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Abstract: Serial galactomannan (GM) monitoring can aid the diagnosis of invasive aspergillosis
(IA) and optimise treatment decisions. However, widespread adoption of mould-active prophylaxis
has reduced the incidence of IA and challenged its use. We evaluated the cost-effectiveness of
prophylaxis-biomarker strategies. A Markov model simulating high-risk patients undergoing routine
GM surveillance with mould-active versus non-mould-active prophylaxis was constructed. The
incremental cost for each additional quality-adjusted life-year (QALY) gained over a lifetime horizon
was calculated. In 40- and 60-year-old patients receiving mould-active prophylaxis coupled with
routine GM surveillance, the total cost accrued was the lowest at SGD 11,227 (USD 8255) and SGD
9234 (USD 6790), respectively, along with higher QALYs gained (5.3272 and 1.1693). This strategy,
being less costly and more effective, dominated mould-active prophylaxis with no GM monitoring
or GM surveillance during non-mould-active prophylaxis. The prescription of empiric antifungal
treatment was influential in the cost-effectiveness. When the GM test sensitivity was reduced
from 80% to 30%, as might be anticipated with the use of mould-active prophylactic agents, the
conclusion remained unchanged. The likelihood of GM surveillance with concurrent mould-active
prophylaxis being cost-effective was 77%. Routine GM surveillance remained cost-effective during
mould-active prophylaxis despite lower IA breakthroughs. Cost-saving from reduced empirical
antifungal treatment was an important contributing factor.

Keywords: aspergillosis; biomarker; immunocompromised hosts; invasive fungal disease; pharma-
coeconomics

1. Introduction

Invasive aspergillosis (IA) is a life-threatening infection, in patients with haematologi-
cal malignancies or undergoing stem cell transplantation, with incidence ranging between
5 and 15% and mortality rates of up to 40% [1-4]. Early diagnosis is pivotal, but this is
challenged by atypical presentation in immunocompromised patients. The diagnosis of IA
has to be considered, taking into account: (i) host risk factors; (ii) clinical criteria including
radiographic computerised tomography (CT) scans; and (iii) supporting mycology re-
turns incorporating histopathology, culture, or diagnostic biomarkers [5]. Procedure-based
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histopathologic detection of the fungus or culture from biopsy specimens is not always fea-
sible in these critically ill patients who can be coagulopathic. Furthermore, microbiological
yield of the fungus in respiratory specimens can be low [6] and may delay the initiation of
definitive treatment.

To overcome these challenges, diagnostic-driven strategies using serological biomark-
ers, in particular, the Aspergillus galactomannan (GM) antigen, have been developed to
aid the timely diagnosis of IA and guide management decisions including the initiation of
therapy [7]. Serial surveillance of serum GM has been a strategy to trigger antifungal treat-
ment and has been shown to reduce the prescription of empiric antifungal therapy [8-12].
Maertens and colleagues assayed the GM antigen index daily in 88 high-risk haemato-
logical patients. This was used to trigger antifungal treatment upon verification with CT
scanning and bronchoscopy with bronchoalveolar lavage [9]. Prescription of empirical
therapy was reduced from 35% to 7.7% in the cohort subjected to routine GM surveillance.
This design, replicated in 27 episodes using twice-weekly serial GM immunoassays, re-
sulted in an 11% reduction in empirical therapy use [10]. In one randomised controlled
trial (RCT), engaging GM immunoassay coupled with polymerase chain reaction (PCR) to
direct treatment plans resulted in 15% of the cohort (1 = 118) being prescribed empirical
antifungals. The corresponding figure was 32% in those who were not subjected to the
additional tests (n = 122) [11]. Notably, a French RCT cohort (1 = 293) saw a 35% reduction
in the cost of antifungal therapy, even though the incidence of infection was three times
higher in the group utilising biomarkers to guide treatment [12]. Empirical antifungal
therapy tends to result in over-treatment [13]. This high cost of antifungal treatment may
be averted through biomarker-based surveillance strategy.

