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Platinum compounds are a group of chemotherapeutic agents included in many pediatric and adult oncologic treatment
protocols. The main platinum compounds are cisplatin, carboplatin, and oxaliplatin. Their use in clinical practice has
greatly improved long-term survival of pediatric patients, but they also cause some toxic effects: ototoxicity,
myelosuppression, nephrotoxicity, and neurotoxicity. Hearing damage is one of the main toxic effects of platinum
compounds, and it derives from the degeneration of hair cells of the ear, which, not having self-renewal capacity, cannot
reconstitute themselves. Hearing loss from platinum exposure is typically bilateral, sensorineural, and permanent, and it is
caused by the same mechanisms with which platinum acts on neoplastic cells. According to available data from the
literature, the optimal timing for the audiological test during and after treatment with platinum compounds is not well
defined. Moreover, no substances capable of preventing the onset of hearing loss have been identified.
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| 1. Introduction

Platinum compounds are a group of chemotherapeutic agents included in many pediatric and adult oncologic treatment
protocols. Their use in clinical practice has greatly improved long-term survival of pediatric patients [,

The main platinum compounds are cisplatin, carboplatin, and oxaliplatin. They exert their action by covalent binding to
purine DNA bases, resulting in interference with normal DNA function 2],

Cisplatin was the first compound discovered in 1965 by Rosenberg and colleagues during an experiment on electric fields
and cell division of bacteria, and was introduced in clinical practice in the first years of the 1970s [4]. Its cytotoxic effect is
linked to the formation of cisplatin—~DNA adducts (adducts N-7 a d (GpC) and d (ApG)) that block the vital functions of
cancer cells with consequent death 4!,

After intravenous infusion, 90% of cisplatin binds to plasma proteins and has a high capacity to penetrate into the liver,
kidneys, testicles, colon, and small intestine, but does not normally pass into the central nervous system (CNS) &,

About 90% of the drug is eliminated from the body through the kidneys, thanks to the glomerular filtration and tubular
secretion processes, whereas 10% is eliminated by biliary excretion. Generally, 25% of cisplatin is eliminated from the
body within 24 h after administration =€, however, platinum adducts can be found in tissues for more than a decade after
exposure I8l or indeed for an indefinite time [,

Chemotherapy with cisplatin is used in the treatment of several pediatric cancers, such as germ cell tumors,
hepatoblastoma, medulloblastoma, medulloblastoma/primitive neuroectodermal tumor (PNET), neuroblastoma, high-risk
osteosarcoma, and refractory lymphomas [,

The main adverse effects associated with cisplatin are nephrotoxicity, neurotoxicity, and ototoxicity; to try to avoid them,
the dose of subsequent administrations of the drug must be reduced LLL12]113]

Carboplatin is an analogue of cisplatin that was developed to reduce the dose-limiting toxicity of cisplatin. Carboplatin is
less toxic than cisplatin because it reacts less with DNA due to its greater chemical stability .

Previous studies have proven that carboplatin is 8-45 times less potent than cisplatin and, to obtain a comparable
antitumor effect, higher doses of carboplatin are necessary 24113l | okich et al. (1998) have pointed out that to obtain the
same effect determined by 100 mg/m? of cisplatin, a dose of 400-500 mg/m? of carboplatin is required, approximately four
times higher.

Carboplatin is commonly used in the treatment of pediatric tumors such as hepatoblastoma, brain tumors, germ-cell
tumors, neuroblastoma, Ewing sarcoma, osteosarcoma, and relapsed or refractory Wilms tumor (28],



Veal et al. (2007) reported that about a third of all children with solid tumors receive chemotherapy with carboplatin &,
Unlike cisplatin, carboplatin has a lower affinity for plasma proteins. Ninety percent of carboplatin is removed by the
kidneys through glomerular filtration within 24 h after its administration 18],

Oxaliplatin (trans-L-diaminocyclohexane (DACH) platinum oxalate 1I) is a third-generation platinum compound 191291,
Oxaliplatin has a lower affinity for DNA than cisplatin because the DACH vector ligand converts more slowly the
monoadduct into a diadduct. Nevertheless, the DACH—-platinum adducts are highly cytotoxic, and the DACH vector ligand
prevents cells from developing mechanisms that allow them to overcome platinum toxicity 241,

