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ABSTRACT

PURPOSE Hearing loss occurs in 50%-70%of children treated with cisplatin. Scientific efforts
have led to the recent approval of a pediatric formula of intravenous sodium
thiosulfate (STS) for otoprotection by the US Food and Drug Administration, the
EuropeanMedicines Agency, and the Medicines and Health Regulatory Authority in
theUnited Kingdom.To informstakeholders regarding the clinical utility of STS, the
current review summarizes available literature on the efficacy, pharmacokinetics
(PK), and safety of systemic STS tominimize cisplatin-induced hearing loss (CIHL).

DESIGN A comprehensive narrative review is presented.

RESULTS Thirty-one articles were summarized. Overall, systemic STS effectively reduces
CIHL in the preclinical and controlled clinical study settings, in both adults and
children with cancer. The extent of CIHL reduction depends on the timing and
dosing of STS in relation to cisplatin. Both preclinical and clinical data suggest
that systemic STS may affect plasma platinum levels, but studies are incon-
clusive. Delayed systemic administration of STS, at 6 hours after the cisplatin
infusion, does not affect cisplatin-induced inhibition of tumor growth or
cellular cytotoxicity in the preclinical setting, nor affect cisplatin efficacy and
survival in children with localized disease in the clinical setting.

CONCLUSION Systemic administration of STS effectively reduces the development and degree
of CIHL in both the preclinical and clinical settings. More studies are needed on
the PK of STS and cisplatin drug combinations, the efficacy and safety of STS in
patients with disseminated disease, and the ability of STS to prevent further
deterioration of pre-established hearing loss.

INTRODUCTION

Platinum compounds have contributed significantly to in-
creased survival rates in childrenwith solid tumors including
osteosarcoma, germ cell tumors, hepatic tumors, neuro-
blastoma, nasopharyngeal carcinoma, retinoblastoma, and
medulloblastoma. However, ototoxicity in the form of ir-
reversible hearing loss, tinnitus, and vestibular dysfunction
is a consequence of this chemotherapy. Estimates suggest
that some degree of cisplatin-induced hearing loss (CIHL)
develops in 50%-70% of treated children.1-6 The main
mechanism whereby cisplatin damages the inner ear is the
formation of high levels of reactive oxygen species (ROS),
eventually resulting in cochlear hair cell apoptosis.7,8

Hearing loss related to carboplatin treatment is also ob-
served, but the overall prevalence is lower (0%-25%).9-14

Ototoxic effects are thought to be more pronounced in pa-
tients who receive both cisplatin and carboplatin, with
prevalence rates of 75% reported.13,15 In young children (age
5 years and younger), the cumulative incidence of CIHL is
higher compared with that in older children (older than
5 years) and develops early during therapy.16

Other treatment-related risk factors may induce or enhance
ototoxic effects, including vincristine administration,17

cranial irradiation,18 brain surgery,19 and supportive care
medication.16 Genetic susceptibility may explain why certain
patients are more prone to developing CIHL compared with
others who receive similar treatments.20

CIHL can negatively affect daily functioning by delayed
speech and language development,21 reduced academic
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performance,22 impaired neurocognitive functioning,23 so-
cial isolation, emotional deprivation, and consequent im-
paired quality of life (QoL)24 compared with peers without
hearing loss. In later life, hearing loss may affect cognition25

and has been sighted as a risk factor for dementia.26-28 This
may occur directly, through changes in auditory input af-
fecting the brain structures responsible for cognition, or
indirectly through factors such as heightened social isola-
tion, depression, impaired self-confidence, reduced physical
activity, or decreased engagement in intellectually stimu-
lating activities.29-31 This is particularly concerning as pe-
diatric patients with cancer are already at risk for
comorbidities, including accelerated aging32 and impaired
QoL.33,34

Given the high prevalence and clinical impact of CIHL, it
would be advantageous to reduce or, preferably, prevent this
permanent toxicity asmuch as possible. Reducing the dose of
cisplatin, or replacing it with another chemotherapeutic
agent, requires randomized clinical trials to prove equal
efficacy, otherwise this could negatively affect survival.35

The advent of preventative agents to reduce CIHL is
clearly welcome.

The otoprotective effect of sodium thiosulfate (STS) has
been explored across multiple studies over several decades,
either via systemic or local administration. STS is thought to
reduce cisplatin-induced toxicity by two mechanisms. First,
STS can bind to cisplatin, leading to the formation of inactive
cisplatin compounds. Second, STS enters cochlear cells via
cotransporter-2, where it influences antioxidant enzymes. It
elevates antioxidant glutathione levels inhibiting intracel-
lular ROS formation induced by cisplatin.36,37 Systemic ad-
ministration requires a sufficient amount of STS to cross the
blood-labyrinth barrier to obtain a preventative effect. Local
applications such as intratympanic and intracochlear in-
jections, administering STS directly to the ear, are not the
subject of this review.38,39

Scientific evidence, alongside results from two randomized
pediatric clinical trials,40,41 have recently led to marketing
authorization for intravenously (IV) administered pediatric
STS, by the US Food and Drug Administration (FDA), the
European Medicines Agency (EMA), and the UK Medicines
and Health Regulatory Authority (MHRA). Currently, this
compound is licensed as a cisplatin otoprotectant, for
children age 1 month or older, who have nonmetastatic solid
tumors (neuroblastoma, hepatoblastoma, nasopharyngeal
carcinoma, osteosarcoma, germ cell tumors, medulloblas-
toma, and other rare tumors), at a dose of 10-20 g/m2

(dependent on body weight) administered over 15 minutes,
6 hours after the end of the cisplatin infusion.42

A recent survey showed that North American health care
providers consider CIHL to be a concerning toxicity.43 It is
therefore important that all stakeholders are well informed
on the use of STS. To date, an overview of all studies on STS is
lacking. This review summarizes available literature (N5 31)

on the efficacy, pharmacokinetics (PK), and safety of sys-
temic STS in the prevention of CIHL. The majority of this
article pertains to cisplatin, although mention will be made
of STS and carboplatin.

OTOPROTECTIVE EFFECT OF SYSTEMIC STS

Preclinical Studies

In 1988, Otto et al44 first described the otoprotective effect of
STS in vivo. They injected 17 guinea pigs with intramuscular
(IM) cisplatin for 8 days (1.5mg/kg total per day), and 11 with
cisplatin and STS (16 g/kg total per day). At 10 days after
cisplatin, auditory brainstem responses (3-30 kHz) were
measured and converted to hearing threshold levels (HTLs).
In cisplatin only-treated animals, a HTL shift of >40 dB from
baselinewas observed at all frequencies,whereas theHTLs in
the STS group remained unchanged.44 Four other studies
performed between 1995 and 2000 completed similar ex-
periments in hamsters and guinea pigs, which also reported
normal HTLs (0-20 dB) at ≥30 days after cisplatin and after
carboplatin in animals that received STS.45-48 One other
study (N 5 14) only found a significant difference in favor of
STS in the very high frequency range (30 kHz; P 5 .07).49

Dickey et al50 specifically assessed HTLs when IV STS (8 g/m2)
was administered at different time points after a single
infusion of intra-arterial (IA) cisplatin (6mg/kg). Compared
with rats treated with cisplatin only (N 5 15), a significant
difference in favor of STS was found when it was adminis-
tered at 4 or 8 hours after cisplatin (n 5 7: P < .05), but not
after 12 hours.50

Cochlear outer hair cells (OHCs) have also been assessed in
multiple studies. Cisplatin-treated rodents showed a re-
duction in number of OHCs of 32%-65%, whereas only
minor losses of 5%-14% were reported in animals receiving
STS.45-47 Overall, the studies show that systemic STS ef-
fectively reduces the development of hearing loss, and this
may vary with the timing of administration (Table 1).