The introduction of mould-active posaconazole prophylaxis has effectively reduced
the incidence of IA in at-risk patients [14,15]. The use of serum GM immunoassay in
conjunction with posaconazole prophylaxis was retrospectively examined in Spanish pa-
tients with haematological malignancies undergoing intensive chemotherapy or stem-cell
transplantation [16,17]. The low incidence of IA breakthrough (1.9%) and seemingly lower
positive predictive value of biweekly GM surveillance prompted a revision of recommen-
dations by the Infectious Diseases Society of America (IDSA) [18]. In its updated 2016
clinical guidelines, routine GM immunoassay was recommended only in patients given
non-mould-active prophylaxis, but not those prescribed mould-active prophylaxis [19]. The
argument against routine GM immunoassay as a means of surveillance was made based on
reduced sensitivity of the test in this population. Resources in healthcare are almost always
meagre relative to demand; therefore, we ought to incorporate an economic evaluation to
inform clinical decisions. In this study, we evaluated the cost-effectiveness of GM-based
pre-emptive treatment algorithms in the era of effective anti-mould prophylaxis. Routine
GM surveillance with mould-active prophylaxis (represented by posaconazole) was com-
pared against its use with non-mould-active prophylaxis (represented by fluconazole) to
rationalise the continuity of biomarker-based surveillance strategy.

2. Methods

We assessed the cost-effectiveness of twice-weekly GM surveillance using an economic
model and followed the Consolidated Health Economic Evaluation Reporting Standards
(CHEERS) to present the analysis [20].

2.1. Model Structure

We designed a decision—analytic Markov model using TreeAge Pro SuiteTM software
2018 (TreeAge Software Inc., Williamstown, MA, USA) (Figure 1).
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Figure 1. Schematic representation of the decision—analytic model. The model simulated patients with myelosuppression

who underwent either twice-weekly routine galactomannan surveillance while receiving antifungal prophylaxis (non-

mould-active prophylaxis, i.e., fluconazole, or mould-active prophylaxis, i.e., posaconazole). Patients surviving the IA and

the initial 16 weeks (W16) proceeded on to a yearly Markov cycle until death occurred. AML: acute myeloid leukaemia,

FLU: fluconazole, GM: galactomannan, IA: invasive aspergillosis, POSA: posaconazole.

The base case consisted of two hypothetical cohorts, 40- and 60-year-old acute myeloid
leukaemia (AML) patients reflective of the demographics of the condition [21,22]. These
patients entered the model with myelosuppression after undergoing intensive combination
induction chemotherapy and were at risk of developing an IA. While receiving antifungal
prophylaxis (either non-mould-active prophylaxis represented by fluconazole or mould-
active prophylaxis represented by posaconazole), the patients were subjected to either
twice-weekly GM surveillance or no biomarker monitoring. When the GM antigen index
was positive (i.e., >0.5 optical density index), patients underwent a panel of investigations
before the commencement of antifungal therapy. This included full blood count, serum
electrolytes and creatinine, liver function tests, chest X-ray, CT scanning of the thorax,
blood culture for bacterial and fungi, urinalysis, and urine culture. Patients who despite
having negative GM results but were not devoid of clinically concerning IA were subjected
to bronchoalveolar lavage fluid assays for bacterial and fungal cultures. In the comparative
strategy (i.e., no routine GM surveillance), serum GM immunoassay was performed only
upon clinical suspicions for IA on top of the investigations listed above.

Antifungal therapy with voriconazole was instituted for 12 weeks as treatment for IA,
as defined by the European Organization for Research and Treatment of Cancer/Mycoses
Study Group (EORTC/MSG) [5]. Empiric antifungal treatment was prescribed when
patients had persistent neutropenic fevers that failed to defervesce, despite broad-spectrum
antibacterial therapy. After 16 weeks, patients who survived the infection and underlying
malignancy progressed to the next stage, which projected the risk of death from the
underlying disease independently of their history of infections. The model was run
according to the screening cycle, i.e., weekly for the initial 16 weeks, followed by a yearly
cycle for the lifetime. Clinical outcomes and costs were discounted at 3% annually [23].

