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Abstract

Hypothesis: Localized cooling of the external ear has a protective effect on the susceptibility to 

cisplatin-induced hearing loss.

Background: We previously demonstrated significant protection from cisplatin-induced hearing 

loss using cool water ear canal irrigation. However, the study was limited to a single bolus 

injection of cisplatin and an acute time period. Here, we examined the application of localized 

cooling of the ear canal with repeated doses of cisplatin, over an expanded period of time, and 

using two methods of cooling.

Methods: Twenty-four guinea pigs (12 male and 12 female) underwent auditory physiological 

testing (auditory brainstem response and distortion product otoacoustic emissions at 8–32 kHz) 

and pre/postadministration of cisplatin. Cisplatin (4 mg/kg i.p.) was administered in 3 weekly 

single injections for a total of 12 mg/kg. While anesthetized, the left ears of the guinea pigs were 

exposed to either cool water (22°C; ICS Water Caloric Irrigator), a cool ear bar (15°C, cooled by a 

Peltier device; TNM, Scion NeuroStim), or left uncooled as a sham control. The animals were 

tested 3 days post each dosage and 1 month post the final dose. At the end of the experiment the 

animals were euthanized for histological evaluation.

Results: We found that hearing loss was significantly reduced, and hair cell survival greatly 

improved, in animals that received cooling treatments compared to cisplatin-only control animals. 

No significant difference was observed between the two methods of cooling.

Conclusion: Localized cooling of the ear canal during administration of cisplatin mitigated loss 

of auditory function and loss of hair cells.
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Introduction

Nearly 50% of patients undergoing chemotherapy receive cisplatin as part of their regimen 

(1,2). A review by Paken et al. (3) reported that ~30–100% of patients receiving cisplatin 

incur some level of auditory pathology, primarily in the form of high-frequency 

sensorineural hearing loss (4). The reported prevalence can be influenced by a number of 

factors including age, dose-schedule, comorbidities, genetics, and how ototoxicity is defined 

(3,5–9).

A number of otoprotective pharmaceutical agents have been or are currently being 

considered for clinical application (10). The primary concern for pharmaceutical agents, 

particularly those administered systemically, is potential decrease in the antitumor efficacy 

of the cisplatin (11,12). For example, sodium thiosulfate (STS) has recently moved through 

randomized controlled trials (13,14). Brock et al. (13) observed significantly reduced 

incidence of hearing loss (as defined by Brock Scale grade 1 criteria of > 40 dBHL at 8 kHz) 

in children receiving cisplatin plus sodium thiosulfate (33%) for hepatoblastoma compared 

to a cisplatin-alone group (63%). Freyer et al. (14) examined STS in children receiving 

cisplatin for several cancer types compared to cisplatin-alone controls. They did not observe 

a statistically significant difference in threshold shift at individual frequencies, but did report 

a significantly lower incidence of a hearing loss defined by the American Speech Language 

and Hearing Association (ASHA) Ototoxicity Criteria (≥20 dB worsening in the threshold at 

one test frequency or ≥ 10 dB at two adjacent frequencies). Still, STS presents risk for 

compromised antitumor efficacy of cisplatin and thus requires a delay between 

administration of cisplatin and STS (15–18). A recent Cochrane Review (19) on 

otoprotection trials concluded that STS’s effect on antitumor efficacy, survival, and relapse 

were uncertain. Other groups have attempted to circumvent concerns for antitumor efficacy 

with administration of drugs via trans-tympanic injection. A randomized controlled trial 

comparing trans-tympanic injection of STS to a placebo found no clinically significant 

protection (20). Furthermore, intratympanic injection may be limited by the permeability of 

the drug, distribution in the cochlea, and clearance (21–23). For example, dexamethasone 

has been demonstrated to have limited permeability through the round window and has a 

high rate of elimination (22). Other agents under research for protection against cisplatin-

induced ototoxicity include D-methionine, ebselen, N-Acetylcysteine, and others (10). 

Currently, there are no FDA-approved treatments for the prevention or remediation of 

cisplatin-induced hearing loss; therefore, novel alternative approaches need to be pursued 

(24).

