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Abstract
Purpose Fungal central nervous system (CNS) infections show a high mortality rate and only a few antifungal agents are 
available to treat these infections. We hypothesize that the different biochemical properties of human cerebrospinal fluid 
(CSF) compared to the standard growth medium lead to the altered activity of antifungal agents in CSF. We investigated the 
in vitro activity of two of these agents, i.e., amphotericin B (AmB) and voriconazole (VOR), against three different fungi in 
CSF in comparison to sabouraud-dextrose broth (SDB).
Methods CSF samples from patients who did not receive any antibiotics were collected. Time-kill curves were performed in 
CSF and SDB using static antibiotic concentrations of AmB and VOR against ATCC strains of Candida albicans, Candida 
krusei, and Cryptococcus neoformans.
Results In our experiments, both AmB and VOR showed superior activity in SDB compared to CSF. Nevertheless, AmB 
achieved fungicidal activity in CSF after 24 h against all test strains. Voriconazole only achieved fungistatic activity against 
C. albicans and C. neoformans in CSF.
Conclusions In summary, our data demonstrate that growth of fungal pathogens but even more importantly activity of anti-
fungal agents against Candida and Cryptococcus species can differ significantly in CSF compared to the standard growth 
medium. Both findings should be taken into consideration when applying PK/PD simulations to fungal infections of the CNS.
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Introduction

Central nervous system (CNS) infections are a potentially 
life-threatening condition and often necessitate a stay on 
an intensive-care unit [1]. Among neurological infections, 
cryptococcal meningitis is the largest single cause of death 
worldwide with mortality rates of 25–50% [2]. Only a few 
antifungal agents are available to treat CNS mycoses and 
development of resistance is an increasing problem. The nar-
row therapeutic indices of some compounds and the high 
potential for toxicity further complicate the treatment of 
CNS fungal infections [3].

We conducted this study to investigate the activity of two 
frequently administered antifungal agents, i.e., voriconazole 
(VOR) and amphotericin B (AmB), in cerebrospinal fluid 
(CSF) against typical fungi known to cause CNS infections.

In the literature, there is evidence that the activity of anti-
biotics in CSF can differ considerably from their activity in 
blood and standard growth media [4–6]. As a consequence, 
translating PK/PD indices from blood or growth medium to 
CSF leads to misinterpretation of antimicrobial activity. We 
hypothesize that this also applies to antifungal agents. To our 
knowledge, the present study is the first in vitro study that 
explores the activity of antifungal agents in CSF.

Methods

In total, 142 CSF samples were collected from patients who 
did not receive any antibiotics or antifungal agents. These 
were sterile-filtered, pooled, and stored at − 80 °C. Candida 
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albicans (ATCC 10231 and 90028), Candida krusei (ATCC 
6258), and Cryptococcus neoformans (ATCC 90112) were 
used as test strains. C. albicans strains ATCC 10231 and 
90028 were used for VOR and AmB, respectively. Minimal 
inhibitory concentrations (MIC) were determined according 
to the current EUCAST guidelines in Roswell Park Memo-
rial Institute (RPMI) medium in sixfold [7].

Time-kill curves (TKC) were performed in sabouraud-
dextrose broth (SDB) and CSF using static antibiotic con-
centrations of AmB and VOR of 0.25- to 16-fold the MIC. 
In addition, time-kill experiments in SDB were performed 
with AmB concentrations of fourfold the MIC in combina-
tion with VOR at concentrations of 1- to 16-fold the MIC 
to study pharmacodynamic interaction of the substances. 
Each experiment was performed in triplicate and included a 
growth control. The respective antifungal agent was added 
to the baseline inoculum of 1–5 × 105 colony-forming units 
(CFU)/ml at predefined concentrations of 0.25-, 1-, 4-, and 
16-fold the MIC. Fungal counts were determined at base-
line and 3, 7, and 24 h after the addition of the antifungal 
agent by taking samples from the tube, diluting the sam-
ples multiple times, and pouring 20 µl of each dilution step 
from the sample onto sabouraud agar plates. Following an 
18–24 h period of incubation at 37 °C, counting of colonies 
and back extrapolation were undertaken to determine the 
fungal count. As previously reported, fungicidal activity was 
defined as a ≥ 99.9% or ≥ 3 log reduction in CFU/ml from 
the starting inoculum and fungistatic activity was defined as 
< 99.9% or < 3 log reduction in CFU/ml from the starting 
inoculum without fungal growth [8, 9].