In addition, oxaliplatin shows no cross resistance with cisplatin or carboplatin, and this is due to two types of mechanisms.
The first one is related to the drug structure; the DACH ring is large enough to prevent the mismatch-repair enzyme
complex from binding to the oxaliplatin adducts 22. The second mechanism is due to the absence in tumor cells of the
replicative bypass activity present in cisplatin-damaged cells 231,

Oxaliplatin has pharmacokinetic characteristics similar to cisplatin and carboplatin. After intravenous administration,
initially about 70% of the drug binds to plasma proteins, especially albumin, and subsequently up to 95% of the drug is
bound to proteins. When bounded to plasma proteins, the drug loses some of its anti-tumor activity. Furthermore,
oxaliplatin is able to penetrate erythrocytes and remains there longer than in plasma. On this basis, O'Dwyer et al. (2000)
reported that red blood cells can probably represent a drug reservoir.

The main route of oxaliplatin elimination is represented by the glomerular filtration of the kidney, and only 2% of it is
eliminated in the feces. There is no correlation between renal function and platinum exposure (AUC). Unlike the other
platinum compounds, oxaliplatin is better tolerated by the human body, and it causes hearing damage in less than 1% of
the patients and renal toxicity in less than 3%. Moreover, although oxaliplatin can determine neurotoxicity affecting the
peripheral sensory nerves, this is rapidly reversible because the drug does not accumulate even after multiple cycles of
treatment.

As reported in several studies [24[23], oxaliplatin has a wide-spectrum antitumor activity against solid tumors.

Cisplatin, carboplatin, and oxaliplatin are all compounds obtained from platinum and have some similar pharmacodynamic
characteristics; nevertheless, they each present specific antineoplastic activity and are therefore used in different
treatment protocols for tumors both of pediatric and adult population.

| 2. Pathogenesis of Hearing Damage from Platinum Compounds

Hearing damage is one of the main toxic effects of platinum compounds. It derives from the degeneration of hair cells of
the ear, which, not having self-renewal capacity, cannot reconstitute themselves 28], Hearing loss from platinum exposure
is typically bilateral, sensorineural, and permanent 2. The higher frequencies (>4000 Hz) are the first to be affected, but
damage can progressively affect even the lowest frequencies (5004000 Hz), which are those necessary to understand
language. Although hearing damage becomes evident when lower frequencies (500-4000 Hz) are affected, even the
absence of high frequency audibility is important in children, as it can affect the regular development of speech.

Sometimes, hearing loss can be perpetuated even after the suspension of therapy with platinum compounds, manifesting
itself after many years [22128][29]

Platinum ototoxicity is due to the degeneration of mechanosensory hair cells in the organ of Corti, the spiral ganglion, and
the lateral wall cells (stria vascularis and spiral ligament) B9, About 3500 inner hair cells (IHCs) and 12,000 outer hair cells
(OHCs) are contained the organ of Corti—the OHCs amplify the motion of the basilar membrane in improving low-level
sensitivity and frequency selectivity, whereas the IHCs transform sound-evoked mechanical motion into receptor
potentials, resulting in the release of glutamic acid by the synapses and activation of the potentials action of the cochlear
afferent fibers. Spiral ganglion neurons are bipolar sensory neurons with a critical importance in the normal transmission
of sound information to the brain. The stria vascularis (SV) and spiral ligament (SL) form the lateral wall of the cochlear
duct. The SV is a vascular structure involved in the endolymph formation and generation of the endocochlea that are
essential for mechanoelectrical transduction (Figure 1).

Figure 1. In (A) a schematic representation of a transverse section of the basal part of a mammalian cochlea. Organ of
Corti cellular organization: one inner hair cell (IHC) and three outer hair cells (OHCs) are represented on either side of the
tunnel of Corti. The tectorial membrane, floating in endolymph, caps the tallest stereocilia of the hair cells. The IHC is
surrounded by supporting cells, whereas OHCs are anchored to the Deiters’ cells, their lateral membrane in direct contact
with a fluid called endolymph, which fills the tunnel of Corti. The lateral wall is constituted by the stria vascularis and spiral



ligament. In (B), representative images are shown of surface preparations of the organ of Corti stained for F actin, used to
visualize the stereociliary arrays and cuticular plates of hair cells. The dark spots indicated by asterisks in (C) show OHC
loss after a single dose of cisplatin in the rat model.