2.2. Model Inputs

Transition probabilities between health states were derived from published studies
and the clinical databases of a 1000-bed national and regional transplant centre in Singapore,
where this study was conducted (Table 1). No consent was obtained because this was
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secondary research without the use of any identifiable data. Sensitivity and specificity of the
GM antigen assay at an optical density index cut-off value of 0.5 were set as 82% and 81%,
respectively [24]. That is to say, if the disease prevalence was 9%, two patients who have the
disease would be missed (sensitivity 82%, 18% false negatives), and 17 patients who do not
have the disease would be wrongly labelled (specificity 81%, 19% false negatives). The risk
of developing IA was related to the type of prophylaxis [14]. The incidence of IA following
effective mould-active prophylaxis would be much lower [14,15,25]. The propensity to
initiate empirical antifungal therapy differed based on whether GM surveillance was
carried out and the type of prophylaxis [11]. The rate of all-cause death (within 16 weeks of
induction chemotherapy) and death from underlying illness were derived from published
studies [26,27] and local epidemiological data [28]. We assumed that the likelihood of
IA [29] and mortality [25] were similar across the age range. In our local AML cohort, the
5-year overall survival rates were 47.1% and 30.4% in patients aged 40 to 60 years and
older than 60 years, respectively [unpublished]. Together with the baseline probabilities of
all-cause mortality of the Singaporean population, the five-year overall survival rates for
AML undergoing chemotherapy were adjusted as the cohort aged over the time horizon of
the analysis.

Table 1. Model input parameters.

Uncertainty

Parameters Base-Case (Range/Distribution) Source
Events
Probability of IA
Non-mould-active prophylaxis 0.08 0.06-0.10 (beta) Cornely et al., 2007 [14]
Mould-active prophylaxis 0.02 0.015-0.025 (beta) Cornely et al., 2007 [14]
Probability of receiving empirical
treatment
No GM test while on 0.34 0.26-0.43 (beta) Morrissey et al., 2013 [11]
non-mould-active prophylaxis
No GM test while on mould-active 0.23 0.17-0.29 (beta) Morrissey et al., 2013 [11]
prophylaxis
GMtest while on non-mould-active 0.16 0.12-0.20 (beta) Morrissey et al., 2013 [11]
prophylaxis
GMtest while on mould-active 0.16 0.12-0.20 (beta) Morrissey et al., 2013 [11]
prophylaxis
Probability of test being positive
(sensitivity) in IA patients
Non-mould-active prophylaxis 0.82 0.73-0.90 (beta) Leeflang et al., 2015 [24]
Probability of test being negative
(specificity) in non-IA patients
Non-mould-active prophylaxis 0.81 0.72-0.90 (beta) Leeflang et al., 2015 [24]
Probability of all-cause death in
IA patients
No GM test 0.25 0.19-0.31 (beta) Chai etal,, 2012 [30], post hoc
analysis
GM test positive 0.28 0.21-0.35 (beta) Jung et al., 2018 [27]
GM test negative 0.24 0.18-0.30 (beta) Jung et al., 2018 [27]
Probability of all-cause death in 0.11 0.08-0.14 (beta) local hospital data

non-IA patients
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Table 1. Cont.

Uncertainty
Parameters Base-Case (Range/Distribution) Source
Probabilities of death after 16
weeks
. s local hospital data (NUH
First year age-specific AML cohort AML Database)
Subsequent year life table Department of Statistics,
d y Singapore [28]
Costs (SGD)
Investigation (GM test positive)
Serum GM antigen index 704 528-880 (gamma) local hospital data
Radiography 547 517-577 (gamma) local hospital data
Septic work-up 431 431-431 (gamma) local hospital data
Investigation (GM test negative)
Serum GM antigen index (8 tests) 704 528-880 (gamma) local hospital data
Radiography 547 517-577 (gamma) local hospital data
Septic work-up 431 431-431 (gamma) local hospital data
Additional investigations with
bronchoscopy (including GM in 971 971-971 (gamma) local hospital data
BAL)
Investigation (No routine GM
test)
Serum GM an.tl'gen index on 196 88-196 (gamma) local hospital data
suspicions
Radiography 547 517-577 (gamma) local hospital data
Septic work-up on suspicions 431 431-431 (gamma) local hospital data
Additional investigations with
bronchoscopy (including GM in 971 971971 (gamma) local hospital data
BAL)
Treatment of IA
IA infection .(12—week course of 14,280 11,900-16,660 (gamma) local hospital data
voriconazole)
Outpatient visits 196 98-256 (gamma) local hospital data
Productivity loss 2116 10584232 (gamma) local hospital data
Laboratory investigation (liver,
renal panel, and full blood count)
IA patients 609 483-736 (gamma) local hospital data
Non-IA patients 165 143-154 (gamma) local hospital data
Hospitalisation
IA patients 5992 4494-8988 (gamma) local hospital data
Non-IA patients 2996 2996-5992 (gamma) local hospital data

