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Cryptococcal antigen screening is recommended among people living with AIDS when entering HIV care with a CD4 count of
<100 cells/�l, and preemptive fluconazole monotherapy treatment is recommended for those with subclinical cryptococcal anti-
genemia. Yet, knowledge is limited of current antimicrobial resistance in Africa. We examined antifungal drug susceptibility in
198 clinical isolates collected from Kampala, Uganda, between 2010 and 2014 using the CLSI broth microdilution assay. In com-
parison with two previous studies from 1998 to 1999 that reported an MIC50 of 4 �g/ml and an MIC90 of 8 �g/ml prior to wide-
spread human fluconazole and agricultural azole fungicide usage, we report an upward shift in the fluconazole MIC50 to 8 �g/ml
and an MIC90 value of 32 �g/ml, with 31% of isolates with a fluconazole MIC of >16 �g/ml. We observed an amphotericin B
MIC50 of 0.5 �g/ml and an MIC90 of 1 �g/ml, of which 99.5% of isolates (197 of 198 isolates) were still susceptible. No correla-
tion between MIC and clinical outcome was observed in the context of amphotericin B and fluconazole combination induction
therapy. We also analyzed Cryptococcus susceptibility to sertraline, with an MIC50 of 4 �g/ml, suggesting that sertraline is a
promising oral, low-cost, available, novel medication and a possible alternative to fluconazole. Although the CLSI broth mi-
crodilution assay is ideal to standardize results, limit human bias, and increase assay capacity, such assays are often inaccessible
in low-income countries. Thus, we also developed and validated an assay that could easily be implemented in a resource-limited
setting, with similar susceptibility results (P � 0.52).

Cryptococcus neoformans is an opportunistic fungal pathogen,
and it causes the disease cryptococcal meningitis. Cryptococ-

cal meningitis is a common fungal infection of immunocompro-
mised individuals, causing 15% to 20% of AIDS-related mortality,
with a prevalence of cryptococcal antigenemia averaging 7% in
persons with CD4 counts of �100 cells/�l (1, 2). A large cause of
the high death rate in resource-limited settings is due to the lack of
a correct initial diagnosis, inadequate treatment, and, possibly,
emerging resistance to antifungal drugs (3).

The World Health Organization (WHO) guidelines recom-
mend an optimal treatment for cryptococcal meningitis com-
prised of a 2-week course of amphotericin B in conjunction with
flucytosine (5FC) followed by fluconazole as consolidation ther-
apy (4, 5). Amphotericin B is a fungicidal drug which binds to
ergosterol, forming pores in the membranes of yeasts (6). Flucy-
tosine is a fungistatic drug, a base analog that intercalates into
fungal RNA, preventing protein synthesis from occurring (7). Dif-
ferent mechanisms of action for these drugs make it difficult for
the cells to develop resistance to both drugs during the course of
treatment (8–10). However, flucytosine is prohibitively expensive
(�$500/day) and not licensed in many countries (11). The WHO
guidelines then recommend the use of fluconazole in place of
flucytosine, as it is much more readily available (4). Fluconazole is
also fungistatic and acts by binding to and inhibiting the 14-�
demethylase, preventing a cell from producing ergosterol for the
cell membrane, a mechanism of action which targets the same cell
process as amphotericin B (7). In settings where amphotericin B is
unavailable, fluconazole monotherapy is used for 10 weeks at a

high dose (800 to 1,200 mg/day), with worse survival than ampho-
tericin-based regimens (12, 13). The WHO also recommends flu-
conazole for preemptive treatment of asymptomatic cryptococcal
antigen-positive persons with CD4 counts of �100 cells/�l who
have early subclinical infection (2, 4). Fluconazole monotherapy
relies on the assumption that the organism is not resistant to flu-
conazole, yet drug susceptibility testing is uncommon in sub-Sa-
haran Africa. Additionally, low-dose preemptive therapy over
multiple weeks could lead to the selection of resistant organisms,
with limited alternative treatment options available (14). Re-
cently, it has been shown that the antidepressant sertraline
(Zoloft; Pfizer, New York) may exhibit antifungal properties
against C. neoformans by inhibiting protein translation (15). On
this basis, we examined the MIC values for sertraline in our clin-
ical isolates to determine the current levels of sertraline suscepti-
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bility and to determine if sertraline could be a viable adjunctive
preemptive treatment option.