The mechanisms at the basis of the described damage are presumably the same with which platinum acts on neoplastic
cells. The platinum compound interacts with cell DNA, inducing monoadducts at nucleophilic sites, which can
subsequently lead to intrastrand and interstrand crosslinks in the DNA 1. The resultant inhibition of DNA synthesis and of
RNA transcription causes cell cycle arrest, leading to apoptosis. A secondary mechanism of cell death is linked to platinum
metabolism B2, When platinum enters the cells, it is metabolized by the mitochondria, with the consequent production of
toxic levels of reactive oxygen species (ROS). ROS deplete the cell’'s intrinsic antioxidant molecules and cause the
destruction of proteins and lipids; this event in turn actives the caspase and cell death [B3IB4IBSISEISY Hence, multiple
damage mechanisms cooperate in determining the death of hair cells, including oxidative stress related to excessive
production of ROS that causes lipid peroxidation, activation of pro-inflammatory factors, induction of the p53-dependent
signaling pathway, and, finally, cell death by apoptosis 28I,

These events can be realized only if platinum compounds cross the blood labyrinth barrier (BLB), where inner ear sensory
cells reside. The passage of platinum compounds through the BLB can occur in the event that cell integrity is altered or if
the paracellular permeability between adjacent endothelial cells increases. Another mechanism is provided by transport
systems that include megalin (LRP2), the organic cation transporter 2 (OCT2) (SLC22A2), or the high affinity copper
uptake protein 1 (Ctrl) (SLC31A1) [391149]

Moreover, indirect mechanism of damage by platinum compounds on hair cell function can be caused by magnesium
deficiency. Magnesium is necessary to maintain hair cell permeability 3 and cochlear blood flow 42, During therapy,
platinum compounds can damage renal tubules cells, thus impairing their reabsorption ability and reducing the intestinal
absorption of nutrients. As a consequence, the plasma magnesium level can become deficient, with consensual reduction
of its concentration in the endolymph 2! and perilymph 4!, This event determines an imbalance of the ionic composition
of the two fluids of the labyrinth, causing an increase of hair cell permeability to platinum 2],

The described damage mechanisms cause hearing loss from platinum compounds, but not all children undergoing
chemotherapy with these drugs show the same extent of hearing impairment. This could be explained by the existence of
a genetic predisposition to platinum-induced hearing loss. In recent years, many study groups have focused their attention
on the search for genes involved in platinum ototoxicity, identifying the genes involved in transport and metabolism of
platinum compounds and in DNA repair as possibly responsible. Among studies conducted to date, Huang et al. (2007)
48] identified 17 variations among 26 genes probably implicated in platinum ototoxicity. Among these genes, DNA damage
inducible transcript 4 (DDIT4) is a mediator of reactive oxygen species generation 4Z: NIMA (never in mitosis gene a)-
related expressed kinase 2 (NEK2) is required for proper execution of mitosis [48; and MYC plays a role in cell cycle
progression, apoptosis, and cellular transformation; mutation of these genes could facilitate hearing loss from platinum
compounds “2, On the contrary, some genetic variants protect against platinum-induced ototoxicity, such as the
polymorphisms in genes of the glutathione S transferase (GST) family (i.e., cisplatin detoxification and free radical
scavenging) B9 In particular, a 3-bp insertion/deletion polymorphism in intron 6 of GSTM3 (rs1799735), the c.313A > G
(rs1695, p.lle105-Val) single nucleotide polymorphism (SNP) in GSTP1, and gene deletions in GSTT1 and GSTM1 play a
protective role against cisplatin ototoxicity B51,

Genes associated with hereditary deafness have also been studied as possible culprits genes, but their polymorphisms do
not seem to be involved in hearing loss from platinum compounds [B21(53],

A recent study of Clemens et al. (2020) B4 evidenced an unclear association between single genetic markers and
ototoxicity on a sample of 428 cancer survivors; they studied 10 different genetic polymorphisms selected according to
previous studies: ACYP (rs1872328), LRP2 (rs2075252), NFE2L2 (rs6721961), OTOS (rs2291767), TPMT (rs12201199),
SOD2 (rs4880), SLC22A2 (rs316019), GSTP1 (rs1695), ABCC3 (rs1051640), and SLC16A5 (rs4788863). None of these
showed a clear relation with ototoxicity, but the authors suggest that more than a single gene variation could interact in
determining a predisposition to platinum hearing loss.

Hearing loss from platinum compounds is also different according to the total dose and the type of compound used.
Cisplatin is the most ototoxic platinum compound, whereas oxaliplatin is the least ototoxic. In the pediatric age group, a
cumulative cisplatin exposure exceeding 400 mg/m? is considered the threshold for significant ototoxicity [1,45], whereas
in adult patients it is 600 mg/m? . In fact, children under five years of age have the highest risk of suffering hearing loss
after platinum treatment 551, For carboplatin, ototoxicity has been reported to occur at cumulative doses in excess of 400
mg/m?.