AML: acute myeloid leukaemia, BAL: bronchoalveolar lavage fluid, IA: invasive aspergillosis, GM: galactomannan.
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2.3. Resource Use and Cost

The analysis was conducted from a societal perspective, encompassing direct and
indirect costs. Direct medical costs were derived from charges in the Singapore public
healthcare institution. These included drugs, laboratory and radiological investigations,
hospitalisation, and physician consultation fees. We assumed a concurrent 3-week course
of antifungal prophylaxis (fluconazole or posaconazole) when GM surveillance was con-
ducted for 4 weeks with two GM tests per week. This has been our local practice. The
treatment of IA assumed a 12-week course of voriconazole, weekly investigations, two
weeks of hospitalisation, and outpatient clinic visits thereafter. Routine investigations for
those receiving IA treatment were full blood count, serum electrolytes, and additional tests
such as serum drug levels for voriconazole. Indirect cost included productivity loss in the
40-year-old cohort which was represented by the median wage of the local workforce [29].
Costs were calculated in Singapore dollars (SGD) (SGD 1.36 = USD 1 in November 2020,
Monetary Authority of Singapore).

2.4. Outcomes

The outcomes of interest were lifetime costs and quality-adjusted life-years (QALY)
gained, which incorporated both the quality (i.e., utility values) and the quantity of life
lived. Utility values describe the quality of life (QoL) for different health states according to
individuals” preferences and range from 0 (death) to 1 (perfect health). The additional cost
associated with each successful outcome was calculated and presented as the incremental
cost-effectiveness ratio (ICER). The strategy was considered as being cost-effective if its
ICER was contained within the pre-defined willingness-to-pay threshold of SGD 82,000
(USD 61,000), which was the value of one gross domestic product per capita for Singapore
in 2020 [31].

2.5. Scenario Analysis

We considered the possibility that mould-active prophylaxis might not be imple-
mented in other healthcare institutions, and thus evaluated the cost-effectiveness of non-
mould-active prophylaxis with and without routine GM surveillance.

2.6. Sensitivity Analysis

We used deterministic sensitivity analyses to examine the effect of varying the model
inputs on the ICERs. The model inputs were varied one at a time across a plausible range
of values. This helped to identify which model inputs were the key drivers of the results.

Given that the test performance of serum GM immunoassay could be affected by
concurrent mould-active antifungal agents [32,33], we evaluated its impact over a range of
sensitivity from 80% to 30%.

We used probabilistic sensitivity analysis to account for the uncertainties of all model
inputs. The best fitting distributions based on the nature of the data were determined
for each model input parameter and sampled through 1000 Monte Carlo iterations. We
assigned beta distributions for probabilities and utility scores, and gamma distributions for
costs. Results of the probabilistic sensitivity analysis were presented as a cost-effectiveness
acceptability curve, indicating the likelihood of GM surveillance being cost-effective over a
range of willingness-to-pay threshold values.

