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a b s t r a c t 

Background: Aminoglycosides (AGs), such as tobramycin, are essential antibiotics in the management of 

pulmonary infections in patients with cystic fibrosis (CF). They induce ototoxicity without the relationship 

being clearly described in the literature. Our aim is to propose a mathematical and statistical model 

describing the relationship between the estimated cumulative exposure (Area Under the Curve, AUC) to 

tobramycin and ototoxicity with audiogram interpretation in young patients with CF. 

Methods: Cumulative AUCs were estimated for each course of tobramycin, for the 106 individuals with CF 

(between 4 and 22 years of age) enrolled in this retrospective study (35 who had received IV tobramycin, 

71 controls). Mean hearing loss was calculated for each audiogram and a statistical model was developed 

to predict hearing loss. 

Results: The model confirms a significant relationship between cumulative tobramycin exposure and 

changes in hearing acuity: 

Mean hear ing loss = 2 . 7 + (3 × 10 −5 ) × AUC _ tobr amyc in + indi vidu al _ susc epti bili ty 

However, the ototoxic effect is not clinically perceptible (mean hearing loss: 3.8 dB). The impact of AUC 

on hearing loss is minor in these subjects who received a limited number of courses of tobramycin (me- 

dian: 5 courses). 

Conclusion: A significant relationship between cumulative exposure to tobramycin and ototoxicity was 

demonstrated. Individual treatment susceptibility should not be overlooked. As ototoxicity is not clini- 

cally perceptible in the study subjects, hearing tests should be continued during adulthood to provide 

individualized medical guidance and to obtain a lifetime analysis of the relationship between exposure 

and hearing loss. 

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Aminoglycosides (AGs) are a major class of medicinal products 

n the management of cystic fibrosis (CF) patients. Both the intra- 
Abbreviations: AG, Aminoglycosides; AUC, Area Under the Curve; CF, Cystic Fi- 

rosis; CFC, Cystic Fibrosis Center; C max , Peak concentration of antibiotics; dB, Deci- 

el; Hz, Hertz; IV, Intravenous; MIC, Minimum Inhibitory Concentration; PK, Phar- 

acokinetics; PK-PD, Pharmacokinetics-Pharmacodynamics. 
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tobramycin and ototoxicity in patients with cystic fibrosis, Journal of C
enous (IV) and inhaled forms are used to treat lung infections 

aused by micro-organisms such as Pseudomonas aeruginosa [1] . 

hey were among the first effective therapeutic agents in the treat- 

ent of infections caused by Gram-negative bacteria. They are IV- 

dministered hydrophilic antibiotics with concentration-dependent 

actericidal activity. After entering the bacteria, AGs act by inhibit- 

ng bacterial protein synthesis through irreversible binding to ri- 

osomes (30S subunit of 16S ribosomal RNA), which leads to the 

ynthesis of defective messenger RNAs and then defective proteins. 
ibrosis Society. This is an open access article under the CC BY-NC-ND license 
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minoglycosides have a synergistic bactericidal effect with other 

ntibiotics, such as ß-lactams and vancomycin [ 2 , 3 ]. 

The Pharmacokinetics-Pharmacodynamics (PK-PD) criterion rec- 

mmended by the European Committee on Antimicrobial Suscep- 

ibility Testing (EUCAST) to characterize the efficacy of aminogly- 

osides is the AUC/MIC ratio, where AUC is the area under the 

minoglycoside plasma concentration curve and MIC (Minimum In- 

ibitory Concentration) is the minimum concentration of antibiotic 

apable of inhibiting the bacterial growth. However, this PK-PD cri- 

erion is difficult to apply in clinical practice, as the measurement 

f AUC requires repeated blood sampling. Thus, the PK-PD criterion 

etained for aminoglycosides is a C max /MIC ratio > 8 – 10 x MIC. 

 max , or peak concentration, is the concentration measured at the 

eak, approximately 30 min after parenteral administration of the 

minoglycoside over a period of 30 min [4] . 

The main adverse effects of AG therapy are reversible and 

umulative nephrotoxicity and irreversible ototoxicity, including 

ochleotoxicity (with symptoms such as hearing loss and tinnitus), 

nd vestibulotoxicity causing vertigo [5] . 