The literature is rich and vast on the benefits of hypothermia (body cooling) and brain 

cooling (localized head cooling) to protect against neural injury and cell death (25–30). For 

example, Marion et al. (25) found that inducing whole-body hypothermia for 24 hours in 

patients following severe traumatic brain injury hastened neurological recovery. Therapeutic 
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localized head cooling is a proven neuro-protective technique utilized for newborn infants 

with perinatal asphyxia and hypoxic-ischemic encephalopathy to improve neurological 

outcome (28). Furthermore, scalp cooling has been used to mitigate chemotherapy-induced 

alopecia in breast cancer patients receiving taxane- and/or anthracycline-based 

chemotherapy (31).

There is also a well-established literature on how temperature can influence auditory 

physiological measures (32–44). Fernandez et al. (32) first described increased latency and 

decreased amplitude of cochlear (cochlear microphonic) and auditory neural responses 

(action potential) with hypothermia (in guinea pigs) and reversibility with subsequent 

warming. Mild hypothermia down to 36°C (in guinea pigs) has been shown to elevate 

compound action potential thresholds in response to tone bursts above 24 kHz, which was 

also fully reversible after restoring cochlear temperature (37). Comparable effects have been 

demonstrated in humans (45). In addition, hypothermia has been shown to reduce 

otoacoustic emission amplitude, with recovery upon subsequent warming in humans (42,46) 

and rodents (43).

Numerous studies have demonstrated that systematic and/or localized hypothermia can 

protect against noise, ischemic, and iatrogenic damage (47–55). Though hypothermia is not 

a novel concept, neither hypothermia nor localized cooling has ever been applied as a 

method for otoprotection from drug-induced hearing loss in vivo until recent work from our 

group. [One study has examined the effect of hyperthermia on aminoglycoside ototoxicity 

(56), which reported increased damage related to kanamycin with simultaneous 

hyperthermia.] We were the first group to show that irrigating the ear canal with cool water 

could limit cisplatin-induced hearing loss and reduce loss of hair cells (57,58). Here, we 

present data expanding on this work that includes a repeated dosing design, extended time 

period for monitoring hearing, and an alternative method of cooling.

METHODS

Subjects

Twenty-four Guinea pigs (Cavia albino) of both sexes (12 male and 12 female) were 

randomly assigned to control and treatment groups. Animals were housed and cared for in 

the Center for Comparative Research (CCR) at The XXXX. All procedures were approved 

by the IACUC committee and adhere to NIH animal care and use guidelines. The Guinea 

pigs were first exposed to cisplatin at approximately 8 to 10 weeks of age and euthanized 1 

month post final dose (~ 15–17 wk of age).

Drug Administration

Cisplatin was administered as weekly 4 mg/kg i.p. bolus injections. One injection was given 

per week over 3 weeks for a cumulative dose of 12 mg/kg.

Cool OtOProtective Lumen Treatment (COOL)

The left external ear canal only of Guinea pigs (n = 18) was cooled via irrigation with 

temperature-controlled water or using a static caloric vestibular system (ear bar) before, 
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during, and after cisplatin exposure. This was done for a total of 30 minutes. Animals were 

anesthetized with 1.5% inhaled isoflurane or 40 mg/kg ketamine, 5 mg/kg xylazine i.p. The 

animal’s external ear canal was irrigated with temperature-controlled water using a modified 

ICS NCI-480 Water Caloric Irrigator (GN Otometrics, Taastrup, Denmark) at ~22°C (some 

variation was observed in water temperature over the 30-min treatment due to system 

heating). We monitored body temperature with a rectal temperature gauge and maintained at 

37°C using a heating pad (Kent Scientific, Torrington, CT). As an alternative to water, we 

also examined cooling through an ear bar coupled to a Peltier device (Scion NeuroStim, 

Durham, NC). The temperature was set at ~15°C based on preliminary study which showed 

that the temperature needed to be reduced approximately 7°C lower than water when using 

the ear bar to achieve comparable cooling at the level of the round window. An additional 

group of animals (n = 6) received cisplatin only and underwent sham treatment (anesthetized 

and body temperature maintained at 37°C, but no ear cooling).