3. Results
3.1. Base Case Analysis

Base case analysis was performed in two categories of patients, at 40 and 60 years
old, to match the incidence of AML onset [21,22]. Applying routine GM surveillance in
40-year-old patients receiving prophylaxis with the mould-active agent (posaconazole) was
associated with the lowest cost at SGD 11,227 (USD 8255) and greatest benefit in terms of
accrued QALYs (5.3272 gained; Table 2). GM surveillance when employed in conjunction
with the non-mould-active agent (fluconazole) compounded a higher cost (SGD 12,225
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or USD 8989) and accumulated fewer QALYs compared to its use with mould-active
prophylaxis. That is to say, routine GM surveillance during mould-active prophylaxis was
dominant over the strategy of GM surveillance in patients receiving non-mould-active
prophylaxis. A dominant strategy was less costly, although more effective relative to its
comparator. Conversely mould-active prophylaxis without GM surveillance was associated
with the highest cost (SGD 14,437 or USD 10,615) and accrued 5.3266 QALYs. Overall, in
patients receiving mould-active prophylaxis, use of routine GM surveillance was dominant
over the strategy of no GM monitoring. In 60-year-old patients receiving prophylaxis with
mould-active agent, the total cost accrued was the lowest (SGD 9234 or USD 6790) along
with 1.1693 QALYs gained (Table 2). Mould-active prophylaxis without GM surveillance
compounded a cost of SGD 12,292 (USD 9039) and 1.1691 QALYs gained. Patients under
GM surveillance during non-mould-active prophylaxis accumulated fewer QALYs (1.1597)
compared to being given mould-active prophylaxis, along with a cost of SGD 10,132
(USD 7450). In older patients, routine GM surveillance during mould-active prophylaxis
remained the dominant strategy (Table 3).

Table 2. Total cost, effectiveness, and incremental cost-effectiveness ratio of various prophylaxis-biomarker strategies in the

40-year-old cohort.

Incremental . Incremental #
Strategy Total Cost Cost QALYs Gained QALY ICER
Routine GM assay during g~y 14 77 (55 8255 - 5.3272 - -
mould-active prophylaxis
Routine GM assay 'durmg SGD 998 ’
non-mould-active SGD 12,225 (USD 8989) (USD 734) 5.3053 —0.0219 dominated
prophylaxis
No GM assay during SGD 3210 B .
mould-active prophylads SGD 14,437 (USD 10,615) (USD 2316) 5.3266 0.0006 dominated

ICER: incremental cost-effectiveness ratio, GM: galactomannan, QALY: quality-adjusted life-year. * A dominated strategy is more costly
and less effective relative to its comparator.

Table 3. Total cost, effectiveness, and incremental cost-effectiveness ratio of various prophylaxis-biomarker strategies in the

60-year-old cohort.

Incremental . Incremental #
Strategy Total Cost Cost QALYs Gained QALY ICER
Routine GM assay during gy 9544 (gD 6790) - 1.1693 - -
mould-active prophylaxis
Routine GM assay during SGD 898
non-mould-active SGD 10,132 (USD 7450) 1.1597 —0.0096 dominated
. (USD 660)
prophylaxis
No GM assay during SGD 3058 .
mould-active prophylaxis SGD 12,292 (USD 9039) (USD 2249) 1.1691 —0.0002 dominated

ICER: incremental cost-effectiveness ratio, GM: galactomannan, QALY: quality-adjusted life-year. * A dominated strategy is more costly
and less effective relative to its comparator.

3.2. Scenario Analysis

We simulated a scenario where mould-active prophylaxis had not been implemented.
Applying routine GM surveillance in patients receiving prophylaxis with the non-mould-
active agent (fluconazole) incurred a cost of SGD 12,225 (USD 8989) and 5.3053 QALYs
gained (Table S1). Non-mould-active prophylaxis without GM surveillance was associated
with the lower QALYs gained (5.3029) but compounded a higher cost (SGD 15,294 or
USD 11,246) than the application of routine GM surveillance. Thus, routine GM surveil-
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lance was dominant over the strategy of no GM monitoring among patients receiving
non-mould-active prophylaxis.

3.3. Deterministic Sensitivity Analysis

Deterministic sensitivity analysis showed that the key factors to influencing the ICER
were likelihood of empirical antifungal prescription and the associated cost, represented by
the top bars in the tornado diagram (Figure 2). The sensitivity of serum GM immunoassay
could be reduced with mould-active prophylaxis [32,33]. To further address how this might
affect its cost-effectiveness, we varied the sensitivity from 80% to 30% using one-way sensi-
tivity analysis (Table 4). The cost-effectiveness outcome remained largely unchanged. Even
at a lower test sensitivity of 30%, routine GM surveillance during mould-active prophylaxis
tended to accrue lower cost and higher QALY over the strategy of no GM monitoring.