Clinical Studies

Historically, STS was administered systemically at the same
time as cisplatin, the goal being to increase the dose of
cisplatin without increasing toxicity.51-60 This approach
changed in more recent clinical studies, where different
approaches to the administration of STSwere investigated to
avoid interference with the antitumor effect of IV cisplatin
on the one hand and IA carboplatin on the other: (1)
separating IV STS from IV cisplatin by time (eg,
6 hours after the end of cisplatin infusion) with the aim of
avoiding STS being in the circulation alongside peak serum
cisplatin levels (to avoid interference with the antitumor
effect of cisplatin while retaining an otoprotective
effect)40,41; and (2) separating IV STS from IA carboplatin
by space, specifically via blood-brain barrier disruption
(BBBD; Appendix Fig A1, online only). To increase the IA
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TABLE 1. Preclinical Studies on the Otoprotective Effect of STS

Author, Year Species
No.: STS
Group

No.: Comparison
Group

Platinum
Treatment STS Specification

Evaluation
Methods

FU Time,
Post-Tx

Hearing Function Outcomes

P OHC CountWith STS Without STS

Otto et al,44

1988
Guinea

pig
11: CIS 1

STS
17: CIS only
10: normal saline

CIS IM
1.5 mg/kg total

per day
8 days

STS IP
16 g/kg total per day
Concurrent with CIS

ABR (3-30 kHz) 10 days No HTL shift from
baseline

>40 dB HTL shift
from baseline

NA —

Church et al,45

1995
Hamster 10: CIS 1

STS
10: CIS only
22: no Tx

CIS IP
3 mg/kg total

per day EOD
5 injections

STS IP
16 g/kg total per day
Concurrent with CIS

ABR (2-20 kHz)
Electron

microscopy

30 days HTLs <10 dB at all
frequencies

HTLs 30-48 dB at 8-
20 kHz

NA Untreated:
N 5 2,672

CIS only: 32%
loss

CIS1 STS: 14%
loss

Neuwelt et al,46

1996
Guinea

pig
6: CARBO

1 STS
12: CARBO only
6: saline

CARBO SC
24 mg/kg
1 injection

STS IP
1.83 g/kg
2, 4, 8, and 24h after

CARBO

CAP (2-32 kHz)
OHC count

(unspecified)

4 weeks HTLs 0-10 dB at all
frequencies

HTLs 40-60 dB at
all frequencies

NA CARBO only:
65% loss

CARBO 1 STS:
5% loss

Kaltenbach et
al,47 1997

Hamster 10: CIS 1
STS

10: CIS only
4: no Tx

CIS IP
3 mg/kg
5 injections

STS IP
16 g/kg
30 min before CIS

ABR (2-20 kHz)
Electron

microscopy

30-35
days

HTLs 10 dB at all
frequencies

HTLs 50 dB at 16
kHz

NA Untreated:
N 5 2,670

CIS only: 44%
loss

CIS 1 STS: 9%
loss

Muldoon et al,48

2000
Guinea

pig
2: CIS 1

STS
2: CIS 1 saline CIS IV

6 mg/kg
1 infusion

STS bolus IP or 15-
min IV infusion

11.6 g/m2

2h after CIS

ABR (4-32 kHz) 8 weeks HTLs 0-20 dB at all
frequencies

HTLs 30-50 dB at
all frequencies

NA —

Dickey et al,50

2005
Rat 7: CIS 1

STS
15: CIS 1 saline CIS IA

3 mL/min
6 mg/kg
1 infusion

STS IV
8 g/m2

4, 8, and 12h after
CIS

ABR (4-20 kHz) 7 days STS 4h: HTLs 0-5 dB at
all frequencies

STS 8h: HTLs 0-10 dB
at all frequencies

STS 12h: HTLs 10-20
dB at all frequencies

HTLs 10-25 dB at
all frequencies

HTLs 10-20 dB at
all frequencies

HTLs 10-30 dB at
all frequencies

<.05
<.05
>.05

—

Videhult Pierre et
al,49 2017

Guinea
pig

7: CIS 1
STS

7: CIS 1 saline CIS IV in
3 min

8 mg/kg
1 infusion

STS 20 sec IV
infusion

1 mL/0.3 kg
30 min before CIS

ABR (3-30 kHz) 4 days HTLs 0-25 dB at all
frequencies

HTLs 5-35 dB at all
frequencies

.07 (only at
30 kHz)

—

Abbreviations: ABR, auditory brainstem response; CAP, compound action potential; CARBO, carboplatin; CIS, cisplatin; EOD, every other day; FU, follow-up; HTL, hearing threshold level; IA, intra-
arterial; IM, intramuscular; IP intraperitoneal; IV, intravenous; NA, not assessed; OHC, outer hair cell; SC, subcutaneous; STS, sodium thiosulfate; Tx, treatment.
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delivery of carboplatin across the BBB, transient osmotic
disruption of the barrier via mannitol is used. After 2 hours,
the BBB is re-established and IV STS is administered (Ap-
pendix Fig A1).61-63 BBBD studies evaluate STS in patients
with CNS tumors treated with IA carboplatin. In these
studies, STS is used to counteract carboplatin in the circu-
lation and potentially mitigate the effects of carboplatin on
organs outside of the CNS.

STS Studies With a Control Group

Randomized Controlled Trials

Brock et al40 designed the SIOPEL 6 trial in which 109
children with standard-risk hepatoblastoma were randomly
assigned to receive treatment with six cycles of single-agent
IV cisplatin (80mg/m2) and surgery with (n5 57) or without
(n5 52) IV STS (20 g/m2), administered 6 hours after the end
of the cisplatin, as a 15-minute infusion. Patients in each arm
were matched by tumor type, prognostic group, and treat-
ment received. Pure tone audiometry (PTA) showed that the
incidence of hearing loss in thosewho received cisplatin only
was 63%, compared with 33% in the STS group (P 5 .002;
relative risk, 0.52 [95%CI, 0.33 to 0.81]) and that the grade of
hearing loss was significantly less in those who received
STS.40 A similar observation was reported by Freyer et al41 in
the ACCL0431 STS otoprotection trial. Children with any type
of tumor treated with cisplatin (290-466 mg/m2) were el-
igible and randomly assigned to receive IV STS 16 g/m2 over
15 minutes, 6 hours after the end of the cisplatin infusion
(n5 49) or not (n5 55). Patients were notmatched by tumor
type, biology, stage, risk, or treatment. A significant re-
duction of hearing loss in the STS group (29%) compared
with the observation group (56%; P 5 .00022)41 was
observed.

Non-RCTs

In adults who received IA carboplatin after BBBD for CNS
tumors (N 5 15), Doolittle et al61 showed that the percentage
of hearing loss (at 4 and 8 kHz) was 52%, compared with
historical controls who received no STS, when IV STS
(16-20 g/m2) was administered 2 hours after carboplatin,
and improved to only 29%when STSwas given after 4 hours.
In an earlier phase II study, Neuwelt et al62 reported 33%
hearing loss in 15 patients who received IV STS at 16 or
20 g/m2 after IA carboplatin following BBBD, compared with
a small number of patients who received STS at a dose of four
or 8 g/m2 (n 5 4). These BBBD studies show that delayed
timing of STS in relation to carboplatin administration as
well as a higher dose of STS both increase the extent of the
hearing protection.

