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Background: Aminoglycosides are commonly used in cystic fibrosis patients to treat Pseudomonas aeruginosa

respiratory infections. Aminoglycoside-induced hearing loss may occur in 1%–15% of patients with cystic fibrosis,

ranging from mild to severe. Recently, a genetic test to identify patients with a mitochondrial mutation (A1555G)

that may predispose patients to this adverse event has become available. Although the A1555G variant is very

rare, it seems to confer a high risk of severe hearing loss in patients exposed to aminoglycosides. Objective: The

objective was to evaluate the potential clinical, patient, and economic outcomes associated with the use of

A1555G testing in a cystic fibrosis population, and explore data gaps and uncertainty in its clinical implementation.

Methods: We developed a decision-analytic model to evaluate a hypothetical cohort of patients with cystic fibrosis

from a societal perspective. Clinical and economic data were derived primarily from a critical literature review. The

incidence of aminoglycoside-induced severe hearing loss, quality-adjusted life-years, and total health care costs

were evaluated. Sensitivity analyses were conducted to evaluate uncertainty in our results. Results: In the

base-case analysis, A1555G testing decreased the risk of severe aminoglycoside-induced hearing loss by 0.12%

in the cystic fibrosis population. The discounted incremental cost per quality-adjusted life-years gained was

$79,300, but varied widely from $33,000 to testing being dominated by the no testing strategy (higher costs and

lower quality-adjusted life-years with testing) in sensitivity analyses. If avoidance of aminoglycosides in patients

testing positive leads to an absolute increase in the lifetime risk of death from Pseudomonas infection of 0.8% or

greater, A1555G testing would lead to a decrease in quality-adjusted life-years. Conclusions: The results of our

analysis suggest that there are significant data gaps and uncertainty in the outcomes with A1555G testing, but it

is not likely cost-effective, and could lead to worse patient outcomes due to avoidance of first-line therapy in the

�95% of patients who are false-positives. Additional research is needed before pharmacogenetic testing for the

A1555G mitochondrial mutation can be recommended, even in a population with a high likelihood of exposure to

aminoglycosides. Genet Med 2007:9(10):695–704.
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Aminoglycoside antibiotics are commonly used to treat se-
rious Gram-negative bacterial infections such as Pseudomonas
aeruginosa and multidrug-resistant Mycobacterium tuberculo-

sis.1 Although this class of drugs is highly effective, it has also
been shown to have side effects resulting in renal and oto-
toxicity.2–5 Specifically, a recent article estimated that ap-
proximately 7% of all patients exposed to aminoglycosides
experience some form of cochleotoxicity, although there is
significant uncertainty associated with the risk, with a range
of reported values from 0% to 16%.6 Aminoglycoside-in-
duced hearing loss is classified as sensorineural hearing loss
and mainly affects hearing loss at high frequencies.7 Al-
though there are not common definitions of hearing loss
across studies, it seems that a majority of individuals expe-
rience subclinical to moderate hearing loss, with an esti-
mated 1–4% of all patients experiencing more severe hear-
ing loss.8,9
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There are several variants in the mitochondrial 12S ribo-
somal rRNA gene that are believed to be associated with ami-
noglycoside-induced hearing loss, including variants in posi-
tions 961, 1494, and 1555.10,11 The most common of these,
A1555G, has been reported to have an association with bilat-
eral sensorineural hearing loss across a number of populations
worldwide.10,12–18 The mutation was first reported in a large
Arab-Israeli pedigree with known matrilineal transmission of
hearing loss.19 Since then the mutation has been reported in
deaf populations worldwide with estimates ranging from ap-
proximately 0.7% in a cohort of German patients20 to approx-
imately 20% in a cohort of Spanish patients with a family his-
tory of hearing loss.21 Few studies have examined the
prevalence of the mutation in the general population. In one
US study, Tang et al. collected a random sample of 1173 blood
spots from newborns in the state of Texas. A single mutation
was identified, resulting in an estimated population prevalence
of 0.00086 (8.6 per 10,000).14

Few estimates of the association of this mutation with hear-
ing loss in individuals exposed versus not exposed to amino-
glycosides are available. Those studies reporting on extended
families exhibiting matrilineal transmission of hearing loss
found that all identified individuals who were exposed to an
aminoglycoside experienced some form of hearing loss. Thus,
a recent review on the web site GeneTests estimates the pen-
etrance of this mutation in individuals exposed to aminogly-
cosides to be approximately 100%.22

