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Abstract

Local glucocorticosteroid (“steroid”) therapy is widely used to treat the inner ears of patients with
Meniere’s disease, idiopathic sudden sensorineural hearing loss and in combination with cochlear
implants. Applied steroids have included dexamethasone, methylprednisolone and triamcinolone.
In reality, however, this is often not true and the steroid forms commonly applied are
dexamethasone-phosphate, methylprednisolone-hemisuccinate or triamcinolone-acetonide. In each
case, the additional component is not a counter-ion but is covalently bound to the molecule to
increase aqueous solubility or potency. These drug forms are approved for intravenous or
intramuscular delivery and are used “off-label” in the ear. When given systemically, the molecular
form of the drug is of minor importance as the drugs are rapidly metabolized. In contrast, when
administered intratympanically, the exact form of the drug has a major influence on entry into
perilymph and elimination from perilymph, which in turn influences distribution along the
cochlear scalae. Dexamethasone-phosphate has completely different molecular properties to
dexamethasone and has different pharmacokinetic properties entering and leaving perilymph.
Molecular properties and perilymph pharmacokinetics also differ markedly for triamcinolone and
triamcinolone-acetonide. Methylprednisolone-hemisuccinate has completely different molecular
properties to methylprednisolone. In the ear, different steroid forms cannot therefore be regarded
as equivalent in terms of pharmacokinetics or efficacy. This presents a terminology problem,
where in many cases the drug stated in publications may not be the form actually administered.
The lack of precision in nomenclature is a serious problem for the inner ear drug delivery field and
needs to be recognized.
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1. Applied Steroids

This analysis focuses on glucocorticosteroids (“steroids”) that have been used to treat
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disorders of the inner ear, primarily “dexamethasone”, “methylprednisolone” and
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“triamcinolone”. Each of these names refers to a specific compound, the free alcohol form of
the drug, as indicated by the rows shaded gray in Table 1. Each has a unique “International
Chemical Identifier” (InChl) key. Modified forms of the drugs (unshaded rows in Table 1)
have higher formula weights and different InChl keys. Dexamethasone has been used
intratympanically as it is a constituent of Otonomy’s OTO 104 and Otividex formulations
which are both suspensions of powdered (micronized) drug having low aqueous solubility (~
90 pg/mL (1). In more widespread clinical use is the more soluble form of the drug,
dexamethasone-phosphate. Dexamethasone-phosphate is a different molecule with
considerably higher formula weight. Dexamethasone-phosphate is a pro-drug and is inactive
until metabolized to its active moiety, dexamethasone, by phosphatases which are ubiquitous
in the body. While many physicians believe, or report in publications, they are administering
dexamethasone intratympanically, they typically are not. In the vast majority of cases they
are giving dexamethasone-phosphate. If the drug is given as a clear solution with a
concentration above 90 pg/mL (commonly 4 to 24 mg/mL) the drug must be
dexamethasone-phosphate as dexamethasone is not sufficiently soluble to reach such
concentrations. The situation is exacerbated by misleading package labeling by some
manufacturers, in which “dexamethasone” may be printed in larger or brightly-colored font
while “sodium phosphate” is printed in a smaller, less-noticeable font. Some drug database
websites have a similar problem where the title page may use the base form of the steroid
and the actual form is stated elsewhere in small print.

The situation is similar, but more complex, for methylprednisolone, which is available in two
forms that have higher solubility, methylprednisolone succinate and methylprednisolone
hemisuccinate. Both forms are pro-drugs and inactive until metabolized to
methylprednisolone. Metabolism is thought to occur predominantly by carboxylesterases
(2). However, the base form of methylprednisolone is relatively soluble (~120 mg/mL) so it
is not possible to distinguish the form applied based on the stated concentration.

The use of triamcinolone for systemic delivery or in creams and ointments has been largely
replaced by a less-soluble form, triamcinolone-acetonide, which is preferred as it has higher
potency. The original base form of triamcinolone is no longer available as a commercial
product for intravenous or intramuscular injection in patients. The solubility of both
compounds is low and both are delivered as suspensions.

2. Pharmacokinetics

Extensive work on drug passage through the gut and the blood-brain barrier brain has shown
that the ability of drugs to pass through boundaries depends on specific molecular properties.
Small, lipophilic molecules with few polar groups pass through membranous barriers more
readily than larger, polar, hydrophilic molecules (3). The polar properties of any molecule
can now be calculated using standardized algorithms on such websites as SwissADME (4).
Figure 1 shows a “boiled egg plot” formed by plotting the calculated lipophilicity (WLOGP)
against the topological polar surface area (TPSA) of the molecule. WLOGP is a calculated
form of the logarithm of the partition coefficient of the molecule between octanol and water,
LOG(P), while TPSA is the calculated area of the molecular surface occupied by polar
groups (5). The ellipses on the plot show the statistical boundaries of molecular properties

Otol Neurotol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salt and Plontke