Adults with head and neck squamous cell carcinoma
(HNSCC) who received cisplatin (IV or IA, 66-100 mg/m2)
with STS (12-14 g/m2 over 2-4 hours) at the same time
revealed minor yet significant mean differences in HTL
shifts up to 4 kHz (5.3 dB in the STS group v 8.9 dB in the

non-STS group; P < .001)60 and at higher frequencies (20 dB
at 10-12 kHz v 15-25 dB at 8-10 kHz, respectively: lowest
P 5 .016).53

Themost commonmild-to-moderate adverse events related
to systemic STS reported include nausea and vomiting,
nephrotoxicity, neutropenia, hypernatremia, hypo-
phosphatemia, hypokalemia, and hypermagnesemia,40,41,62

and no late side effects have been reported to date.

In summary, systemic STS has been shown to effectively
reduce the occurrence of hearing loss in controlled clinical
studies in both adults and children with cancer. In children,
RCTs have only been pursued with one specific STS com-
pound. Otoprotection seems to depend on the dosing of STS
and timing of administration (Table 2).

STS Studies Without a Control Group

Since 1982, several clinical studies (mainly phase I or II
trials) have investigated the concomitant administration of
STS with cisplatin, either to increase the dose of cisplatin to
enhance treatment efficacy, or to reduce platinum-related
toxicities (including hearing loss).51,52,54-59,63-66 Reichman
et al57 performed PTA (up to 20 kHz) in 11 adults with cervical
cancer, who received IV cisplatin over 2 hours (200 mg/m2;
2-5 courses) with IV STS (3.3-6.6 g/m2) at the same time.
After the first course, 44% developed hearing loss at >8 kHz.
Thereafter, 77% developed hearing loss at 8 kHz; 55% at 6
kHz; and 11% at 1-4 kHz.57 Kim et al54 (1993) reported 50%
hearing loss during treatment in 18 adults with different tu-
mor types, who received IV cisplatin over 6 hours (180mg/m2

for 1-6 cycles) with STS (2-4 g/m2). One study observed 10%
self-reported moderate-to-severe hearing loss, in adults
with HNSCC (N 5 79), treated with IA cisplatin (150 mg/m2

for four courses) administered at the same time as IV STS
(12 g/m2 for 2 hours).51 Two comparable studies in pop-
ulations with the same diagnosis and treatment reported
60% CIHL after end of treatment as measured by PTA
(N 5 70),65 and 23% of evaluated ears to be under con-
sideration for hearing aids at 7.5 weeks after the last cis-
platin cycle (N 5 146).59

Continuous hearing deterioration was reported after cis-
platin 1 STS in adults with pre-existing hearing loss (ie,
present before start of cancer treatment),55,58 and in a child
with CIHL who received STS near the end of the cisplatin
regimen with the goal to avoid a further decrease of HTLs.64

Neuwelt et al63 found differences in hearing loss occurrence
between children who received IV STS at 2 hours versus
4 hours after BBBD 1 IA carboplatin, with percentages of
60% and 33% (loss of ≥40 dB at 2-8 kHz) reported, re-
spectively. An additional study performed in adolescents and
young adults (N 5 13)66 reported a hearing loss incidence of
46% after intraperitoneal (IP) treatment with hyperthermic
cisplatin (55-100 mg/m2) in parallel with IV STS adminis-
tered over 12 hours. As the studies described above did not
include control groups, a conclusion on the otoprotective

4 | © 2024 by American Society of Clinical Oncology
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TABLE 2. Clinical Studies on the Otoprotective Effect of STS (with a control group)

Author,
Year Design

Patient
Characteristics No.: STS Group

No.:
Comparison

Group
Platinum
Treatment

STS
Specification Audiometry FU Time

Hearing Function Outcomes

P Adverse Events SurvivalWith STS Without STS

Studies in adults

Zuur et
al,60

2007

RCT: phase 3 HNSCC
Median age: 55

years

78: CIS 1 STS 1
radiotherapy
(70 Gy)

80: CIS only 1
radiotherapy
(70 Gy)

CIS 1 STS
CIS IA; 43

150 mg/
m2

CIS only
CIS IV; 33
100 mg/m2

STS IV
9 g/m2 for 30

minutes 1 12
g/m2 for 2
hours

Concurrent with
CIS

PTA
0.25-16 kHz

Median: 8
weeks
post-Tx

HTL shifts >10 dB
over time

Mean HTL shift up
to 4 kHz: 5.3
dB, and up to
12.5 kHz: 20.4
dB

HTL shifts >10 dB
over time

Mean HTL shift up
to 4 kHz: 8.9
dB, and up to
12.5 kHz: 19.0
dB

<.001 (≤4
kHz)

NA NA

Ishikawa
et al,53

2015

Prospective cohort study HNSCC
Age: 45-82 years

7: CIS 1 STS 1
radiotherapy
(60-70 Gy)

11: CIS only 1
radiotherapy
(60-70 Gy)

CIS 1 STS
CIS IA; 2-53
100-180 mg/

m2

CIS only
CIS IV; 1-33
66-85 mg/m2

STS IV
14 g/m2 for 4

hours
Concurrent with

CIS

PTA
0.125-12

kHz

1-3 weeks
post-Tx

From baseline
HTL shifts of 20

dB at 10 and 12
kHz

From baseline
HTL shifts of 15-

25 dB at 8 and
10 kHz

.028

.039

.016

.027

NA NA

Studies in mixed cohorts of children and adults

Neuwelt
et al,62

1998

Cohort study STS group:
prospective

Comparison group:
retrospective

Brain tumors
Age: 2-68 years

15: CARBO 1
STS 16 or 20
mg/m2

4: CARBO1 STS
4 or 8 mg/m2

19: CARBO only BBBD 1
CARBO IA
over 10-
min

400 mg/m2

per month
4-12 courses

STS IV over 15
minutes

4-20 mg/m2

2 hours after
CARBO

PTA
0.25-8 kHz

Each
month
during
Tx

HL in 33% with
STS 16 or 20
mg/m2a

Average loss after
first cycle: 3.7
6 2.0 dB at 8
kHz

HL in 79%
Average loss after

first cycle: 20.8
6 5.9 dB at 8
kHz

<.05 Mild nausea,
vomiting

HN, ↑ blood
pressure

NA

Doolittle
et al,61

2001

Cohort study STS group:
prospective

Comparison group:
retrospective

Brain tumors
Age: 4-67 years

24: CARBO 1
STS after 2
hours

17: CARBO 1
STS after 4
hours

19: CARBO only BBBD 1
CARBO IA
over 10-
min

400 mg/m2

per month
1-7 courses

STS IV over 15
minutes

16 or 20 mg/m2

2 or 4 hours after
CARBO

PTA
0.25-8 kHz

Each
month
during
Tx

STS2h: HL in 52%
HTL shift at 8 and

4 kHz: 41.7 dB
and 35.4 dB,
respectively

STS4h: HL in 29%
HTL shift at 8 and

4 kHz: 34.1 dB
and 28.6 dB,
resp.