Although there is a paucity of evidence documenting the
association between the A1555G variant and aminoglycoside-
induced hearing loss, a clinical genetic test is currently avail-
able.23 Because 7–14 days are required to receive test results,
test results must be known prior to onset of a Gram-negative
bacterial infection to achieve clinical utility. The intended use
thus seems to be as a screening tool, particularly for patients
likely to receive aminoglycoside therapy.
Patients with cystic fibrosis (CF)may be ideal candidates for

the A1555G test. CF is the most common life-shortening ge-
netic disease in the Caucasian population with an estimated
30,000 diagnosed patients in the US and �60,000 patients
worldwide. CF is a genetic disorder characterized by progres-
sive obstructive lung disease, chronic airway infection, re-
peated pulmonary exacerbations requiring intensification of
therapy, and a reduced life expectancy. Currently, the median
predicted survival is estimated to be 36.5 years.24

Patients with CF have chronic airway infection from early
childhood, with an initial predominance of Staphylococcus au-
reus in the preschool population, and then an increasing prev-
alence of P. aeruginosa in older children and adults.25 The Cys-
tic Fibrosis Foundation Registry reports that approximately
80% of adult US CF patients have chronic Pseudomonas infec-
tion.26 Patients with CF have a recurrent need for intravenous
antibiotics to treat pulmonary exacerbations. In individuals
infected with P. aeruginosa, the antibiotic regimen of choice is
the combination of an aminoglycoside and a �-lactam. In ad-
dition, themajority ofUS school-aged children and adults with
CF who are chronically colonized with Pseudomonas receive

maintenance therapy with alternate-month inhaled tobramy-
cin to improve lung function and decrease the rate of pulmo-
nary exacerbations, although the inhaled form of tobramycin
has not been associated with hearing loss.25

The primary objectives of this study was to estimate the po-
tential incremental clinical and economic outcomes associated
with screening for the A1555G variant in CF patients who have
not yet received aminoglycoside therapy. The results of this
analysis will help guide decisions about clinical use of and re-
imbursement for the A1555G test, and identify areas for fur-
ther research.

MATERIALS AND METHODS
Overview

We developed a decision analytic model to evaluate the in-
cremental clinical, patient, and economic outcomes associated
with the use of the A1555G test in a hypothetical cohort of
patients with CF from the societal perspective. Inputs for the
model were identified from a critical review of the literature
and data from the US Cystic Fibrosis Foundation National
Patient Registry, in collaboration with CF center staff at Chil-
dren’sHospital andRegionalMedical Center, Seattle,WA. The
incremental cost-effectiveness ratio (ICER) was the main out-
come of the study, reported as the incremental cost to produce
one additional year with perfect quality of life. We also calcu-
lated the differences in the incidence of severe aminoglycoside-
induced hearing loss, quality-adjusted life-years (QALYs), and
total health care costs. Analyses were performed using Tree-
AgePro 2005 software27(Willamstown, MA) and Microsoft
Excel® (Redmond,WA). Costs and outcomes were discounted
at a standard 3% rate.
Data used to inform ourmodel were gathered from a review

of the available literature on the A1555G variant and its asso-
ciation with hearing loss. MEDLINE searches spanning the
years 1966–2005 were conducted using the search terms oto-
toxicity, A1555G, hearing loss, mitochondrial, aminoglycosides,
and genetics. Bibliographies of all manuscripts that were in-
cluded to informourmodel were also reviewed, and additional
studies were identified for inclusion. Because of the paucity of
research on this topic, we included all empirical studies of the
A1555G variant, including family-based studies, pedigree
studies, and studies conducted in hearing impaired and non-
hearing impaired populations. We did not include anecdotal
or case-study reports in the evidence used to inform our
model.