The current guidelines for antifungal drug resistance were es-
tablished based on research performed in Candida species and
have since been adapted for use with Cryptococcus (16, 17). Previ-
ous researchers have shown that the resistance breakpoints estab-
lished for Candida species may be valid for use in Cryptococcus
species drug resistance assays (18–22). Breakpoints for Candida
have recently been changed (17), and it is unclear whether these
new breakpoints are appropriate for Cryptococcus. For the studies
presented here, we used the older fluconazole breakpoints previ-
ously shown to be relevant to Cryptococcus: MICs of �8 �g/ml as
susceptible, 16 to 32 �g/ml as dose-dependent susceptible, and
�64 �g/ml as resistant. For amphotericin B, the MIC breakpoint
for susceptibility is �1 �g/ml. There are currently no standard
clinical breakpoints for susceptibility or resistance to sertraline.

Historical data on antifungal susceptibility of Ugandan clinical
isolates were reported in 1998 and in 1999, with an MIC50 of 4
�g/ml for fluconazole and an amphotericin B MIC50 of 0.25 �g/
ml, both of which are considered susceptible (18, 20). To deter-
mine current rates of C. neoformans antifungal resistance in
Uganda, we analyzed patient isolates obtained prior to treatment
from HIV-infected individuals presenting with cryptococcal men-
ingitis. Additionally, the effectiveness of an assay which could eas-
ily be performed in a resource-limited setting was assessed. Fi-
nally, the drug resistance of the isolates was compared to their
genotype as well as to clinical outcome data.

MATERIALS AND METHODS
Ethical statement and data. Clinical isolates were collected from partici-
pants screened for the Cryptococcal Optimal Antiretroviral therapy Tim-
ing (COAT) trial and Adjunctive Sertraline for the Treatment of HIV-
associated Cryptococcal Meningitis (ASTRO-CM) trial at Mulago
hospital in Kampala, Uganda (ClinicalTrials.gov registration no.
NCT01802385) (23). Each participant was HIV infected and was present-
ing with his or her first episode of cryptococcal meningitis. Antecedent
fluconazole therapy was exceedingly rare. The clinical studies were ap-
proved by the institutional review boards of the University of Minnesota,
Makerere University, and the Uganda National Council of Science and
Technology. Written informed consent was obtained from all subjects or
their proxy, and all data were deidentified.

Strains and media. A total of 198 clinical isolates were obtained from
HIV-infected participants with cryptococcal meningitis prior to initiation
of antifungal drug treatment. All isolates were stored as glycerol stocks and
grown on yeast peptone dextrose medium prior to use (24). ATCC strains
22019 (Candida parapsilosis) and 6258 (Candida krusei), and C. neofor-
mans strain H99, were used as control strains for all susceptibility assays.

Drug resistance assays. The CLSI broth microdilution assay was per-
formed according to CLSI guidelines using 2.5 � 103 CFU/ml (16). Flu-
conazole dilutions tested were from 512 �g/ml to 0.125 �g/ml as 2-fold
serial dilutions. Amphotericin B dilutions tested were from 8 �g/ml to
0.125 �g/ml as 2-fold serial dilutions. Sertraline dilutions tested were 1, 2,
4, 6, 8, 12, 16, 32, and 64 �g/ml. As indicated by the CLSI guidelines, a final
volume of 200 �l per well was used. Spectrophotometric analysis of well
turbidity at 600 nm was used to determine the MIC for each strain. Plates
were scanned in a Biotek Synergy H1 hybrid reader (Winooski, VT) prior
to and after 72 h of incubation at 35°C. The amphotericin B MIC was
defined as the drug concentration at which no growth was observed at 72
h (100% inhibition of growth). A 50% reduction in growth (turbidity)
compared to the no-drug control was used to define the fluconazole MIC.
The sertraline MIC was determined using both a 50% reduction in growth
and 100% inhibition of growth.

The resource-limited assay (RLA) was similar to the CLSI broth mi-

crodilution assay, with the following modifications: (i) all dilutions/solu-
tions were made using volumes measurable with a 1,000-�l pipette; (ii)
the assay was performed in a 24-well plate with a final volume of 1 ml; and
(iii) the cryptococcal concentration was 5 � 103 cells/ml. Well turbidity
was analyzed visually, with fluconazole MIC defined as the first drug di-
lution with an optically clear well and a lack of RPMI medium color
change.

A subset of strains was tested using fluconazole and amphotericin B
Etest strips (bioMérieux, Inc., Durham, NC) following the manufactur-
er’s protocols.

