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Abstract
Noise-induced hearing loss (NIHL) is a significant clinical, social, and economic issue. The
development of novel therapeutic agents to reduce NIHL will potentially benefit multiple very
large noise-exposed populations. Oxidative stress has been identified as a significant contributor to
noise-induced sensory cell death and noise-induced hearing loss, and several antioxidant strategies
have now been suggested for potential translation to human subjects. One such strategy is a
combination of beta-carotene, vitamins C and E, and magnesium, which has shown promise for
protection against NIHL in rodent models, and is being evaluated in a series of international
human clinical trials using temporary (military gunfire, audio player use) and permanent
(stamping factory, military airbase) threshold shift models (NCT00808470). The noise exposures
used in the recently completed Swedish military gunfire study described in this report did not, on
average, result in measurable changes in auditory function using conventional pure-tone
thresholds and distortion product otoacoustic emission (DPOAE) amplitudes as metrics. However,
analysis of the plasma samples confirmed significant elevations in the bloodstream 2 hours after
oral consumption of active clinical supplies, indicating the dose is realistic. The plasma outcomes
are encouraging, but clinical acceptance of any novel therapeutic critically depends on
demonstration that the agent reduces noise-induced threshold shift in randomized, placebo-
controlled, prospective human clinical trials. Although this noise insult did not induce hearing
loss, the trial design and study protocol can be applied to other populations exposed to different
noise insults.
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Introduction
Recent years have brought a significantly improved understanding of biochemical events
occurring in the inner ear during and after noise insult. These biochemical events can be
driven by oxidative stress and/or activation of cell death receptors. Identification of
oxidative stress with noise and improved knowledge as to how cells die has been
particularly significant for the development of novel antioxidant strategies to reduce noise-
induced hearing loss (NIHL) [for recent reviews, see 1, 2].

Synergistic protective effects of a combination of β-carotene, ascorbic acid, Trolox® (a
water soluble analogue of vitamin E), and Mg were explicitly shown in the inner ear by Le
Prell et al. [3], in guinea pigs. Similar (but smaller) levels of protection using a combination
of vitamins and Mg was recently reported by Tamir et al. [4], in mice. Data presented in
other recent reports include dose-dependent reductions in permanent threshold shift (PTS) in
mice maintained on nutrient-enhanced diets [5], and reductions in temporary thresholds shift
(TTS) in guinea pigs [6]. Of particular interest, plasma levels achieved during dosing that
resulted in effective protection in the guinea pig have been established [6], and these serve
as a guide to potential target levels for translation to human use.

Here, we describe the first efforts to evaluate the combination of β-carotene, vitamins C and
E, and Mg, for potential protection against NIHL in human subjects; the subject population
was Swedish military personnel exposed to impulse noise during weapons training. The
Swedish military has had an active hearing conservation program for the past 30 years, and
has monitored the rate of hearing loss in 18-year old military conscripts as well as the
development of hearing loss during military service for most of that time [7–12].

Materials and Methods
In the current study, we used conventional pure-tone audiometry (the clinical gold standard)
and distortion product otoacoustic emission amplitude (DPOAE) measurements, which
provide a sensitive and objective measure of outer hair cell (OHC) function [13, 14], to
measure noise-induced changes in Swedish military personnel undergoing weapons training.
Detailed procedures follow. Psycoacoustic modulation transfer function (PMTF) tests,
which reflect the ability of the ear to follow the amplitude modulation [15, 16], were
conducted on the first ten subjects tested; these tests are not described further given the
small number of subjects tested.

Subjects
All protocols and procedures were approved by the Swedish Ethical Review Committee and
the Investigational Review Board (IRB) at the University of Michigan (IRBMED), and all
data were collected under the supervision of an NIH-selected Data Safety Monitoring Board.
Additional approval was provided by the University of Florida IRB-01, where analysis of
the de-identified DPOAE data was performed. Thirty-one individuals served as subjects,
including officers in the Swedish military serving at Södra skånska regementet (n=10;
age=29.6+/−3.1 years) and Swedish military academy trainees serving at Karlberg (n=21;
age=23.3+/− 3.2 years). Demographic information of all subjects is provided in Table 1.

Advertisements posted on the military base invited normally hearing subjects to participate
in a study of temporary changes in hearing after military-mandated weapons training
exercises. After providing informed consent, all participants completed questionnaires
regarding their health and noise exposure histories. Volunteers reporting a history of
gastrointestinal disturbances (loose stools, frequent diarrhea, recurrent nausea/vomiting),
neurological disturbances (seizures, frequent severe headaches, stroke, fainting spells,
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disorientation), hematological disorders (problems stopping bleeding), or auditory/vestibular
disorders (ear ache, ear drainage, ear infection, dizziness/vertigo) were not eligible to
participate in this study. Hearing tests were conducted to confirm eligibility to participate.
Eligibility criteria included normal audiologic assessment defined as 1) symmetric hearing
with air conduction thresholds no worse than 25 dB HL at tested frequencies from 0.25 – 8
kHz; 2) threshold asymmetry ≤ 15 dB at all test frequencies; 3) ipsilateral reflex intact at 1
kHz at 100 dB HL; and 4) normal Type A tympanograms bilaterally, defined as a range of
−140 to +40 daPa based on the 90% range for adults [17]. Two subjects were included by
the study site team despite unilateral single-frequency deficits outside the 25 dB HL criteria.
These protocol violations were reported to the DSMB and the supervising IRBs.

