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Cisplatin is widely used to treat adult and pediatric cancers. It is the most ototoxic drug in clinical use, resulting in permanent hearing loss
in approximately 50% of treated patients. There is a major need for therapies that prevent cisplatin-induced hearing loss. Studies in mice
suggest that concurrent use of statins reduces cisplatin-induced hearing loss.

We examined hearing thresholds from 277 adults treated with cisplatin for head and neck cancer. Pretreatment and posttreatment
audiograms were collected within 90 days of initiation and completion of cisplatin therapy. The primary outcome measure was a change in
hearing as defined by the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE).

Among patients on concurrent atorvastatin, 9.7% experienced a CTCAE grade 2 or higher cisplatin-induced hearing loss compared with
29.4% in nonstatin users (P < 0.0001). A mixed-effect model analysis showed that atorvastatin use was significantly associated with
reduced cisplatin-induced hearing loss (P < 0.01). An adjusted odds ratio (OR) analysis indicated that an atorvastatin user is 53% less
likely to acquire a cisplatin-induced hearing loss than a nonstatin user (OR = 0.47; 95% CI, 0.30-0.78). Three-year survival rates were not
different between atorvastatin users and nonstatin users (P > 0.05).

Our data indicate that atorvastatin use is associated with reduced incidence and severity of cisplatin-induced hearing loss in adults being
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BACKGROUND. Cisplatin is widely used to treat adult and pediatric cancers. It is the most ototoxic drug in clinical use,
resulting in permanent hearing loss in approximately 50% of treated patients. There is a major need for therapies that prevent
cisplatin-induced hearing loss. Studies in mice suggest that concurrent use of statins reduces cisplatin-induced hearing loss.

METHODS. We examined hearing thresholds from 277 adults treated with cisplatin for head and neck cancer. Pretreatment
and posttreatment audiograms were collected within 90 days of initiation and completion of cisplatin therapy. The primary
outcome measure was a change in hearing as defined by the National Cancer Institute Common Terminology Criteria for
Adverse Events (CTCAE).

RESULTS. Among patients on concurrent atorvastatin, 9.7% experienced a CTCAE grade 2 or higher cisplatin-induced hearing
loss compared with 29.4% in nonstatin users (P < 0.0001). A mixed-effect model analysis showed that atorvastatin use was
significantly associated with reduced cisplatin-induced hearing loss (P < 0.01). An adjusted odds ratio (OR) analysis indicated
that an atorvastatin user is 53% less likely to acquire a cisplatin-induced hearing loss than a nonstatin user (OR = 0.47; 95%
Cl, 0.30-0.78). Three-year survival rates were not different between atorvastatin users and nonstatin users (P > 0.05).

CONCLUSIONS. Our data indicate that atorvastatin use is associated with reduced incidence and severity of cisplatin-induced
hearing loss in adults being treated for head and neck cancer.

TRIAL REGISTRATION. ClinicalTrials.gov identifier NCT03225157.

Communication Disorders (1ZIA DC0O00079, ZIA DCO00090).

Introduction

Cisplatin is among the most effective and widely used antican-
cer drugs, used to treat a variety of solid tumors, including tes-
ticular, ovarian, bladder, cervical, head and neck, and numerous
other malignancies. Due in part to the efficacy of cisplatin (1),
there are currently an estimated 16.9 million cancer survivors in
the United States (2). Consequently, there is intense clinical and
research interest in issues of survivorship and quality of life for
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these survivors. Many individuals treated with cisplatin experi-
ence significant toxicities, including nephrotoxicity, neurotoxici-
ty, myelosuppression, and ototoxicity. Over 50% of patients who
undergo cisplatin therapy acquire a sensorineural hearing loss
(3-7), which compromises daily communication with friends,
family, and health care providers and can lead to loneliness,
social isolation, and frustration (8). Cisplatin-induced hearing
loss is permanent, and there are currently no FDA-approved
therapies to reduce or prevent cisplatin ototoxicity.

Here we explore the potential for concomitant statin drug use
during chemotherapy to reduce or prevent cisplatin-induced hearing
loss in patients undergoing cisplatin therapy to treat head and neck
cancer. Statins are hydroxymethylglutaryl-CoA (HMG-CoA) reduc-
tase inhibitors, a class of drugs used primarily to reduce hyperlipid-
emia in individuals at risk for cardiovascular disease. In addition to
their effects on HMG-CoA reductase, statins have a variety of effects,
including improved endothelial function and microcirculation (9),
decreased inflammation (10-12), and reduced oxidative stress (13,

1



CLINICAL MEDICINE

Walter Reed
National Military
Medical Center

University of
Rochester
Medical Center

:

v -
Patients screened Patients screened
n =127 n =433
h 4 v
Data analyzed for eligibility criteria
=18 years old

HNSCC diagnosis (excluding middle ear tumors)
Cisplatin-based CRT
Baseline audiogram =90 days of cisplatin start
No bilateral profound hearing loss
Follow up audiogram =90 days of cisplatin end

n =560

Uo108||00 eyep aaloadsoliay
Prospective data collection

93 ineligible 218 ineligible

v

The Journal of Clinical Investigation

Figure 1. Flow diagram of study design
and participants. Retrospective and
prospective data were combined for
analyses. Two institutions, Walter Reed
National Military Medical Center and the
University of Rochester Medical Center,
contributed retrospective audiometric
data pertaining to subjects meeting
study eligibility criteria. Additional data
were collected prospectively through an

National Institutes
of Health/Johns
Hopkins University

h A
Patients screened
n=236

]
2 declined or ineligible

Patients enrolled

n =34 observational clinical study conducted
by the NIH in partnership with Johns
Study Visit 1 Hopkins University. Eligibility criteria
Consent, Audiogram were the same in both the retrospective
n'= 34 and prospective segments. A total of 277

T subjects were included in the analyses.
4 dropout after Study Visit 1

.4
Study Visit 2
Audiogram
n=28

!

Subject eligibility confirmed
n=34

Subject eligibility confirmed
n=215

Subject eligibility confirmed

n=28

. 4

n=277

Datasets combined & analyzed

14). Statins have been associated with decreased risk of stroke (15,
16) and CNS disorders (17-19). Overall, statins have good safety pro-
files in humans; however, important side effects of statin use include
myopathy, liver dysfunction, and rare cases of rhabdomyolysis (20).

