corrected for confounders P = 0.006).
Furthermore, significantly more treatment 
modifications (i.e. addition of or switch to 
another antifungal agent, or antifungal treat-

Figure 2. Initial (A,C) and median (B,D) voriconazole trough concentration for the control and  
intervention group. Panel A shows the initial voriconazole trough concentration, drawn approxi- 
mately three days (up to six days) after treatment initiation for the control (non-TDM) and intervention 
(TDM) group. Panel C shows the percentage of patients with an initial voriconazole trough concentra- 
tion < 1 mg/L, 1 up to 6 mg/L and > 6 mg/L, stratified by the TDM (bar with squares) and non-TDM (open 
bar) group. Panel B shows the median voriconazole trough concentration per patient during the 
treatment with voriconazole, stratified by non-TDM and TDM group. Panel D shows the percentage of 
patients with an median voriconazole trough concentration < 1 mg/L, 1 up to 6 mg/L and > 6 mg/L,  
stratified by the TDM (bar with squares) and non-TDM (open bar) group. The solid line in panel A and B 
represents the median voriconazole trough concentration and the dotted line the therapeutic range 
for voriconazole. An x in panel A and B indicates voriconazole discontinuation due to an adverse event. 100
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ment stopped) were observed within 28 days 
after treatment initiation in the non-TDM 
group (see Table 1, P = 0.039). Here, dose ad-
justments in the TDM group were not consi-
dered as treatment modifications, since this 
was part of the treatment strategy.

The primary outcome, including both res-
ponse to treatment determined 28 days after 
treatment initiation and discontinuation due 
to an adverse event within 28 days after start 
of voriconazole, was not significantly diffe-
rent between the TDM and non-TDM group 
(uncorrected analyses: 1.027 95% CI: 0.553 – 
1.906, P = 0.933; using a larger time window: 
1.138 95% CI: 0.618 – 2.094, P = 0.678, corrected 
analyses: 0.889 95% CI: 0.454 – 1.743, P = 0.732; 

using a larger time window: 1.149 95% CI: 0.594 
– 2.223, P = 0.681). 

Radiological assessment is necessary to de-
termine the response to treatment in ac-
cordance with the current guidelines [24]. 
For 60 patients in the non-TDM group (or 74 
patients using a larger time window) and 
53 patients in the TDM group (or 68 patients 
using a larger time window) response to 
treatment could be assessed, based on cli-
nical, microbiological and radiological res-
ponse. A failure rate of 45.0% (or 39.2% with a  
larger time window) was seen in the non-TDM 
group and 49.1% (or 45.6% using a larger time 
window) in the TDM group, which was not 
significantly different (see also Table 2).

Data are presented as number of patients (percentage).

Table 2. Primary (response to treatment 28 days after treatment initiation ± 5 days and ± 10 days) and se-
condary outcomes (occurrence of an event), in the control (non-TDM) group and intervention (TDM) group.

101
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For 17 patients in the TDM group and for 18 
patients in the non-TDM group, voriconazole 
treatment was discontinued because of an 
adverse event. For both groups increased he-
patic enzymes were the main reason to dis-
continue voriconazole treatment (non-TDM 
group 55.6%, TDM group 64.7%). As presented 
in Figure 4, the percentage of patients that 
had to stop with voriconazole treatment 
due to an adverse event is not significantly 
different between both groups (P = 0.658). 
The occurrence of an event (including death, 
a palliative policy, an adverse event, lack of 
efficacy, or successful treatment outcome) 
was also not significantly different between 
both groups, nor mortality 28 days after  
treatment initiation and overall mortality 
up to 12 weeks (see Table 2 and Figure 3).

De-blinding of voriconazole trough concen-
trations in the non-TDM group was reque-
sted for 17 patients within four weeks after 
treatment initiation because of their clinical 
condition (n=14) or the occurrence of side 
effects (n=3). This resulted in treatment mo-
difications in nine patients (i.e. adjustment 

of the voriconazole dose for four patients, 
switch to another antifungal agent in three 
patients, adjustment of the voriconazole 
dose followed by a switch to another anti-
fungal agent in one patient, and adjustment 
of the voriconazole dose followed by fungal 
treatment discontinuation in one patient). 
We performed an additional analysis of pa-
tients in the control group for whom the 
voriconazole trough concentration was 
de-blinded, considering these as interven-
tion patients. For the composite endpoint 
no significant difference was observed  
between both groups (see supplementary 
table 3).