Treatments
Micronutrient treatment was a combination of β-carotene (18 mg), vitamin C (500 mg
ascorbic acid), vitamin E (305 mg α-tocopherol acetate), and Mg (1949 mg magnesium
citrate). The placebo pills were inactive tablets identical in appearance to the micronutrient
pill. All pills were manufactured by the Chao Center (Purdue University, Lafayette, Indiana)
using good manufacturing practices, and active agent concentration and stability were
confirmed using analytic techniques performed by the contract manufacturer. The above
doses were the full daily dose and 6 pills/day were required to be consumed in order to
achieve a full daily dose (delivered as 3 pills twice daily, see overview, above).

Design Overview
Subjects were randomized to one of the two treatment conditions (placebo or nutrients), and
assigned a study date for “Arm 1”. Each arm of the study included a single weapons training
exercise. After completing all Arm 1 study procedures, there was a washout period (ranging
from 1–2 months in duration), and then subjects entered “Arm 2” during which the treatment
was reversed but all other procedures were held constant. This was a double-blind study
with treatment condition masked for both participants and study team members. The design
of the trial was a cross-over design; as illustrated in Figure 1, half of the subjects received
placebo first (in Arm 1), and the rest received active agents first (in Arm 1). This design is
similar to that used in a recent cross-over study evaluating use of NAC by steel workers in
Taiwan [18]. The study procedures repeated within each study arm are listed in order in
Table 2; detailed descriptions follow.

Assessment Protocols
Questionnaires: The Hearing Survey and the Tinnitus Survey used for screening the current
subjects were identical to those recently used in other studies[see Appendices A and B in
19]. These questionnaires were completed after subjects provided informed consent and
after the medical history was completed.

Facilities: Military officers were consented and assessed at Södra skånska regementet, P7;
military trainees were consented and assessed at Karlberg. Audiometric tests were
conducted in a quiet room in a house approximately 100 m from the bunker where the
shooting is conducted. Shooting took place during discrete periods of time, and audiometric
testing was not conducted during those times. Background noise was monitored with a data-
logging noise-dosimeter. Ambient noise levels did not exceed allowable levels (per ANSI
S3.1-1999) during testing.

Otoscopy: Visual examination of the ear canal and tympanic membrane was conducted to
ensure normal anatomy and no presence of obstructive debris.

Le Prell et al. Page 3

Noise Health. Author manuscript; available in PMC 2013 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tympanometry: Tympanometric measures were collected using a GSI 38 immittance
measurement device that was in compliance with ANSI S3.39 and IEC 601-1 criteria.
Normal middle ear function was defined by Type A 226 Hz tympanograms bilaterally with a
pressure peak within the region of −140 to +40 daPa based on the 90% range for adults [see
17].

Stapedius Reflex Assessment: Ipsilateral stapedius reflex testing was conducted at 1 kHz at
100 dB HL. All of the subjects had a stapedius reflex under these stimulus conditions.

Pure-Tone Audiometry: Pure-tone threshold measurements were conducted using GSI 61
diagnostic audiometers with 3A insert earphones; audiometers were professionally
calibrated according to ANSI 3.6 1996 prior to the start of the trials at both study sites and
they were checked biologically each day. Pure-tone air conduction thresholds were obtained
using a modified Hughson-Westlake procedure for test frequencies of 0.25-, 0.5-, 1-, 2-, 3-,
4-, 6-, and 8-kHz [20]; left ears were always tested first. Modifications were as follows: 1)
initial descent towards threshold was accomplished in 10-dB steps; 2) beginning with the
first non-response, levels were increased by 2 dB for each non-response, and decreased by 4
dB after each correct detection response; and 3) threshold was defined as the lowest level at
which two responses were obtained out of three presentations on an ascending run.
Responses were evaluated for reliability using repeat testing at 2- and 8-kHz in each ear, and
the absolute difference between test and retest thresholds was required to be ≤ 5 dB during
the baseline tests.