Previous studies in animal models have demonstrated a pro-
tective effect of statin administration against hearing loss caused
by noise trauma (21-24), age-related hearing loss (presbycusis)
(25), and aminoglycoside antibiotic-induced hearing loss (26).
In humans, statin use is associated with improved hearing func-
tion in older adults (27, 28), improved auditory sensitivity in sub-
jects with noise-induced hearing loss (29), and reduced tinnitus
(29, 30). More recently, our lab has shown that lovastatin reduc-
es cisplatin-induced hearing loss in mice (31). Mice that received
lovastatin during cyclic administration of cisplatin demonstrated
reduced hearing loss as measured by auditory brainstem response
testing (32). A recent review summarizes the role of statins as
otoprotective agents in animal and human studies (33). Taken
together, these data suggest that statin use may be associated with
a reduced amount of hearing loss caused by a variety of stressors
to the inner ear that can otherwise result in permanent damage.

Given the unmet clinical need for therapies to reduce cispla-
tin-induced hearing loss, we examined the relationship between
statin use and cisplatin-induced hearing loss in patients undergo-
ing cisplatin-based chemoradiation therapy (CRT) to treat head
and neck cancer. Hearing test data obtained before and after cis-
platin therapy from 277 subjects were examined using a combined
retrospective and prospective observational study design. Using 2
established ototoxicity scales, the National Cancer Institute (NCI)
Common Terminology Criteria for Adverse Events (CTCAE) (34)
and TUNE (35), we compared the incidence and severity of cis-
platin-induced hearing loss between patients taking a statin com-
pared with those not taking a statin to determine the relationship
between statin use and cisplatin-induced hearing loss.

Results

Characteristics of the data set. Retrospective and prospective data
were combined for a total of 277 subjects (Figure 1). All subjects
met study eligibility criteria; they were adults newly diagnosed
with head and neck squamous cell carcinomas (HNSCCs) and
treated with cisplatin-based CRT. The characteristics of the 277
subjects are shown in Table 1. Individuals with middle ear tumors
were excluded at screening (n = 2) because of active middle ear
disease confirmed by bone conduction audiometry. Of the eligi-
ble 277 subjects, 6 had a unilateral hearing loss at baseline that
met exclusion criteria for that ear (=95 dB HL average threshold
at 1, 2, and 4 kHz or an indication of active middle ear disease).
These 6 subjects with unilateral profound hearing loss were
retained in the study; however, only the better ear was included
in analyses. In total, 546 ears from 277 subjects were included in
the analyses. Ears were treated independently in the data analysis
because of ear-specific differences in baseline hearing sensitivi-
ty and differences in radiation doses to the cochlea. The use of 2
ears in the data set was controlled for statistically in a mixed-ef-
fect model analysis as a random effect.

Statin use among study subjects. Subjects were assigned to groups
based on whether they were (or were not) taking a statin medica-
tion at the onset of cisplatin therapy. Details pertaining to the dura-
tion of statin use prior to baseline data collection and the primary
indication necessitating statin use were not obtained. Of the study
subjects, 59.2% (27 female, 137 male) were nonstatin users and
40.8% (16 female, 97 male) were statin users. Within the statin
user group, 6 different statins were represented (Table 2). Of the
113 statin users, atorvastatin (dose range 10-80 mg) was used by
44.2% of subjects (n =50 subjects, 97 ears), simvastatin (dose range
5-40 mg) by 31.9% (36 subjects, 72 ears), pravastatin (dose range
10-80 mg) by 10.6% (12 subjects, 24 ears), rosuvastatin (dose range
10-40 mg) by 9.7% (11 subjects, 22 ears), pitavastatin (2 mg dose
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Table 1. Demographic and clinical characteristics of the subjects

Retrospective and prospective subjects

All subjects No statins Any statin Atorvastatin Simvastatin
Characteristics N=277 N =164 N=13 N=50 N=36
Median age (IQR), yr 60 (54-66) 58 (50-63) 63 (58-68) 63 (58-67) 63 (60-72)
Male, no. (%) 234 (84.48) 137 (83.54) 97 (85.84) 43 (86.00) 32(88.89)
Female, no. (%) 43 (15.52) 27 (16.46) 16 (14.16) 7 (14.00) 4 (1.11)
Median cisplatin cumulative dose (IQR), mg/m? 200 (140-280) 200 (140-280) 200 (140-280) 240 (160-280) 200 (145-280)
Radiation, no. (%) 271(98.55) 159 (98.15) 112 (99.12) 50 (100.00) 35(97.22)
Tumor site, no. (%)
Hypopharynx 7(2.53) 4(244) 3(2.65) 1(2.00) 2 (5.56)
Larynx 39(14.08) 26 (15.85) 13 (11.50) 6 (12.00) 4(M.11)
Nasopharynx 15 (5.42) 12(732) 3(2.65) 3(6.00) 0(0)
Oral cavity 16 (5.78) 9(5.49) 7(6.19) 3(6.00) 2(5.56)
Oropharynx 161(58.12) 88 (53.66) 73 (64.60) 33 (66.00) 23 (63.89)
Other* 39 (14.07) 25 (15.24) 13 (12.41) 4(8.00) 5(13.88)
Site-specific contributions
Retrospective data, no. (%)
University of Rochester Medical Center 215 (77.62) 131(79.88) 84 (74.34) 36 (72.00) 30(83.33)
Walter Reed National Military Medical Center 34 (12.27) 18 (10.98) 16 (14.16) 7(14.00) 4 (M)
Prospective observational data, no. (%)
NIH/Johns Hopkins University 28 (10.11) 15 (9.15) 13 (11.50) 7(14.00) 2 (5.56)

AQther tumor sites included sinusoidal (3%), cutaneous (1.4%), salivary (1.4%), orbit (<1%), trachea (<1%), and tumors that had an unknown primary site (7.2%).

only) by 1.8% (2 subjects, 4 ears), and lovastatin (40 mg dose only)
by 1.8% (2 subjects, 4 ears). We first compared the cisplatin-induced
threshold shift between nonstatin users versus those taking any sta-
tin. Because atorvastatin and simvastatin were highly represented
among our 113 statin users (76.1% of total), we also compared hear-
ing loss between nonstatin users versus those taking atorvastatin
(n=50) or simvastatin (n = 36); however, although the comparison
between atorvastatin and nonstatin users remained sufficiently
powered, our study was underpowered for the comparison of sim-
vastatin users versus those not taking a statin.