Thermography

Thermal images were obtained using a smartphone-based infrared-detecting thermal camera 

(FLIR ONE Pro, Wilsonville, OR) with the Apple iPhone operating system (iOS 13.1.3). 

The camera has a thermal resolution of 160 × 120 pixels and visual resolution of 

1,140×1,080 pixels. It was attached to an Apple iPhone 7S smartphone (Cupertino, CA) and 

operated with the FLIR Tools application for iOS 1.8.14(97). The camera was mounted (35 

mm from animal Cz) on a tripod.

Images were captured just before thermal treatment and then every 10 minutes for a total of 

90 minutes (30 min during cooling and 60 min after cooling). Images were transferred to a 

PC based version of FLIR Tools (v5.12.18031.2002). The temperature range was manually 

set between 0 and 40°C. The mean temperatures in 4 regions (20×20 mm) were measured at 

the frontal region (Fz), left ear pinna (A1), right ear pinna (A2), and at the nape of the neck 

(N). Care was taken not to include the cooling systems directly in the regions of 

measurement. The temperatures were compared at baseline and 10 and 30 minutes after start 

of cooling and 10, 30, and 60 minutes post end-of-cooling treatment.

Physiological Experiments

All physiological testing was performed under ketamine and xylazine anesthesia (40 mg/kg 

ketamine, 5 mg/kg xylazine). Auditory brainstem response (ABR) and distortion product 

otoacoustic emissions (DPOAE) were measured pre and post cisplatin administration. The 

animals were tested at 3 days post each dosage and 1 month post the final dose. 

Physiological testing was completed in a sound-attenuating chamber dedicated for auditory 

physiological testing using methods previously described (59). In brief, DPOAEs were 

recorded using two primary tone frequencies, f1 and f2, using an f2/f1 ratio of 1.2, and an 

intensity level of the second tone, L2, 10 dB lower than L1. Tones were incrementally 

increased together in 5 dB steps. Input/output functions were obtained by increasing the L1 

(and corresponding L2) in 5 dB steps from 20 to 80 dB SPL. The thresholds were defined as 

the f1 level required to produce DPOAEs of −5 dB SPL. ABR testing was performed at 5 

frequencies from 8 to 32 kHz. Acoustic stimuli (5 ms tone pips, 0.5 ms cos2 rise-fall, 

delivered 30/s alternating polarity) were generated using the National Instruments/LabView-

Stanford et al. Page 4

Otol Neurotol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



based package. ABR responses were recorded via subdermal needle electrodes (vertex-

ventrolateral to pinna) as described. Acoustic stimuli were presented at 5 dB SPL and 

incremented in 5-dB steps to 80 dB SPL. The thresholds were defined as the lowest intensity 

of stimulation that yielded a repeatable waveform.

Hair Cell Counts

After the final physiological assessment (at 1 month post final dose) animals were sacrificed 

for anatomic and histological assessment of hair cells. The animals were deeply anesthetized 

with isoflurane and injected with 200 mg/kg Fatal Plus. The animals were decapitated and 

temporal bones promptly retrieved and fixed.

Temporal bones were decalcified in 0.25 M ethylenediaminetetraacetic acid for 5 days at 

room temperature. The cochlear sensory epithelia were then dissected from the temporal 

bones, cut into semicircular half-turns, and stained, free-floating, with an antibody against 

myosin VIIa (Proteus Biosciences) overnight (1:200) and an alexa fluor 488 conjugated 

phalloidin (ThermoFisher) at 1:200 in phosphate-buffered saline for 1 hour. After washing 

and mounting to slides using fluorogel with DABCO (Electron Microscopy Sciences), z-

stack images of samples were acquired using a Zeiss LSM880 confocal microscope under a 

×20 objective. Myo7a and phalloidin labeling showed near complete overlap and effective 

labeling of all hair cells. As such, outer hair cells, and hair cell absences, were counted 

based on phalloidin staining due to better image quality. Counts were made manually using 

the cell counter function in ImageJ, by an experimenter who was blinded to experimental 

conditions. Cochlear length measurements were made using the segmented line function in 

imageJ by drawing a line directly over the tunnel of Corti and counts were then binned based 

on distance from the first detectable hair cells in the apical hook.