Results

MICs of AmB against both C. albicans strains were 
0.25 mg/l, against C. krusei 0.5 mg/l and against C. neo-
formans 0.125 mg/l. For VOR, we determined MICs of 
0.015 mg/l, 0.25 mg/l, and 0.031 mg/l against C. albicans 
(10231), C. krusei, and C. neoformans, respectively.

Figure 1 shows the TKCs of AmB and VOR in SDB and 
CSF against the three fungi.

When comparing fungal CFU/ml after 24 h with the 
respective baseline inoculum, AmB induced fungal killing 
> 4 log in CSF against all fungi at 16xMIC (Table 1). How-
ever, at 4xMIC, fungicidal activity was only achievable in 
CSF against C. krusei and C. neoformans. In SDB, AmB 
concentrations of 4xMIC and above led to fungal count 
reductions of > 4 log against C. albicans and C. neoformans, 
but against C. krusei AmB did not reduce fungal count by 
≥ 3 log at concentrations of up to 16xMIC.

For VOR, the decrease in fungal count after 24 h when 
compared with baseline inoculum was less pronounced. In 
SDB, fungicidal activity was achieved against C. krusei at 

16xMIC, whereas only negligible antifungal activity was 
achieved against C. neoformans and no antifungal activity 
was achieved against C. albicans. Remarkably, VOR did 
not show any fungal killing compared to baseline inoculum 
against C. krusei in CSF, but did show fungistatic activity 
against C. albicans and C. neoformans over the entire con-
centration range (Table 1).

In Table 2, the fungal count reductions are compared to 
growth control in SDB and CSF respectively, and differ-
ences in  log10 CFU/ml after 24 h are presented. The dif-
ference in activity of AmB between the two matrices was 
most pronounced against C. albicans and C. neoformans, 
with differences of 4.54 log and 4.48 log CFU/ml at 4xMIC, 
respectively. For VOR, the difference between the matrices 
was less distinct against C. albicans and C. neoformans, but, 
against C. krusei, the fungal count reduction in SDB was 
notably bigger when compared to CSF, with a difference of 
5.12 log CFU/ml at 4xMIC (Table 2).

In summary, AmB demonstrated fungicidal activ-
ity against C. krusei and C. neoformans at ≥ 4xMIC and 
against C. albicans at 16xMIC in CSF after 24 h. For VOR, 
reductions in fungal counts were markedly lower, and only 
fungistatic activity was achieved against C. albicans and C. 
neoformans in CSF. Furthermore, AmB and VOR showed 
superior activity against all the tested strains in SDB com-
pared to CSF when matching the fungal count reductions 
with the respective growth control.

To investigate if the combination of AmB with VOR 
enhances the activity of AmB, we performed further time-
kill experiments in SDB (Table 3). The addition of VOR at 
16xMIC slightly increased fungal killing of AmB against 
C. krusei by 1.27 log after 24 h, but lower concentrations 
only marginally increased the antifungal activity. Against 
C. neoformans, the addition of VOR at ≥ 1xMIC led to an 
increase of killing of 2.67 log compared to AmB alone. Fun-
gal killing of AmB against C. albicans was not enhanced by 
the combination with voriconazole, but it has to be noted 
that AmB alone at 4xMIC already demonstrated maximum 
activity against C. albicans.

Discussion

In our time-kill experiments, fungal growth of all the tested 
fungi was faster and significantly more pronounced in SDB 
compared to CSF after 7 and 24 h (Mann–Whitney U test, 
p = 0.029; growth controls in Fig. 1). The diminished growth 
of the microorganisms in CSF might be caused by the lower 
nutrient content of CSF.

It must be pointed out that, obtaining human, antibiotic-
free CSF for pharmacokinetic (PK) and pharmacodynamic 
(PD) studies is difficult and only limited amounts are avail-
able, and hence, the experiments were only performed 
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with three fungi. Additional studies with different fungi 
are warranted. Furthermore, we only used test strains 
in our experiments and not clinical isolates, and did not 
account for potential changes in CSF composition caused 

by CNS infection. Keeping these limitations in mind, in 
the following, we used previously reported in vivo PK 
data to translate our in vitro findings to a clinical context.