Tumor types and cisplatin regimens. Most of our subjects had
HNSCC that localized to either the oropharynx (58.1%) or the lar-
ynx (14.1%) (Table 1). A small portion of tumors localized to the
oral cavity (5.8%), nasopharynx (5.4%), or the hypopharynx (2.5%).
Tumor sites classified as “other” comprised 14.1% of all tumor types
and consisted of sinonasal (2.9%) cutaneous (1.4%), salivary (1.4%),
orbit (<1%), trachea (<1%), and tumors that had an unknown prima-
ry site (7.2%). All subjects were treated with cisplatin-based chemo-
therapy and nearly all (98.6%) had CRT. Low-dose, weekly cisplatin
treatment, defined as cisplatin doses less than 75 mg/m? per infu-
sion, was administered to 53.6% of subjects. The remaining 46.4%
of subjects received high-dose cisplatin (=75 mg/m? per infusion)
administered approximately once every 3 weeks; however, 9.4% of
individuals scheduled to receive high-dose therapy were switched
to low-dose therapy because of drug intolerance and /or ototoxicity.
The median cumulative cisplatin dose for all subjects was 200 mg/
m? (IQR, 140-280 mg/m?. This cumulative dose was consistent
across all groups, and the median cumulative cisplatin dose was
200 mg/m? (IQR, 155-280 mg/m?) for nonstatin users, 200 mg/
m? (IQR, 135-280 mg/m?) for all statin users, and 240 mg/m? (IQR,
160-280 mg/m?) and 200 (IQR, 145-280 mg/m?) for atorvastatin
and simvastatin users, respectively.

J Clin Invest. 2021;131(1):e142616 https://doi.org/10.1172/)Cl142616

Other subject characteristics. Other demographic character-
istics, such as sex, age, and preexisting hearing loss were com-
parable across groups (Tables 1 And 2). The median age for all
subjects was 60 years (IQR, 54-66). Nonstatin users, on average,
were slightly younger than those in the any statin user group
(median age 58 vs. 63) and had better hearing at baseline (Table
2). Consistent across all groups was a predominance toward
males (>83% male) who received concurrent radiation (>97%
with radiation). Fifty-four percent of nonstatin user ears (n =328
ears) had normal hearing at baseline (defined as the pure tone
average [PTA] <20 dB HL), 34% had a mild hearing loss (PTA
>20, <40), and 10% had moderate hearing loss (PTA 240, <70).
Statin user ears (1 =226 ears) consisted of 43% normal, 42% mild
hearing loss, and 13% moderate hearing loss. Similarly, atorvas-
tatin user ears (n =100 ears) included 38% normal hearing, 46%
mild hearing loss, and 13% moderate hearing loss. After cispla-
tin therapy, with the exception of those subjects on concurrent
pitavastatin (n = 2) where both subjects started and ended thera-
py with a bilateral mild hearing loss, ears analyzed as part of the
nonstatin user and other 5 statin user groups showed a decrease
in the percentage of ears categorized as having normal hearing
and an increase toward more severe hearing loss (Table 2).

Atorvastatin users have less cisplatin-induced hearing loss than
those not taking a statin. In total, 546 ears from 277 subjects were
included in the analyses. The primary outcome measure was the
incidence of CTCAE-defined change in hearing, which relies first
on the calculation of the change in auditory thresholds (“thresh-
old shifts”) between the baseline and posttreatment audiograms.
Therefore, we began our analysis by examining threshold shift
data among subjects as a function of their status of concurrent
statin use at baseline. On average, cisplatin therapy resulted in
a13.7 dB * 18.6 high-frequency threshold shift (PTA of 6, 8, and

:
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Table 2. Clinical hearing status” before and after cisplatin therapy

No statins Any statin Atorvastatin

N =164 N=113 N=50
Hearing status at baseline, no. ears (%)
Normal 178 (54.27) 98 (43.36) 38 (38.00)
Mild 113 (34.45) 95 (42.04) 46 (46.00)
Moderate 32(9.76) 29 (12.83) 13 (13.00)
Severe 2(0.61) 1(0.44) 0
Profound® 3(0.91) 3(133) 3(3.00)
Hearing status at follow-up, no. ears (%)
Normal 138 (41.38) 63 (28.38) 26 (26.80)
Mild 110(33.33) 95 (42.79) 49 (50.52)
Moderate 72(21.82) 58 (26.13) 21(21.65)
Severe 6(1.82) 2(0.90) 1(1.03)
Profound 4(1.21) 4(1.80) 3(3.00)

Simvastatin Pravastatin ~ Rosuvastatin  Pitavastatin Lovastatin
N=36 N=12 N=T11 N=2 N=2
34 (47.22) 15 (62.50) 9(40.91) 0 2(50.00)
24 (33.33) 6 (25.00) 13(59.09) 4(100.00) 2(50.00)

13 (12.50) 3(12.50) 0 0 0
1(1.39) 0 0 0 0
0 0 0 0 0
27 (38.57) 9 (37.50) 2(9.09) 0 0
17 (24.29) 8(33.33) 14 (63.64) 4(100.00) 4(100.00)
25 (35.71) 6 (25.00) 6(27.27) 0 0
0 1(4.7) 0 0 0
1(143) 0 0 0 0

AHearing status based on pure tone average (PTA) of 1, 2, and 4 kHz expressed in dB HL: normal (PTA <20), mild (PTA >20, <40), moderate (PTA >40, <70),
severe (PTA >70, <95), profound (PTA >95). 8Ears with profound hearing loss at baseline were excluded from subsequent analyses.