Megalin-mediated endocytosis is primarily responsible for ac- 

umulation of AG in the renal proximal tubule, resulting in direct 

ellular injury and death [6] . However, this phenomenon can be 

aturated. Indeed, studies have shown that once-daily administra- 

ion of aminoglycoside is less toxic than multiple daily doses [7] . 

s a direct clinical application, the dosing regimen of AG applied 

o date, regardless of the medical indication, is one dose per day. 

The lack of ototoxicity markers that can easily be used in 

ivo /clinical practice, is a limiting factor in its evaluation [ 7 , 8 ].

owever, clinical studies have highlighted the cumulative aspect of 

his toxicity. The incidence of ototoxicity was studied in a prospec- 

ive study after the initial administration of tobramycin at a dose 

f 10 mg/kg/day for 10 days in patients with cystic fibrosis. The pa- 

ients enrolled in the study performed various hearing tests (pure 

one audiometry, distortion product otoacoustic emission, words in 

oise test, tinnitus functional index, and vertigo symptoms scale). 

his work shows that a course of IV tobramycin caused cochleotox- 

city in 93% of the patients, according to American Academy of Au- 

iology (AAA) and American-Speech-Language-Hearing-Association 

ASHA) criteria. Other impairments reported by patients included 

he presence of tinnitus, the sensation of dizziness, and the in- 

bility to decipher certain words [5] . In a similar way, in a study 

ssessing the effects of cumulative doses of intravenous amino- 

lycosides on the hearing status of cystic fibrosis patients, those 

ho received a cumulative dose of 152–647 mg/kg (highest expo- 

ure quartile) had a 4.5-fold greater risk of cochleovestibular dam- 

ge compared to those who received a cumulative dose of 16–

2 mg/kg (middle exposure quartile) [9] . 

Based on data collected by The Paediatric Otorhinolaryngology 

epartment and the Cystic Fibrosis Center (CFC) of the Toulouse 

niversity Hospital, our aim was to create a mathematical and sta- 

istical model to explain and predict the relationship between the 

stimated cumulative AUC of tobramycin and ototoxicity. 

. Patients and methods 

This study is an observational, retrospective, single-center 

tudy that was approved by the Toulouse University Hospital re- 

iew board (registration number: RnIPH 2022–119; CNIL number: 

206723 v 0). 

All patients followed up at the CFC prior to reaching 18 years 

f age and who had audiometric tests during their follow-up (i.e., 

efore and after tobramycin administration) were enrolled in the 

tudy. One hundred and six patients were retained. Of these, 35 

ad received intravenous tobramycin treatments, and 71 were not 

xposed to the medication. 
2

The demographic and clinical data (age, gender, weight and 

eight of the patients during each course of IV tobramycin ther- 

py) were collected using Mucodomeos software. Pharmacologi- 

al data related to IV tobramycin administration (dose received at 

ach course, dates of the courses, duration of treatment) and con- 

omitant prescriptions (oral azithromycin) were also collected us- 

ng Mucodomeos. Biological data (plasma creatinine value during 

ach course, expressed in μmol/L) were collected from the OR- 

IS computer system of Toulouse University Hospital. The Schwartz 

ormula was used to calculate the Glomerular Filtration Rate (GFR) 

s shown below (with k being a constant that varies with age and 

ex) [10] : 

F R = 

k × height 

creatinine 

Tone audiometry results for frequencies between 500 and 4000 

ertz (Hz) (corresponding to conversational frequencies) were 

sed for the audiometry data in this study. Pure tone audiome- 

ry is a quantitative hearing analysis, which searches an audibility 

hreshold. It can be determined using two methods, namely bone 

onduction, testing only the inner ear, and air conduction with 

eadphones, testing the whole ear. The tonal audiogram obtained 

an differentiate between conductive and sensorineural hearing 

oss. In subjects with CF, both types of hearing loss exist but only 

ensorineural hearing loss is treatment related. Frequently bilateral 

nd symmetrical, it tends to concern the high frequencies. Conduc- 

ive deafness is related to the presence of serous otitis in these pa- 

ients, and to nasosinusal polyposis. Since the tonal audiogram dis- 

inguishes between both types of hearing loss, conductive hearing 

oss was not considered in this study, hence the model developed 

eviewed only AG-related ototoxicity. 

