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We describe a calorimetric assay for detection of voriconazole-resistant Aspergillus fumigatus within 8 h. Among 27 genetically
distinct strains, all 21 resistant and all 6 susceptible strains were correctly identified by measurement of fungal heat production
in the presence of voriconazole. This proof-of-concept study demonstrates the potential of microcalorimetry for rapid detection
of azole resistance in A. fumigatus.

Voriconazole is the first-line treatment agent against invasive
aspergillosis (1). The prevalence of azole-resistant Aspergillus

fumigatus strains is continuously rising, highlighting the need for
rapid antifungal susceptibility testing (2). Azole resistance can
emerge during long-term antifungal therapy or can be induced in
environmental isolates by the use of agricultural fungicides (3–5).
Resistance is mainly caused by mutations in the cyp51A gene at
codons G54, L98, G138, M220, G432, and G448 (6), of which L98
in combination with a tandem repeat at codon 34 is the most
prevalent. The TR34/L98 mutation induces pan-azole resistance,
whereas isolates harboring other mutations may remain suscepti-
ble to voriconazole and posaconazole despite resistance to itra-
conazole. The new environmental mutation TR46/Y121F/T289A,
which at present has been described only in studies of isolates
collected in the Netherlands, Belgium, and India, conveys resis-
tance to voriconazole and variable resistance to other azoles (7–9).
Different PCR assays for screening of mutations in the cyp51A
gene have been described, but none of them are currently com-
mercially available (10, 11).

The principle of microcalorimetry is based on the measuring of
microbial heat production related to growth and metabolism (12).
Recently, the potential of isothermal microcalorimetry was stud-
ied in a microbiology setting, including the differentiation be-
tween methicillin-susceptible and methicillin-resistant Staphylo-
coccus aureus within 5 h (13), susceptibility testing of Aspergillus
and non-Aspergillus spp. (14, 15), and evaluation of antifungal
combinations against Aspergillus spp. (16). In this study, we inves-
tigated the potential of microcalorimetry for rapid detection of
voriconazole resistance in A. fumigatus, using genetically charac-
terized resistant mutants.

(Parts of the results were presented at the 23rd European Con-
gress of Clinical Microbiology and Infectious Diseases, 27 to 30
April 2013, Berlin, Germany.)

A collection of 26 A. fumigatus clinical and environmental iso-
lates was investigated. A. fumigatus ATCC 204305 was included
for quality control (voriconazole MIC, 1 �g/ml). Sequence-based
analysis of the Cyp51A gene (4, 17) showed that 20 isolates har-
bored the TR34/L98 mutation and two isolates a mutation at po-
sition G54 (G54E/W), exhibiting voriconazole MICs of 4 to 8
�g/ml and 0.5 �g/ml, respectively. A. fumigatus was identified
based on macroscopic and microscopic morphological features
and confirmed by sequencing of the internal transcribed spacer

region, �-tubulin gene, and calmodulin gene (5). Voriconazole
MICs were determined by broth microdilution according to
EUCAST guidelines (susceptible [S] � 1 �g/ml; resistant [R] � 2
�g/ml) (18).

For microcalorimetry, 3 ml Sabouraud dextrose broth (SDB)
(Oxoid CM0147; Basingstoke, Hampshire, United Kingdom)
containing serial dilutions of voriconazole (Pfizer Pharma AG,
Zurich, Switzerland) was used, leaving 1 ml air in the headspace of
the calorimetric glass ampoule. SDB without voriconazole was
used for growth control. An inoculum of �2.5 � 105 conidia/ml
was used, as determined by microscopic enumeration using a he-
mocytometer. Ampoules that were sealed airtight were intro-
duced into the isothermal microcalorimeter (TAM III; TA Instru-
ments, Newcastle, DE), and measurements were performed every
10 s at a temperature of 37°C (the accuracy of the thermostat was
10�5 °C). The detection threshold was determined at 20 �W to
distinguish fungal heat production from the thermal background
noise (i.e., growth media without molds). The time (in h) to reach
20 �W was monitored. Data analysis was done with the manufac-
turer’s software (TAM Assistant; TA Instruments) and GraphPad
Prism 6.0 (GraphPad Software, La Jolla, CA). For statistical anal-
ysis, the Mann-Whitney U test and Fischer’s test of equality of
variances were performed.