Fig. 1  Time-kill curves of amphotericin B and voriconazole against 
C. albicans (a), C. krusei (b), and C. neoformans (c) in SDB and CSF 
at concentrations of 0.25- to 16-fold the MIC. MIC minimal inhibi-

tory concentration, CSF cerebrospinal fluid, GC growth control, CFU 
colony-forming unit

Table 1  Fungal killing of different concentrations of amphotericin B (AmB) and voriconazole (VOR) against C. albicans, C. krusei, and C. neo-
formans in SDB and CSF (shown as fungal colony count reduction vs baseline inoculum after 24 h in  log10 CFU/ml)

SDB sabouraud-dextrose broth, MIC minimal inhibitory concentration, CSF cerebrospinal fluid

0.25xMIC SDB 1xMIC SDB 4xMIC SDB 16xMIC SDB 0.25xMIC CSF 1xMIC CSF 4xMIC CSF 16xMIC CSF

Amphotericin B
 C. albicans 1.82 − 2.64 − 4.81 − 4.65 − 0.42 − 0.11 − 2.61 − 4.60
 C. krusei 2.43 − 1.23 − 2.20 − 2.36 0.05 − 0.22 − 4.93 − 4.88
 C. neoformans 1.12 0.07 − 5.11 − 5.15 − 1.65 − 1.71 − 3.60 − 5.13

Voriconazole
 C. albicans 2.19 0.82 0.60 0.24 − 1.15 − 1.08 − 1.60 − 1.68
 C. krusei 2.65 1.52 − 2.43 − 3.03 0.12 0.52 0.34 0.22
 C. neoformans 1.52 0.49 − 0.20 − 0.22 − 1.77 − 1.23 − 1.10 − 1.26
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Conducting PK studies on AmB in CSF is complicated by 
the very low concentrations of AmB. The available literature 
suggests a median penetration ratio of 0.13% for liposomal 
AmB into CSF of pediatric patients; however, the penetra-
tion ratio seems to increase with an increasing time interval 
between drug administration and CSF sampling, indicating 
delayed tissue distribution [10]. Despite limited penetration 
of AmB into CSF in PK studies, it is frequently used to 
treat CNS mycoses and shows good clinical outcomes [11]. 
The popular theory explaining this discrepancy is that, in 
CNS infections, the permeability of the blood–brain barrier 
(BBB) is increased, and therefore, concentrations of AmB 
in patients are higher than the concentrations measured in 
PK studies with uninfected humans or animals [3, 12–15].

In our time-kill experiments with AmB, at least 4xMIC 
was necessary to achieve fungicidal activity in CSF. This 
would equate to a concentration of 4 mg/l assuming a MIC 
at which 90% of the tested isolates are inhibited  (MIC90) of 
1 mg/l [16–19]. Considering the poor penetration of AmB 
into CSF, this concentration will probably not be reached 
with the current dosing schemes where the blood–brain 

barriers are intact (reported concentration range in CSF of 
10–120 ng/ml). Even keeping in mind the assumption that 
AmB concentrations will be higher in patients with neuro-
logical infections due to the increased permeability of the 
blood–brain barrier, a rise in the AmB concentrations in 
CSF by 33- to 400-fold is unlikely [10].

However, it must be emphasized that CSF is not the only 
relevant target site for antimicrobial agents in CNS infec-
tions and an investigation of concentrations of liposomal 
AmB post-mortem brain tissue of patients treated with AmB 
demonstrated that concentrations in total brain tissue are 
much higher than in CSF [20]. In accordance with these 
observations, an animal study found approximately 60-fold 
higher liposomal AmB concentrations in brain tissue than in 
CSF of rabbits infected with C. albicans [13]. Further clini-
cal studies concomitantly investigating the concentrations 
of AMB in CSF as well as the extracellular free fraction in 
tissue (i.e., with the means of microdialysis) are warranted 
to better describe target site PK profiles.