Hypothetical patient population

Guidelines for the treatment of moderate to severe pulmo-
nary exacerbations in CF patients infected with P. aeruginosa
recommend parenteral administration of two antibiotics over
7–21 days.28 There are three classes of antibiotics available,
including �-lactams, aminoglycosides, and quinolones. Ami-
noglycosides, typically tobramycin, in conjunction with a
�-lactam are the preferred treatment,28 likely because there is
some evidence indicating that 20% of Pseudomonas infections
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are resistant to quinolones (e.g., ciprofloxicin), whereas 4%are
resistant to tobramycin,29 and because of the synergistic bacte-
ricidal effect of the combination of an aminoglycoside and a
�-lactam. In this analysis, we assumed that patients testing
positive for themutation would receive a�-lactam and a quin-
olone (intravenous ciprofloxicin).

Model structure

We developed a decision model to compare testing for the
A1555G mutation with no testing (standard care) in patients
with CF (Fig. 1). The probability of patients receiving an intra-
venous aminoglycoside was based on data collected from US
Cystic Fibrosis Foundation National Patient Registry.30 Geno-
types of patients in the hypothetical cohort were based on the
prevalence of themutation in the general population, andwere
held constant for both strategies. In patients receiving the ge-
netic test, those with the mutation were treated with intrave-
nous ciprofloxacin and ceftazidime whereas those testing neg-
ativewere treatedwith tobramycin and ceftazidime. Patients in
the standard care group received tobramycin and ceftazidime.

Key assumptions

Given the relative paucity of data on the incidence, severity,
and timing of aminoglycoside-induced hearing loss, as noted
above, and the few data available on hearing loss and the
A1555G mutation, several assumptions were required to esti-
mate the potential clinical and economic utility of the test. The
following assumptions were employed:

● We estimated that 6% of mutation-negative patients ex-
perience mild or moderate aminoglycoside-induced
hearing loss, but varied this estimate from3% to 9%given
the wide range of values reported in the literature.6 Simi-
larly, we estimated 1.2% of all patients experience severe
aminoglycoside-induced hearing loss, with a range from
0.6–1.8%.8

● Although exposure to aminoglycosides can happen at any
point over the lifetime of a person with CF, we estimated
the average age at first exposure to intravenous tobramy-
cin of approximately 12 years, given that the age at which
50% of patients have Pseudomonas colonization is 10
years, and 30% of patients below age 13, 40% of patients
14–17 years, and 50%of patients 18–30were hospitalized
at least once in 2005 related to a Pseudomonas infection.26

● As repeated exposure to aminoglycosides has been shown
to increase the risk of hearing loss over time, we assumed
hearing loss occurred, on average, at the midpoint of life
expectancy (17 years), 5 years after first exposure to ami-
noglycoside.6,24,30,31

● Individuals who developed either early or late-onset se-
vere or profound hearing loss received a cochlear implant.
Several studies suggest that themechanism by which ami-
noglycoside-induced cochleotoxicity occurs may pre-
serve cochlear nerve function.32–34 Therefore, individuals
with this specific type of pathology are believed to be good
candidates for cochlear implantation.

● Weassumed that approximately 35%of individuals in the
mild or moderate hearing loss would have a hearing aid.
This assumption was based on data from the Hearing Re-
view 2006 Dispenser Survey indicating that approxi-
mately 16% of sampled individuals withmild hearing loss
and 53%of thosewithmoderate hearing loss have hearing
aids (35% is the average of these two).35

● We did not evaluate the risk of aminoglycoside-induced
hearing loss due to inhaled tobramycin, as peak drug se-
rum levels are generally �2 �g/mL compared with peak
levels of 10 �g/mL IV thrice daily or �40 �g/mL using
once daily intravenous tobramycin, and in Phase III trials
of inhaled tobramycin there was no increased high fre-
quency hearing loss in the treatment arm compared with
placebo arm.25

● In the base-case we assumed that there was no difference
in mortality between patients receiving quinolones �
�-lactam versus those receiving aminoglycoside � �-lac-
tam. This assumption was based on evidence from one
randomized clinical trial suggesting equivalent efficacy of
quinolones to aminoglycosides at eradicating Gram-neg-
ative bacterial infections.36 Because there is evidence of
higher rates of quinolone-resistant Pseudomonas infec-
tions compared with tobramycin-resistant infections in
CF patients,29 we assessed the potential negative impacts
of this drug switch. We estimated a lifetime attributable
mortality fromPseudomonas infection inCFof 28%based
on an increase in the relative risk of death of 50% associ-
ated with Pseudomonas exacerbation, a life expectancy of
approximately 35 years, and a 50% probability of a Psue-
domonas exacerbation.26,37,38 We then estimated a 10%
relative increase in lifetime mortality with ciprofloxacin
versus tobramycin to obtain a higher absolute risk of
death of 2.8% attributable to lifetime use of second-line
therapy.