In addition to the total dose administered, the mode of administration may also facilitate platinum acoustic damage. Bolus
infusions are more ototoxic compared to short or continuous infusions B8l Up to now, there is no evidence that continuous
infusions are less ototoxic than short infusions 28l. Moreover, administration of cisplatin while there is noise in the room
facilitates hearing loss because noise exposure can damage the stria vascularis and disrupt the BLB 4. Noise also
makes the cochlea more vulnerable because it induces oxidative stress and decreases antioxidant enzyme levels 28159

Other risk factors involved in hearing loss caused by platinum compounds are represented by tumor site, concomitant
CNS irradiation, and the association with other ototoxic medications.

Central nervous system tumor site is associated with the highest rate of hearing loss. This high incidence is conditioned
by several factors, among which is the higher dose of platinum compounds used in this type of tumor and the direct
damage the tumor can cause in this area 9, particularly when chemotherapy is combined with radiotherapy 1. Due to
the presence of these hearing damage enhancing factors, the real prevalence of ototoxicity in children with brain tumors
cannot be correctly estimated and, as observed by Bass et al. (2014), it can reach values of up to 74% in patients
undergoing combined treatment with cisplatin and radiotherapy 2.

As previously mentioned, platinum compounds are eliminated by the renal system, and impaired renal function may delay
excretion of platinum agents facilitating hearing impairment. Medications such as aminoglycoside antibiotics and loop
diuretics can also contribute to ototoxicity. Aminoglycosides act directly by damaging the inner hair cells, reducing ROS
elimination and altering the stria vascularis, facilitating platinum passage through the BLB 3. Instead, loop diuretics
reversibly block Na—K—CI cotransporter expressed in the inner ear, altering the ionic composition of endolymph and
reducing blood flow with impairment of the barrier function of the endothelium. This in turn facilitates the transition of other
ototoxic drugs, such as cisplatin and aminoglycosides, into the inner ear 841, exacerbating hearing loss.

Presence of co-existing ear pathology such as chronic otitis, middle ear effusion, or cerumen impaction can further
worsen auditory impairment.

3. Assessment of the Hearing Function during Treatment with Platinum
Compounds

A complete evaluation of the auditory function is necessary before starting treatment with platinum compounds, as it
allows for the obtaining of a basal assessment that can be compared to subsequent evaluations, during treatment and
after the end of it. The baseline assessment can be undertaken with different audiological tests in relation to patient’s age.

Audiometry is the easiest test to use and allows for the detection of the minimum audibility threshold of the patient. A
complete audiometric exam includes pure tone audiometry and speech audiometry €41,

Pure tone audiometry allows for the identification of the auditory threshold, the minimum intensity of a sound that the
subject is able to sense. It consists of administering to the patient, in an environment free of noise pollution, tones with an
increasing frequency and then asking the subject to signal the presence of a sound through a behavioral response. This
type of test requires collaboration from the patient, and therefore is strongly influenced by his or her age, and thus can
only be used in children over 7-8 years of age. In younger children, it is necessary to use alternative methods. Children
aged between 24 months and 6 years may have difficulties in performing the conventional audiometric examination, and
thus they are generally evaluated with conditional audiometry, in which the child is asked to perform a simple action (such
as putting an object in a container) whenever he hears a noise. Visual reinforcement audiometry is used for children aged
7 months to 24-30 months.

Speech audiometry, on the other hand, allows clinicians to evaluate the patient’s ability to understand spoken language,
and consists of asking the patient to repeat specific words. In younger children, speech audiometry can be carried out by
asking them to indicate an object or a drawing that corresponds to the communicated word. This type of test does not
allow for the evaluation of hearing damage in the initial phases, which typically involves high frequencies, but allows us to
estimate its impact on the child’s daily life.

Pure tone audiometry typically includes the frequency range of 0.25 to 8 kHz. A further form of audiometry, which can be
useful in the early diagnosis of hearing damage from platinum compounds, is represented by high frequency audiometry.
It is an audiometry that evaluates the hearing threshold for sounds with a frequency higher than 8 kHz and up to a
maximum of 20 kHz 851, Because auditory damage from platinum compounds occurs first for high frequencies, the use of
high frequency audiometry is a useful tool for its early diagnosis. Furthermore, although the audibility of high frequencies



is not involved in the understanding of spoken language, recent publications have shown that it is involved in learning
phonemes during early childhood. Because early auditory damage can condition the normal development of language €€,
the use of high frequency audiometry has an important role in the pediatric age.