Statistical Analysis

One-way analysis of variance (ANOVA) was used to assess the reliability of observed group 

differences (exposed vs. controls) with treatment as the independent variable; Repeated 

measure ANOVA were used to examine within-subject effects (pre vs. postcisplatin).

RESULTS

Thermal Imaging

Localized cooling of the left ears of experimental animals was accomplished via cool water 

lavage or by a Peltier cooled ear bar. Temperature changes across the head and body of the 

animal were visualized using thermal imaging. Changes in local surface temperature around 

the targeted ear during and after cooling (n = 6) are shown in Figure 1A and B. Animal core 

body temperature was maintained at 37°C. Table 1 shows the mean changes in temperature 

in matched regions at the neck (N), left (A1), and right ear (A2), and toward the nose 

between the ears (Fz). Changes in temperature were greatest at the left ear, however, small 

changes were observed across the head area. The method of cooling was not statistically 

significant in regards to the cooling effect on surface temperature (p > 0.05). Generally, a 

complete return to baseline temperature in the head was not observed until more than 30 to 

60 minutes after cooling.
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Physiological Testing

To determine the effects of local cooling on cisplatin-induced hearing loss, ABRs and 

DPOAEs were recorded. ABR threshold shift 3 days post each weekly dose of cisplatin for 

sham controls (red circles), cool-water treatment (dark blue squares), and cool ear bar (light 

blue diamonds) treatment are shown in Figure 2A. The results demonstrated no significant 

main effect on threshold shift after the first dose of cisplatin (solid lines) at any frequency, 8 

kHz (F = 0.41; p > 0.05), 12 kHz (F = 0.19; p > 0.05), 20 kHz (F = 0.24; p > 0.05), 24 kHz 

(F = 3.32; p > 0.05), or 32 kHz (F = 1.77; p > 0.05). After the second weekly dose (dashed 

line) a statistically significant main effect of a threshold shift was observed at 24 (F = 8.34; p 
= 0.003) and 32 kHz (F = 16.29; p < 0.001), but no significant main effect on threshold shift 

was observed at 8 kHz (F = 0.55; p > 0.05), 12 kHz (F = 1.39; p > 0.05), or 20 kHz (F = 

2.35; p > 0.05). After a third weekly dose (dotted line), a statistically significant main effect 

of threshold shift was observed at 12 kHz (F = 3.93; p = 0.037), 20 kHz (F = 3.50; p = 0.05), 

and 24 kHz (F = 3.53; p = 0.04), but no significant main effect of threshold shift was 

observed at 8 kHz (F = 1.98; p > 0.05) or 32 kHz (F = 1.85; p > 0.05). In general, both the 

cool-water and cool ear bar groups showed significantly lower threshold shift compared to 

control animals, but no significant difference was observed for threshold shift between the 

two cooling methods. Similar findings with DPOAE threshold shifts were observed (Fig. 

2B). After the first dose of cisplatin (solid line), no significant main effect on threshold shift 

was observed at any frequency tested, 8 kHz (F = 0.73; p > 0.05), 12 kHz (F = 0.45; p > 

0.05), 20 kHz (F = 0.29; p > 0.05), 24 kHz (F = 0.79; p > 0.05), or 32 kHz (F = 1.35; p > 

0.05). After the second weekly dose of cisplatin (dashed line), no significant main effect on 

threshold shift was observed at 8 kHz (F = 0.59; p > 0.05), 12 kHz (F = 1.87; p > 0.05), 20 

kHz (F = 2.65; p > 0.05), or 32 kHz (F = 1.63; p > 0.05), but a significant main effect 

threshold shift was observed at 24 kHz Bold denotes statistical significance, p < 0.05. (F = 

4.95; p = 0.01). After the third dose (dotted line), a significant main effect of threshold shift 

was observed at 8 kHz (F = 6.62; p = 0.007), 12 kHz (F = 4.27; p = 0.03), 20 kHz (F = 6.06; 

p = 0.01), and 24 kHz (F = 6.99; p = 0.006), but not 32 kHz (F = 2.29; p > 0.05). In 

summary, we observed minimal shift in ABR and DPOAEs after one dose of cisplatin for 

any condition. After the second dose, significant threshold shift was observed in sham 

controls, while cooled groups showed minimal shift. After a third dose, all groups show 

high-frequency threshold shift, but this shift was significantly greater for the sham control 

compared to cooled ears, and no significant difference was observed between cooling 

methods. Pairwise analyses can be found in Supplemental Table 1, http://

links.lww.com/MAO/B107.