Four possible outcomes were thus assessed with respect to
hearing loss in each strategy. The first was “aminoglycoside-
induced severe hearing loss,” defined as severe hearing loss
resulting from exposure and persisting for 17 years (remainder
of life-expectancy). The second was “aminoglycoside-induced
mild hearing loss,” defined as mild hearing loss resulting from
exposure and persisting for 17 years. The third was “severe
late-onset hearing loss” defined as severe hearing loss with an
assumed age at onset of 27 years and persisting for the remain-
der of one’s life (i.e., 7 years). This definition of late-onset
hearing loss was determined based on a study byMatsunaga et
al. reporting a 10-year difference between early and late hear-
ing loss onset.39 The fourth outcome was no hearing loss.

Clinical probabilities

The literature review revealed a paucity of information
about themutation prevalence, and only a few studies reported
an association with hearing loss in the absence of aminoglyco-
side exposure.15,39 In an investigation of Spanish families with
sensorineural deafness, Estivill and colleagues reported that
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39.9% of those with the mutation who were not exposed to
aminoglycosides developed hearing loss.40 In another study
Matsunaga et al. found that age at onset differed between
probands who were exposed and unexposed by approxi-

mately 10 years, with exposed probands developing hearing
loss earlier.39

The probabilities of clinical events in themodel are shown in
Table 1. We used the US mutation prevalence estimate from

Fig. 1. Structure of decision tree representing testing and treatment algorithm. AG, aminoglycoside.
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the Tang et al. study as the base-case value for the probability of
a CF patient testing positive for the mutation (8.6 per
10,000).14 Two studies investigating the prevalence of the vari-
ant in different populations worldwide have estimated the
prevalence to be between 0.47 and 48.5 per 10,000.15,16 The
sensitivity and specificity of the A1555G test were reported to
be 99.9% and 87.0%, respectively (personal communications
with Athena Diagnostics Inc., November 16, 2006).
Probabilities for each of the clinical outcomes were calcu-

lated depending on the combination of exposure and variant
status. One factor that must be accounted for when examining
mitochondrial mutations is whether the variant is homoplas-
mic (variant is found uniformly in the mitochondrial genome
in all cells) or heteroplasmic (cells contain a mix of mitochon-

dria, some with and some without the variant) as this affects
penetrance. In the vast majority of studies, the A1555G variant
is reported as homoplasmic, but in two families the variant was
reported as heteroplasmic.15,49,50 However, there seems to be
variability in the clinical expression of the variant even when it
is homoplasmic because variant-positive individuals manifest
mild to severe or profound hearing loss in the presence of
aminoglycoside exposure. As explained below, this variability
is accounted for in the range of probabilities included for each
of the potential clinical outcomes.
For variant-positive individuals, the probability of mild

hearing loss as a result of aminoglycoside exposure was esti-
mated at 66%. This was based on one study byUsami et al. that
categorized the degree of hearing loss.42 All other published

Table 1
Model parameters used in analysis

Parameters Base-case Range of estimates for sensitivity analysis Source

Probabilities

All patients

Variant prevalence (per 10,000) 8.6 0.5–48.5 Refs. 14–16

Lifetime exposure to aminoglycosides (AG) 0.50 0.30–0.80 Refs. 30, 31

Sensitivity of A1555G test 0.999 0.949–0.999 Athena Diagnostics, Inc.

Specificity of A1555G test 0.870 0.830–0.930 Athena Diagnostics, Inc.