HL in 84%
HTL shift at 8 and

4 kHz: 64.4 dB
and 51.6 dB,
respectively

.001 (at
8 kHz)
.0075
(at 4 kHz)

NA NA

Studies in children and adolescents

Freyer et
al,41

2017

RCT: multicenter,
open-label, phase 3

Any tumor
Age: 1-18 years

49: CIS 1 STS 55: CIS only CIS IV 63
CIS 1 STS:

393 mg/
m2 (290-
420)

CIS only: 387
mg/m2

(305-466)

STS IV over 15
minutes

16 g/m2

6 hours after CIS

PTA
0.5-8 kHz

4 weeks
post-Tx

EFS 1 OS:
median

3.5 years

HL in 29% HL in 56% .00022 Nephrotoxicity
HP, HK

EFS 1 OS in both
groups: P5 .36 and
.07, respectively

EFS 1 OS in LD (N 5
77): P 5 .73 and
.88, respectively

OS in DD (N 5 47):
P 5 .009

Brock et
al,40

2018

RCT SR HBL
Age: 0-8 years

57: CIS 1 STS 52: CIS only CIS IV 63
80 mg/m2

STS IV over 15
minutes

20 mg/m2

6 hours after CIS

PTA
1-8 kHz

During Tx
EFS 1 OS:

median
3.0 years

HL in 33% HL in 63% .002 Neutropenia,
HM, HP, HK

3-yr EFS in CIS 1 STS
group: 82%, 95% CI
69%-90%; in CIS
alone group 79%,
95% CI 65%-88%

3-yr OS CIS 1 STS:
98%, 95% CI 88%-
100%; CIS alone
92%, 95% CI 81%-
97%

Abbreviations: BBBD, blood-brain barrier disruption; CARBO, carboplatin; CIS, cisplatin; DD, disseminated disease; EFS, event-free survival; FU, follow-up; HBL, hepatoblastoma; HK, hypokalemia; HL,
hearing loss; HM, hypermagnesemia; HN, hypernatremia; HNSCC, head and neck squamous cell carcinoma; HP, hypophosphatemia; HTL, hearing threshold level; IA, intra-arterial; IV, intravenous; LD,
localized disease; NA, not assessed; OS, overall survival; RCT, randomized controlled trial; SR, standard risk; STS, sodium thiosulfate; Tx, treatment.
aMost patients who received 4 or 8 mg/m2 developed hearing loss.
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effect of STS in these populations is hard to ascertain, al-
though the comparison between 2-hour versus 4-hour delay
in administration of STS confirms the advantage of the
longer delay (Table 3).

PK OF PLATINUM AND SYSTEMIC STS

Preclinical Studies

Saito et al67 investigated the effect of systemic STS on the PK
of cisplatin. Guinea pigs received three injections of IM
cisplatin (7.5mg/kg) with (n5 24) or without (n5 15) IP STS
(1,000 mg/kg), administered concurrently with cisplatin,
and 1-6 hours thereafter. Free cisplatin (FP) and total cis-
platin (TP) were analyzed by inductively coupled mass
spectrometry (ICP-MS). In terms of elimination, lower FP
and TP concentrations were found in plasma of guinea pigs
who received STS at 6 and 24 hours (P < .05).67 By contrast,
Harned et al68 did not observe differences in cisplatin con-
centrations in plasma at 6 hours after administration in eight
mice treated with IP cisplatin (4 mg/kg total per day for 4
days) and IP STS (3.5 g/kg total per day) compared with two
mice that received cisplatin only, as measured by atomic
absorption spectrometry (AAS).

To date, to our knowledge, only one study has investigated
the effect of systemic STS on the PK of carboplatin by using
AAS. In guinea pigs, Cmax in plasma (ie, the peak plasma
concentration) was approximately 23 mg/mL in both groups
that received carboplatin (24 mg/kg) with STS (11.6 g/m2

administered 2 hours after carboplatin), and carboplatin area
under the plasma concentration-time curve (AUC) values
were also comparable (61 mg/mL/h in the groupwith STS and
69 mg/mL/h in those without STS). Carboplatin clearance
was reported to be similar in groups treatedwith andwithout
STS (208 and 184 mL/h/kg, respectively: P 5 .33).48

In 10 guinea pigs that received IV STS (103 mg/kg) without
cisplatin or carboplatin, the maximum concentration of STS
was observed 10 minutes after administration (Cmax mean:
300 mM), with very low STS concentrations observed at
200 minutes after administration (mean: 1.5 mM), assessed
in plasma by high-performance liquid chromatography
(HPLC) analysis.69 Because of faster elimination from the
bloodstream, the concentration of STS measured in the
perilymph of the inner ear exceeded that of blood at the later
time point, with mean perilymph concentrations of 55 mM
and 7.0 mM observed at 10 and 200 minutes, respectively.

Because of different study end points and reported PK
outcomes, a conclusion on the effect of systemic STS on
cisplatin and carboplatin levels cannot be drawn (Table 4).

Clinical Studies

Howell et al52 studied the effect of STS on the PK of cisplatin
in 17 adults with IP tumors, who received IP cisplatin ad-
ministered by dialysis over 4 hours (90-270 mg/m2) with IV

STS over 12 hours (2.13 g/m2). Blood was obtained every
60 minutes after cisplatin and analyzed using HPLC. Cis-
platin Cmax in plasma was 7.5 mg/mL and no effect of STS
administration was observed (P > .05). This was also the case
for t1/2 (half-life), which remained around 50-60minutes in
plasma when STS was added (P > .05).52 Similar observations
have been reported by Pfeifle et al.56 In adults with different
tumor types who received IV cisplatin (100 mg/m2) without
STS (n 5 5) or IV cisplatin (200 mg/m2) with IV STS
(3.3-9.9 g/m2; n 5 6) for 3 hours, no significant differences
were observed in t1/2 (36.5 v 38.5 minutes, respectively) or
plasma clearance (222 v 234 mL/min/m2, respectively).
Similarly, plasma Cmax and AUC were approximately twice as
high for the group of patients receiving the higher dose of
cisplatin, suggesting that STS did not affect cisplatin PK.56 In
a study by Goel et al70 in 14 adults treated concurrently with
IP cisplatin (90 mg/m2) and STS (12 g/m2 over 6 hours), a
nonsignificant reduction in the mean total plasma AUC from
8.8 mg/mL/h without STS to 6.7 mg/mL/h with STS was
reported up to 21 hours (25%; P > .05). This difference be-
came significant for the last 3 hours of exposure (up to
24 hours) with a reduction of 54% (P < .05).70

On the basis of the studies described above, it seems un-
likely that STS has a major impact on systemic cisplatin PK
levels even when the drugs are administered concurrently,
but a firm conclusion on this is not possible to draw and
requires further research. This is currently being assessed
in the ongoing Paediatric Hepatic International Tumour
Trial (PHITT; ClinicalTrials.gov identifier: NCT03017362).
In all studies, platinum was measured (not specifically
cisplatin or carboplatin), consisting of intact drug, aqua
complexes, and platinum-bound species (including STS-
bound platinum) being measured simultaneously. It is
therefore unknown whether systemic STS administration
reduces the fraction of active platinum species (Table 5).
Further research studies using sensitive ICP-MS ap-
proaches are needed to measure cisplatin levels in patients
treated with and without STS.71

ONCOLOGIC SAFETY OF SYSTEMIC STS

Preclinical Studies

In small cell lung carcinoma (SCLC) cell lines,Muldoon et al72

reported chemoprotection of cisplatin (15 mg/mL) and car-
boplatin (200 mg/mL) when STS (2,000 mg/mL) was ad-
ministered concurrently, or 2-4 hours after administration
(85%-95% live cells), compared with cell lines treated with
cisplatin or carboplatin only (10%-20% live cells). However,
when a broader time interval was studied, Dickey et al50

found only very minimal protection (0%-10%) in cell lines
treated with cisplatin (30-50 mM) and STS (8 g/m2) after 6-8
hours, which was similar compared with the cisplatin-only
group. Another study also reported no difference in cell
survival between neuroblastoma cell lines that received
cisplatin with or without STS after 6 hours (0%-60%:
P > .05).68
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TABLE 3. Clinical Studies on the Otoprotective Effect of STS (without a control group)