The deafness criteria used in the study are those of the Inter- 

ational Bureau for Audiophonology. Mean hearing loss was cal- 

ulated, from the loss in dB for right and left ear together, at the 

requencies of 500 Hz (F500), 1000 Hz (F1000), 2000 Hz (F2000) 

nd 40 0 0 Hz (F40 0 0), with the following equation: [11] 

ean hearing loss = 

F 500 + F 10 0 0 + 

F 20 0 0+ F 40 0 0 
2 

4 

The R software was used to estimate the AUC of tobramycin 

lasma concentrations based on a Population Pharmacokinetics 

odel from the literature [12] . This pharmacokinetic model is de- 

cribed in the equation below: 

 i j = f 
(
t i j , �i 

)
+ f 

(
t i j , �i 

)
ε i j 

i = g ( x i , θ ) + ηi 

- Y ij : jth concentration measured in the ith individual, at the t ij 
instant 

- � i : pharmacokinetic parameters of the ith individual 

- εij : standard Gaussian random variables 

- X i : covariates explaining the variation of � i from one individual 

to another 

For each patient, based both on this model and the patient’s 

ovariates value (creatinine level, weight, height), tobramycin ex- 

osure was estimated after each administration, allowing to obtain 

he cumulative AUC to be obtained at the end of one treatment 

nd then over subsequent treatments. Tobramycin inhalation treat- 

ents were not taken into account in the model for two main rea- 

ons: 

- Its systemic passage is low, and generates a negligible exposure 

compared to the exposure observed during intravenous treat- 

ments [13] 
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Table 1 

Demographic, biological and clinical characteristics of the patients enrolled in the 

study. 

Number of patients 106 

Age (years) 

Minimal 4 

Median 10 

Maximum 22 

Weight (kg) Median 30 

Height (cm) Median 137.8 

Creatinine (μmol/L) Median 43 

Table 2 

Pharmacological and audiometric characteristics of the patients enrolled in the 

study. 

Number of courses 

Minimal 0 

Median 5 

Maximum 17 

Cumulative dose of tobramycin (mg) Mean 5411 

Area under the curve of plasma tobramycin 

concentrations versus time (mg.h/L) 

Minimal 0 

Mean 1943 

Maximum 28,651 

Mean haring loss (left + right ear) (dB) 

Minimal 0 

Mean 3.83 

Maximum 15.64 
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- The systemic passage of Tobramycin by inhalation is very vari- 

able according to the patients, probably due to the nebulization 

techniques and to the variable pulmonary involvement in the 

patients [14] 

A multiple regression model was used to assess the relation- 

hip between tobramycin exposure and hearing impairment. This 

s a linear mixed model taking into account the effect of age, oral 

zithromycin intake, cumulative AUC representing the patients’ ex- 

osure to tobramycin at the time of each hearing test, and an in- 

ividual factor. 

A statistical model was developed to predict hearing loss: the 

ollowing equation was used to establish the relationship between 

umulative tobramycin exposure and hearing impairment: 

ean hearing loss = μ + Ind i + α × AUC i j + ß × age i j + ε i 

Where μ is the average hearing loss over the losses measured at 

requencies at 50 0, 10 0 0, 20 0 0, and 40 0 0 Hz, Ind is the individual

actor that impacts the mean value μ, α represents the influence 

f AUC on hearing loss, ß represents the influence of age, and ε
s an uncontrollable variability factor commonly referred to as the 

residual error." 

. Results 

The patients’ demographic, clinical and biological data are sum- 

arised in Table 1 . The pharmacological and tone audiometry data 

re presented in Table 2 . 

The linear multiple regression model highlighted the significant 

ffect of AUC, age, and an individual factor on the mean hearing 

oss. 

Given the limited number of hearing tests performed, it was 

ot possible to differentiate between the effect of age and expo- 

ure (AUC) on the hearing loss. Consequently, age appears to be a 

onfounding factor in the model and was not retained in favor of 

he cumulative AUC of tobramycin. 