Distortion Product Otoacoustic Emissions (DPOAEs): DPOAE testing was conducted
using Tucker-Davis System III hardware controlled by custom software developed at the
Karolinska Institutet, in combination with an Etymotic Research microphone-earphone
assembly (ER 10C) (Södra skånska), or using the Mimosa HearID system (Karlberg). In
both cases, the closed, calibrated probe assembly was coupled to the subject’s ear by a foam
ear tip. All software acquired, averaged, extracted and stored desired DPOAE response
amplitude and noise floor data. All instruments were calibrated prior to the onset of the
studies. DPOAE responses were acquired from both ears of subjects (left, then right) using
two simultaneously-presented ‘primary’ tones, with frequencies f1 and f2 (f2/f1 = 1.2), and
levels L1 and L2 (with L2=L1-10 dB). To facilitate comparisons with audiometric
thresholds, f2 frequencies (2, 3, 4, 6, and 8 kHz) matched the audiometric test frequencies.
To minimize the potential for bias due to measurement-based stopping, a simplified stopping
rule was used; all tests were averaged over 10 seconds as in Goldman et al. [21]. There were
no effects of noise on the DPOAE responses at any test frequency, at any test time; those
data are not presented or discussed.

Noise Exposure: During the shooting session, two rounds of ammunition (20 shots/round)
were fired from an automatic machine-gun (Ksp-58) in a bunker over a period lasting less
than 1 minute. Two people were in the bunker at the same time for each exercise: the right-
handed shooter and a companion on his/her right side, with the weapon situated between
them. Standard hearing protectors were worn by all participants during shooting exercises. It
was not possible to collect sound level measurements during the shooting exercises at these
bases; however, sound levels during firing of these machine gun weapons have been
measured previously and peak exposures of 156 dB SPL were reported [12]. Other
(unpublished) measurements of free-field sound levels during firing of this weapon were
slightly higher (164–166 dB SPL), with measurements of 135–154 dB SPL in the ear canal
under the hearing protectors [22].
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Blood Sampling and Analysis: For nine of the ten subjects tested at the Södra skånska
regementet, P7, site, blood samples were taken by standard venipuncture 1-day prior to the
first treatment and 2 hours after the fourth, final, treatment. Because this was a cross-over
study, each subject contributed a total of 4 blood samples. The tenth subject did not have
readily accessible veins. It was not logistically possible to collect blood samples from
subjects tested at the Karlberg site. Blood (8 ml) was collected in a lithium heparin coated
Vacutainer® (green top BD# 367964) and after proper mixing (gentle inversion 8–10×),
samples were centrifuged (1000–1300 RPM for 10–15 min). Plasma (0.5 ml) was withdrawn
and placed in a clean tube (e.g., 1.5 mL Eppendorf centrifuge tube). Plasma was
immediately mixed with an equal volume of 10% meta-phosphoric acid and mixed, prior to
freezing at −70°C. The 10% meta-phosphoric acid solution was prepared fresh daily by
dissolving meta-phosphoric acid (solid, Sigma #04103-250G) crystals in water at a 1:10
ratio. Remaining plasma was transferred to a clean tube, labeled, then wrapped in aluminum
foil and frozen at −70°C. The coded samples were shipped by overnight express on dry ice
to KAR Bioanalytics (Kalamazoo, MI) where plasma samples were prepared and analyzed
as follows.

Vitamin C: Plasma samples were stabilized with metaphosphoric acid and further preserved
with additional acetic acid and dithiothreitol (DTT). A calibration curve spiked with vitamin
C was prepared so that a linear range of detection of 1.00 to 50.0 µg/mL for a 200 µL sample
of stabilized plasma was achieved. Components were separated using an HPLC System
(Waters 2695; Waters Corporation; Milford, MA) and analyzed using a Luna 5 µ C18, 250 ×
4.6 mm (phenomenex) column. Waters Millennium software was used in conjunction with
Watson software to back-calculate concentration of ascorbic acid in extraction solvent from
the peak area based on a standard curve using a linear regression equation where y=mx+b
(y=peak area, m=slope, x=concentration, b=y intercept).

Vitamin E and β-carotene: A calibration curve spiked with vitamin E and β-carotene was
prepared so that a linear range of detection of 0.800 µg/mL to 40.0 µg/mL for vitamin E, and
0.0250 µg/mL to 10.0 µg/mL for β-carotene, was achieved. This method utilized liquid/
liquid extraction with hexane and an internal standard of vitamin E acetate. Plasma was
treated with a 10% sodium chloride / 10% ascorbic acid solution and the resulting
supernatant was extracted with hexane. The organic phase was evaporated under N2 in a
heated water bath and the residue reconstituted in ethanol. Components were separated using
an HPLC System (Waters 2695; Waters Corporation; Milford, MA) and Waters 2784 Dual
Wavelength UV detector (multiple wavelengths 325, 292, and 450 nm). Millennium
software was used in conjunction with Watson LIMS to directly back-calculate
concentrations from the peak area ratios based on a calibration curve. A linear fit with 1/x2
weighting was used for the regression analysis.