We also examined ABR threshold shift 1 month post the final dose of cisplatin (Fig. 2C). 

Some minimal recovery was observed in the animals undergoing ear cooling. A statistically 

significant overall difference was observed at each test frequency (p < 0.05), 8 kHz (F = 

4.47; p = 0.02), 12 kHz (F = 8.14; p = 0.003), 20 kHz (F = 12.03; p < 0.001), 24 kHz (F = 

13.80; p < 0.001), and 32 kHz (F = 6.66; p = 0.007). Pairwise comparisons revealed 

significantly lower threshold shift for the cooled groups at all frequencies tested, including 8 

and 32 kHz. No significant difference was observed between cooling methods (Table 2). 

Comparable protection was observed for DPOAE thresholds (Fig. 2D). We observed a 

statistically significant main effect difference in DPOAE threshold shift at each test 
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frequency, 8 kHz (F = 5.36; p = 0.01), 12 kHz (F = 5.60; p = 0.01), 20 kHz (F = 7.82; p = 

0.004), 24 kHz (F = 9.41; p = 0.002), except 32 kHz (F = 1.75; p > 0.05).

Hair Cell Counts

Cooling by either static caloric ear bar or by lavage with water significantly reduced hair cell 

loss in the cochleae of cisplatin-treated Guinea pigs. Representative confocal image for 

apical, mid, and basal regions shows large numbers of intact hair cells in animals that 

received no cisplatin (Fig. 3, A–C) or cisplatin plus cooling (Fig. 3, G–L), but significant 

loss of hair cells, particularly in the middle and basal regions, in animals receiving cisplatin 

only (Fig. 3, D–F). The mean numbers of percent missing outer hair cells (OHCs) based on 

distance from the cochlear apex showed greater hair cell loss in the middle and basal regions 

of cisplatin-only animals (Fig. 4, red) compared to an animal that received cisplatin and ear 

cooling (Fig. 4, dark blue = water and light blue = ear bar). The cisplatin only group 

revealed up to an 80% loss of OHCs in basal regions of the cochlea; this was reduced to 

below 40% for both cooling methods. No significant main difference in number of missing 

OHCs was observed at < 6 mm from the apex (p > 0.05), < 2 mm (F = 1.01; p > 0.05), 2–4 

mm (F = 0.63; p > 0.05), 4–6 mm (F = 2.76; p > 0.05). Significant main effects were 

observed at regions > 6 mm from the apex (p < 0.05), 6–8 mm (F = 6.23; p = 0.01), 8–10 

mm (F = 5.32; p = 0.02), 10–12 mm (F = 4.36; p = 0.04), 12–14 mm (F = 7.54; p = 0.008), 

14–16 mm (F = 7.47; p = 0.008), >16 mm (F = 5.02; p = 0.02). Pairwise comparison (Table 

3) revealed significant reductions in the percent of missing OHCs with both cooling 

treatments, but no statistically significant difference was observed when comparing the two 

methods of cooling.

DISSCUSION

Our findings demonstrated that cooling of the external ear canal with either water or an ear 

bar can significantly reduce ABR and DPOAE threshold shift due to cisplatin exposure. Our 

previous work (58) showed nearly complete protection using cool water delivered 

simultaneous or up to 2 hours before a single high dose (12 mg/kg) bolus injection of 

cisplatin in an acute time frame (3 d post injection). Our current study, using a repeated 

cisplatin dosing paradigm (and same cumulative dose) elicited a slightly larger threshold 

shift overall compared to the more acute dosing. This is consistent with previous 

descriptions of higher threshold shift with repeated dosing paradigms (60). Despite repeated 

exposures, cooling-mediated protection was still observed, however not without some 

evidence of damage in the basal portion of the cochlea. We observed threshold shift at 24 

and 32 kHz for all groups, but these shifts were significantly lower for the cooled ears 

compared with sham-control animals at 1 month postexposure. We also examined protection 

with a single bolus injection of 12 mg/kg of cisplatin (n = 8; 4 controls, 4 ear bar) and found 

significantly less threshold shift with ear bar cooling compared to controls (Supplemental 

Figure 1, http://links.lww.com/MAO/B108).