Author, Year Design Patient Characteristics Platinum Treatment STS Specification Audiometry FU Time Evaluable for HL Hearing Function Outcomes Adverse Events

Studies in adults

Howell et al,52

1982
Phase I trial 17 patients with IP tumors

Mean age: 52 years (31-65)
CIS IP dialysis over 4

hours; 6 courses
Start at 90 mg/m2,

escalated to 270
mg/m2

STS IV, over 12 hours
2.13 g/m2 per hour
Concurrent with CIS

PTA,
unspecified

Post-Tx 5 patients No HL observed Increased serum creatinine, vomiting, hematologic toxicity, abdominal
pain, decreased serum bicarbonate and potassium

Pfeifle et al,56

1985
Phase I trial 24 patients with different

tumor types
Median age: 56 years (15-

73)

CIS IV over 2 hours
180-834 mg/m2

1-3 courses

STS IV for 3 hours
First hour 3.3 g/m2, thereafter 9.9 g/m2

Start 1 hour before CIS

PTA,
unspecified

1 month post-Tx 5 complete courses VIIIth nerve toxicity in 1 course at 225 mg/
m2 and 3 courses at 202.5 mg/m2; not
in 1 course at 180 mg/m2

Incomplete courses: 8.4% with a change in
hearing after Tx

Proteinuria, increased serum creatinine, hematuria, myelosuppression,
nausea, vomiting, decreased serum magnesium levels

Markman et
al,55 1990

Phase I trial 36 patients with solid
tumors

Median age: 56 years (25-
72)

CIS IV over 2 hours
150-200 mg/m2

1-6 courses

STS IV for 3 hours
First hour 3.3 g/m2, thereafter 6.6 g/m2

Start 1 hour before CIS

PTA (0.25-20
kHz)

During Tx 22 55%: normal baseline at ≤8 kHz, of whom
58% developed HL in this range

45%: HL at 3-8 kHz at baseline; all showed
continuous deterioration

77%: normal hearing at >8 kHz; all
completely lost hearing in this range

Emesis, myelosuppression, increased creatinine, renal insufficiency,
peripheral neuropathy

Reichman et
al,57 1991

Phase II trial 11 patients with cervical
cancer

Median age: 43 years (25-
57)

CIS IV over 2 hours
200 mg/m2

2-5 courses

STS IV
First hour 3.3 g/m2, thereafter 6.6 g/m2

Start 1 hour before CIS

PTA (1-20
kHz)

During Tx 9 44% HL at >8 kHz after 1 CIS course
77% mild-moderate HL at 8 kHz
55%: mild-moderate HL at 6 kHz
11%: mild-moderate HL at 1-4 kHz

LowHb requiring red blood cell transfusion, nausea, vomiting, peripheral
neuropathy, increased creatinine

Kim et al,54

1993
Phase I trial 28 patients with different

tumor types
Median age: 51 years (31-

72)

CIS IV over 4 hours
180 mg/m2

1 to ≥6 courses

STS IV over 6 hours
First hour 4 g/m2, thereafter 2 g/m2

Concurrent with CIS

PTA (1-8 kHz) During Tx 18 50% with HL
88% developed HL after course 1-2
Mostly at 4-8 kHz

Slight increase in serum creatinine, myelosuppression, nausea,
vomiting, peripheral neuropathy

Madasu et
al,65 1997

Inception cohort
study

70 patients with HNSCC
Mean age: 56 years
EBRT (68-70 Gy)

CIS IA
150 mg/m2

4 courses

STS IV
Unspecified

PTA (0.25-4
kHz)

During Tx 49 25% HL after 1 course; 60% HL after 4
courses

Mostly at 4-8 kHz

NA

Van Rijswijk
et al,58

1997

Phase II trial 29 patients with ovarian
cancer

Median age: 54 years (23-
72)

CIS IP over 6 hours
200 mg/m2

1-6 courses

STS IP over 6 hours
4 g/m2 as a bolus, followed by 12 g/m2

Concurrent with CIS

PTA (0.25-8
kHz)

During Tx 23 35% with HL
75% had pre-existing HL that deteriorated

(>15-30 dB)
25% developed new HL (drop of 15 dB in 1

ear; drop of >10 dB in 2 ears)

Intra-abdominal adhesions, inflow and outflow obstructions, septic
peritonitis, ileus, nausea, vomiting, leukopenia, thrombocytopenia,
increased creatinine

Balm et al,51

2004
Phase II trial 79 patients with HNSCC

Mean age: 54 years (29-79)
EBRT (70 Gy)

CIS IA
150 mg/m2

4 courses

STS IV
9 g/m2 over 30 minutes, followed by 12 g/

m2 over 2 hours

PTA,
unspecified

CTCAE

3 months post-Tx 79 10% reported HL grade 3
Results of audiometry not reported

Hematologic toxicities, mucositis, skin reactions, nausea, toxicity of the
upper gastrointestinal tract, cardiotoxicity, treatment-related death,
mucosal defect original tumor site, swallowing difficulties

Zuur et al,59

2007
Prospective

cohort study
146 patients with HNSCC
Median age: 54 years
EBRT (70 Gy)

CIS IA
150 mg/m2

4 courses

STS IV
9 g/m2 over 30 minutes, followed by 12 g/

m2 over 2 hours

PTA (0.125-
16 kHz)

During Tx and
after a median
of 7.5 weeks

Variable (range 141
before to 91 after
Tx)

Largest HTL shifts after second and third
CIS dose: average of 8 dB at 1-4 kHz and
24 dB at 8-12.5 kHz

59 ears (23%) under consideration for
hearing aids

NA

Studies in children, adolescents, and young adults

Neuwelt et
al,63 2006

Phase I trial 12 patients with brain
tumors

Age: 17 months—12 years

CARBO IA
400 mg/m2 in 2 days

after BBBD
2-12 courses

STS IV
1 dose of 10-16 g/m2 at 2 or 4 hours after

CARBO; extra dose 4 hours after dose
1 in case of pre-existing HL

PTA (0.5-8
kHz)

During Tx 11 55% received STS at 4 hours (of whom
67% had pre-existing HL); 33% had HTLs
of ≥40 dB at 2-8 kHz

45% received STS at 2 hours (no pre-
existing HL), of whom 60% developed
HL (≥40 dB at 2-8 kHz)

Increased sodium levels, myelosuppression, infection, cardiovascular
toxicity, metabolic toxicity, gastrointestinal toxicity, neurologic
toxicity, pulmonary toxicity, abdominal pain

Womack et
al,66 2014

Retrospective
data review

13 patients with IP tumors
Mean age: 19 years (10-30)

Hyperthermic CIS IP
55-100 mg/m2

1 course

STS IV over 12 hours
Dose unknown
Before, during, or 12 hours post-CIS

PTA (0.25-16
kHz)

2-15 months 13 46% with loss of 10-15 dB at one single
frequency

NA

Harao et al,64

2020
Case report 9-year-old boy with MBL

Craniospinal irradiation
(23.4 Gy) 1 PF boost
(32.4 Gy)