Increase in absolute risk of death from Pseudomonas
infection due to use of second-line therapy

0.000 0.000–0.028 Ref. 29

Patients without variant

Mild or moderate hearing loss attributable to AG 0.060 0.03–0.09 Ref. 6

Severe hearing loss attributable to AG 0.012 0.006–0.018 Ref. 8

Late-onset hearing loss attributable to AG 0.01 0.005–0.015 Ref. 6

Late-onset hearing loss given no exposure 0.002 0.001–0.003 Ref. 41

Patients with variant

Mild or moderate hearing loss attributable to AG 0.66 0.56–0.76 Ref. 42

Severe hearing loss attributable to AG 0.34 0.34–1.00 Ref. 42

Late-onset hearing loss in exposed and unexposed 0.40 0.30–0.60 Ref. 40, 43

Utilities (quality of life)

CF patient without hearing loss 0.80 0.75–0.85 Ref. 44

Patient with cochlear implant 0.80 0.75–0.85 Ref. 45

CF patient with mild hearing loss 0.91 0.85–0.95 Ref. 46

Costs (US$ 2006)

Cost of A1555G test $345 $259–431 Athena Diagnostics, Inc.

Cost of cochlear implant $81,000 $60,750–101,250 Ref. 47, 48

Cost of annual maintenance of cochlear implant $2,170 $1,600–2,700 Ref. 47, 48

Tobramycin 375 mg IV every 24 hr for 14 days $505 $379–631 CHRMC

Cost of mild or moderate hearing loss $680 $510–850 Ref. 35

Ceftazidime 2000 mg IV every 8 hr for 14 days $1,300 $975–1,625 CHRMC

Ciprofloxacin 500 mg IV every 8 hr for 14 days $2,600 $1,950–3,250 CHRMC

CHRMC, Children’s Hospital and Regional Medical Center, Seattle, WA.
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studies examined individuals or families identified by the pres-
ence of severe to profoundhearing loss. Therefore these studies
estimate that 100% of individuals with the mutation who are
exposed develop severe to profoundhearing loss.Weused 34%
and 66% as the base-case analysis for severe or profound and
mild or moderate aminoglycoside hearing loss, respectively.
We varied these estimates to assume 100% of individuals ex-
perienced severe or profound hearing loss in a sensitivity anal-
ysis. The probability of developing late-onset hearing loss was
estimated to be 40% in all individuals with the mutation,
whether or not they were exposed to aminoglycoside. This fig-
ure was estimated from a study of 70 Spanish families with
sensorineural hearing loss.40 The range of estimates used in the
sensitivity analysis was estimated from several other familial
studies and are shown in Table 1.
The probability of developingmild hearing loss as a result of

aminoglycoside exposure has been reported to be between 0%
and 16% in the general population.6 For the base-case analysis
we used the median of these studies, approximately 7.5%.6

However, approximately 15% of all aminoglycoside-induced
hearing loss is thought to be attributable to this mutation.9

Therefore, this amount was subtracted from the population-
based estimate to account for the fact that this estimate is likely
to include people with the mutation. Although the majority of
these studies do not describe whether hearing loss was mild,
moderate, severe, or profound, one study estimated that ap-
proximately 2–4% of hearing loss resulting from aminoglyco-
side exposure was clinically significant.8 The probability of de-
veloping hearing loss by age 35 was estimated to be
approximately 0.2% based on estimates from the National
Health Information Survey data collected between 1997 and
2003 for adults between the ages of 18–44.41

Health state utilities

The effectiveness measure used in this analysis was QALYs.
QALYs for each type of hearing outcome (i.e., mild, severe,
none) were calculated by multiplying the length of time spent
in each state by the quality of life associatedwith each state. The
quality of life associated with a specific type of hearing loss is
defined by a health utility score and ranges from 0 (death) to 1
(perfect health). Health state utilities associated with each type
of hearing outcome and with CF are reported in Table 1. To
determine the utility associated with an individual with CF, a
literature review was conducted on CF patients. Health utility
scores came from a sample of patients, doctors, and parents of

individuals with CF. Patients estimated their quality of life to
be approximately 0.9 using the time-tradeoff methodology
whereas parents estimated the quality of life for CF patients to
be around 0.7.44 The average value (0.8) was used in the base-
case. A meta-analysis conducted on hearing loss for people
with cochlear implants was used to derive utilities for individ-
uals living with cochlear implants. Although quality of life
changes depending on timewith cochlear implants (with lower
quality of life scores reported 1 year after implant, and higher
scores for 2–3 years with implant), an average utility score was
used for this analysis. After pooling seven studies assessing the
health utility (utilizing several different instruments to mea-
sure quality of life) of adults with cochlear implants, Cheng
and Niparko calculated an average utility of 0.80.48 The health
utility score for individuals withmild hearing loss (no cochlear
implant) was estimated to be 0.91 based on a study assessing
quality of life in individuals with less-severe sensorineural
hearing.46 Although this study was not specific to aminoglyco-
side-induced hearing loss, it was the only estimate found in the
literature that assessed quality of life for individuals with
“mild” hearing loss. To obtain an overall health state utility,
utility scores associated with each type of hearing loss were
multiplied by utility scores associatedwith CF. All QALYswere
discounted at 3% per year.