Voriconazole is routinely used in clinical practice to treat 
fungal CNS infections, and, in contrast to AmB several PK 
studies, demonstrated good penetration of VOR into CSF 
and brain tissue with median penetration ratios ranging from 
0.46 to 0.57 [21–26]. Based on the reported median con-
centration levels in CSF of 0.65–2.47 µg/ml and assuming 
 MIC90 values of 0.03–0.5 mg/l, the reported concentrations 
equate to 1.3- to 82-fold the MIC [16, 19, 24–27]. Despite 
this, our in vitro results in CSF indicate that VOR shows 
merely fungistatic activity against C. albicans and C. neo-
formans and no antifungal activity against C. krusei at con-
centrations of up to 16xMIC.

In our combination experiments in SDB, the only marked 
effect of the combined administration of VOR and AmB was 
achieved against C. neoformans. The combination of the 
two agents distinctly increased antifungal activity after 24 h 
compared to AmB alone.

The current treatment guidelines recommend AmB 
in combination with flucytosine for the treatment of 

Table 2  Fungal killing of different concentrations of amphotericin B (AmB) and voriconazole (VOR) against C. albicans, C. krusei, and C. neo-
formans in SDB and CSF (shown as fungal colony count reduction vs growth control after 24 h in  log10 CFU/ml)

SDB sabouraud-dextrose broth, MIC minimal inhibitory concentration, CSF cerebrospinal fluid, CFU colony-forming units

0.25xMIC SDB 1xMIC SDB 4xMIC SDB 16xMIC SDB 0.25xMIC CSF 1xMIC CSF 4xMIC CSF 16xMIC CSF

Amphotericin B
 C. albicans − 0.05 − 4.48 − 6.65 − 6.65 0.09 0.29 − 2.11 − 4.48
 C. krusei − 0.23 − 3.73 − 4.81 − 4.90 0.17 0.05 − 4.70 − 4.70
 C. neoformans − 0.02 − 1.29 − 6.38 − 6.38 − 0.04 0.02 − 1.90 − 3.43

Voriconazole
 C. albicans − 0.03 − 1.17 − 1.48 − 1.75 − 0.08 − 0.18 − 0.60 − 0.81
 C. krusei 0.12 − 0.91 − 4.91 − 5.47 0.03 0.35 0.20 0.09
 C. neoformans 0.29 − 0.74 − 1.55 − 1.54 − 0.50 − 0.11 − 0.02 − 0.08

Table 3  Fungal killing of amphotericin B (AmB) at 4xMIC alone and 
in combination with different concentrations of voriconazole (VOR) 
against C. albicans, C. krusei, and C. neoformans in SDB (shown as 
fungal colony count reduction vs growth control after 24  h in  log10 
CFU/ml)

SDB sabouraud-dextrose broth, MIC minimal inhibitory concentra-
tion, CFU colony-forming units

4xMIC AmB 4xMIC 
AmB plus
1xMIC 
VOR

4xMIC 
AmB plus
4xMIC 
VOR

4xMIC 
AmB 
plus
16xMIC 
VOR

Amphotericin B plus voriconazole in SDB
 C. albicans 6.24 6.24 6.24 6.24
 C. krusei 4.10 4.43 4.78 5.37
 C. neoformans 3.96 6.63 6.63 6.63
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cryptococcal meningitis as the first-line therapy for induc-
tion and consolidation [11, 28]. Similarly, for central nerv-
ous system candidiasis, the recommended initial therapy is 
liposomal AmB with or without flucytosine [29, 30]. There-
fore, further experiments in CSF with the combination of 
AmB and flucytosine would be of great interest, and might 
explain the gap between our data and clinical outcomes. 
Unfortunately, the limited amount of CFS did not allow for 
pharmacodynamic investigations of the combinations in 
CSF.

In summary, our data indicate that the antifungal activity 
of AmB and VOR is markedly reduced in CSF, and there-
fore, translating breakpoints for PK/PD indices from blood 
to CSF without adaption might lead to overestimation of the 
antifungal activity of the two agents in CSF. Further studies 
are needed to identify concrete PK/PD targets for the two 
antifungal agents in CSF. This would allow for the assess-
ment of the currently established treatment schemes with the 
means of repeated pharmacokinetic measurements in CSF.
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