CIS IV
75 mg/m2

8 courses

STS IV
16 g/m2

At CIS course 6 and 7

PTA (1-8 kHz) During Tx and
after 12 months

— At fifth cycle: HL up to ≥40 dB at 2-8 kHz
At the end of seventh cycle: no

deterioration of hearing
After 12 months: ↓ HTLs at 2-8 kHz; 0.125-

1 kHz within normal limits

NA

Abbreviations: BBBD, blood-brain barrier disruption; CARBO, carboplatin; CIS, cisplatin; CTCAE, Common Terminology Criteria for Adverse Events; EBRT, external-beam radiotherapy; FU, follow-up; HL,
hearing loss; HNSCC, head and neck squamous cell carcinoma; HTL, hearing threshold level; IA, intra-arterial; IP, intra-peritoneal; IV, intravenous; MBL, medulloblastoma; NA, not assessed; PF,
posterior fossa; PTA, pure tone audiometry; RCT, randomized controlled trial; STS, sodium thiosulfate; Tx, treatment.
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TABLE 4. Preclinical Studies on the Pharmacokinetics of STS and Platinum

Author,
Year

Study End
Point Species

Treatment
Groups

Platinum
Treatment STS Specification Samples

Evaluation
Method

PK Results

Cmax, mg/mL
AUC, mg-h/

mL
T1/2,

Minutes Elimination/Clearance

Saito et
al,67

1997

Effect of
STS on
the PK of
CIS

Guinea
pig

10: CIS 1 STS
concurrent 1
after 1 hour

14: CIS1 STS at
3 and 6 hours

15: CIS only
8: STS only

CIS IM
7.5 mg/kg
3 injections
5-day interval

STS IP, 1,000 mg/kg;
concurrent with
CIS, and after 1, 3,
and 6 hours

Blood (2-3 mL)
perilymph (3-4 mL)
at 1, 3, 6, and 24
hours

ICP-MS (FP
and TP)

Plasma
CIS 1 STS: 3.5 6

1.0
CIS only: 1.9 6 0.7
Perilymph
CIS 1 STS: 0.4 6

0.1
CIS only: 0.4 6 0.1

NA NA Plasma
Lower FP and TP

concentrations in the CIS
1 STS group at 6 hours
and 24 hours (P < .05)

Perilymph
Lower PT concentrations in

the CIS 1 STS group at
24 hours (P < .05)

Muldoon et
al,48

2000

Effect of
STS on
the PK of
CARBO

Guinea
pig

3: CARBO 1
STS

3: CARBO 1
saline

CARBO
24 mg/kg

STS 11.6 g/m2 for 2
hours

Blood (0.5 mL each)
at 5 minutes, 30
minutes, and 1-6
hours

AAS Both groups:
approximately
23.0 (range 15-
29)

With STS:
60.7 6
19.6

Without STS:
68.5 6
21.5

NA CARBO clearance
With STS: 208 6 51 mL/

h/kg
Without STS: 1846 44mL/

h/kg (P 5 .33)

Harned et
al,68

2008

PK of STS Mouse 6: STS only — STS IP 3.5 g/kg Blood at 1 and 15
minutes after
injection

Methylene
blue test

1 minute: 1,717 6
345

5 minutes: 8,598 6
493

NA NA NA

Effect of
STS on
the PK of
CIS

Mouse 8: CIS 1 STS
2: CIS only

CIS IP
4 mg/kg total

per day for
4 days

STS IP 3.5 g/k total
per day
concurrently with
CIS

Blood at 15 minutes,
45 minutes, 1 hour,
and 6 hours

AAS NA NA CIS concentrations after 6
hours did not differ
between groups (no
data)

Pierre et
al,69

2009

PK of STS Guinea
pig

10: STS only
2: saline

— STS IV 103 mg/kg as
a bolus injection

Perilymph (1 mL) and
blood (0.35 mL)
after 10 and 30
minutes; 1, 2, and 3
hours

HPLC Perilymph:
approximately 60
mM

Plasma:
approximately
300 mM

Perilymph:
51.7

Plasma: 105

Perilymph:
50

Plasma: 20

Perilymph mean STS
concentrations at 200
min: approximately
6 mg/ml

Plasma mean STS
concentrations at 200
minutes: approximately
1.5 mg/mL

Abbreviations: AAS, atomic absorption spectrometry; AUC, area under the plasma drug concentration-time curve; CARBO, carboplatin; CIS, cisplatin; Cmax, peak plasma concentration of the drug after
administration; FP, free platinum; HPLC, high-performance liquid chromatography; ICP-MS, inductively coupled mass spectrometry; IM, intra-muscular; IP, intraperitoneal; IV, intravenous; NA, not
assessed; PK, pharmacokinetics; PT, platinum; STS, sodium thiosulfate; TP, total platinum; Tx, treatment; T1/2, time required for the concentration of the drug to reach half of its original value.
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TABLE 5. Clinical Studies on the Pharmacokinetics of STS and Platinum

Author,
Year

Study End
Point

Patient
Characteristics STS Group

Comparison
Group

Platinum
Treatment STS Specification Samples

Evaluation
Method

PK Results

Cmax, mg/mL AUC, mg-h/mL
T1/2,

Minutes
Elimination/
Clearance

Howell et
al,52

1982

Effect of STS
on the PK of
CIS

IP tumors
Mean age: 52

years (31-65)

17: CIS 1 STS — CIS IP dialysis over
4 hours

6 courses
90-270 mg/m2

STS IV, over 12 hours
2.13 g/m2 per hour
Concurrent with CIS

Blood 1 peritoneal
dialysate (every 60
minutes after CIS)

HPLC (FP) Plasma: 7.5
PC: 85
No effect of

STS
(P > .05)

Plasma:
7.2 6 5.5

PC: 97.1 6 64.9
Addition of STS:

2.9- and 1.9-
fold increase
(P < .01)a

Plasma:
50-66

PC: 51-53
No effect of

STS
(P > .05)

Plasma 1 PC
Exponential decrease

in CIS
concentrations
over time

Pfeifle et
al,56

1985

Effect of STS
on the PK of
CIS

Different tumor
types

Median age: 56
years (15-73)

6: CIS 1 STS 5: CIS only CIS 1 STS: IV
202.5 mg/m2

7 courses
CIS only: IV

100 mg/m2

8 courses

STS IV for 3 hours
First hour 3.3 g/m2,

thereafter 9.9 g/m2

Start 1 hour before CIS

Blood (22 time points
up to 7 hours after
CIS)

HPLC With STS
6.9
Without

STS: 3.2

With STS: 17.1
Without STS: 8.3

With STS:
36.5

Without
STS:
38.5

Elimination rate
With STS: 0.019

min/L
Without STS: 0.018

min/L
Clearance level
With STS: 222

mL/min/m2

Without STS
234 mL/min/m2

Goel et al,70

1989
Effect of STS
on the PK of
CIS

IP tumors
Mean age: 59

years (29-57)

14: CIS 1 STS — CIS IP
90 mg/m2

5 courses

STS IV in a bolus of
4 g/m2 before CIS,
followed by 12 g/m2

over 6 hours

Blood 1 peritoneal
dialysate (20 time
points up to 24 hours
after CIS)

HPLC NA Plasma
With STS:

6.7 6 2.2
Without STS:

8.8 6 3.8:
P < .05b

PC
With STS:

96.5 6 54.4
Without STS:

149 6 38.0:
P < .05

Plasma:
80 6 65

PC: 72 6 59

Plasma clearance
level: 59 6 52
mL/min

Neuwelt et
al,62

1998

PK of STS
in the
presence of
CARBO

Brain tumors
Age: 2-68 years

25: CARBO 1 STS
4-16 g/m2

8: CARBO 1 STS
20 g/m2

— CARBO IA over
10 minutes

400 mg/m2 per
month

4-12 courses

STS IV over 15 minutes
4-20 g/m2

2 hours after CARBO

Blood 1 urine (directly
after STS injection,
after 15minutes, and
after 24 hours)

Methylene
blue test

Plasma (20
mg/m2)