Multilocus sequence typing. Eight gene loci were amplified, se-
quenced, and analyzed, as described previously (24). Briefly, genomic
DNA extraction was performed, as described previously (25). Eight loci—
International Society for Human and Animal Mycology (ISHAM) con-
sensus loci (n � 7; CAP59, GPD1, IGS1, LAC1, PLB1, SOD1, and URA5)
(26) and the optional TEF1 locus (27)— were amplified and sequenced.
Locus alleles and subsequent sequence types (STs) were numbered based
on the fungal multilocus sequence typing (MLST) database for Cryptococ-
cus neoformans (http://mlst.mycologylab.org), and novel alleles/sequence
types were deposited into the database.

Analysis. In vitro growth comparisons were analyzed using Mann-
Whitney rank sum tests performed with SigmaPlot software (Systat Soft-
ware, Inc., San Jose, CA). Fungal clearance was assessed with the use of the
early fungicidal activity (EFA) method, and measures between suscepti-
bility groups were compared with generalized linear models. Proportions
of participants who were cerebrospinal fluid (CSF) culture positive after
cryptococcal meningitis treatment, who experienced a cryptococcus-re-
lated immune reconstitution inflammatory syndrome (IRIS) event, and
who died within 10 weeks of diagnosis were compared with Fisher’s exact
tests.

RESULTS
Drug resistance determination using CLSI assay. To determine
the MICs of clinical isolates to antifungal drugs, as well as the best
drugs to be used during treatment, the CLSI developed a standard-
ized broth microdilution assay (16, 17, 21). The assay was initially
developed for determining MIC values in Candida species, with
susceptible and resistant breakpoints for C. neoformans based on
Candida species data. Since the initial standardization, the assay
has been adapted successfully for use in C. neoformans (18–20,
28). While this assay was developed for a wide range of anti-
fungal drugs, we examined the MICs of fluconazole and am-
photericin B, as they are the primary antifungal medications
used in sub-Saharan Africa (11). Additionally, we examined
the MIC values for sertraline, which recently had been shown
to exhibit antifungal effects on C. neoformans (15). Cultures
from 198 patients admitted to Mulago Hospital in Kampala,
Uganda, between 2010 and 2014 were analyzed for their growth in
the presence of fluconazole, amphotericin B, and sertraline (Table
1 and 2).

The MIC50 for fluconazole was 8 �g/ml, and the MIC90 was 32
�g/ml (Table 1). Based on susceptibility breakpoints used in other
cryptococcal studies (18–20, 28), only 69% of the cultures would
be classified as susceptible to fluconazole (ie, MIC, �8 �g/ml).
Moreover, 28% of the cultures were classified as dose-dependent
susceptible (ie, MIC, 16 to 32 �g/ml), and 3% of cultures exhib-
ited an MIC of �64 �g/ml, categorized as fluconazole resistant
(Table 1). Both Candida krusei and Candida parapsilosis control
strains had fluconazole MICs consistent with their expected values
(64 and 2 �g/ml, respectively), showing that the assay worked as
expected. Additionally, assays performed with Etest strips con-
firmed the validity of the CLSI broth microdilution assay.

The MIC50 for amphotericin B was 0.5 �g/ml, and the MIC90
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was 1.0 �g/ml (Table 1). For amphotericin B, both the MIC50 and
the MIC90 were within the susceptible range (ie, MIC �1.0 �g/ml)
(17–19, 22). Both the Candida krusei and Candida parapsilosis
control strains had expected amphotericin MIC values (2 and 1
�g/ml, respectively).

Recently, sertraline has been reported to exhibit antifungal ef-
fects against Cryptococcus species (15). Because of this, we also
examined the sertraline MIC in this clinical isolate set. MICs were
examined using the 50% reduction in growth used for azoles and
the 100% inhibition of growth used for amphotericin. The MIC50

for sertraline was 4 �g/ml, and the MIC90 was 8 �g/ml, using both
of these methods (Table 2).

Growth rate correlates with fluconazole resistance. Because
fluconazole, a fungistatic drug, acts on an enzyme important for
cell membrane synthesis, we analyzed the growth rate of the iso-
lates to determine whether growth correlated with drug resistance.
Absolute growth rate was determined by growth in RPMI 1640 in
the absence of drug. Growth was inversely associated with flu-
conazole concentration (Fig. 1A). Isolates resistant to fluconazole
grew slower (i.e., to a lower optical density in 72 h) in the absence
of any inhibitory compounds compared with susceptible clinical
isolates (P � 0.004).