Magnesium: For initial calibration, serial dilution of a Mg standard was performed in 0.125
N hydrochloric acid with a range of 0.050 µg/mL to 1.30 µg/mL (ppm) with 0.01%
lanthanum. Test samples (50 µL) were then diluted into the curve range using 0.125 N HCl
and 0.01% lanthanum, then analyzed by atomic absorption spectrometry (Varian SpectraAA
20 Plus with Hollow Cathode Lamp (Mg): Agilent Technologies, Inc.; Wilmington, DE).
Data were transcribed into Excel software used in conjunction with Watson LIMS to capture
and directly back-calculate concentrations from the absorbance readings based on an eight
point calibration curve. A quadratic fit with no weighting was used for the regression
analysis.
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Statistical Analysis
The primary DSMB-approved study outcome was the greatest audiometric threshold shift at
3, 4, or 6 kHz in either ear. Secondary outcome measures included 1) thresholds at
individual frequencies, 2) DPOAE amplitude measurements, 3) PMTF thresholds, and 4)
tinnitus measures. Primary and secondary analyses were carried out using repeated measures
analyses of variance (ANOVA) models as implemented by PROC MIXED in SAS (SAS/
STAT User’s Guide, version 8, p. 2083). Each outcome measure was observed in each
subject before and after noise exposure in both the experimental and placebo conditions. The
interaction effect involving these two “within subjects” factors (i.e., treatment/control and
pre/post) was used to test the null hypothesis that the threshold shifts in the nutrient and
placebo conditions are not distinguishable.

Results
Adverse Events

Subjects were asked if they had, “any kind of untoward experience, including an illness or
other physical event, in the past 24 hours, whether they think it is study related or not,”
during the pre-2 tests (after they had consumed 3 of the 4 half doses) and during the post-4
tests (24 hours after completing the treatments). One subject (1070) reported mild stomach
upset during pre2 tests (i.e., after consuming 3 of the 4 doses), in both the placebo arm and
the treatment arm of the study. Three additional subjects reported mild stomach upset 24
hours after completing the treatments (post-4) during Arm 1 only. Two of these subjects
consumed placebo pills during Arm 1 (1065, 1069) and the third subject consumed nutrients
(1068). Taken together, 3 of 31 subjects reported mild stomach upset during or after the
placebo treatments, and 2 of 31 subjects reported mild stomach upset during or after the
nutrient treatments. One additional subject reported a cough/cold during the placebo
condition (1001).

Plasma Levels
All subjects consumed all four doses of the clinical supplies over each two day study arm
period, with two half doses taken twice daily. Sixteen subjects received placebo first, and the
other fifteen subjects received active agents first; all subjects participated in both treatment
conditions in this cross-over design study. As shown in Figure 2, plasma levels for β-
carotene (2A), vitamin C (2C), and vitamin E (2E), were increased two hours after the final
treatment when subjects received the active treatments. However, Mg levels were not
reliably increased (not shown). There was no reliable change in plasma levels of the
vitamins measured after consumption of placebo pills (2B, 2D, 2F); the levels measured
after consuming placebo pills approximate the two baseline measures, taken prior to
consuming each set of pills. As observed with active pills, there was no increase in plasma
Mg (not shown).

Pre-1 Test Outcomes: Age/Experience Effects
Small (≤ 5 dB) but statistically significant differences in threshold sensitivity were observed
at a few frequencies when recruits were compared to officers (not shown). For the left ear,
statistically reliable group differences were observed at 6 kHz (t=3.11, DF=29, p=0.004),
with recruits having better hearing than officers. After adjusting for unequal variances at 4
kHz using Satterthwaite corrections, there was a trend in which recruits also had lower
(better) thresholds at 4 kHz as well (t=1.84, DF=11, p=0.09). For the right ear, statistically
significant group differences were observed at 0.5 and 1 kHz, with recruits having lower
(better) thresholds than officers (0.5 kHz: t=2.30, DF=29, p=0.03; 1 kHz: t=2.98, DF=29,
p=0.006). There was a trend in which recruits had lower (better) thresholds at 8 kHz (t=2.00,
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DF=11.6, p=0.07) after adjusting for unequal variances using Satterthwaite corrections. In
contrast, OAE amplitude did not vary for officers and recruits (not shown). Given that group
differences were small, and limited to a subset of the pure-tone test frequencies, data from
recruits and officers were combined for subsequent analyses.

Pre-2 Outcomes: No Effects of Treatment on Baseline Measurements
There was no effect of this nutrient regimen on baseline (pre-noise) measures of sensitivity.
There were no differences between Pre-1 (pre-treatment, pre-noise) and Pre-2 (pre-noise,
after three of four half doses were consumed) pure-tone thresholds regardless of whether
comparisons were within the placebo or the nutrient condition (all p’s > 0.05) (see Figure 3).
OAE amplitude similarly did not vary as a function of treatment condition (placebo vs
nutrients; not shown).