The model confirms a relationship between cumulative ex- 

osure to IV tobramycin and a change in hearing acuity in 

he patients enrolled in the study, based on the following 

quation: 
3 
ean hear ing loss = 2 . 7 + 

(
3 × 10 

−5 
)

× AUC _ tobr amyc in 

+ indi vidu al _ susc epti bili ty 

In this equation, the term "individual" represents the patient’s 

ndividual susceptibility factor to AG therapy, which is significant 

nd cannot be anticipated. Azithromycin had no significant effect 

n the change in hearing acuity. 

Prior to administering any tobramycin therapy (i.e., for an AUC 

f 0 mg.h/L), the mean threshold for frequency detection is 2.7 dB, 

hich may be higher or lower depending on the term "individ- 

al" in the model. Thus, this term reflects inter-individual vari- 

bility in frequency detection before any treatment. When to- 

ramycin courses begin, the hearing loss increases by 3 × 10 −5 

or an AUC increase of 1 mg.h/L. For example, in patients with the 

ighest cumulative exposures (cumulative AUC of approximately 

8,0 0 0 mg.h/L), the impact on hearing loss is very small and of 

he order of 0.9 dB. In the study population, most patients received 

ewer than 10 courses of tobramycin, except for two patients who 

eceived 14 and 17 courses, respectively. Thus, the patients did not 

ave any discernible hearing impairment according to the Interna- 

ional Bureau for Audiophonology definition (mean hearing loss > 

0 dB). 

Azithromycin was evaluated in this study and did not have a 

ignificant effect on the ototoxicity triggered in these patients. The 

dministration of tobramycin via the inhaled route was not consid- 

red because of its low systemic passage [13] . 

. Discussion 

A significant relationship between cumulative exposure to in- 

ravenous tobramycin and a change in hearing acuity was demon- 

trated. Age was identified as a confounding factor in this model 

nd was excluded from the analysis. Data from the Cystic Fibrosis 

atient Registry ( Cystic Fibrosis Foundation , 2018) suggest that the 

revalence of hearing loss in cystic fibrosis patients is low, esti- 

ated at 2.4% overall and 1.3% in patients under 18 years of age. 

eafness may well not be related to the natural evolution of the 

ondition in these patients [15] . 

The completeness of the database proved to be a limiting factor 

n the data analysis, underlining the importance of exhaustive data 

ollection from patients throughout their lives. 

Over time, patients receive an increasing number of courses of 

V tobramycin therapy because of more frequent respiratory infec- 

ions associated with the progression of cystic fibrosis. In a study, 

hildren who received more than 10 courses had a higher risk of 

totoxicity [16] . In another study, the mean age associated with 

earing loss was 33 years [17] . Patients in our pediatric study co- 

ort may not have reached a sufficient cumulative AUC level to 

enerate clinically quantifiable ototoxicity. 

Our hypothesis is that the mathematical model describing the 

elationship between ototoxicity and the tobramycin AUCs presents 

n inflection point beyond the study population, probably in the 

dult population, making the multiple linear model obsolete be- 

ond a certain number of courses of treatment (i.e., beyond a cer- 

ain age) in favor of a sigmoidal model. 

As cumulative exposure to AGs is correlated with hearing loss, 

trategies to adapt AG doses to Pseudomonas aeruginosa ’s MIC 

hould be enhanced, all the more in children recently colonized 

ith a germ likely to have a lower MIC [18] . Thus, a Therapeutic

rug Monitoring (TDM) coupled with bacteria’s MIC determination 

o achieve C max /MIC ratio > 8 to 10 x MIC seems essential in young

atients. 

One limitation of this work concerns the date on which the au- 

iometric tests were performed. The tests were sometimes con- 

ucted independently of tobramycin administration. However, as 

eliable treatment-related data were collected for the patients eli- 
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[

ible for analysis, the tobramycin AUCs were considered unchanged 

nd were compared with the hearing test. Conversely, hearing tests 

ere sometimes performed early post-treatment, i.e. within a few 

ays, but ototoxicity onset could take weeks or months [19] . More- 

ver, ototoxicity is a complication that fluctuates over time and 

s sometimes asymmetric [17] . The mean hearing loss measured 

n the right and left ears was considered in this instance. Indeed, 

verall hearing loss could be underestimated if one side was more 

ffected than the other. Each frequency was tested separately and 

t was found that there was little significant difference in the low 

requencies (500 and 1000 Hz). However, the frequency at 20 0 0 Hz 

howed a clear and strong impact of the injected tobramycin. As 

he structure of the population could have a strong influence on 

he results, the average of the frequencies was preferred to be used 

hen presenting the results. 