Costs

Costs utilized in this model were estimated from published
cost-effectiveness reports on cochlear implantation, economic
analyses of societal costs of hearing loss, testmanufacturer, and
data fromChildren’s Hospital and Regional Medical Center in
Seattle, WA. All costs were discounted at 3% per year for the
base-case analysis. Costs include direct costs associated with
the cochlear implant procedure as well as the cost of the device
and costs associated with rehabilitation, maintenance, follow-
up, and drug costs. All costs are provided in Table 2 and are
updated to 2006 dollars using the Consumer Price Index for
medical care and medical devices. Most indirect and direct
medical costs associated with the cochlear implant procedure
were estimated froma 1999 cost-utility study of themultichan-
nel cochlear implant in adults.47 Costs of long-term medical
follow-up for patients were gathered from another economic
study of cochlear implants.48

Costs associated with mild or moderate hearing loss were
obtained from the Hearing Review 2006 Dispenser Survey.35

We averaged costs for all reported hearing aid types and the

Table 2
Results of cost-effectiveness analysis

Probability of aminoglycoside-induced
severe hearing loss

Total
cost (US$ 2006)a

Quality-adjusted
life-years (QALYs)a

Incremental cost-
effectiveness ratioa

A1555G test 0.0066 $1603 17.16467

No A1555G test 0.0078 $1265 17.16041

Difference �0.0012 $338 0.00426 $79,300/QALY

aDiscounted at 3% per year.
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type of health care professional dispensing them and used this
as our cost estimate for mild or moderate hearing loss. This is
an estimate of hearing aid cost as well as services such as fitting
that are bundled into the initial cost of the device. Because an
average of 35% of individuals with mild or moderate hearing
loss use hearing aids, we multiplied our final cost estimate by
0.35.
Antibiotic costs were calculated using data from Children’s

Hospital and RegionalMedical Center in Seattle,WA. The cost
of the genetic test was obtained from the test manufacturer
(personal communications with representative of Athena Di-
agnostics Inc., November 16, 2006).

Sensitivity analyses

To explore uncertainty in the model related to assumptions
and uncertainty in the parameter estimates, one-way sensitiv-
ity analyses were conducted. Model parameters were individ-
ually varied over the ranges shown in Table 1, while holding all
other model estimates constant. The ranges for clinical and
utility estimates were based on the ranges of values reported in
the literature when possible, and cost estimates were varied by
�25% of the base-case values. To explore the impact of im-
proved test specificity, in a scenario analysis we modeled the
inclusion of validation of positive test results, at an additional
cost of $690 (double the initial test cost), with an improvement
in overall specificity from 87.0% to 99.9%.

RESULTS

In the base-case analysis, the testing strategy led to a decrease
in the incidence of severe aminoglycoside-induced hearing loss
of 0.12% and an increase in QALYs of 0.00426 (1.6 days) (Ta-
ble 2). The average discounted cost for the testing strategy was
approximately $338 more than the no test strategy. The ICER
was thus $79,300 per QALY gained.
However, these results were highly variable. In sensitivity

analyses, testing resulted in cost per QALY gained ranging
from $33,000 to testing being dominated by the no testing
strategy (higher costs and lower QALYs) (Table 3). The results
were most sensitive to uncertainty in the estimate of mortality
attributable to avoiding aminoglycoside use. In a threshold
analysis, an increase of 0.8% in the absolute risk ofmortality by
avoiding aminoglycoside led to equal QALYs for each strategy;
at values higher than 0.8%, testing resulted in a decrease in
QALYs compared with no testing. The discount rate was also
influential, as hearing loss and its associated costs were dis-
counted more heavily in later years. Other important parame-
ters, as expected, were the probability of being exposed to an
aminoglycoside, test specificity and cost, utility of hearing loss,
andmutation prevalence. The risk of aminoglycoside-induced
hearing loss (both mild or moderate and severe) in patients
without the mutation was also a driving factor in the analysis.
Although this may seem counterintuitive at first, this is a result
of the high percentage (�99.5%) of false-positives (i.e., true
mutation-negative) patients who are switched to ciprofloxa-