12.5 kHz) (Figure 2A). A 2-way ANOVA indicated a significant
effect of treatment group (nonstatin vs. any statin, atorvasta-
tin, or simvastatin) on threshold shifts (2-way ANOVA, F, 500
=29.06, P < 0.001) as well as a significant effect of frequency
(Fg 550, = 55-87, P < 0.001). To explore the significant interaction
of the 2 effects (FM‘ w500 = 1.599, P < 0.001), a Dunnett’s multi-
ple-comparison post hoc analysis was conducted comparing
threshold shift at each frequency for nonstatin users with either
the any statin, atorvastatin, or simvastatin user groups. Thresh-
old shifts at frequencies equal to or greater than 4 kHz were sig-
nificantly reduced among subjects taking any statin relative to
nonstatin users (P < 0.02). Threshold shifts were further reduced
among atorvastatin users (P < 0.001). In contrast, no significant
reduction in threshold shift was observed among simvastatin
users. However, although the comparison between atorvastatin
and nonstatin users remained sufficiently powered (>80% pow-
er, a. = 0.05), our study was underpowered for the comparison of
simvastatin users versus nonstatin users.

Our cohort included individuals taking a range of atorvastatin
doses from 10 to 80 mg. We examined the relationship between
high-frequency hearing loss (PTA of 6, 8, and 12.5 kHz) and atorvas-
tatin dose and found no significant correlation (R? = 0.023, P> 0.05,
Figure 2B), suggesting that the reduction in hearing loss we observed
among atorvastatin users was independent of atorvastatin dose.

We applied a mixed-effects model (MEM) analysis to our
average high-frequency threshold shift data to examine the contri-
butions of other variables to cisplatin-induced hearing loss. Con-
trolling for all other fixed effects in the model (sex, age, cumulative
cisplatin dose, concurrent radiation, and preexisting hearing loss
at baseline) and controlling for the inclusion of data from 2 ears for
most subjects (random effect), atorvastatin use was significantly
correlated with reduced hearing loss by applying the SAS PROC
GLIMMIX procedure (F, ,,, = 6.42, P = 0.02) (Table 3). Significant
effects were also observed for cumulative cisplatin dose (F, ,,, =
13.45, P < 0.001) and baseline hearing (FL 200 = 17.84, P < 0.001).
Together, these data indicate that atorvastatin users had signifi-
cantly less cisplatin-induced hearing loss than nonstatin users.

Atorvastatin use is associated with reduced incidence and severity of
cisplatin-induced hearing loss. We next applied CTCAE v5.0 (34) crite-
ria to report the incidence and severity of a hearing loss. Among sub-
jects not taking any statin, the incidence of hearing loss was 48.8%
(CTCAE, Figure 2C). The incidence of a grade 1 or higher hearing loss
was significantly reduced from 48.8% in nonstatin users to 38.4% (x?
= 5.6, P < 0.02) in statin users, with further reduction to 31.2% (3 =
9.0, P < 0.01) among atorvastatin users. Similar results were obtained
when we applied the TUNE (35) ototoxicity grading criteria (Supple-
mental Methods; supplemental material available online with this
article; https://doi.org/10.1172/JCI142616DS1). These data indicate
that the incidence of cisplatin-induced hearing loss was significantly
reduced in atorvastatin users relative to those not taking a statin.

In addition toincidence, CTCAE reports severity of hearing loss
using a 1-4 scale in which grade 4 denotes the most severe change
in hearing. Grade 1is considered mild where intervention may not
be required, and grade 2 is considered a moderate adverse event
for which intervention is indicated (34). The incidence of a hearing
change with a CTCAE grade equal to or greater than 2 was signifi-
cantly reduced from 29.4% in the nonstatin user group to 9.7% for
atorvastatin users (32 = 14.9, P = 0.0001) (Figure 2D). These data
indicate that cisplatin-induced hearing loss was also less severe
among atorvastatin users compared with nonstatin users.

The benefits of atorvastatin to the incidence of a CTCAE-
defined hearing loss were generally consistent across all subgroups
(Figure 3). Overall, 48.8% (156 of 320) of ears among nonstatin
users showed hearing loss, compared with 31.2% (29 of 93) of ears
among atorvastatin users. In addition to a significant benefit of
atorvastatin use overall, significant benefits in favor of atorvastatin
users versus nonstatin users were noted among males (30.4% vs.
45.5%), those with higher cumulative cisplatin doses (>200 mg/m?)
(31.7% vs. 61%), those with a mild hearing loss at baseline (26.8%
vs. 41.1%), and those who underwent CRT (31.2% vs. 47.8%).

In addition to the MEM analysis of high-frequency PTA (a con-
tinuous variable), we also used logistic regression analysis of the
incidence of a CTCAE-defined hearing loss (a binary variable). The
logistic regression allowed us to calculate adjusted oddsratio (OR) for

J Clin Invest. 2021;131(1):e142616 https://doi.org/10.1172/)CI142616
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Figure 2. Atorvastatin use is associated with reduced cisplatin-induced hearing loss. Baseline audiometric thresholds were compared with thresh-

olds obtained after cisplatin treatment to determine threshold shifts. (A) In subjects not taking a statin (N = 324 ears), cisplatin treatment resulted in
threshold shifts that were more severe at higher frequencies. Subjects taking any statin (N = 219 ears) had significantly less cisplatin-induced hearing loss
than subjects who were not taking a statin. Atorvastatin users (N = 97 ears) had significantly less cisplatin-induced hearing loss than nonstatin users. In
contrast, cisplatin-induced threshold shifts among simvastatin users (N = 70 ears) were not significantly different from those of nonstatin users. Data
represent mean + SEM, 2-way ANOVA, Dunnett’s multiple-comparison test. (B) Atorvastatin dose was not correlated with high-frequency (6-12.5 kHz)
hearing loss. Each dot represents 1 ear. Nonstatin users (N = 324 ears) had 15.9 + 20.3 dB shifts in high-frequency pure tone average (HF PTA). Atorvasta-
tin users (N = 97 ears) had shifts of 7.8 + 11.8 dB. There was no correlation between atorvastatin dose and threshold shift. Pearson R correlation. (C) The
incidence of cisplatin-induced hearing loss among nonstatin users was 48% per CTCAE criteria. Subjects taking any statin had significantly lower incidence
of hearing loss than nonstatin users. The incidence of hearing loss was further reduced among atorvastatin users. Data are percentage of ears per group.
Statistical analysis consisted of the y? test. (D) Statin use, atorvastatin in particular, was associated with reduced severity of hearing loss. CTCAE criteria
were used to categorize the severity of hearing loss. ¥* Analysis showed a significant difference in the distribution of CTCAE hearing loss grades, where the
incidence of a grade 2 or higher hearing loss was reduced in statin users compared with nonstatin users. This difference was even greater for atorvastatin
users. Data are percentage of ears per group. *P < 0.05, **P < 0.01, ***P < 0.001.