This underestimation of the hearing loss may be emphasized by 

he fact that ototoxicity often affects high frequencies (over 6 kHz) 

t the beginning [11] . High frequencies have been shown to be 

mplicated in speech recognition, in noise and in sound localiza- 

ion [ 20 , 21 ]. The usual mean auditory tonal threshold performed in

ilent conditions appears insufficient to evaluate well cochlear oto- 

oxicity as it is limited to frequencies from 0.5 kHz to 4 kHz. The 

se of high frequencies audiometry and/or speech in noise recog- 

ition tests might be better at detecting pauci-symptomatic hear- 

ng loss and have been proposed for platinum-based chemother- 

py follow-up [22] . New statistical models utilizing these measures 

ould be of great interest for future studies. This is something we 

ay explore in the coming years. However, given the retrospec- 

ive nature of our study, we have chosen to focus on the frequen- 

ies typically used in standard audiometry. Some of the patients 

ecently included in our cohort have high frequency hearing data 

vailable. 

We observed a large inter-individual variability that could be 

xplained by factors unstudied in the model, such as the pa- 

ients’ exposure to other treatments including loop diuretics (hy- 

rochlorothiazide), exposure to noise, and genetic factors [17] . A 

enetic predisposition to AG ototoxicity has been identified and 

as observed in 17 to 33% of hearing-impaired patients [1] . This is 

he A155G mutation in the mitochondrial genome [23] . The preva- 

ence of the A155G mutation varies by ethnicity, with two UK stud- 

es indicating a prevalence of 0.19% and 0.26%, respectively [24] . A 

tudy conducted in adult CF patients highlighted a prevalence of 

.3% for this gene. Several polymorphisms of this mutation have 

een linked to hearing loss [25] . Published data regarding the in- 

uence of genetics on AG-induced ototoxicity are variable, and this 

enetic component is one of the limitations of our model, repre- 

ented by the term "Individual" in the equation. Aminoglycoside 

totoxicity would tend to increase in patients with this mutation. 

ince we are unable to identify this genetic factor in patients, it 

s even more important to exercise caution when AGs are used in 

ubjects older than the current study cohort. 

The CFTR modulator therapy Elexacaftor, Tezacaftor, Ivacaftor 

ETI) appears to have revolutionised the management of cystic fi- 

rosis patients and to limit the number of respiratory infections 

o considerable extent. pediatric cohort subjects will perhaps not 

eflect an age-dependant increase in the number of courses of 

obramycin therapy, as evidence in patients prior to the market 

aunch of ETI. However, this treatment is not indicated for all cystic 

brosis patients, and the anticipation of clinically perceptible oto- 

oxicity could be beneficial for patients not eligible for ETI treat- 

ent. 

. Conclusions 

In conclusion, a significant relationship has been demonstrated 

etween cumulative exposure to tobramycin and variation in mean 
4 
earing loss measured by pure tone audiometry. It is likely that at 

he cumulative AUC of 28,0 0 0 mg.h/L, the auditory toxicity of AGs 

s not sufficient to be considered significant. 

Azithromycin, which was supposed to be a concomitant oto- 

oxic prescription for these children, did not exert a significant ef- 

ect on hearing acuity in our analysis. 

This study should be continued with the lifelong hearing 

ollow-up of the patients enrolled in the study, the aim being to 

ocument hearing during adulthood. Once the cumulative AUC at 

hich deafness occurs is identified, this will allow to define an op- 

imal administration strategy to limit their ototoxicity. Therapeutic 

rug Monitoring (TDM) also has a major role to play in assessing 

umulative exposure in individuals. It should not be overlooked in 

hildren and it is essential for adults, in whom renal function may 

e impaired, possibly resulting in uncontrolled exposure to amino- 

lycosides. 
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