Conversely, there was no observable trend between growth and
MIC for the fungicidal drug amphotericin B (Fig. 1B) or sertraline
(Fig. 1C). It is important to note that only 1 of the 198 isolates
tested was resistant to amphotericin B and that resistance break-
points for sertraline are currently unknown.

RLA. While the CLSI assay is widely used, a 96-well based assay
is often not optimal in resource-limited environments due to the
materials and equipment required to perform the assay, and visual
determination of 50% reduction in growth can be subjective (21).
Thus, we developed an assay—referred to as the RLA— utilizing
24-well plates, with all component volumes of �100 �l, room
temperature incubation, and visual inspection of 100% growth
inhibition instead of spectrophotometric analysis. This assay al-
lows for analysis of multiple isolates at a time while keeping the
required laboratory infrastructure and costs low. Presence of fun-
gal growth upon drug exposure is based on color change of the
RPMI medium and a lack of visible growth (Fig. 2A). The RLA was

performed on a subset of 80 clinical isolates to determine flucona-
zole and amphotericin B resistance compared to the CLSI assay.
With both fluconazole and amphotericin B, no significant differ-
ences between the CLSI assay and the RLA were detected (P � 0.52
for fluconazole, and P � 0.57 for amphotericin B) (Fig. 2B and C).
We did note a tendency for some isolates to show increased flu-
conazole resistance. This could be due to differences in the assays.
However, this could also be because some RLAs were performed at
the time of primary culture, and previous studies have noted de-
creased resistance after laboratory passage (12).

MLST genotype is not correlated with fluconazole resistance.
To determine the association between fluconazole resistance and
genotype, we performed MLST on 98 of the isolates. Sixteen se-
quence types were observed in this population, but only 6 of the
sequence types had multiple isolates (Table 3). As shown previ-
ously in Uganda (24), sequence type 93 predominated, with 61%
of the isolates having this sequence type. Analysis of the relation-
ship between sequence type and fluconazole resistance showed no
significant correlation between genotype and fluconazole resis-
tance (Table 3 and Fig. 3). Sequence type 206 had only dose-
dependent susceptible strains, with no susceptible strains ob-
served; however, with only 2 isolates, the significance of this trend
could not be determined. The isolate with amphotericin B resis-
tance belonged to sequence type 93, the most populated sequence
type in our cohort.

Clinical outcome following fluconazole and amphotericin B
treatment. The MIC values for a subset of isolates were also com-
pared with clinical data collected from 72 participants in the
COAT study and an additional 18 participants who died prior to
enrollment. All participants were treated according to WHO
guidelines with 0.7 to 1 mg/kg of body weight/day of amphotericin
B for 2 weeks and 800 mg/day of fluconazole for 11 weeks. Clinical
factors analyzed were EFA, presence of a positive CSF culture at 14
days, subsequent IRIS, and mortality at 10 weeks postdiagnosis.
EFA is the rate of decrease of fungal burden in log10 CFU per
milliliter of CSF over the course of treatment (5). Similarly, posi-
tive culture from CSF after 14 days of combination therapy indi-
cates a lack of clearance during drug treatment (8, 29). IRIS is a
paradoxical immune-mediated deterioration that occurs with re-

TABLE 1 MICs to fluconazole and amphotericin B of Cryptococcus neoformans clinical isolates from Uganda

Drug

No. (%) of isolatesa with MIC (�g/ml) of:

0.125 0.25 0.5 1 2 4 8 16 32 64

Fluconazole 1 (1) 2 (2) 8 (5) 20 (16) 20 (25) 39 (44) 49 (69) 37 (87) 17 (97) 5 (100)
Amphotericin B 27 (14) 35 (31) 82 (73) 53 (99) 1 (100)
a A total of 198 isolates were screened, and data are presented as the number (cumulative percentage) of isolates with growth inhibition at (or below, for cumulative percentage) the
indicated drug concentration.