the 3variables identified in our MEM analysis (Supplemental Table 2)
that were significantly associated with cisplatin-induced hearingloss:
statin use, cumulative cisplatin dose, and baseline hearing status.
The results indicated that for every 100 mg/m? increase in cisplatin
dose, an individual was 2.2 times more likely to develop hearing loss
(OR=2.20;95% CI, 1.63-3.01) (Supplemental Table 4). Additionally,
with every 20 dB increase in PTA threshold at baseline, a person was
40% (OR = 0.60; 95% CI, 0.44-0.83) less likely to acquire a cisplatin-
induced hearing loss. Finally, an individual taking atorvastatin was
53% less likely (OR = 0.47; 95% CI, 0.28-0.77) to acquire a cispla-
tin-induced hearing loss compared with a nonstatin user after con-
trolling for cumulative cisplatin dose and baseline hearing status.
Three-year overall survival and disease-free survival do not differ
between atorvastatin users and those not taking a statin. To determine
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whether statin drugs may affect treatment outcomes in patients with
HNSCC, we examined overall survival and disease-free survival in
the available data from URMC (n=175), which was our largest cohort
and also the cohort with the longest follow-up data. Overall survival
at 3 years was approximately 80% (Figure 4). An exact median sur-
vival time could not be calculated because of the number of patients
censored/lost to follow-up. Importantly, however, there were no
significant differences among nonstatin users, statin users, and ator-
vastatin users in overall (P = 0.97) or disease-free survival (P= 0.94).

Discussion

We examined the relationship between statin use and cisplatin-in-
duced hearinglossin patients with head and neck cancer. Significant
hearing loss occurred in 48% of subjects, consistent with previous
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Table 3. Mixed-effect model of high-frequency (6-12 kHz) hearing loss*

No statins vs. any statin

Effect Fvalue df Pvalue Fvalue
Statin use 310 1,264 0.08 6.17
Sex 0.74 1,264 0.39 2.79
Age 037 1,264 0.55 0.36
Cisplatin dose 17.01 1,264 <0.001 13.36
Radiation 0.006 1,264 0.81 012
Baseline hearing® 3513 1,264 <0.001 20.55

No statins vs. atorvastatin

No statins vs. simvastatin

df Pvalue Fvalue df Pvalue
1,204 0.01 0.00 1,192 0.98
1,204 0.10 1.04 1,192 0.31
1,204 0.55 0.36 1,192 0.55
1,204 <0.001 12.98 1,192 <0.001
1,204 0.73 0.15 1,192 0.70
1,204 <0.001 2217 1,192 <0.001

AHigh-frequency hearing loss is based on the dB HL pure tone average (PTA) of 6, 8, and 12.5 kHz. ®Baseline hearing based on the PTA of 1, 2, and 4 kHz.

reports (36). The incidence of cisplatin-induced hearing loss was
significantly reduced in patients taking a statin medication. Specif-
ically, the incidence of a CTCAE grade 1 or higher hearing loss was
reduced by 17.6% in atorvastatin users relative to nonstatin users.
Moreover, the incidence of a CTCAE grade 2 or higher, a moder-
ate severity adverse event that may be dose limiting, was reduced
by 19.7% in atorvastatin users relative to nonstatin users. Our data
suggest that concurrent use of atorvastatin during cisplatin-based
chemotherapy may offer an opportunity for reduced hearing loss in
these patients without reduced survival.

Large databases of health outcomes (e.g., UnitedHealthcare,
Specialized Program of Research Excellence, SEER-Medicare, Kai-
ser Permanente Research Bank, Optum) rarely (or never) include
audiometric data, and most adults with cancer do not receive a
baseline hearing test prior to onset of cisplatin therapy (37). There-
fore, we utilized retrospective data from 2 sites with ongoing oto-
toxicity monitoring programs, and we initiated a prospective study
designed to provide additional subjects for this data set. Our com-
bined retrospective and prospective data set consisted of 277 sub-
jects with head and neck cancer, 40% of whom were taking a statin
drug at the onset of cisplatin-based CRT. Significant reductions in
cisplatin-induced threshold shifts were observed in the high-fre-
quency region (=4 kHz) among statin users, particularly for those
on atorvastatin. Similarly, the incidence of a CTCAE-defined hear-
ing loss was significantly reduced by 10% (from 48.8% to 38.4%)
for those in the any statin user group and by 18% (from 48.8% to
31.2%) in the atorvastatin user group. Similar results were observed
using TUNE criteria. These findings were most prominent among
males receiving high cumulative doses of cisplatin (>200 mg/m?)
combined with radiation therapy. This observation may be reflec-
tive of the study cohort, because head and neck cancer is more
common in men than in women and is often treated with these
higher cumulative cisplatin doses. Further investigation is neces-
sary in order to fully explore the potential benefit of atorvastatin in
female patients, other cancer types, and other cisplatin regimens.