Modelinput parametres Range
Probability of empirical treatment while on POSA + GM ] 0.12t0 0.2

|
Probability of empirical treatment while on FLU + GM I ] 0.12t0 0.2
Cost of empirical treatment | SGD 18,461 to SGD 31,338
Probability of death in GM positive IA | 0.18t0 0.3
|
| ]
[
[ ]
—
m
]
0
]
O
n

Probability of death in non-lA patients with GM positive test 0.08t0 0.14
QoL of patients with haematological malignancy 0.6to 1
0.6to 1
0.08t0 0.14
SGD 3139 to SGD 6146
0.3t0 0.5
0.21t0 0.35
0.73t0 0.9
0.3t0 0.8
0.72t0 0.9
0.64t0 0.75

QoL of non-lA patients
Probability of death in non-lA patients with GM negative test
Cost incurred by non-lA patients in the first 16 weeks
QoL of IA patients
Probability of death in GM negative IA
Sensitivity of GM assay during FLU prophylaxis
Specificity of GM assay during FLU prophylaxis
Sensitivity of GM assay during POSA prophylaxis
Specificity of GM assay during POSA prophylaxis
-goboo -80,000 -70,000 -60,000 -50,000 .40:000 -30,000 -20,000 -10;000 0

Figure 2. Tornado diagram representing deterministic sensitivity analysis of routine galactomannan surveillance in patients
receiving non-mould-active prophylaxis compared to mould-active prophylaxis. Each horizontal bar in the tornado
diagram represented the incremental cost-effectiveness ratio (ICER) generated from a range of values evaluated for each
parameter. The vertical line represents ICER determined from the base-case analysis. FLU: fluconazole, GM: galactomannan,
IA: invasive aspergillosis, IFI: invasive fungal infection, POSA: posaconazole, QoL: quality of life.
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Table 4. Total cost, effectiveness, and incremental cost-effectiveness ratio when the sensitivity of serum galactomannan

immunoassay decreased in patients receiving mould-active prophylaxis.

Sensitivity of

Incremental Incremental

: #
GM Assay Strategy Total Cost Cost QALYs Gained QALY ICER
No GM assay during SCD 14 437
- mould-active / 5.3266 - -
prophylaxis (USD 10,615)
Routine GM assay
80% during mould-active ?Sg;;ﬁéj (_IJSSCi:)D22§16§) 5.3272 0.0006 dominant
prophylaxis
Routine GM assay
70% during mould-active ?SSE)%&ZS%SZ (_USSCI;)DZC;)?;? 5.3274 0.0007 dominant
prophylaxis
Routine GM assay
60% during mould-active ?SS?)%&ZS%SZ (_USSCI;)ngégi 5.3275 0.0009 dominant
prophylaxis
Routine GM assay
50% during mould-active ?SS?)%&ZS%SZ (_USSCl;)DZgé?)? 5.3276 0.0010 dominant
prophylaxis
Routine GM assay
40% during mould-active ?SS?D%&ZS%SZ (_USSC1;3D22197? 5.3278 0.0012 dominant
prophylaxis
Routine GM assay
30% during mould-active ?[(J;g)lgé?jj (_USS(1;DD2§}1§§ 5.3279 0.0013 dominant

prophylaxis

ICER: incremental cost-effectiveness ratio, GM: galactomannan, QALY: quality-adjusted life-year. # A dominant strategy was less costly,
although more effective relative to its comparator.

3.4. Probabilistic Sensitivity Analysis

The results of probabilistic sensitivity analysis were presented in the cost-effectiveness
acceptability curve. At a willingness-to-pay threshold of SGD 82,000 or USD 61,000 per
QALY gained (equivalent to one gross domestic product per capita for Singapore in 2020),
the likelihood of GM surveillance being cost-effective while receiving mould-active and
non-mould-active antifungal prophylaxis were 77% and 9%, respectively (Figure 3A). The
likelihood of no GM monitoring during mould-active prophylaxis being cost-effective
was 10%. In 60-year-old patients, the likelihood of GM surveillance during mould-active
prophylaxis being cost-effective was unchanged (Figure 3B).