cin, thus avoiding the risk of aminoglycoside-induced hearing
loss.
In scenario analysis with positive test result validation and

improved specificity, significantly fewer patients tested posi-
tive (1.1%vs. 13.1%) andwere targeted for ciprofloxicin rather
than aminoglycoside therapy. Interestingly, because more pa-
tients received aminoglycosides in this scenario (regardless of
genetic status), the improvement in QALYs was actually less
than in the base-case (0.001 vs. 0.004), and the ICER was sig-
nificantly larger, $670,000/QALY.When the potential increase
in mortality associated with using ciprofloxacin is included,
testing resulted in a 0.001 decrease in QALYs compared with
no testing.

DISCUSSION

We estimated the incremental cost-effectiveness of screen-
ing for theA1555G variant comparedwith not screening (stan-
dard of care) in a hypothetical cohort of patients with CF. In
our base-case analysis, we found that the testing strategy
slightly decreased the risk of severe aminoglycoside-induced
hearing loss and slightly increased QALYs. However, these
small improvements in patient outcomes do not seem to be
cost-effective, with an ICERof $79,300 perQALYgained, com-
pared with the commonly cited (although approximate)
threshold of $50,000 per QALY in theUnited States. As impor-
tantly, there was significant uncertainty in our results primar-
ily because of the paucity of data; indeed, it is possible that
patients, on average, could experience worse outcomes as a
result of the avoidance of first-line antibiotic therapy. In addi-
tion, our results suggest that improvements in the specificity of
the test would not likely lead to an effective or cost-effective
strategy because of the relatively small average gains in quality-
adjusted life expectancy, the potential risk of poorer response
to alternative antibiotics, and in particular, the low prevalence
of the mutation.
Our systematic review of studies of the A1555G mutation

revealed few data, with much of the available data of relatively
poor quality. Most studies were small (�50 people) and con-
ducted on either large high-risk pedigrees of maternally inher-
ited hearing loss or conducted on individuals who already had
severe to profound hearing loss. Despite this lack of data, the
test is clinically available and being marketed directly to clini-
cians.
The clinical and economic implications of our findings may

be important. The results are driven by one key factor: the low
prevalence of the mutation (approximately 8.5 per 10,000).
Because of the low prevalence, approximately 1200 patients
would have to be screened at a cost of $338,000 to identify a
single patient with a mutation. Given that there are approxi-
mately 60,000 patients worldwide with CF, only about 50 pa-
tients would be expected to have the mutation. Furthermore,
because the test has less-than-perfect specificity (87%), over
95% of patients that test positive will actually not have the
mutation. Thus, if clinicians switch therapy based on the test
result, they will be doing so unnecessarily in the great majority
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of cases. Clinicians should interpret the results of A1555G test-
ing with appropriate caution, payers should critically evaluate
reimbursement policies, and from an opportunity cost per-
spective, both clinicians and payers should consider alternative
uses of health care resources and the benefits they might bring
to their patients.
There are limitations in our analysis. First, estimates of vari-

ant prevalence are based on a paucity of data. The Tang et al.
study represents the only large population-based study of
A1555G prevalence, and this estimate is based on the existence
of one bloodspot.14 Therefore, the confidence interval sur-
rounding this estimate is large and as shown in our sensitivity
analysis, fluctuations in variant prevalence result in significant
changes in the ICER. Second, the majority of studies of the
association between genotype and the aminoglycoside-in-
duced hearing loss were conducted in families with a high
prevalence of hearing loss. These families may represent a

high-risk subgroup of all people with the variant. Thus, the
estimated 100% penetrance of the mutation after exposure
may be an overestimation. Similarly, the 39.9% penetrance
without exposure may be an overestimation and thus model
results may be reflective of the situation in carriers from high-
risk families, which is likely to represent a small proportion of
all carriers. Third, most investigations of aminoglycoside-in-
duced hearing loss did not characterize the degree of hearing
loss as a result of ototoxic effects. Many of the ototoxic effects
of aminoglycosides in the general population are reported as
subclinical or mild (though most studies have short follow-up
periods). Because ototoxic effects of this drug are thought to be
progressive, there may be additional unreported cases of late-
onset hearing loss in a cohort of exposed individuals. Fourth,
theremay be some low risk of hearing loss over years of chronic
exposure to inhaled tobramycin, but there is a paucity of long-
term data and it would be difficult to dissect the effects of