End bolus:
33.1

Urine (20
mg/m2)

15 minutes
after
bolus:
198.1

NA NA STS levels not
detectable at 24
hours post-Tx

Abbreviations: AUC, area under the plasma drug concentration-time curve; BL, bilateral; CARBO, carboplatin; CIS, cisplatin; Cmax, peak plasma concentration of a drug after administration; FP, free
platinum; HPLC, high-performance liquid chromatography; IA, intra-arterial; IP, intraperitoneal; IV, intravenous; NA, not assessed; PC, peritoneal cavity; PK, pharmacokinetics; PT, platinum; STS,
sodium thiosulfate; TP, total platinum; Tx, treatment; T1/2, time required for the concentration of the drug to reach half of its original value; UL, unilateral.
aWhen the peritoneum to plasma AUC ratio was calculated separately for each patient, no variation in this ratio with dose was observed (P > .05: mean ratio for all cisplatin courses 12.4 [range 2.9-37.4]).
bSignificant difference only for the last 3 hours of exposure where a reduction of 54% was observed (P < .05).
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TABLE 6. Preclinical Studies on the Effect of STS on Platinum Antitumor Efficacy

Author, Year Species
Treatment
Groups

Platinum
Treatment STS Specification Evaluation Method

Results

PWith STS Without STS

Muldoon et
al,48 2000

Rat with LX-1
human SCLC
xenograft

8: CARBO 1 STS
at 2 and 6
hours

8: CARBO 1 STS
at 8 hours

20: CARBO only
20: no Tx

CARBO 200
mg/m2

STS 8 g/m2 at 2, 6 or 8
hours after CARBO

Time to tumor
progression

STS 2 hours and 6 hours: 6.4 6 0.8
days

STS 8 hours group: 8.1 6 0.7 days

CARBO only: 8.9 6 0.6 days .012
.188

Muldoon et
al,72 2001

SCLC cell line 1
human
fibroblast cell
strain

CARBO 1 STS
CIS 1 STS
CIS or CARBO

only

CARBO 200
mg/mL

CIS 15 mg/mL

STS 2,000 mg/mL:
immediately, 2 hours, or
4 hours after PT

Live cell number by
using CPA kit

CIS1 STS immediately, at 2 hours, or 4
hours: 90%-95% live cells

CARBO1 STS immediately, at 2 hours,
or 4 hours: 85%-90% live cells

CIS only: 10% live cells
CARBO only: 20% live cells

NA

Neuwelt et
al,73 2004

Rat with LX-1
human SCLC
xenograft

8: CARBO 1 STS
8: CARBO only
8: no Tx

CARBO 200
mg/m2

STS IV 8 g/m2 at 4 or 8
hours after CARBO

Tumor volume CARBO 1 STS: 3.7 6 0.6 mm3 CARBO only: 4.3 6 1.0 mm3

Untreated: 29.1 6 4.1 mm3
<.0001 (all

groups)

Dickey et
al,50 2005

Human GBL, OC,
MBL and SCLC
cell lines

CIS 1 or - STS CIS 30-50 mM STS IV 8 g/m2

0, 2, 4, 6 or 8 hours after
CIS

Cell viability and
immunoblotting
assays

CIS 1 STS: 70%-100% protection of
cells up to 2 hours after CIS; 30%-
45% at 4 hours; 0%-10% at 6-8 hours
post-CIS

CIS only: reduction in cell viability
of 58% (GBL cells), 81% (OC
cells), and 100% (MBDL and
SCLC cells)

NA

Harned et
al,68 2008

Human NBL cell
lines

6: CIS 1 or - STS CIS 0-2 mg/mL STS 0.5-1.0mg/mL at 0 or
6 hours after CIS

Cytotoxicity by using
FDIMA

CIS 1 STS concurrently (5/6): survival
fraction of cells 70%-100%

CIS 1 STS after 6h (5/6): survival
fraction of cells 0%-60%

CIS only (5/6): survival fraction of
cells 0%-60%

<.05
>.05

Mouse with NBL
xenografts

6: CIS 1 STS
concurrently

6: CIS1 STS after
6 hours

6: CIS only
6: no Tx

CIS IP 4 mg/kg
total per day

4 days

STS IP 3.5 g/k total per
day concurrently with
CIS or after 6 hours

4 days

Tumor volume 1 time
to tumor progression

Tumor volume
CIS 1 STS concurrently: 1,400 mm3

CIS 1 STS after 6 hours: max. 800
mm3

Tumor progression
CIS 1 STS concurrently: 20 days
CIS 1 STS after 6 hours: 210 days

Tumor volume
CIS only: max. 800 mm3

Tumor progression
CIS only: 210 days

<.05
>.05
.03
.90

Abbreviations: CIS, cisplatin; CPA, cell proliferation assay; FDIMA, fluorescence/digital imaging microscopy assay; GBL, glioblastoma; IP, intraperitoneal; IV, intravenous; MBL, medulloblastoma; NA,
not assessed; NBL, neuroblastoma; OC, ovarian carcinoma; PT, platinum; SCLC, small cell lung carcinoma; STS, sodium thiosulfate; Tx, treatment.
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Furthermore, Neuwelt et al73 studied tumor volume (TV) in
rats with LX-1 human SCLC xenografts. TV of untreated rats
was approximately 29 mm3 (n5 8), approximately 4.3 mm3

for rats treated with carboplatin (200 mg/m2: n 5 8), and
approximately 3.7 mm3 for rats that received systemic IV
STS (8 g/m2: n 5 8) at 4-8 hours (P < .0001; all groups).73 In
another study, mice were treated with IP cisplatin only
(4 mg/kg total per day for 4 days: n5 6) or with IP cisplatin
and STS (3.5 g/kg total per day: n5 6). Formice treated with
STS after 6 hours, TV was max 800 mm3 (P > .05); for the
mice treated with STS and cisplatin at the same time (n 5

6), this was 1,400 mm3 (P < .05). In addition, within these
mice, the time to tumor progression was also similar be-
tween the cisplatin only and STS-at-6-hours group
(210 days, P 5 .9), but shorter for the group that received
cisplatin and STS concomitantly (20 days, P 5 .03).68 In a
similar designed study with carboplatin (200 mg/m2) and
STS, comparable findings were reported.48

The studies described above indicate that the delayed ad-
ministration of STS at 6 hours after cisplatin does not reduce
the impact of cisplatin on tumor growth and cell survival. A
similar conclusion from delayed STS and carboplatin is
difficult to draw from these data (Table 6).