J. Fungi 2021, 7, 417

10 of 14

1
w0 ——GM+Flu ——GM+Posa =---NoGM+Posa
c
©
.- 0.8/
>
(]
g2
s§0.6
S
%
>.1-30.47
£ 0
Eu
© 02’\
g8 Ve eaea=-
c e e ===
= P—
(= S
0 T T
© S8 000000000002 QQQ QR
LOOO OO0 O0O0O0O0OO0 00O o o o
N Q S NO ® Y S ANO XY I ANOQ QO T AN
N MmO 4 0O O < N O 0O W MmN NN O X0 O
NN N <N O ~NN 0O NN < TN
™ = o
Willingness-to-pay threshold (SGD)
1
w0 ——GM+Flu ——GM+Posa - --NoGM +Posa
c
©
2 0.8
>
W o /
L 2
EEO.G’
xS
b~
o
>.‘30.4
£ 0
5° e
© 0.2
e}
o
S
B e e e e e e - — e — e ——— .- - - - - - - ==
O.
o

31,200 -

Willingness-to-pay threshold (SGD)

Figure 3. Cost-effectiveness acceptability curve representing probability sensitivity analysis of
various prophylaxis-biomarker strategies in (A) 40-year-old and (B) 60-year-old cohorts. The cost-
effectiveness acceptability curve indicated the probability of each strategy being cost-effective over a
range of willingness-to-pay (WTP) threshold. The likelihood that the WTP fell within SGD 82,000 per
quality-adjusted life-year (QALY) gained (equivalent to one gross domestic product per capita in
Singapore, 2020) was 77% when applying routine galactomannan surveillance in conjunction with
mould-active prophylaxis across both age ranges. When applying non-mould-active prophylaxis
with galactomannan surveillance and mould-active prophylaxis with no galactomannan monitoring,
this probability was (A) 9% and 10%, respectively, in the 40-year-old cohort, and (B) 16% and 4%,
respectively, in the 60-year-old cohort. FLU: fluconazole, GM: galactomannan, POSA: posaconazole.

4. Discussion

The use of a serum GM immunoassay to guide treatment decision led to a reduction
in antifungal prescription. Lower IA breakthrough rates following effective mould-active
prophylaxis [14,15,25,34] and assay performance had challenged the practice of serial
GM monitoring with the latest IDSA recommendation [19]. Our analysis revealed that
it remained cost-effective to continue the practice of routine GM surveillance in patients
receiving mould-active prophylaxis. The likelihood of empirical antifungal prescription
and drug cost were the most important drivers in determining this cost-effectiveness study.
Upon examination in sensitivity analyses, the sensitivity of serum GM immunoassay in the
presence of mould-active antifungal agent was not a determinant of its cost-effectiveness.



J. Fungi 2021, 7, 417

110f 14

To date, analysis of the cost-effectiveness analysis of adopting a biomarker-based
diagnostic strategy for IA had been restricted to two studies [35,36]. A cost-effectiveness
analysis was performed using individual patient cost data from a clinical trial in Aus-
tralia [35]. The comparison was made, using regular GM and/or Aspergillus polymerase
chain reaction (PCR) assay in conjunction with CT scan of the thorax, against a standard
culture-histology diagnostic approach. This involved twice-weekly serum GM and PCR
tests for hospitalised patients and once-weekly tests for outpatients over 26 weeks. The
findings from 137 patients found no difference in survival benefit from the intervention.
The all-cause mortality was 10.1% (7/69) versus 14.7% (10/68) in the biomarker and stan-
dard diagnostic approach, respectively (p = 0.573). Extrapolating this observation in their
economic model setting, a biomarker diagnostic approach, while not immediately appar-
ent, was deemed to be cost-effective over time with a respectably reduced cost per year of
USD 3670 at 5 years [35].