The incidence of hearing loss in our study was significantly pre-
dicted by 3 variables: cumulative cisplatin dose, baseline hearing
status, and statin use. Accounting for the greatest amount of vari-
ance was cumulative cisplatin dose. The median cumulative cispla-
tin dose in our cohort was 200 mg/m? (IQR, 140-280). Cumulative
cisplatin doses higher than 210 mg/m? (38, 39) have been previous-
ly associated with increased risk for hearing loss (40). Individuals
with normal hearing (PTA <20 dB HL) at baseline were more likely

to experience cisplatin-induced changes in hearing than individ-
uals with hearing loss (PTA >20 dB HL), consistent with previ-
ous reports (41). Because cisplatin ototoxicity is first observed at
higher frequencies, which are also the first frequencies affected
by noise-induced and age-related hearing loss, it seems plausi-
ble that individuals with normal function of the cochlear regions
that detect these higher frequencies have more to lose in terms of
threshold shifts during cisplatin therapy. The nonstatin users in our
cohort entered the study with slightly better hearing sensitivity
than the atorvastatin users: 54% of nonstatin users, compared with
38% of atorvastatin users, had clinically normal hearing (PTA of 1,
2,and 4 kHz <20 dB HL). However, the majority of nonstatin users
(88.8%) and atorvastatin users (84%) had either normal hearing or
mild hearing loss (PTA of 1, 2, and 4 kHz >20 and <40 dB HL) at
baseline (Table 2). Threshold shifts across all users ranged from O
to 85 dB, and importantly, 95% of threshold shifts were less than
or equal to 50 dB (Figure 1B), indicating that the differences we
observed between statin users and nonstatin users was not due to a
floor effect in calculated threshold shifts.

The third variable that significantly influenced cisplatin-in-
duced hearing loss in our study was the use of atorvastatin. The
incidence of hearing loss, per CTCAE criteria, was 31% in atorvas-
tatin users compared with 49% in those not taking a statin. OR esti-
mates indicated that, controlling for overall cumulative cisplatin
dose and the presence of a preexisting hearing loss, an individual
taking atorvastatin concurrently with cisplatin therapy was 53%
less likely to acquire a CTCAE-defined cisplatin-induced hearing
loss compared with a nonstatin user. Similar results were obtained
using the TUNE ototoxicity criteria. Both CTCAE and TUNE estab-
lish criteria for a clinically meaningful hearing loss that would be
expected to affect daily communication and quality of life (8, 34).
In addition to an overall loss in hearing sensitivity, a loss of hearing
at frequencies above 4 kHz diminishes the ability to recognize and
appreciate sounds in nature and music (35, 42). Hearing loss at or
below approximately 4 kHz may compromise speech intelligibility
innoisy environments. These grading scales help to identify chang-
es in hearing relative to speech communication and define the
severity of hearing loss. Adverse events that meet or exceed grade
2 can be dose limiting (34). In the current study, the incidence of a
grade 2 or higher CTCAE hearing loss was significantly reduced by
19.7% in atorvastatin users relative to nonstatin users.

Previous studies have indicated that radiation to the cochlea is
independently ototoxic (43, 44). We evaluated the effects of radiation
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Atorvastatin + No statin + Difference in incidence of
Subgroup cisplatin therapy  cisplatin therapy CTCAE hearing loss (95% CI)
no. of ears with HL/no. of ears (%) percentage points 95% ClI P value
Overall 29/93 (31.18) 156/320 (48.75) —— 17.57 (3.9 t0 31.3) 0.012
Sex
Male 24.79 (30.38) 121/266 (45.49) —— 15.11 (0.5 t0 29.7) 0.043
Female 5/14 (35.71) 35/54 (64.81) - 429.10 (-8.9t0 67.1) 0.133
Cumulative cisplatin dose
<200 mg/m? 16/52 (30.77) 67/174 (38.51) L —— 7.74 (-9.91t0 25.4) 0.391
>200 mg/m? 13/41 (31.71) 89/146 (60.96) A 29.25 (7.9 to 50.6) 0.007
Individual cisplatin dose
<75 mg/m? 15/65 (23.08) 49/150 (32.67) ——— 9.59 (-5.2to 24.4) 0.205
>75 mg/m? 14/28 (50.00) 107/170 (62.94) 12.94 (-158to 41.7) 0.378
Baseline hearing status
Normal 14/37 (37.84) 98/177 (55.37) —_— 17.5 (-5.1 t0 40.2) 0.129
Mild HL 10/43 (26.79) 51/110 (41.10) —_— 23.1(3.9t0 42.3) 0.019
Moderate HL 5/13 (38.84) 7/32 (21.88) - 4 -17.0(-54.0t0 20.8) 0.385
Radiation
Yes 29/93 (31.18) 152/314 (48.41) —— 17.22 (3.5t0 30.9) 0.014
No 0/0 4/6 (66.67) CNT
— 71 T 1 T —71 r 1 r T !
-40 -20 0 20 40 60
— >
No statin Atorvastatin
Better Better

Figure 3. Atorvastatin use significantly reduces the odds of a clinically meaningful cisplatin-induced hearing loss. An analysis of the incidence of a
CTCAE-defined hearing loss due to cisplatin therapy in the full cohort and key subgroups is shown. For the full cohort and the subject subgroups, the dif-
ference in the incidence (% of ears) and 95% Cl were estimated using a nonlinear mixed-effect analysis, fitting the Poisson model. Significant differences
(red diamonds) in the calculated incidence of a CTCAE grade 1 or higher hearing loss were observed for the full cohort as well as for the male subgroup and
for those receiving higher (>200 mg/m?) cumulative cisplatin dose, those receiving radiation, and those with mild hearing loss at baseline. CNT, could not
test because of insufficient sample size in atorvastatin + cisplatin therapy comparison group.

on hearing loss in our prospective cohort. We did not observe a cor-
relation between cochlear radiation dose and average high-frequency
(6 to 12.5 kHz) threshold shifts (see Supplemental Methods and Sup-
plemental Figure 2). These data are consistent with prior studies sug-
gesting that hearing loss as a result of radiation alone is uncommon
when radiation doses to the cochlea are below 35 Gy (43,44). With
modern intensity-modulated radiotherapy techniques, treatment for
tumors of the oropharynx, larynx, hypopharynx, and oral cavity usu-
ally results in cochlear radiation doses that are far below this thresh-
old. In our prospective cohort, radiation doses to the cochlea ranged
from O to 14.4 Gy. Although radiation dose data were not available
in our retrospective cohorts, almost all subjects in both our nonstatin
(98.2%) and atorvastatin groups (100%) received radiation, and only
5% of subjects had tumors near the cochlea (e.g., nasopharyngeal car-
cinoma) that might result in higher cochlear radiation doses. Thus, it
is unlikely that the differences in cisplatin-induced hearing loss that
we observed between atorvastatin users and those not taking a statin
were influenced by differences in radiation to the cochlea.