TABLE 2 Growth inhibition in response to increasing concentrations of sertraline

Reduction or
inhibition
(%)b

No. (%) of isolatesa with MIC (�g/ml) of:

1 2 4 6 8 12 16

50 19 (10) 36 (28) 96 (76) 16 (84) 30 (99) 1 (100) 0 (100)
100 19 (10) 35 (27) 95 (75) 16 (83) 32 (99) 1 (100) 0 (100)
a A total of 198 isolates were screened, and data are presented as the number (cumulative percentage) of isolates with growth inhibition at (or below) the indicated drug
concentration.
b 50% reduction in growth or 100% inhibition of growth.
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covery of the immune system upon initiating antiretroviral ther-
apy (ART), and it is associated with poor antigen clearance or
ongoing culture positivity (30–32).

Although our data set is likely too small to reveal statistically
significant associations between clinical outcome and drug resis-
tance, we observed a trend toward reduced culture positivity af-
ter treatment, less IRIS, and lower mortality in patients with flu-

conazole-resistant strains (Table 4). In contrast, patients with
dose-dependent susceptible strains had a trend toward slightly
increased culture positivity. These data indicate that the combina-
tion of amphotericin B and fluconazole was effective at reducing
cryptococcal burden, clearance, and mortality, even in the context

FIG 1 Effect of growth rate on fluconazole resistance. Relationship between
growth rate and fluconazole (A), amphotericin B (B), or sertraline (C) resis-
tance determined by MIC of drug. Growth of fluconazole-resistant isolates
(MIC of �64 �g/ml) was lower than that of susceptible isolates (�8 �g/ml)
(P � 0.004). Growth did not correlate with increased resistance to amphoter-
icin B or sertraline. Only 1 of the 103 isolates examined exhibited an MIC of �1
�g/ml to amphotericin B. OD600, optical density at 600 nm.

FIG 2 Resource-limited assay (RLA) validation. (A) Picture of RLA showing
visual determination of fluconazole MIC. MIC determined by RLA compared
to the CLSI method for fluconazole (B) and amphotericin B (C). Locations of
numbers on the plot indicate the number of isolates which exhibited those
MIC values. Dotted line indicates the line of best fit for the data set. There was
no significant difference between the CLSI and RLA data (P � 0.521 for flu-
conazole, P � 0.571 for amphotericin B).
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of fluconazole drug resistance, although analysis of a larger pop-
ulation is necessary due to low numbers of resistant strains.

DISCUSSION

Previous studies in Uganda have reported MIC50 values for flu-
conazole of 4 �g/ml and MIC50 values for amphotericin B of 0.25
�g/ml (18–20). Our results indicate an increase in the MIC values
for both fluconazole and amphotericin B in the decade since these
previous studies from the same city were performed. Although the
fluconazole MIC values have increased, with 31% of clinical iso-
lates no longer susceptible to fluconazole, over 99% of isolates
were still susceptible to amphotericin B. In addition, our results
indicate that strains with higher growth rates exhibited greater
susceptibility to fluconazole but not to amphotericin B or sertra-
line. Finally, while the standardized CLSI assay is ideal, it cannot
be used in every setting due to equipment and financial restraints.
Thus, we also developed and verified a similar assay, in which the

MIC can be readily determined visually, that has been optimized
for low-resource settings.

The CLSI M27-A3 protocol for broth microdilution antifungal
susceptibility testing was developed using Candida species (21), so
there are currently no standard breakpoints for antifungal testing
for C. neoformans. However, previous studies have independently
correlated a low MIC value (�8 �g/ml) with successful treatment
for cryptococcal meningitis (33, 34). Additionally, a recent study
reported that fluconazole MICs determined by the CLSI method
may be a potential predictor of therapeutic cure for patients with
cryptococcal meningitis (28). For our analyses, we used these
breakpoints previously shown to be correlated with treatment
outcome data for cryptococcal meningitis. The most recent CLSI
Candida albicans breakpoints for fluconazole have been lowered
further (17), with susceptible strains designated by an MIC of �4
�g/ml. If these new breakpoints were to be used for C. neoformans,
only 44% of our isolates would be considered susceptible to flu-
conazole. However, analysis of these new breakpoints compared
to C. neoformans wild-type populations and clinical outcomes
suggest that clinical susceptibility is most appropriately set at an
MIC of �8 �g/ml and that clinical failure or recurrence is ob-
served starting at an MIC of �16 �g/ml, based on epidemiological
cutoff values and clinical breakpoints (22); 31% of our isolates
showed MICs of �16 �g/ml. Thus, we observed an increase in
fluconazole resistance in Uganda over the past decade that may
impact the clinical utility of this drug.