As already mentioned, the acoustic damage from platinum compounds is sensorineural and not conductive. Therefore,
before performing the audiometry test it is useful to exclude the presence of pathologies affecting the structures of the
external ear through the execution of a tympanogram. This will make it possible to eliminate any confounding factors in
estimating the auditory function.

In children younger than 7-8 months, audiometry is not applicable. At this age, the otoacoustic emissions (OAES)
measurement could be useful to evaluate normal ear function. OAEs measurement specifically evaluates cochlear outer
hair cell function. Differently from pure tone audiometry, OAEs cannot estimate severity of hearing loss. When OAEs are
altered, it is possible to use a second line test, which is the auditory brainstem response (ABR). This test allows for the
estimation of the normal function of all auditory structures by measuring the transmission of the nerve impulse generated
by the administration of sounds, and is applicable when behavioral testing is not possible due to young age,
uncooperation, or medical conditions 4. Table 1 resumes audiological tests and their application age.

Table 1. Audiological tests and ages of application.

Age Tests

OAEs measurement

Children younger 7—8 months and not cooperative patients

ABR
Children between ages of 7-8 months and 24—30 months Visual reinforcement audiometry
Children aged 24 months to 5 or 6 years old Conditioned play audiometry
Children over 7-8 years old Pure tone audiometry

After having obtained a basal assessment of auditory function, it is necessary to repeat it during treatment. The frequency
of the tests is strongly connected to the cumulative doses of platinum administered and to the presence of other risk
factors. At present, there is not much scientific evidence regarding the best time to repeat audiological tests during
treatment. According to Durrant et al. (2009), follow-up evaluations should be performed 24 h prior to each course of
platinum-based chemotherapy 62,

In our clinical practice, we perform an audiometry test before each course of chemotherapy containing platinum
compounds and whenever there is a clinical sign of hearing impairment, even though it is not always possible due to
patients’ clinical conditions. This strategy allows us to identify the onset of hearing damage earlier on, thus giving us the
ability to carry out measures to reduce its extent.

Different evaluation scales of hearing damage caused by chemotherapy have been standardized. Among these are the
National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE), the American Speech-
Language Hearing Association (ASHA) ototoxicity criteria, the Brock criteria, Chang and Chinosornvatana’s grading
system, and the New International Society of Pediatric Oncology (SIOP) Boston Ototoxicity Grading Scale.

The Brock criteria was the first and most widely used pediatric-specific ototoxicity scale. This scale is based on absolute
hearing thresholds unrelated to the baseline test. It has four grades (1-4) to categorize the severity of platinum induced
hearing loss (€8],

Chang and Chinosornvatana’s grading system is a modified Brock scale to include both 20 and 40 dB HL cut-offs; it is

complicated to apply and requires additional threshold data that may be difficult to obtain in an ill or uncooperative patient
[68]

The National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) has been typically used in
cancer treatment studies; this rating scale, in its latest version of 2017, specifically considers pediatric patients and
distinguishes five degrees of severity of hearing damage with a cut-off of 20 dB HL.



The American Speech-Language Hearing Association (ASHA) ototoxicity criteria can be used for extended high
frequencies (>8000Hz) and allows for the monitoring of the auditory threshold during treatment. In addition, these criteria
require a complete baseline assessment, which is difficult to obtain in children; moreover, the major limitation of the ASHA
criteria is the lack of a grading scale to evaluate the severity of hearing loss [3].

The New International Society of Pediatric Oncology (SIOP) Boston Ototoxicity Grading Scale takes into consideration the
possibility that the child may present with middle ear disease (rather common in children), and requires bone conduction
thresholds in case a problem with sound conduction through the middle ear is suspected, or in the presence of abnormal
tympanometry. The scale is based on absolute thresholds and uses 20 and 40 dB HL cut-off, with greater importance
given to hearing loss in the medium frequencies compared to the high frequencies.

This scale of evaluation for hearing loss is useful in clinical practice in identifying the severity of the damage in order to
undertake possible protection strategies. Knight et al. (2017) compared different ototoxicity classification systems and
evidenced that the SIOP scale may be superior to ASHA, Brock, and CTCAE scales for classifying ototoxicity in pediatric
patients who were treated with cisplatin (62,
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