Thermography revealed surface temperature reduction across the animals’ heads while the 

body was maintained at 37°C using a heating pad. A smaller change in temperature was 

observed in head regions removed from the cooled ear (A1 = left ear). In turn, we did find 
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some level of protection with cooling in the contralateral ears of the animals undergoing the 

cool treatments (Supplemental Figure 2, http://links.lww.com/MAO/B109). This suggests 

the cooling is not completely localized to the ear, however, with a large skull size (e.g., 

human) it is plausible the cooling effect will be more localized. Nonetheless, any translation 

of this approach to humans would involve simultaneous cooling of both external ears to 

minimize vestibular effects. Thermography also revealed a delay of 30 to 60 minutes or 

more for the head to return fully to baseline temperatures after cooling. This suggests the 

possibility that beneficial cooling may continue for some time after removal of the cooling 

device.

In addition to bolstering previous findings that cool water lavage of the external ear can 

protect against a more protracted regimen of cisplatin, we also demonstrated that we could 

achieve comparable protection using an alternative method of cooling; an ear bar attached to 

a Peltier device. This method of cooling was tidier than a continuous irrigation of water into 

the ear canal. Further, the device allows us ease in modulating duration of exposure and 

ramping temperature delivery to reduce risk for reperfusion. The device may also diminish 

risk for external ear infections compared to water and would not be counter indicated for a 

perforated eardrum. The device has been previously used for stimulating the brainstem for 

treatment of migraine (61).

The mechanisms of hypothermia and localized cooling-mediated protection from neural 

injury are well studied and involve numerous upstream and downstream pathways (30). We 

suspect numerous pathways may be involved here including modulation of cochlear or hair 

cell uptake of cisplatin, reduced production of reactive oxygen species, reduced 

inflammation, and both upstream and downstream cell death pathways. Reduced cochlear 

uptake is a possibility given what is known regarding the effects of hypothermia on cochlear 

blood flow (62). Systemic and local hypothermia has demonstrated reduction in blood flow 

and vascular constriction in vessels of the external ear in rabbit (63). On the contrary, 

Perlman et al. (64) reported no observable change in vessel diameter of the cochlea with 

hypothermia in guinea pigs. Rather, they described a decrease in electrical output of the 

cochlea related to reduced metabolism and suggested reduced blood flow was due to 

changes in resistance (e.g., viscosity of blood) to blood flow and not changes in blood 

pressure or vessel diameter. Miller et al. (65,66) reported reduced blood flow as measured 

with laser Doppler velocimetry with direct cooling at the promontory of the cochlea, and 

reduced cochlear blood flow in humans undergoing middle ear surgery with cool irrigation 

(34°C). Warming the ear canal with warm water (44 or 49°C) appears to increase cochlear 

blood flow during ear canal surgery. Of note, Miettinen et al. (67) reduced cochlear blood 

flow through local application of epinephrine, but did not find an altered effect on hearing 

loss or cisplatin levels in the cochlea. Nonetheless, this does not rule out the hypothesis that 

alterations in blood flow, particularly when coupled with reduced metabolism, could be a 

contributing factor to our observed protection. Additionally, the potential influence of 

cooling on the blood–perilymph or intrastrial fluid–blood barriers may be a factor. Konishi 

et al. (68) demonstrated a reduction in potassium transport in the cochlea and decreased K+ 

permeability of the endolymph–perilymph barrier with hypothermia (whole-body cooling). 

Hypothermia has also been shown to reduce glutamate release during experimental 
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ischemia, suggesting a potential role in mitigating glutamate excitotoxicity/synaptopathy 

(50).