Fluconazole monotherapy is already a suboptimal option for
treatment of cryptococcal meningitis, with 10-week survival of
only �40% (13, 35). Yet, fluconazole is the most common treat-
ment given in Africa. With increasing resistance, outcomes may
become even worse. However, the larger concern is for preemptive
therapy of asymptomatic cryptococcal antigenemia, for which flu-
conazole is the recommended therapy of choice (2, 4, 36). Among
persons with CD4 counts of �100 cells/�l, the prevalence of cryp-
tococcal antigenemia averages 7% in low- and middle-income
countries. If one-third of clinical isolates are not susceptible to
fluconazole, fluconazole preemptive monotherapy may not be a
viable option.

As previously noted, fluconazole reduces membrane synthesis;
however, it is fungistatic. Because of this feature, we examined
whether the growth rate of isolates, in the absence of any inhibi-
tory compounds, correlated with the MIC of fluconazole. Isolates
with a higher MIC to fluconazole grew to a lower optical density,
suggesting that slower-growing isolates that require less mem-

TABLE 3 Genotype and fluconazole resistance status for 98 clinical
isolates

Sequence
typea

No. of
susceptible
isolates
(MIC, �8
�g/ml)

No. of dose-
dependent
susceptible
isolates (MIC,
16–32 �g/ml)

No. of
resistant
isolates
(MIC, �64
�g/ml)

Total no.
of isolates

93 39 19 3 61
5 6 3 0 9
77 4 3 0 7
187 2 2 1 5
31 2 2 0 4
206 0 2 0 2
71 1 0 0 1
74 1 0 0 1
91 1 0 0 1
95 1 0 0 1
174 0 1 0 1
205 1 0 0 1
250 0 1 0 1
252 1 0 0 1
292 1 0 0 1
2000 1 0 0 1

Total 61 33 4 98
a Sequence type designation is based on the mlst.mycologylab.org Cryptococcus
neoformans database.

FIG 3 Genotypic makeup of fluconazole MIC groupings based on sequence type. Proportion of each sequence type in the MIC grouping that was susceptible
(n � 61) (A), dose-dependent susceptible (n � 33) (B), or resistant (n � 4) (C). Singletons were combined into one group for this analysis.
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brane synthesis are more resistant to fluconazole. This same trend
was not observed with amphotericin B or sertraline. Amphoteri-
cin B is a fungicidal drug, binding ergosterol and forming pores in
cell membranes, destroying cells within 24 h (6). This provides
little opportunity for cultures to adapt to the drug. Taken to-
gether, these results reiterate the importance of combination ther-
apy of fungistatic drugs with fungicidal amphotericin B, as per the
WHO recommended treatment (4, 8, 9).

Sertraline inhibits protein synthesis in C. neoformans (15),
which is a vital process that, when inhibited, would limit cell ad-
aptation. Based on tissue levels of sertraline and our MIC data,
therapeutic levels of sertraline should be obtainable in humans
(35). Combined with its current approval for use as an antidepres-
sant in humans, these data make sertraline a promising new anti-
fungal drug, and detailed clinical trials analyzing the efficacy of
sertraline for the treatment of cryptococcal meningitis are war-
ranted.

Relative to previous studies (18, 20), the MIC50 of amphoteri-
cin B has increased in our cohort; however, greater than 99% of
the isolates were still susceptible to amphotericin B. All patients in
our study received standard treatment, consisting of a 2-week
course of amphotericin B and an 11-week course of fluconazole.
Fluconazole resistance did not impact the rate of fungal clearance
as measured by EFA, culture positivity at the end of amphotericin
B treatment, mortality, or the development of IRIS. Previous stud-
ies have identified the importance of amphotericin B treatment in
patient survival, and our results reiterate the effectiveness of am-
photericin B as the drug of choice (4, 8, 9). However, a comparison
of drug resistance prior to the widespread use of fluconazole and
amphotericin B in Uganda (18, 20) to current resistance shows
that levels of drug resistance are rising, indicating that the analysis
of drug susceptibility testing prior to treatment should be priori-
tized in every setting, and especially if monotherapy is considered.