Conventional Audiometry: No Effects of Shooting on Baseline Thresholds
There was no reliable effect of the shooting exercises on hearing thresholds in either the
placebo or the nutrient condition at any post-shooting test time, using either the single
frequency change data (for average change +/− S.D., see Figure 4), or the maximum change
at 3, 4, or 6 kHz in either ear (not shown). Evaluating median change instead of average
change similarly failed to produce any evidence for TTS (not shown). In other words, TTS
was not reliably induced by this noise insult regardless of treatment condition, regardless of
the metric used to define TTS. With no overall effect of noise on threshold sensitivity, there
was no opportunity to measure protection against TTS as a function of treatment.

Within-Subject Comparisons of the “Most Vulnerable” Subjects
Data from the most vulnerable subjects are encouraging with respect to the potential that
group differences may emerge in future studies, given a more robust noise stress that
induces a reliable TTS. We compared TTS in the two treatment conditions (placebo vs
nutrient) for the subset of the subjects that were most vulnerable to noise, using the power of
the within-subject crossover design. Six of 31 subjects had a threshold shift of 8 dB or more
for the “primary outcome measure” (maximum change at 3, 4, or 6 kHz 15 min post-
exposure in either ear; TTS Max15) in the placebo condition (see Table 2). The two subjects
with the greatest vulnerability (>10 dB TTS in the placebo condition) both had 12 dB less
TTS in the treated condition compared to the placebo condition (subjects 1002, 1058). When
we considered subjects with less robust change (8 dB TTS in the placebo condition), 3 of the
4 subjects (subjects 1007, 1057, 1062) had 2–4 dB smaller changes in the treated condition
than in the placebo condition. The other subject with 8 dB TTS (subject 1010) had the same
TTS in both the placebo and treated conditions. Thus, in 5 of 6 cases, the TTS was smaller
with the nutrients than it was with the placebo, but 3 of the 5 cases showed a difference of 4
dB or less, while the other two showed a difference of 12 dB. In the sixth case, TTS was
equivalent in the two treatment conditions.

Tinnitus
Tinnitus was only sporadically reported. There were 5 reports of post-exposure tinnitus from
3 subjects, with 2 subjects reporting tinnitus after each exposure. One subject reported
tinnitus in the nutrient condition but not the placebo condition (subject 1051). One subject
reported louder (but not more bothersome) tinnitus in the placebo condition compared to the
nutrient condition (subject 1065). The third subject reported equivalent tinnitus in the
nutrient and placebo conditions (subject 1069). All reports of post-noise tinnitus were
submitted by academy recruits; none of the officers reported tinnitus at any test time.
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Discussion
This report describes a human clinical trial to evaluate potential protection against
temporary changes in hearing induced by military weapons training, using a nutrient
therapy. No reliable noise-induced threshold shift was measured in either the placebo
condition or the nutrient condition in the subjects tested in this study, and no noise-induced
changes were observed in any of the secondary functional test metrics. Thus no conclusions
on the potential for protection of the human ear were possible. Nonetheless, the results are of
value as a reliable elevation in vitamin plasma levels was measured, and a small subset of
noise ‘susceptible’ individuals showed smaller changes during the active agent treatments
than were measured in the same subjects in the placebo arm of the study. While
encouraging, the demonstration of group differences in future studies is essential for this
combination of agents, or, any agent of interest for potential protection of the human inner
ear.

Importantly, we present here a detailed double-blind protocol and an IRB-approved
experimental design that may be useful to guide future studies, with the important caveat
that more robust noise models are needed. The ethical challenges in designing and
conducting human trials, without putting research subjects at risk of permanent damage to
their own hearing, are clear. The strategy used here was to draw upon a military population
that undergoes weapons training that was expected to exceed the limits of conventional
hearing protection. Thus, all subjects were guaranteed protection using the same, traditional
mechanical devices (ear plugs, ear muffs) that anyone NOT participating in the study would
use. Although an earlier (unpublished) study revealed measurable TTS in soldiers
participating in similar urban combat training exercises [22], there was no evidence for
significant noise-induced changes in function using any of the metrics employed in this
study.

It is possible that conventional hearing protection devices, which were required to be used,
were used more effectively by subjects participating in the current study given increased
attention to hearing outcomes as a consequence of study participation. Such effects are well-
known, and are termed the Hawthorne effect; the concept is that subject behavior can be
modified simply by the subjects’ knowledge that they are participating in an experiment. It
is of course also possible that the hearing protection devices and/or the hearing conservation
training program in use now is more effective than the devices and/or training protocols in
use at the time of the earlier study. The Swedish military routinely updates its hearing
conservation program as new devices are available for adoption.