In our study, reduced hearing loss in atorvastatin users was inde-
pendent of the dose of atorvastatin they were taking (10-80 mg; R?
= 0.0246). According to the American College of Cardiology and
American Heart Association statin dose guidelines, relative to sim-
vastatin and pravastatin, atorvastatin has a higher dose-potency
ratio (45-47); thus, a lower dose of atorvastatin may be as effective
at reducing hyperlipidemia as a higher dose of another statin drug. It
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is not clear from our data whether there is an effect of the duration of
atorvastatin use. Our study accounted for atorvastatin use only at the
onset of cisplatin therapy, and therefore there were likely large differ-
ences in the duration of atorvastatin use among our study subjects.
With any potential drug intended to reduce the toxicities of
anticancer therapy, there is a concern about introducing a negative
impact on survival and other cancer-related outcomes. In our study,
survival analyses of the largest retrospective cohort suggest that statin
drugs, and atorvastatin in particular, did not have a significant effect
on 3-year overall survival or disease-free survival. There are other
preclinical and clinical studies suggesting that statins do not reduce
the therapeutic efficacy of cisplatin, and several epidemiological
studies have reported improved survival among statin users with can-
cer (48-53). Two recent, large retrospective studies using the SEER
Medicare Database and the Ontario Cancer Registry showed that
head and neck cancer patients who were taking statin drugs at the
time of diagnosis had improved overall and disease-specific survival
(54, 55). Our study was likely not powered to detect subtle survival
differences in a population with a high proportion of oropharyngeal
cancers with favorable prognosis. Further, our survival curves includ-
ed a high proportion of censored data points due to patients lost to
follow-up. Additionally, we were unable to control for compliance
with oral statin medications. In practice, drug compliance is variable,
especially for drugs like statins that do not have perceptible effects. It
is possible that the beneficial effects of statins on cisplatin ototoxicity

7



:

CLINICAL MEDICINE

A Overall survival
100 -%
_ 801
2
c
a 607 )
= —i— No statins
8 == Any statins
g 407 Atorvastatin
a
20 1
0 T T 1
0 1 2 3
Time (Years)

At risk: 1 year 2 years 3 years
No statins 108 97 69
Any statins 67 56 42
Atorvastatin 33 29 22

The Journal of Clinical Investigation

B Disease free survival

™
=z
£
7 607 )
P —— No statins
ol —i— Any statins
o 401 —*=  Atorvastatin
a
20 A
0 T T 1
0 1 2 3
Time (Years)

At risk: 1 year 2 years 3 years
No statins 108 91 65
Any statins 67 54 41
Atorvastatin 33 28 21

Figure 4. Three-year overall survival and disease-free survival are not different among statin users, atorvastatin users, and those not taking a statin.
Kaplan-Meier estimates of overall (A) and disease-free (B) survival are shown. A log-rank (Mantel-Cox) test indicated no significant differences in either
overall or disease-free survival among groups (P > 0.05). No statin group, n = 107; any statin group, n = 68; atorvastatin group, n = 33.

are greater than we observed, assuming that some statin users in
our cohort skipped doses of statin medications during their cisplatin
therapy. Taken together, our data suggest that adding atorvastatin to
cisplatin chemoradiation did not reduce the therapeutic efficacy of
cisplatin in patients with head and neck cancer.

Limitations of our study include biases inherent to retrospec-
tive studies. The statin users and nonstatin users differed slightly
in their ages and anatomic tumor sites: statin users tended to be
older, less likely to have normal hearing at baseline, and more likely
to have oropharyngeal cancer. These factors may have contributed
slightly to hearing and survival outcomes. Our study was under-
powered to examine any statin other than atorvastatin; therefore,
it is unclear whether users of other statin drugs would also show
reduced cisplatin-induced hearing loss. Another limitation of our
study is that the data do not address the role (if any) of duration of
statin use. Finally, our retrospective cohort of subjects with head
and neck cancer did not have sufficient representation of women
to address whether atorvastatin use is associated with reduced cis-
platin-induced hearing loss in women.

Our data indicate that cisplatin therapy resulted in clinically
meaningful (using TUNE criteria) hearing loss in up to 53% of indi-
viduals with head and neck cancer. We observed reduced incidence
and severity of cisplatin-induced hearing loss in subjects taking
atorvastatin relative to those not taking a statin drug. A random-
ized, placebo-controlled interventional study is currently being
developed to determine the extent to which atorvastatin reduces
cisplatin-induced hearing loss in patients with head and neck can-
cer. Subjects with newly diagnosed head and neck cancer who are
scheduled to receive cisplatin-based CRT and are not already taking
a statin will be randomized to receive either atorvastatin (20 mg)
or a placebo daily for the duration of CRT. Baseline hearing sensi-
tivity will be measured prior to the onset of cisplatin therapy and
again after completion of all cycles of cisplatin therapy. The primary

endpoint is the change in hearing sensitivity between pretreatment
and posttreatment audiograms defined using CTCAE ototoxicity
scale criteria. In addition, studies in animal models are needed in
order to examine the cellular and molecular mechanisms by which
statins may reduce cisplatin-induced hearing loss. Our data suggest
that atorvastatin, an inexpensive drug with a good safety profile,
holds promise to reduce cisplatin-induced hearing loss in adult
patients without reducing the therapeutic efficacy of cisplatin.

Methods

For additional details, see the Supplemental Methods.

Overview. This study consisted of combined retrospective and pro-
spective observational data from 3 clinical sites (Figure 1). The subjects
were adults, 18 years or older, who were newly diagnosed with HNSCC
and scheduled for treatment with cisplatin. Electronic medical record
systems were reviewed at each site for subjects meeting full eligibili-
ty criteria (Supplemental Table 1). Characteristics of the subjects (age,
sex), details of cancer diagnosis and treatment schedule, and history of
statin medication use are shown in Table 1.