Our study is not without limitations. First, we limited our follow-up to 1 month post the final 

dose and risk for further damage beyond this timeline is plausible. Nonetheless, we did not 

observe any statistically significant progression in hearing loss 3 days post the final dose 

compared to 1 month post. Indeed, we actually observed some minimal improvement. 

Second, we did not examine mechanisms or show direct measures of cisplatin levels within 

the cochlea; however, these experiments are underway.

Our current and previous results suggest that cooling can provide protection from cisplatin-

induced ototoxicity when it is undertaken during and up to 2 hours before cisplatin injection. 

Yet, with additional doses provided and cumulative level of cisplatin maintained over a 

longer period, hearing loss and cochlear pathology was observed. We suspect that the 

cooling may be most effective at preventing the initial uptake of cisplatin into the cochlea, or 

in the cellular responses that occur acutely after injection. The pharmacokinetics of cisplatin 

reveal a peak concentration in cochlear tissues that is fairly rapid, < 1 hour post 

administration (15,69–71), however circulating cisplatin may eventually gain entrance and 

this may explain the damage and high-frequency hearing loss that was observed even in the 

cool-treated groups. It is plausible that variations of our cooling treatment (e.g., longer 

duration of cooling) or combination of cooling along with other developing methods of 

otoprotection may work together to further improve overall protection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Thermography demonstrates cooling of the targeted ear. Figure 1 shows the thermal 

distribution on the guinea pig head from time 0 (before cooling) to 60 minutes after 

discontinuation of cooling with water (A) or ear bar (B). The black lines show the contours 

of the guinea pig anatomy. The ears are outlined and white in color, the eyes are also white 

and marked by ovals. The temperature was measured at the frontal portion (Fz) of the skull 

(at midline between the superior portion of the eye), the anterior portion of the left ear pinna 

(A1), the anterior portion of the right ear pinna (A2), and nape (N) of the neck. Temperature 
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transference was not limited to the treated ear, but did appear localized to the head, and 

generally took at least 60 minutes to return to baseline temperature.
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FIG. 2. 
ABR and DPOAE threshold shift across treatments. Guinea pigs (n = 24) were exposed to 3 

doses of cisplatin (each of 4 mg/kg i.p.). ABR (A, C) and DPOAE (B, D) were measured 3 

days post each cycle (A, B) and 1 month post the final cycle (C, D). After the first dose 

(solid line) minimal ABR (A) or DPOAE (B) threshold shift was observed for cisplatin-only 

controls (red circles) or animals with ears treated with either cool water (dark blue squares) 

or cool ear bar (light blue diamond). After the second dosage (dashed lines) a significant 

ABR (A) and DPOAE (B) threshold shift was observed for the cisplatin-only animals (red 
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circles), but minimal shift for the cool treated ears (dark blue squares and light blue 

diamonds). After the third dose (dotted line) a high-frequency shift in ABR (A) and DPOAE 

(B) threshold was observed for all groups, but smaller in the cooled groups. One month after 

the final cisplatin treatment threshold shift was significantly lower for ABR (C) and DPOAE 

(D) for animals undergoing cool treatments (dark blue square = cool water and light blue 

diamond = cool ear bar) compared to cisplatin only (red circles). No significant differences 

were observed between the two cooling methods. Error bars show standard error of the mean 

(SEM). ABR indicates auditory brainstem response; DPOAE, distortion product otoacoustic 

emissions.
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FIG. 3. 
Hair cell confocal images. Representative confocal images are shown for apical (A, D, G, J) 

middle (B, E, H, K), and basal regions (C, F, I, L) of guinea pig cochleae for untreated, no-

cisplatin control (A–C), cisplatin-only control (D–F), and cisplatin plus cooling (G–L). Less 

hair cell loss was observed for the animals undergoing ear cooling.
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FIG. 4. 
Percent missing outer hair cells (OHC). The percent of missing OHCs was lower in animals 

undergoing ear cooling (dark blue = water; light blue = ear bar) compared to cisplatin only 

(red). Age-matched controls animals are represented by the black line. Error bars show 

standard error of the mean (SEM).
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