Table 3
Results of sensitivity analyses

Variable Low input High input Low result High result

Absolute risk of mortality from aminoglycoside avoidance 0 0.028 $79,000 QALYs decreased

Discount rate 0% 5% $33,000 $134,000

Probability of being exposed to aminoglycosides in a CF patient
population (lifetime)

0.3 0.8 $49,000 $133,000

Specificity of A1555G test 0.83 0.93 $62,000 $138,000

Probability of mild or moderate hearing loss in amino-exposed A1555G(�) 0.03 0.09 $61,000 $118,000

Utility for mild hearing loss 0.85 0.95 $60,000 $117,000

Cost of test $259 $431 $59,000 $100,000

Mutation prevalence 0.00005 0.00485 $53,000 $87,000

Probability of amino-induced severe hearing loss in amino-exposed A1555G(�) 0.006 0.018 $66,000 $97,000

Utility of severe hearing loss (cochlear implant) 0.75 0.85 $73,000 $87,000

Cost of ciprofloxacin $1,950 $3,250 $73,000 $85,000

Probability of late-onset hearing loss in amino-exposed A1555G(�) with no
amino-induced hearing loss

0.005 0.015 $74,000 $85,000

Utility for CF 0.75 0.85 $75,000 $85,000

Cost of cochlear implant yr 1 $60,750 $101,250 $76,000 $83,000

Probability of amino-induced severe hearing loss in amino-exposed A1555G(�) 0.34 1.00 $73,000 $79,000

Cost maintenance cochlear implant yrs 2� $1,600 $2,700 $78,000 $81,000

Probability of late-onset hearing loss in A1555G(�) with no amino exposure 0.001 0.003 $78,000 $81,000

Probability of late-onset hearing loss in A1555G(�) with no amino exposure 0.3 0.6 $79,000 $81,000

Cost of tobramycin $379 $631 $78,000 $81,000

Probability of late-onset hearing loss in amino-exposed and A1555G(�) 0.03 0.07 $78,000 $81,000

Probability of late-onset hearing loss in amino-exposed A1555G(�) 0.3 0.6 $79,000 $80,000

Sensitivity of A1555G test 0.949 0.999 $79,000 $80,000

Cost of mild hearing loss $510 $850 $79,000 $80,000

Cost of ceftazidime $975 $1,625 $79,000 $79,000

Probability of mild or moderate hearing loss in amino-exposed and A1555G(�) 0.56 0.76 $79,000 $79,000

Note that the low and high inputs for each parameter do not necessarily correspond with the low and high results, respectively.
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inhaled versus intermittent intravenous tobramycin on hear-
ing loss in this population. Fifth, it has been reported that
specific clinical characteristics of CF patients may provide a
degree of protection to the ototoxic effects of aminoglyco-
sides.6 However, this population is exposed to higher doses
more often than most people exposed to aminoglycosides in
routine clinical practice. Therefore, we assumed that the pro-
tective effect may make them equivalent to other populations
of patients exposed to smaller doses for shorter periods of time.
Lastly, although CF patients are likely to be exposed to amino-
glycosides, the highmortality associated with Pseudomonas re-
spiratory infections and the lower effectiveness of alternative
therapies may be particularly challenging in this population
and mitigate against the benefits of the A1555G test.
In conclusion, there are limited data on the A1555G mito-

chondrialmutation, although it is likely a significant risk factor
for aminoglycoside-induced hearing loss. However, because of
the low prevalence of the mutation, the associated high false-
positive rate, and the potential harm associated with a false-
positive screen in the CF population, routine testing does not
seem to be cost-effective or clinically warranted in CF patients
given currently available data.
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