Retrospective clinical data were examined from ototoxicity
monitoring programs at the University of Rochester Medical Center
(URMC; n = 215) and the Walter Reed National Military Medical Cen-
ter WRNMMC; n = 34). A table describing the type of data contribut-
ed by each site is available in the supplemental materials (Supplemen-
tal Table 2). Prospective data were collected as an observational study
conducted at the NIH (1 = 28) in partnership with the Johns Hopkins
University (JHU) Department of Otolaryngology-Head and Neck Sur-
gery and Department of Radiation Oncology and Molecular Sciences.

Data analyses. Based on an initial subset of retrospective data from
URMC (n = 55) and WRNMMC (n = 20) showing a 2:1 ratio of nonsta-
tin to statin users, we performed a sample size estimate using nQuery
(Statsols Solutions Ltd). A sample size of 267 subjects was determined
to be necessary to detect the observed 17.3% difference in the incidence
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of hearing loss as defined by the NCI CTCAE (34) between statin users
and nonstatin users, with an o of 0.05 and 80% power. These initial 75
subjects were included in the final analysis totaling 277 subjects.

The primary outcome measure was the difference in incidence of a
change in hearing between the baseline hearing test and the posttreat-
ment hearing test, per ear, as defined by established ototoxicity grading
scales. These scales report subjects who transition from normal hear-
ing to hearing loss as well as those who transition from some hearing
loss to more hearing loss. We applied the criteria of 2 different grading
scales (Supplemental Table 3) to our data set. The NCI CTCAE v5.0
(34) classifies adverse changes in hearing based on auditory threshold
shifts across a 1-8 kHz frequency range. We also applied TUNE ototox-
icity grading criteria (35), which incorporate extended high-frequency
(EHF) data (see Supplemental Table 4 and Supplemental Figure 1).

The secondary outcome measure was the change in hearing thresh-
olds, per ear, between the baseline hearing test and the posttreatment
hearing test across standard audiometric and EHFs ranging from 0.25
to12.5kHz. All baseline audiograms were obtained less than or 90 days
prior to start of cisplatin treatment, and posttreatment audiograms
were obtained less than or 90 days after the end of cisplatin treatment.
Threshold shifts were calculated as the difference in threshold (dB HL)
between baseline and posttreatment audiograms at each frequency.

Statistics. Subjects were initially assigned to either the nonstatin
user group or the statin user group based on their use of any statin
medication at the start of cisplatin treatment. Based on the preva-
lence of each statin type within the statin user group (Table 2), we also
examined atorvastatin and simvastatin in isolation. Both ears were
used in the data analyses because of possible influences of asymmet-
ric hearing losses either at baseline (observed in 12% of all subjects,
defined as a>15dB difference inthe PTA 0f 0.5,1,2,and 4 kHz) and /or
a result of differential radiation doses to the 2 cochleas because high
doses of radiation (=45 Gy) have been reported to be ototoxic (43).
Including both ears from each subject introduces correlation among
observations that can incorrectly reduce the standard error of certain
estimates. We corrected for this bias by including subject-specific
random intercepts in the statistical model (56). This method allowed
us to make use of all of the data from each ear while accounting for
the fact that the 2 ears of each individual will be correlated.

A 2-way ANOVA using Dunnett’s post hoc multiple-comparison
test (GraphPad Prism 8) was conducted to compare the threshold
shifts as a function of frequency (0.25-12.5 kHz) between nonstatin
users and subjects taking any statin, atorvastatin, or simvastatin. How-
ever, although the comparison between atorvastatin and nonstatin
users remained sufficiently powered (>0.8), our study was underpow-
ered for the comparison of simvastatin users versus nonstatin users.

Our primary outcome measure was based on changes in hearing as
defined by CTCAE v5.0 scale criteria (Supplemental Table 3) and were
analyzed using categorical incidence (per ear) data. The incidence and
severity distribution of a clinically meaningful hearing change, per
ear, relative to statin use was analyzed using y? analyses (SAS PROC
FREQ procedure). The rate difference, with a 95% CI, of a CTCAE-
defined hearing loss between atorvastatin and nonstatin users was
estimated by fitting the Poisson model using PROC NLMIXEDA for
the total population as well as for subgroups (sex, cumulative cispla-
tin dose, individual cisplatin dose, baseline hearing status, and radi-
ation). A logistic regression analysis (SAS PROC LOGISTIC proce-
dure) with calculation of ORs and 95% CIs was performed to identify
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associations between CTCAE-defined changes in hearing and statin
use after adjustment for significant covariates.

Our secondary outcome measure utilized high-frequency audio-
metric threshold data. A mixed-effect model analysis (SAS PROC
GLIMMIX procedure) was applied to average high-frequency thresh-
old shift data (PTA of 6-12.5 kHz) to determine the influence of other
model effects on cisplatin-induced threshold shift within this high-
frequency region. Fixed effects included statin use, sex, age, cumula-
tive cisplatin dose, radiation exposure, and baseline hearing. Subject
ID was defined as a random effect to account for the inclusion of 2 ears
in the analysis. Statin use, sex, and radiation exposure were included
as dichotomous variables, whereas age, cumulative dose, and baseline
hearing based onthe PTA of 1, 2, and 4 kHz were treated as continuous
variables. A Pearson R correlation analysis was used to assess the asso-
ciation of atorvastatin drug dose and high-frequency threshold shift
within Prism 8 (GraphPad Software).

Overall survival and disease-free survival were calculated as
Kaplan-Meier curves using GraphPad Prism 8 software on all available
data from URMC at up to 3 years after treatment (N = 175). Survival
curves were compared using the log-rank (Mantel-Cox) test. Cochlear
radiation dose data presented in the supplemental materials (Supple-
mental Figure 2) were analyzed using Pearson R and Spearman R cor-
relation analysis within GraphPad Prism 8.

All statistical analyses were performed in SAS version 9.4 (SAS
Institute Inc.) or GraphPad Prism 8. P values of less than 0.05 were
considered significant

Study approval. All retrospective study activities were approved
by either the University of Rochester Research Subject Review Board
(RSRB00060424) or the Defense Health Agency Human Research
Protections Program (DSA 876612). The prospective study was
approved by the IRBs at NIH (IRB 17-DC-0138) and JHU and regis-
tered with ClinicalTrials.gov (ID NCT03225157). Written informed
consent was obtained from each subject prior to enrollment.
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