Furthermore, we performed an a priori sub-
group analysis for patients with a probable 
or proven fungal infection. For the com-
bined endpoint no significance difference 
was found between both groups (uncor-
rected analyses: 0.869 95% CI: 0.384 – 1.967, 
P = 0.736; using a larger time window: 0.933 
95% CI: 0.414 – 2.101, P = 0.867), although 
significantly more trough concentrations 
were found in the therapeutic range (1 – 6 

Figure 3. 12-week survival after treatment  
initiation with voriconazole stratified by con-
trol (non-TDM) and intervention (TDM) group.   
No significance difference was observed in  
mortality between the non-TDM (dotted line) and 
TDM (solid line) group. HR = hazard ratio. Hazard 
Ratio (HR) is shown for the statistical analysis  
corrected for confounding factors.

Figure 4. Percentage of patients stopped due  
to an adverse event (AE) stratified by control 
(non-TDM) and intervention (TDM) group.  
No significant difference was observed in the  
percentage of patients stopped due to an AE 
between the non-TDM (dotted line) and TDM (solid 
line) group. Odds ratio (OR) is shown for the statis- 
tical analysis corrected for confounding factors.102
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mg/L) during treatment with voriconazole 
for the TDM-group compared with the con-
trol group (75.1% and 62.3% respectively, P = 
0.038). Other results of this subgroup analy-
sis are presented in supplementary table 4.

7.4 Discussion
In this international multicentre, prospec-
tive, clinical trial, individualised voricon- 
azole treatment by routinely using TDM 
in adult patients with IA was not superior 
compared with the standard dosing regi-
men of voriconazole without performing 
TDM. For the composite endpoint, including 
both response to treatment determined 28 
days after treatment initiation and patients 
stopped with voriconazole due to an adver-
se event within 28 days, no significant diffe-
rence was found between the intervention 
(TDM) and control (non-TDM) group.

Several observational studies have sug-
gested that efficacy and safety of voricon- 
azole is associated with its trough serum 
concentration [6,16]. The utility of TDM with 
individualised dose adjustments have been 
demonstrated in some small studies [18,19] . 
Only one randomised controlled single-cen-
tre trial showed that routine use of TDM 
improves treatment outcome and reduces 
drug discontinuation due to adverse events 
[20]. The outcomes of these studies resulted 
in a number of guidelines recommending 
routine use of TDM for voriconazole [23,27]. 
Although our results showed significantly 
more trough concentrations within a thera-
peutic range of 1 – 6 mg/L for the TDM-group, 
this did not translate in better treatment 
outcome, i.e. value based healthcare.

Compared with the randomised controlled 
trial of Park and colleagues [20], less patients 
with a probable or proven infection were in-

cluded in our study (50 to 60% versus 70%). 
Guidelines that recommend routine use of 
TDM for voriconazole make no distinction 
between patients with a possible, proba-
ble, or proven infection. Considering the 
lower percentage of invasive aspergillosis 
in patients with a possible infection, the ad-
ditional value for TDM of voriconazole from 
a efficacy point of view is less likely. Additi-
onally, we mainly included patients treated 
with voriconazole as first line treatment for 
IA while in the trial of Park and colleagues 
approximately 30% of the included patients 
had already failed on other antifungal tre-
atment. This would suggest that optimising 
exposure through TDM translates into a 
gain in treatment success in more vulnera-
ble patients, for instance for patients who 
failed on previous antifungal treatment, or 
patients with a more severe fungal infection 
(i.e. probable or proven fungal infection).

In earlier observational studies, a low me-
dian or mean voriconazole trough concen-
tration was associated with poor treatment 
outcome [12]. However in these studies, mi-
nimal information is provided on voricona-
zole trough concentrations in the initial and 
most critical phase of voriconazole treat-
ment. Miyakis and colleagues showed that 
an initial trough concentration < 0.35 mg/L 
is associated with treatment failure [19]. This 
probably explains why only a small number 
of patients in our study could benefit from 
TDM, because the percentage of voricona-
zole trough concentrations < 0.35 mg/L was 
low for the TDM group (4.4%). These higher 
trough concentrations seem surprising, 
but can be explained by higher C-reactive 
protein (CRP) concentrations that are com-
monly observed during the first weeks of 
treatment of IA [28]. During severe inflam-
mation, reflected by higher CRP concentra- 103
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tions, higher voriconazole trough concen-
trations are observed due to a decrease in 
metabolic elimination of voriconazole [11]. 
Therefore, a higher degree of inflammation 
could substantially contribute to higher vo-
riconazole concentrations in patients with 
IA during the initial and most critical phase 
for adequate treatment of the fungal infec-
tion. In addition, the percentage of patients 
with voriconazole trough concentrations  
< 1 mg/L was also relatively low in our  
study (up to 20% during treatment). As a  
result, this challenges the concept that tre-
atment failure can be prevented by using 
TDM [13].