Given the lack of noise-induced change in each of the measures tested, it was not possible to
determine whether the nutrients had beneficial effects with respect to protection against
NIHL. However, it is well known that there is significant variation across individuals with
respect to vulnerability to noise insult, with data coming from both animal models [see 23
for data from guinea pigs], and humans [see, for example, 24, 25, 26]. Indeed, variability in
threshold shift after music exposure was almost 30 dB across subjects [27], and variability in
threshold shift after impulse noise was approximately 40 dB across subjects [28]. In those
earlier studies with heterogeneous subject populations, it is possible that unidentified
individual differences in dietary nutrient intake could have influenced individual
vulnerability; such a finding would be consistent with emerging epidemiological evidence
that dietary nutrient intake is correlated with hearing outcomes in humans [29–31]. The
observation that a subset of the most vulnerable subjects tended to have less TTS in the
nutrient condition than in the placebo condition in this study is intriguing, but will need to be
substantiated by additional study. Specifically, although there appeared to be a benefit to
taking the nutrients in 5 of the 6 cases in which TTS reached or exceeded 8 dB in the
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placebo condition, the fact that the other 25 cases had small TTS (<8 dB in the placebo
condition) and no seeming benefit of the nutrients makes that interpretation suspect. Taken
together, the reliability of these effects must be confirmed in other populations with more
robust, and more reliable, TTS, given that the majority of the subjects had no change in
thresholds in either condition.

Although the study did not provide robust efficacy data, critical new information on changes
in vitamin plasma level was obtained in this study. The vitamin dose parameters used here
were largely modeled after the Age-Related Eye Disease study (AREDS)[32]. The
vitamintreated subjects in that study received 500 mg vitamin C, 400 IU vitamin E, and 15
mg betacarotene. This long-term study (average follow-up: 6.3 years) provides important
safety data for long-term use of vitamin agents, and provides data that vitamins (in
combination with zinc) have an important protective role for a visual sensory disorder [33].
Plasma levels measured in other studies are reported below using the units specified in the
original report, with conversions to a single consistent unit of measurement (µg/mL)
following in parentheses to facilitate comparisons across studies.

β-carotene
In the Swedish military officers, baseline levels of plasma β-carotene ranged from 0.23 µg/
mL (Fig 2A) to 0.28 µg/mL (Fig 2B), values which are consistent with the baseline β-
carotene levels of 25–28 µg/dL (0.25–0.28 µg/mL) measured in the AREDS study [33, 34].
Plasma β-carotene levels roughly doubled with the two day treatments used here; in contrast,
the AREDS report describes an average change of 482% increase in median plasma levels
after 1-year of daily vitamin use (15 mg/day β-carotene) [33, 34]. Taken together, our data
confirm rapid increases in plasma β-carotene levels after 2 days of vitamin dosing, and long-
term data from the AREDS study suggests plasma concentrations have the potential for
greater increase with longer term treatments. It should be noted that use of high-level β-
carotene supplements (20–30 mg/day) is now contra-indicated for those with a significant
history of tobacco use [for recent review, see 35]. Otherwise, it is generally regarded as safe.
Target plasma levels for protection of the inner ear are unknown [see 6].

Vitamin C
In the Swedish military officers, baseline levels of plasma vitamin C ranged from 5.4 µg/mL
(Fig 2D) to 6.0 µg/mL (Fig 2C). These baseline values were a bit lower than those measured
in other human studies, which report normal (unsupplemented) vitamin C levels ranging
from 0.8 mg/dL (8 µg/mL) [36] to 1.4 mg/dL (14 µg/mL) [37–39]. In the AREDS subjects,
baseline vitamin C levels in plasma were 1.1 mg/dL (11 µg/mL) [33, 34]. Vitamin C plasma
levels in the current military subject population increased by approximately 60% after the
two day treatments used here (to 9.6±2.2 µg/mL, Fig 2C).

Given suggestions that plasma levels in the range of 1.6–2.5 mg/dL (16–25 µg/mL) are one
potential target level for translation to human use [6], treatments lasting longer than two-
days may ultimately be more likely to provide benefits in humans as plasma levels clearly
increase with duration of dosing. Single-subject examples presented in two earlier reports
showed stable vitamin C plateaus after 25–35 days of daily dosing [40, 41]. These longer-
term vitamin C supplements (400 gram/day or greater) have achieved plasma levels ≥ 2.0
mg/dL (20 µg/mL) in human subjects[42–44]; such levels are within the target range
suggested by Le Prell et al. [6]. As noted in that report, lower dose supplements such as
those found in many daily multi-vitamins may not be effective for increasing plasma levels
into the suggested vitamin C target range (i.e., 16–25 µg/mL). In a long-term (8 year) study
examining daily Centrum multi-vitamin use, daily intake of the multi-vitamin containing 60
mg ascorbic acid resulted in vitamin C plasma levels that increased only minimally, from

Le Prell et al. Page 9

Noise Health. Author manuscript; available in PMC 2013 September 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



~45 µMol/L to ~60 µMol/L (e.g., ~0.8 mg/dL to 1.0 mg/dL; or 8 µg/mL to 10 µg/mL) [45].
A second study also using a 60 mg/day ascorbic acid supplement resulted in a similarly
small increase in plasma levels, from 1.1 mg/dL to 1.4 mg/dL (11 µg/mL to 14 µg/mL) [42].
It is well known that peak vitamin C plasma levels increase with increasing vitamin C dose
in human subjects [40, 41, 46].