Page 3

that allow passage through the blood-brain barrier (yellow ellipse) and passage through the
gut (gray ellipse) (5). The blood-brain barrier is “tighter” than the gut, allowing entry of
molecules with a narrower range of properties. The plot shows, for instance, that the
calculated physical properties (lipophilicity and polarity) of dexamethasone and
dexamethasone-phosphate are completely different, influencing their ability to pass through
membranous boundaries. The polar phosphate group adds to the calculated polarity (TPSA)
of the molecule, changing properties to a degree where dexamethasone-phosphate will pass
less-readily though membranous boundaries. Pharmacokinetic studies in guinea pigs have
shown that dexamethasone-phosphate is lost more slowly from perilymph than
dexamethasone (6) and that dexamethasone-phosphate enters perilymph considerably more
slowly from the middle ear than dexamethasone (7). The pharmacokinetic differences are
consistent with the calculated properties of the two molecules. A number of studies have
measured both forms of the drug in perilymph and have shown that dexamethasone-
phosphate is metabolized to the active form, dexamethasone, within the ear (7, 8, 9).

Triamcinolone-acetonide is less polar and more lipophilic molecule than triamcinolone, as
shown in Figure 1. Pharmacokinetic studies in guinea pigs have found triamcinolone-
acetonide to be rapidly eliminated from perilymph while triamcinolone had completely
different characteristics and was retained well (10). The difference in pharmacokinetic
properties is again consistent with the calculated molecular properties shown in Figure 1.

The pharmacokinetics of different forms of methylprednisolone in perilymph have not yet
been compared experimentally. Further, it remains to be demonstrated whether the succinate
esters of methylprednisolone are metabolized to the active form in the ear.

3. Published Studies with Steroids in the Ear

The examples cited here are not exhaustive but are presented as the “tip-of-the-iceberg” to
illustrate the recently-identified nomenclature problem. The problem was unrecognized at
the time of publication of the studies.

A recent survey of physician practices included a question concerning which steroid was
preferred for intratympanic administration. Responses were presented as only the base forms
of the steroids (dexamethasone, methylprednisolone, triamcinolone) but not the actual
molecular form clinically applied (11, 12). A review of steroid use in Meniere’s disease also
did not distinguish which forms of each steroid were used (13). Similarly, the steroid forms
were not distinguished in meta-analyses of steroid use for ISSNHL (14, 15) and in a review
of steroid use in combination with cochlear implants (16).

3.1 Dexamethasone

The problem in the literature is that some studies correctly report they have used
dexamethasone while others report they have used dexamethasone when they actually used
dexamethasone-phosphate. The two compounds are different substances, with different
pharmacokinetic properties in the ear, and are not equivalent. This presents a major problem
as the two substances are also unlikely to be equivalent in terms of patient outcome.
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The documentation of which drug was used in publications comes in many forms.

Many studies report that dexamethasone was used when it is clearly incorrect. If the stated
concentration exceeds the solubility limit for dexamethasone of about 90 pg/mL then
dexamethasone cannot have been used. Instead, the study must have used dexamethasone-
phosphate (17, 18, 19, 20).

Some studies correctly report the use of dexamethasone when they indeed used
dexamethasone (21, 22, 23). Some state in the title that dexamethasone was used but in the
abstract and the body of the paper confirm that dexamethasone-phosphate was used (8, 24).
Some state in the title and/or body of the paper that dexamethasone was used but detail in
the methods that dexamethasone-phosphate was used (25, 26).

Some appropriately state throughout the title and the body of the paper that dexamethasone-
phosphate was used (27, 28).

3.2 Methylprednisolone

The high solubility of all three forms, methylprednisolone, methylprednisolone-succinate
and methylprednisolone-hemisuccinate, makes it more difficult to ascertain which form of
the drug was actually applied. If given systemically this would be relatively unimportant as
methylprednisolone-succinate is rapidly metabolized (in rabbits) to methylprednisolone with
a half time of about 10 min (29).

A number of studies report the use of intratympanic methylprednisolone (30, 31). The actual
form applied in these studies carries a degree of uncertainty. Some reported the use of
methylprednisolone when the drug brand used (SoluMedrol) indicated the applied drug was
methylprednisolone-succinate (32). Others reported the use of methylprednisolone but
detailed in the methods that methylprednisolone-succinate was applied (25, 33).

Of further concern is that the carboxylesterases responsible for metabolizing the inactive
pro-drug methylprednisolone-succinate to the active form, methylprednisolone, are active in
the liver and possibly in plasma (2). To date there are no studies showing carboxylesterases
are active in the cochlea. The time course of metabolism of the succinate esters to active
methylprednisolone in the ear remains unknown.

3.3 Triamcinolone

There are a number of reports of the use of local triamcinolone-acetonide in the ear (34, 35,
36). Some reported the use of triamcinolone where the actual use of triamcinolone-acetonide
was detailed in the methods (26, 37). Others report the use of triamcinolone when the
recency of the publication make it more likely triamcinolone-acetonide was applied (20, 38).
This was confirmed by the authors for one of the studies (20).