Our resource-limited assay results were not significantly differ-
ent from the CLSI broth microdilution assay results for both an-
tifungal drugs, indicating that the visual assay could be used suc-
cessfully in place of the standard CLSI assay. This assay has several
advantages over the CLSI assay. First, the assay is inspected visu-
ally, using a 100% reduction in growth and eliminating the diffi-
culty in visually determining 50% reduction in growth (21), while
still eliminating the need for a spectrophotometer. Second, the

visual assay can be performed with a single P1000 pipette, as all the
volumes that need to be measured are between 100 and 1,000 �l.
Last, the RLA uses 24-well plates, which make it easier to view each
well individually but which are large enough that the plates can be
cleaned and sterilized for multiple uses. These features make this
type of assay ideal for usage in settings with limited resources and
when a spectrophotometer is not available.

While resistance to amphotericin B was rare in our study, re-
sistance to fluconazole appeared to be emerging. Person-to-per-
son transmission of cryptococcal meningitis is rare; thus, the
treatment of an individual with antifungal drugs is likely to lead to
the development of resistant isolates only within that individual—
and antecedent fluconazole therapy was exceedingly rare in our
cohort. However, it has also been shown in another environmen-
tally acquired fungal pathogen, Aspergillus fumigatus, that resis-
tance to fluconazole and voriconazole can develop in response to
triazole fungicide exposure (37). Uganda has fertile soils and a
subtropical climate, which make it ideal for agriculture. Agricul-
ture is the most important aspect of the Ugandan economy, em-
ploying 80% of the work force (38). Coffee, tea, and sugar cane are
major exports, while bananas, plantains, and potatoes constitute a
large part of the diet of most Ugandans (38–40). All of these crops
are susceptible to a wide variety of fungal diseases, which are most
effectively prevented through the use of various fungicides. The
use of fungicides not only prevents crop disease but also leads to
an increased yield of cash crops (40–45). Due to the ubiquity of C.
neoformans in the environment, the increasing use of triazole fun-
gicides by farmers in Uganda could be a factor in the increased
fluconazole resistance observed in our studies.

Interestingly, there was not a correlation between sequence
type and MIC value. This is likely due in large part to the clonality
observed in this region, with the majority of isolates having se-
quence type 93 (21). In each of the resistance groupings, the ma-
jority of isolates fell into this sequence type. The addition of more
isolates with various genotypes could glean a trend between se-
quence type and fluconazole resistance, as there were low num-
bers of isolates in the dose-dependent and resistant categories
compared to the sensitive category. Alternatively, finer whole-ge-
nome sequencing approaches may be necessary to identify
genomic regions that correlate with drug resistance.

Our data showed that the fluconazole MIC values in Uganda

TABLE 4 Drug resistance does not impact clinical parameters of disease with combination therapy

Parameter

CLSI susceptibility classification

Fluconazole Amphotericin B

Susceptible Dose dependent Resistant Pa Susceptible Resistant

CSF during follow-up (n � 73)
No. 46 22 5 72 1
Mean (SD) EFA 	0.33 (0.35) 	0.26 (0.20) 	0.24 (0.15) 0.59 	0.31 (0.30)
No. (%) culture positive after CM treatment 26 (56.5) 17 (77.3) 1 (20.0) 0.04 43 (59.7) 1

Initiated ART during follow-up (n � 62)
No. 38 20 4 61 1
No. (%) of IRIS 4 (10.5) 3 (15.0) 0 (0) 0.81 7 (11.5) 0

Vital status at day 60 known (n � 90)
No. 58 27 5 89 1
No. (%) of deaths 29 (50.0) 11 (40.7) 1 (20.0) 0.39 41 (46.1) 0

a P value for EFA is from the generalized linear model. P values for proportions are from Fisher’s exact tests.
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are increasing compared to previously reported findings (18–20).
Decreasing susceptibility to fluconazole monotherapy, used com-
monly in resource-limited settings, may lead to increasingly inef-
fective treatment of meningitis or asymptomatic cryptococcal an-
tigenemia. Combination therapy with amphotericin B lessens the
impact of fluconazole resistance, indicating that the recom-
mended drug combination is effective at reducing the cryptococ-
cal burden. The role of combination preemptive therapy is unde-
fined, but the mortality rate with the WHO-recommended
preemptive therapy regimen was 30% among asymptomatic per-
sons in a recent trial (46). The contribution of resistance to failure
and death is unclear. Due to the potential for the MIC values to
increase further, rendering fluconazole monotherapy even less ef-
fective, fluconazole resistance screening should take place at sen-
tinel surveillance sites in sub-Saharan Africa. In addition, novel
oral drug treatments, such as adjunctive sertraline, need to be
developed for use in rural areas where intravenous amphotericin
B treatment may not be possible.
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