Clinical Studies

In children with standard-risk hepatoblastoma, Brock
et al40 reported that event-free survival (EFS) and overall
survival (OS) were similar between the IV STS group (EFS,
82% [95% CI, 69 to 90]; OS, 98% [95% CI, 88 to 100]) and
the non-STS group (EFS, 79% [95% CI, 65 to 88]; OS, 92%
[95% CI, 81 to 97])40 at a median follow-up time of 3 years.
In children with any tumor type at a similar follow-up time,
Freyer et al41 reported no difference between the IV STS
group and controls regarding EFS and OS (P 5 .36 and .07,
respectively). Although there was no evidence of a tumor-
protective effect from STS in the whole cohort, a post hoc
analysis confirmed no effect in 77 patients with localized
disease (EFS and OS: P 5 .73 and .88, respectively) but
revealed a survival difference in OS in 47 patients with
disseminated disease in the STS-treated group (P 5 .009;
relative hazard ratio, 4.10 [95% CI, 1.30 to 12.97]).41 In a
subsequent follow-up paper, the same authors (2022)
noted that the children with disseminated disease who did
not receive STS had a better than originally predicted
survival (compared with the literature) and that the dif-
ference between the two arms was most probably related to
an imbalance in prognostic groups.74

In conclusion, systemic STS is safe to administer in children
with localized disease (Table 2). For now, STS is not approved
for use in those with metastatic disease, although a bio-
logically plausible rationale is lacking for why a 6-hour delay
in STS administration after cisplatin infusion would lead to
reduced antitumor efficacy.75

FUTURE PERSPECTIVES

The STS compound used in the pediatric RCTs has recently
been licensed by the FDA (Pedmark) and EMA and MHRA
(Pedmarqsi), and is ready for implementation into current
practice in children with cancers requiring cisplatin therapy.
These include mainly neuroblastoma, hepatoblastoma, na-
sopharyngeal carcinoma, osteosarcoma, medulloblastoma,
germ cell tumors, and rarely other cancers. A guideline
published prelicensing, however, recommends it for use in
children with standard-risk hepatoblastoma only.76 This
guideline therefore requires a postlicensing update. To study
the efficacy and safety of STS in metastatic disease, specific
tumor diagnoses RCTs or single-arm trials for which ade-
quately available historic outcomes are needed. Preferably,
these studies should be supported by biologic and imaging
studies to assess both otoprotection and treatment response
in the presence of properly administered (delayed) STS.

Second, more PK studies are needed to understand the effect
of STS on cisplatin kinetics, including measurement of
unbound cisplatin and carboplatin. This contrasts to the
approach taken in the majority of published studies in this
area, in which total plasma platinum is most commonly
measured (including aqua complexes and STS-bound plat-
inum). Evaluating platinum in ultrafiltrate samples would
provide a measure of free drug levels, which are more likely
to correlate with clinical response and toxicity.77,78 Using this
method would also be beneficial to confirm the safety of STS
when administered 6 hours after the end of cisplatin infu-
sion, as previously suggested.48,50,68 An effort is currently
ongoing to study relationships between cisplatin PK,
pharmacogenomics, and biomarkers of toxicity, as well as
clinical efficacy and toxicity in the PHITT Trial
(ISRCTN17869351).79

Third, to administer STS in the appropriate window to obtain
otoprotection, cisplatin infusion durations require reduction
to a maximum of 6 hours. In Europe, cisplatin is sometimes
administered as a 24- to 96-hour infusion, historically
implemented to reduce emesis.80,81 However, there is no
evidence that longer infusion durations are more effective in
terms of antitumor effect compared with shorter durations.
Specifically, in the SIOPEL 6 trial, the infusion of cisplatin
was reduced from 48 to 6 hours, with no difference in
survival outcome when compared with SIOPEL 3.82 In ad-
dition, there is no evidence that a single dose of cisplatin is
more effective compared with split, daily doses. The latter
has been used for patients with germ cell tumors for several
decades (ie, 20mg/m2 for 5 days per cycle), and has shown to
result in excellent survival rates.83,84 For future studies, it
would therefore be important to design them, with the re-
duced cisplatin infusion duration and the use of split doses in
specific tumor groups, thereby powering the study appro-
priately, to allow outcome analyses, similar to the previous
RCTs in children.
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Fourth, there is preliminary evidence from early-phase adult
studies that hearing loss deterioration already starts after
the first dose of cisplatin and may worsen thereafter with
time, independent of other treatments.55,58,64 This implies
that it is important to administer STS alongside the first
cisplatin cycle of treatment, as it may be detrimental to wait
to give STS after hearing loss has already developed.Whether
STS may prevent subsequent additional hearing loss, after
the onset of CIHL, upon cisplatin rechallenge, is not well
understood. A current trial is under way to assess this
phenomenon in children with relapsed or refractory hep-
atoblastoma (ClinicalTrials.gov identifier: NCT05756660).85

Fifth, historically, STS was often administered concomi-
tantly with cisplatin, either to allow the infusion of higher
doses of cisplatin or to reduce the development of side ef-
fects, including nephrotoxicity.51-60,66 It should be noted that
when STS is given for otoprotection at 6 hours after the end
of cisplatin, it is unlikely to reduce nephrotoxicity that oc-
curs earlier than ototoxicity. It is therefore important that
the currently approved form of high-dose STS in children is
not provided with a view to protecting renal function, but
only for otoprotection.42

Sixth, future investigation on the potential for STS to pre-
vent CIHL from carboplatin is justified. This may be chal-
lenging to achieve in the short term. The PK of the activation
reaction distinguishes the two drugs from each other. Cis-
platin will already be deactivated systemically after 6 hours,
but carboplatin is more chemically stable.77,86 Thus, ad-
ministering STS after 6 hours would generate a risk of
deactivating the carboplatin and negatively affecting its
antitumor efficacy. Carefully planned PK and xenograft
studies are therefore necessary to determine an appropriate
time window for STS administration after carboplatin
infusion.

Seventh, it is important to highlight the variations in au-
diologic testing and end point definitions among the clinical
studies reviewed, taking into consideration differences in
test frequency range, ototoxicity definitions, and consis-
tency in hearing endpoints. For example, Brock et al40 used
the Brock scale, whereas Freyer et al41 used the ASHA criteria.
Clemens et al2 concluded that there is good concordance
between ototoxicity grading scales; however, severity defi-
nitions and intermediate grades diverge. Acknowledging
these differences, a recent reevaluation of ACCL0431 with as
end point the SIOP ototoxicity criteria revealed a lower in-
cidence of grade ≥2 CIHL in the STS arm compared with the
observation arm (3/58 [5.2%] and 18/63 [28.6%], respec-
tively).87 This underscores the need for careful consideration
of the type of hearing assessment and ototoxicity grading
scale used when interpreting the prevalence of hearing loss
in studies. Consequently, we suggest incorporating age-
dependent audiologic testing, as recommended by Meijer
et al,88 and the SIOP ototoxicity grading scale, to facilitate
uniform outcomes regarding platinum-induced hearing
loss.89

In conclusion, systemic administration of STS effectively
reduces the development of CIHL in both the preclinical and
clinical settings. It has been shown to be safe, in children
with localized disease, when a window of 6 hours is
respected. Even if hearing loss develops, its severity is re-
duced. More well-executed studies on the PK and safety of
STS and cisplatin are needed, especially in patients with
metastatic disease. In the future, this will hopefully lead to
STS otoprotection becoming standard of care for all
cisplatin-treated patients with cancer, thereby decreasing
the debilitating impact of CIHL, on speech development,
social isolation, neurocognitive development, and conse-
quent QoL, as well as reducing the risk of late sequelae, such
as early dementia later in life.
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APPENDIX

1 compartment model
STS and cisplatin are separated by time

Cisplatin IV infusion for 1-6 hours

6 hours after end of cisplatin:

STS IV infusion at 10-20 g/m2

(depending on weight)*
over 15 minutes

2 compartment model
STS and carboplatin are separated by space

Carboplatin

�10 hours after end of STS:

Next cisplatin cycle
may be administered

Brain

2 hours after end of carboplatin, when the
BBB is re-established: STS IV infusion

Carboplatin IA infusion concomitant with
osmotic BBB disruption

Brain

BBB

BBB

Blood

Blood

STS

FIG A1. Differences between (A) 2-compartment and (B) 1-compartment models for platinum and STS administration. a<5 kg: 10mg/m2; 5-10
kg: 15 mg/m2; >10 kg: 20 mg/m2. BBB, blood-brain barrier; IA, intra-arterial; IV intravenous; STS, sodium thiosulfate. Created via
BioRender.com.
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