4. Discussion

More than forty companies and numerous academic research groups are currently working
on the development on targeted inner ear therapeutics. Many substances will soon be
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entering the clinic in the form of phase | or I trials. We now appreciate that the exact
chemical composition of a substance used for local drug delivery to the inner ear is of
enormous importance with respect to its pharmacokinetics, its pharmacodynamics and, thus,
its efficacy in treating inner ear disorders. Minor changes in the drug molecule can make
huge differences in the physical properties which influence pharmacokinetics, undoubtedly
affecting the efficacy of the substance when applied to the ear. Published reports of steroid
use in the ear have become almost “chaotic” as a result of widespread imprecise
nomenclature. It is unacceptable for readers to be put in the position of guessing which drug
was actually applied. Such determinations will be error-prone.

This situation has arisen because different steroid forms are of lesser importance when
administered systemically, Nevertheless, with intratympanic and intracochlear applications
the use of different forms of the same steroid critically influences pharmacokinetics and
therefore will potentially affect the outcome for the patient. In none of the studies published
to date has the possibility of different outcomes with different forms of the same steroid
been considered or discussed. Adding further to the confusion, manufacturers have used the
same brand names to represent multiple forms of a given steroid (Decadron, Urbason,
Medrol, Volon, etc.). The naming of steroids reflects marketing decisions, where
dexamethasone and triamcinolone have closely-related structures yet different names are
used, while dexamethasone and dexamethasone-phosphate differ markedly in structure, yet
both are described as dexamethasone. Nevertheless, it is becoming increasingly important to
the intratympanic drug delivery field to use precise drug nomenclature for all substances
applied. A similar situation has been observed for controlled release drug delivery systems
for inner ear therapy. Méder et al. (39) raised the issue that the reporting quality is low and it
is often difficult to judge the results of published studies with drug delivery systems because
important information related to the delivery systems is missing.

5. Recommendations

i Publications should make it clear exactly which form of drug (the exact chemical
composition) was used in the study. This should apply to any drug applied, not
just steroids. There needs to be consensus on exactly how drugs should be
specified in publications. Is giving details only in the methods section
acceptable? Alternatively, should the full, complete drug name be used
throughout the publication, including the title? Are abbreviations and acronyms
acceptable?

ii. Manufacturers need to label their product clearly with the specific chemical
substance name, using uniform text size and color for the entire label.
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Figure 1:
A “boiled egg plot”, adapted from Daina & Zoete (5), relating lipophilicity (WLOGP) to

polar properties (TPSA) of molecules as calculated by the SwissADME website (4).
Different forms of steroids have markedly different physical properties which influence their
passage through membranous boundaries of the body. For intratympanic applications, these
properties affect both entry into the ear and elimination from the ear to the vasculature, both
of which involve passage through membranous cellular boundaries.
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Table 1:
Glucocorticoids applied intratympanically
Drug Example Brand Names Formula InChl Key
Weight (g/mol)

Dexamethasone Decadron (oral), Otividex (IT), OTO 392.467 UREBDLICKHMUKA-CXSFZGCWSA-N

104 (IT), OZURDEX (intravitreal)
Dexamethasone-phosphate Decadron (1V), Fortecortin (1V) 472.446 VQODGRNSFPNSQE-CXSFZGCWSA-N
Methylprednisolone Medrol, Urbason 374.477 VHRSUDSXCMQTMA-PJHHCILFSA-N
Methylprednisolone-succinate Solu-Medrol, Urbason-Solubile 496.532 FQISKWAFAHGMGT-SGJOWKDISA-M
Methylprednisolone- Solu-Medrol, Urbason-Solubile 474.55 IMBXEJJVIRTNOW-XYMSELFBSA-N
hemisuccinate
Triamcinolone (No IV formulation available) 394.439 GFNANZIMVAIWHM-OBYCQNJPSA-N
Triamcinolone-acetonide Kenalog, Volon A crystal suspension, 434.504 YNDXUCZADRHECN-JNQJZLCISA-N

Triamgalen (lotion/creme/ointment)
Triamcinolone acetonide 21- Volon A Solubile 5145 NXLTXRVPGUCAHF-INQJZLCISA-N
dihydrogen phosphate
Prednisolone Orapred, Decortin H 360.45 OIGNJSKKLXVSLS-VWUMJIDOOSA-N
Prednisolone 21-hemisuccinate Solu-Decortin H, 4825 FKKAEMQFOIDZNY-CODXZCKSSA-M
Prednisolone-succinate Prednisolut (1V) 460.5 APGDTXUMTIZLCJ-UHFFFAOYSA-N

Different forms of steroids for four base forms (shaded gray). Modified forms of the drugs (unshaded) typically have higher formula weights than
the base form. All have a unique InChl (International Chemical identifier). Data were obtained from the PubChem website (https://

pubchem.ncbi.nim.nih.gov).
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