Voriconazole treatment was discontinued 
because of an adverse event in 20.5% of 
patients in the TDM group and 21.4% in the 
non-TDM group during treatment. Although 
several studies have shown an association 
with high voriconazole trough concentra- 
tions (≥ 6 mg/L) and the occurrence of  
adverse events, especially toxicity of the 
nervous system, liver and skin, other studies 
do not show a clear relationship [12]. Addi- 
tionally, in our study solely 11.6% of all 
measured voriconazole trough concentra- 
tions during treatment were ≥ 6 mg/L in  
the TDM group and 14.0% in the non-TDM 
group, while this was even lower during  
the first week after treatment ini- 
tiation (5.7% and 6.5% for the TDM and 
non-TDM group). Therefore, the additi-
onal value of TDM to prevent adverse 
events was also minimal in our study.  
Furthermore, the main adverse events of 
voriconazole are well described [5]. Although 
some of our patients experienced side  
effects during treatment with voricon- 
azole, these were transient and did not  
trigger the attending physician to disconti-
nue the treatment.

For the (post-hoc) subgroup analysis we 
were able to include in total 94 patients 
with a probable or proven fungal infection 
and the response to treatment could be de-
termined in only 79 of these patients. A failu-
re rate of 40.9% was found for the non-TDM 
group and 47.6% for the TDM group, which is 
comparable with the study of Herbrecht and 
colleagues reporting a failure rate of 40% [26]. 
In this subgroup analysis we also found no 
significance difference for the composite 
endpoint. However, these findings should 
be confirmed in larger patient groups with 
a probable or proven fungal infection, since 
other studies showed an exposure-response 
relationship for voriconazole in this selected 
patient group [18,20].

This study has some limitations. First, en-
rolment of patients did not fully proceed 
according to schedule (i.e. different number 
of included patients per treatment group 
per centre and between centres, different 
inclusion period for a treatment group per 
centre and between centres). Since we did 
not meet the criteria for the cluster-random-
ised cross-over design, we performed a 
propensity analysis to determine confoun-
ding factors for treatment assignment (TDM 
versus non-TDM). Even though this analysis 
is performed with solely measured poten-
tial confounding factors, the most likely 
confounding factors are taken into account. 
Therefore, in addition to the uncorrected 
analysis, a corrected analysis was perfor-
med for the voriconazole dose, BMI and  
route of administration. Additionally, sample 
size calculation for this design is challeng- 
ing. Based on the estimated standard error 
of the response to treatment (in the uncor-
rected logistic regression analysis) and the 
anticipated effect size (reduction from 40% 
to 20%), we obtained an asymptotic (two- 104
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sided) power value of 80.5%. We therefore 
conclude that our study was powered to  
detect the anticipated event reduction.  
How-ever, our study cannot exclude a  
smaller reduction in treatment failure with 
the use of TDM (e.g. from 40 to 30%).

Furthermore, patients in the non-TDM group 
received a significantly lower initial mainte-
nance dose compared with patients in the 
TDM group. However, the initial voricon- 
azole trough concentration in our study  
was comparable between the TDM and  
non-TDM group and lies in the upper part  
of the therapeutic range for voricona-
zole (3.8 and 3.9 mg/L). The difference in  
initial maintenance dose seems therefo-
re not clinically relevant. Additionally, the  
initial trough concentration in our study 
is comparable with other studies (4.7 mg/L  
and 3.0 mg/L) [20,29]. 

The proposed dosing algorithm was not 
always followed, and other interventions 
were made in case of out-of-target drug  
concentrations, including intake recom-
mendations or changing the route of  
administration. Additionally, correct ad-
justment of the voriconazole dose, based 
on the measured trough concentrations 
remains difficult due to the non-linear  
pharmacokinetics of voriconazole and the 
multitude of factors influencing voricon- 
azole trough concentrations as described 
earlier. Therefore, a voriconazole trough 
concentration between 1 – 2 mg/L and  
3.5 – 6 mg/L was often accepted. This em- 
phasises that it remains difficult to deve-
lop an accurate dosing algorithm including  
all factors influencing voriconazole  
concentrations that is also simple to use  
in clinical practice and not requires  
advanced pharmacokinetic software.