Vitamin E
Baseline levels of plasma vitamin E were low in the Swedish military officers, ranging from
11.6 µg/mL (Fig 2F) to 11.9 µg/mL (Fig 2E). Vitamin E plasma levels in the current military
subject population increased by approximately 60% over the two day treatments used here
(to 18.3±5.7 µg/mL, see Fig 2E). Even with supplements, the plasma levels were low
compared to those measured in other human populations. In other supplement studies, serum
levels increased from baselines of 8.4 mg/dL (84 µg/mL) to 20.7 mg/dL (207 µg/mL) in
subjects taking 200 IU/day vitamin E for 8 weeks, and they increased from baselines of 8.9
mg/dL (89 µg/mL) to 52.8 mg/dL (528 µg/mL) in those taking 2000 IU/day for 8 weeks
[47]. Maximum levels appear to be reached approximately 4 weeks after onset of daily
treatment [48]. It is not clear why vitamin E levels in plasma were low in the military
personnel relative to other similarly healthy populations, and it would have been helpful to
have additional information on normal dietary nutrient intake. Several Food Frequency
Questionnaires (FFQ) have been designed to capture individuals’ usual dietary intake,
typically by asking the respondent to report their frequency of consumption of a list of foods
over a specific period of time [49]. In future investigations, it will be important to assess not
only dietary nutrient intake using FFQs, but also perhaps patterns of activity, including
routine exercise. Exercise has the potential to influence the absorption of vitamins and other
nutrients; for example, exercise mobilizes vitamin E and increases circulating plasma levels
[50].

Magnesium
Mg levels did not change in the Swedish military officer samples, which could perhaps be a
consequence of the technical challenges associated with Mg measurement. There is little
consensus on the optimal strategy for Mg measurement, as plasma Mg is not sensitive to
subtle change and may not reflect whole body Mg stores [51–53]. Erythrocyte or monocyte
levels may have been more sensitive metrics [see 54 for discussion of challenges associated
with each assay]; these measures should be considered as part of future investigations. Mg
supplements have a variety of health benefits in humans, including reductions in NIHL [55–
57]. In those studies, Mg doses were 167 mg Mg aspartate (delivered orally). The dose used
here was 315 mg/day. At much higher levels, Mg can act as a laxative. Over-the-counter
(OTC) Mg-based laxatives typically include 2400–4800 mg oral magnesium hydroxide
(MgOH2,). Doses that do not exceed the UL should not cause adverse GI outcomes in most
healthy adult populations. In this study, 3 of 31 subjects reported mild stomach upset during
or after the placebo treatments, and 2 of 31 subjects reported mild stomach upset during or
after the nutrient treatments; thus adverse GI outcomes were not detected at a higher rate
with nutrients than with placebo.

Summary
There were no consistent changes in any measure of sensitivity during shooting exercises
conducted during two different treatment conditions (placebo, nutrients). It was therefore not
possible to determine whether the nutrient treatment was beneficial with respect to
preserving auditory function. The current data do, however, provide important new evidence
documenting nutrient plasma level changes achieved with two-day dosing in human
subjects. These plasma levels provide evidence that short-term (two-day) dosing with a
nutrient combination elevates vitamin levels in the bloodstream. Mg levels in the plasma did
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not increase, which may reflect technical hurdles previously identified by others. Taken
together, this study demonstrates significant plasma level changes for the vitamins, provides
a highly powered within-subjects crossover design, and it highlights the sometimes
uncontrollable factors encountered in translational research studies, including, in this case, a
noise trauma that was inadequate to induce robust TTS in the military subject population.
Similar issues have been encountered in other studies, with one report indicating that only
30% of subjects in another military study experienced measurable hearing loss after
shooting exercises [see 58; as of the time this article was prepared, those data have not
appeared in the peer-reviewed literature].