Figure 1 shows typical heat-flow curves of a voriconazole-sus-
ceptible strain (A) and a voriconazole-resistant strain (B). With
increasing voriconazole concentrations, the time to reach the de-
tection limit was delayed, with a concentration of 1 �g/ml com-
pletely inhibiting the heat flow of the susceptible strain. In con-
trast, growth-related heat of the resistant strain was detected even
in the presence of the highest voriconazole concentration (8 �g/
ml) tested.

The mean heat-detection times (� standard deviation [SD]) in
the absence of voriconazole were 5.13 � 1.38 h and 4.23 � 0.97 h
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for susceptible and resistant strains, respectively. As previously
reported (19), there was no reduction in the fitness and the growth
rate among the azole-resistant strains harboring TR34/L98 or G54
mutations compared with the susceptible isolates (P � 0.13). A
nutrient-rich culture medium (SDB) was used in order to support
optimal growth and thereby rapidly achieve a heat signal. Most
recommended assays for detection of resistance are based on
RPMI culture, which is a suboptimal medium for growth of clin-
ical Aspergillus isolates, and growth conditions were therefore op-
timized.

Figure 2 shows the time to heat detection of susceptible (S) and
resistant (R) A. fumigatus strains in the presence of voriconazole at
increasing concentrations. In the presence of 0.5 �g/ml voricona-
zole, the mean detection time (� SD) increased to 41.32 � 5.65 h
for susceptible strains compared to 5.38 � 1.63 h for resistant
strains (P � 0.0003). The minimal time for detection for vori-
conazole-resistant strains was 8 h, as indicated by the horizontal

dotted line in the figure. At a concentration of 1 �g/ml, voricona-
zole inhibited growth of all susceptible strains for 48 h, whereas all
resistant strains were detected within 12 h, with a mean detection
time of 7.35 � 2.43 h. At higher concentrations (2, 4, and 8 �g/ml)
of voriconazole, the detection times for resistant strains increased
to 20.10 � 14.71 h, 32.10 � 12.58 h, and 42.19 � 10.19 h, respec-
tively. For the resistant isolates, the variance in detection time was
larger at voriconazole concentrations � 2 �g/ml than at concen-
trations � 1 �g/ml (P 	 0.0001), indicating that there is a differ-
ence in antifungal resistance also among fungal isolates harboring
the same mutation. At concentrations of 2, 4, and 8 �g/ml, the
variance was not significantly different (P � 0.05) between the
groups.

This proof-of-concept study demonstrates the potential of mi-
crocalorimetry for rapid detection of azole resistance in A. fumiga-
tus. Resistant strains were distinguished from susceptible ones
within 8 h in the presence of 0.5 �g/ml voriconazole in SDB.
Among 27 genetically distinct fungal isolates, 21 of 21 voricona-
zole-resistant and 6 of 6 voriconazole-susceptible A. fumigatus
isolates were correctly identified. Compared to PCR-based assays,
the microcalorimetric susceptibility assay allows rapid and accu-
rate detection of resistance without the need of knowledge of the
target sequence. This is particularly important in the light of re-
cent reports of new and previously unknown mutations leading to
azole resistance (7, 8, 20–22). The importance of this report is the
novel principle of susceptibility testing, which is based on heat
detection instead of the currently used visible growth or molecular
testing assays. By standardization and optimization of the micro-
calorimetric assay, azole resistance could possibly be detected di-
rectly from patient cultures rather than from pure laboratory cul-
tures. In order to introduce microcalorimetry in a clinical
laboratory setting, technical development is needed to allow au-
tomated, cost-efficient, and high-throughput susceptibility test-
ing.
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FIG 1 Heat-flow curves of a representative susceptible (MIC 1 �g/ml) A. fumigatus strain (A) and a resistant (MIC � 8 �g/ml) A. fumigatus strain (B) in the
presence of voriconazole. The heat-detection limit of 20 �W is marked with dashed lines. Heat flow was measured for 48 h.

FIG 2 Time to heat detection of voriconazole-susceptible (S) (n � 6, circles)
and voriconazole-resistant (R) (n � 21, squares) A. fumigatus strains in the
presence of serial dilutions of voriconazole from 0 to 8 �g/ml, as measured by
isothermal microcalorimetry at 37°C. The numbers indicate the mean detec-
tion times in hours. The dashed horizontal line indicates the optimal time (8 h)
for distinguishing azole-susceptible and azole-resistant strains in the presence
of 0.5 �g/ml of voriconazole.
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