The strength of our study is the ‘real life’ 
setting in which the study was performed. 
However, this makes adherence to study 
procedures more challenging. For instance, 
as TDM was already operational in most of 
the participating centres we had to allow, 
for ethical reasons, that the attending physi-
cian could decide to de-blind the voricona-
zole trough concentration for patients in 
the non-TDM group especially for those that 
experienced signs of toxicity or that were 
not responding to treatment. However, no 
significant difference was found in the com-
posite endpoint for de-blinded voriconazo-
le trough concentrations for patients in the 
control group, considering these patients as 
intervention patients. Ideally, turnaround 
times for TDM are short. Unfortunately, due 
to limitations in assay operation frequen-
cy (2-3 times a week) and off-site analysis 
unavoidable delay occurred. Furthermore, 
we faced difficulties in determining the res-
ponse to treatment [24]. Some patients did 
not have follow-up radiological examinati-
on after discharge from the hospital when 
clinical symptoms of the fungal infection 
were absent. Additionally, for some patients 
radiological examination was done with 
a chest X-ray, instead of a high-resolution 
computed tomography (HRCT), which com-
plicated assessment of response to treat-
ment. Lastly, another potential limitation 
in this study is the lack of information on 
drug susceptibility, since azole resistance is 
an emerging global problem [30]. Because of 
the randomised design, this is considered a  
negligible influence on the results of this 
study.

Our study showed that TDM resulted in sig-
nificantly more trough concentrations in the 
therapeutic range. Although the procedure 
was successful from a pharmacokinetic 105
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point of view, the individualised treatment 
of voriconazole by using TDM was not supe-
rior to standard dosing of voriconazole as 
treatment of IA. The heterogeneity of the 
population makes it difficult to determine 
predicting factors of successful antifungal 
treatment.

To conclude, our study did not show supe-
riority of TDM to guide voriconazole dosing 

in primary treatment of IA in patients with 
haematological malignancies. Considering 
the historical data and the results from this 
study, more research is needed to select pa-
tients who may benefit from TDM. A more 
targeted approach including severity of IA, 
clinical condition of the patient and prior 
treatment may be more appropriate than 
TDM for all patients treated with voricona-
zole.

7.5 Supplement

Supplementary table 1. Number of included patients per hospital and per group.
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Supplementary figure 1. Initial (A,C) and median (B,D) voriconazole trough concentration for the 
control and intervention group. Panel A shows the initial voriconazole trough concentration, drawn 
approximately three days (up to six days) after treatment initiation for the control (non-TDM) and interven-
tion (TDM) group. Panel C shows the percentage of patients with an initial voriconazole trough concentra-
tion < 2 mg/L, 2 up to 5 mg/L and > 5 mg/L, stratified by the TDM (bar with squares) and non-TDM (open bar) 
group. Panel B shows the median voriconazole trough concentration per patient during the treatment 
with voriconazole, stratified by non-TDM and TDM group. Panel D shows the percentage of patients with 
an median voriconazole trough concentration < 2 mg/L, 2 up to 5 mg/L and > 5 mg/L, stratified by the TDM 
(bar with squares) and non-TDM (open bar) group. The solid line in panel A and B represents the median  
voriconazole trough concentration and the dotted line the therapeutic range for voriconazole. An x in 
panel A and B indicates voriconazole discontinuation due to an adverse event.

Supplementary table 2. Initial and follow-up voriconazole trough concentration in relation to  
the therapeutic range (1 – 6 mg/L) and number of interventions per patient during treatment with  
voriconazole for the TDM group (n = 83).

a  Voriconazole trough concentration 
measured > 6 days after treatment 
initiation. 

b  Follow-up voriconazole concen-
tration not determined (n = 4), 
or follow-up voriconazole trough 
concentration remains outside the 
therapeutic range after the initial 
voriconazole trough concentration 
(n = 6). 

c  Voriconazole treatment disconti-
nued, or no voriconazole follow- 
up concentration determined  
after first voriconazole trough 
concentration. 

# Total number of voriconazole 
trough concentrations measured 
during treatment = 613.
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Supplementary table 3. Analysis of primary outcome (response to treatment 28 days after treatment 
initiation ± 5 days and ± 10 days) where patients for whom voriconazole trough concentration was  
deblinded in the control group were considered as intervention patients.

Supplementary table 4. Subgroup analysis of primary (response to treatment 28 days after treatment  
initiation ± 5 days and ± 10 days) and secondary outcomes (occurrence of an event), in the control  
(non-TDM) group and intervention (TDM) group for patients with a probable or proven infection.

Data are presented as number of patients (percentage).
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