In the United Kingdom, comparisons were made between empirical treatment (initi-
ated in persistent neutropenic fevers which failed to respond after 72 to 96 h of treatment
with broad-spectrum antibiotics) and a biomarker diagnostic approach where treatment
was driven by positive GM and/or Aspergillus PCR findings [36]. The model input param-
eters were drawn from published studies and expert opinions. A biomarker diagnostic
approach led to a reduction of 32% in total hospitalisation cost and 41% reduction in
antifungal usage. This biomarker diagnostic approach was cost-effective based on a 10%
invasive fungal infection incidence in patients with haematological malignancies undergo-
ing chemotherapy or haematopoietic stem cell transplantation. Similar to our analysis, but
with a higher upfront cost of GM surveillance, the overall cost incurred by patients with
GM surveillance was lower, indicating that this was a cost-effective strategy. The use of
GM and PCR incurred an additional GBP 27 (USD 34) in the United Kingdom, which was
a small fraction as compared to our model (USD 518).

In contrast to previous pharmacoeconomic models, we incorporated various bed-side
elements of prophylaxis-biomarker strategy. We attempted to streamline subsequent inves-
tigations in response to the GM antigen index. We also applied the rate of IA breakthrough
as determined by the type of prophylaxis. This helped to establish if it was justified to
withdraw the test given the proven effectiveness of mould-active agents [14,15]. To mimic
real-world clinical decisions, we varied the propensity to initiate empirical antifungal
treatment stratified by the prophylaxis-biomarker strategy [11]. During mould-active
prophylaxis, the likelihood of receiving empirical treatment decreased by 50% with GM
surveillance. With that, savings of USD 10,000 from each 12-week course of voriconazole
were computed. Our analysis revealed that the use of empirical antifungal treatment was a
key driver in the cost-effectiveness of GM surveillance. Clinical studies have shown bene-
fits of routine GM surveillance in terms of reduced cost and the prescription of antifungal
treatment, but not in mortality rates [8,10,12]. This was made possible through serial GM
surveillance as a trigger to guide further investigation and initiation of antifungal treatment
as opposed to empirical prescription applied in prolonged neutropenic fevers unresolved
by board-spectrum antibiotics [13].

The sensitivity of serum GM immunoassay was factored into our model [30,37,38].
The GM assay could be affected by the administration of an antifungal agent [39]. Earlier
meta-analyses had estimated the sensitivity and specificity of GM in sera to be 82% and 81%,
respectively, using an optical density index of 0.5 as the cut-off value [24]. However, more
recent reviews had put the sensitivity of serum GM assay between 40 and 70%, depending
on whether the patient was neutropenic [40]. The loss of sensitivity can be compounded
by patients receiving a mould-active antifungal agent [33]. The finding by Calmette and
colleagues was indicative that GM tests could be affected by posaconazole [32]. When
posaconazole concentration was below 0.5 mg/L, one in six IA patients tested negative
using an optical density index cut-off value of 0.5. When posaconazole concentration
was above 0.5 mg/L, all IA patients were tested negative. By progressively lowering the
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sensitivity of GM assay from 80% to 30%, we showed that GM sensitivity over this range
did not affect the cost-effectiveness (Table 3).

Our study had its limitations. We used QALY, which incorporates life expectancy and
quality of life as a measure of effectiveness. There was not any significant trend in survival
benefits from the use of a biomarker diagnostic approach as with previous studies. Based
on a cohort study of haematological patients receiving fluconazole prophylaxis, GM surveil-
lance led to improved clinical success—defined as patients not using antifungal agents 6
weeks after the end of the episode or the day before subsequent cycles of chemotherapy [8].
The model did not include the cost of adverse events or management of the underlying
malignancies because these costs were assumed to be similar in all treatment groups. The
generalisability of cost-effectiveness study has been a disputed issue due to the resource
utilisation and price structure. We noted a disparity in the cost of GM immunoassays, but
this did not appear to be a major concern in the deterministic sensitivity analysis.

In summary, routine GM surveillance during mould-active antifungal prophylaxis
was cost-effective with due consideration of reduced test sensitivity and lower incidence of
IA breakthrough (compared to fluconazole prophylaxis). Such a strategy remained cost-
effective for streamlining investigations and targeting the population for antifungal therapy,
thereby reducing the economic burden of overtreatment. This information ought to be
taken into consideration when adopting best practices as stipulated by clinical guidelines,
while bearing in mind the generalisability of cost-effectiveness study.
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