It is critically important that trial designs and outcomes be published regardless of the
success of the agent in providing protection, such that those study designs that are not
successful are not repeated by others. With respect to TTS studies, laboratory-based studies
using music to induce TTS have been proposed [59] and preliminary data on the reliability
of TTS across subjects has been presented at several scientific meetings [60, 61]. Selection
of sound levels will be critically important; not all investigator-selected exposure paradigms
have induced TTS [62–64]. Equivalent laboratory-based test paradigms using gunshot-like
digital noise signals presented during electronic game play are being developed in ongoing
laboratory-based studies. Indeed, the use of antioxidants to reduce or prevent NIHL is of
broad interest, with multiple groups soon to be initiating, or already conducting, clinical
trials on prevention of NIHL [i.e., 65, 66, 67, 68, see also NCT00552786, NCT00802425].
The ongoing translation of these agents from animal models to human trials provides a
compelling rationale for continued development of controlled paradigms for investigations
into the use of these and other antioxidant agents.
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Figure 1.
Subjects were randomly assigned to one of the two study arms, distinguished by the order of
the placebo and micronutrient tests. Subjects later crossed into the other arm of the study
and participated in the opposite test condition. Treatment condition was masked; neither the
participants nor the study team knew which treatment was delivered in each arm.
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Figure 2.
Subjects received blood draws prior to initiating treatment, and 2 hours after consuming the
fourth and final treatment. Subjects received active agents (β-carotene, vitamins C and E,
and Mg) in one arm of the study, and inactive (placebo) agents in the other arm of the study.
Treatment order was randomly assigned, and treatment condition was masked to both the
participants and the study team. All plasma analysis was contracted to a professional service
provider: KAR Bioanalytics.
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Figure 3.
Pre-2 pre-shooting thresholds, measured after 2 days of treatment with either placebo or
nutrients, were not reliably different when placebo-treated condition thresholds were
compared to nutrient-treated condition thresholds for all subjects. All data are Mean ± S.D.
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Figure 4.
Threshold shift measured 15 min post-shooting is plotted; the dashed line indicates no
change from Pre-2 baseline. There was no reliable effect of noise on threshold sensitivity,
and no group difference between placebo- and nutrient- condition. All data are Mean ± S.D.
Outcomes were unchanged when Median data were analyzed.
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Table 1

Demographic, Behavioral, and Medical History Data Obtained Before Randomization

Variable Södra skånska
regementet (n=10

officers)

Karlberg(n=21
academy
trainees)

N=31
(combined)

P-value

Demographic or Behavioral Variables

Age (years) 29.6 (3.13) 23.3 (3.2) 25.4 (4.3) <0.0001

Sex (% Male) 90.0% 85.7% 87.1% 1.0

Current Smoker (% Yes) 10.0% 9.5% 9.7% 1.0

Exposure of loud sounds
In Leisure Time (% Yes)

50.0% 23.8% 31.0% 0.21

Exposure to Loud Music
(% Yes)

37.5% 66.7% 58.6% 0.21

Accidental Exposure to
Loud Impulse Noise (%
Yes)

60.0% 23.8% 35.5% 0.10

Medical History Variables

History of Loose Stools
(% Yes)

0% 0% 0% NA

History of Diarrhea (%
Yes)

0% 0% 0% NA

Current Steroid Use (%
Yes)

0% 0% 0% NA

History of Tinnitus after
Noise exposure (% Yes)

70.0% 71.4% 71.0% 1.0

Experience of Hearing
Loss (% Yes)

20.0% 10.0% 13.0% 0.30

History of Ear Infections
(% Yes)

44.4% 33.3% 37.0% 0.68

Mean (S.D) or Percentage are presented as appropriate. P-value for age is from a two-sample t-test; all other p-values are from Fisher exact tests.
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Table 2

Study Procedures Repeated Within Each Treatment Condition

Södra skånska
regementet

Karlberg

Screening*
*conducted once per subject
to determine eligibility; not
repeated within each
treatment

Informed Consent xx xx

Medical Questionnaires xx xx

Otoscopy xx xx

Tympanometry xx xx

Stapedius Reflex xx xx

Pure-tone Audiometry xx xx

Randomization
(Masked)

xx xx

One day prior to the
shooting exercises; “Pre-1”

Questionnaires xx xx

Blood sample xx --

Pure-tone Audiometry xx xx

DPOAE tests xx xx

PMTF tests xx --

Treatment #1 (1/2 dose) xx xx

Treatment #2 (1/2 dose) xx xx

Day of the shooting
exercises, pre-noise; “Pre-2”

Treatment #3 (1/2 dose) xx xx

Questionnaires xx xx

Pure-tone Audiometry xx xx

DPOAE tests xx xx

PMTF tests xx --

Treatment #4 (1/2 dose) xx xx

Shooting Exercise Machine Gun Training xx xx

Tinnitus Survey xx xx

“Post-1” Day of the
shooting exercises, starting
15 min post noise

Pure-tone Audiometry xx xx

DPOAE tests xx xx

Blood sample xx --

“Post-2” Day of the
shooting exercises, starting
1 hr 45 min post noise

Pure-tone Audiometry xx xx

DPOAE tests xx xx

Tinnitus survey xx xx

“Post-3” Day of the
shooting exercises, starting
3 hr 30 min post noise

Pure-tone Audiometry xx xx

DPOAE tests xx xx

Tinnitus survey xx xx

PMTF tests xx --

“Post-4” One day post
shooting

Pure-tone Audiometry xx xx

DPOAE tests xx xx

Tinnitus survey xx xx

PMTF tests xx --
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Table 3

Primary Outcome for Placebo and Nutrient Conditions 15 min after shooting: Most Vulnerable Subjects

Subject TTS Max15;
Placebo Arm

TTS Max15,
Nutrient Arm

1002 10 −2

1007 8 4

1010 8 8

1057 8 6

1058 14 2

1062 8 6

Noise Health. Author manuscript; available in PMC 2013 September 25.


