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Abstract

Purpose To demonstrate the utility of the urinary metab-

olite (2-methoxyethoxy)acetic acid (MEAA) as a biomarker

of exposure. 2-(2-methoxyethoxy)ethanol [diethylene gly-

col monomethyl ether] is an anti-icing agent used in the

formulation of JP-8, and it is added at a known uniform 0.1%

(v/v) concentration to each batch lot. JP-8 is a kerosene-

based fuel containing different compounds that vary in the

content of every batch/lot of fuel; thus, MEAA has the

potential to be a more specific and a consistent quantitative

biomarker for JP-8 exposure.

Methods MEAA was used to measure exposure of jet

propulsion fuel 8 (JP-8) in United States Air Force (USAF)

personnel working at six airbases within the United States.

Post-shift urine specimens from various personnel includ-

ing high (n = 98), moderate (n = 38), and low (n = 61)

exposure workgroup categories were collected and

analyzed by a gas chromatographic-mass spectrometric test

method. The three exposure groups were evaluated for the

number per group positive for MEAA, and a statistical

analysis consisted of pair-wise t-tests for unequal variances

was used to test for the differences in mean MEAA con-

centrations between the exposure groups.

Results The number of samples detected as positive for

MEAA exposure, that is, those above the test method’s

limit of detection (LOD = 0.1 lg/ml), were 92 (93.9%),

13 (34.2%), and 2 (3.3%) for the high, moderate, and low

exposure workgroup categories, respectively. The mean

urinary MEAA level was significantly greater in the high

exposure category (6.8 lg/ml), compared to the moderate

(0.42 lg/ml) and the low (0.07 lg/ml) exposure categories.

The maximum concentration of urinary MEAA was

110 lg/ml for the high exposure category, while 4.8 lg/ml

and 0.2 lg/ml maximum levels were found in the moderate

and low exposure categories, respectively.

Conclusion This study demonstrated that urinary MEAA

can be used as an accurate biomarker of exposure for JP-8

workers and clearly distinguished the differences in JP-8

exposure by workgroup category.

Keywords Urinary biomarkers � Jet propulsion fuel 8 �
JP-8 � (2-methoxyethoxy)acetic acid � MEAA

Introduction

Jet propulsion fuel 8 (JP-8) is the main battlefield fuel for

all military operations in the United States Armed Forces

and represents the single largest chemical exposure in

Department of Defense personnel. JP-8 is the major jet fuel

used throughout the air forces of the North Atlantic Treaty

Organization (NATO) countries as well, which collectively
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consume an estimated twenty billion liters per year (Zeiger

and Smith 1998; NRC 2003). JP-8 has been recognized as a

significant source of chemical exposure, both by inhalation

and dermal routes, for aircraft fuel-tank maintenance

workers, their assistants, and aircraft fuel handlers. Com-

plaints by aircraft ground crew members have included

skin irritation, dizziness, and the persistence of the taste of

jet fuel hours after work shift exposure. Exposure to JP-8,

either by inhalation or dermal contact, occurs commonly

during aircraft fueling and especially during fuel-tank or

fuel-cell maintenance, when workers are required to work

inside the tank or cell.

Possible health effects of acute exposure to JP-8 vapors

have included immune, neurological, and reproductive sys-

tem effects as well as respiratory problems (ATSDR 1998;

NRC 2003; Zeiger and Smith 1998). Human epidemiologi-

cal studies have reported that individuals exposed to jet fuel

sometimes do poorly on neurobehavioral tests (Knave et al.

1978). Chronic exposure to jet fuel and its effect on postural

balance has been studied (Smith et al. 1997), and the health

effects of kerosene-based jet fuels have been reviewed in the

literature (Ritchie et al. 2003). A comprehensive review of

the toxicity of jet fuel has been recently published (Mattie

and Sterner 2011). Although systemic dermal toxicity by

JP-8 fuel components is considered unlikely (McDougal et al.

2000), correlations between dermal exposure and urinary

naphthols have been reported (Chao and Nylander-French

2004). Dermal exposure and toxicity is a concern owing to

the fact that some of the components contained in JP-8 have

been reported to cause skin cancer in mice (NTP 1986).

A subchronic dermal study of JP-8 using rats demonstrated

that proliferative, degenerative, and inflammatory changes

were significantly greater in the fuel-exposed skin versus

non-exposed control skin sites on the same animal (Baker

et al. 1999). Although there are few systemic toxicity studies

from skin exposure to JP-8, one study with mice, where the

animals were dosed three times a week, (41.5 mg/kg per

day) resulted in changed organ and body weights (Schultz

et al. 1981). A review of cutaneous exposures concluded that

JP-8, like most kerosene-based fuels, causes skin irritation

with prolonged or repeated contact to the skin (McDougal

and Rogers 2004).

JP-8 is a kerosene-based complex chemical mixture

containing hundreds of aliphatic and aromatic hydrocar-

bons along with various isomer forms plus several addi-

tives (Ritchie et al. 2003). Because the fuel is formulated to

meet military specifications for performance, the overall

chemical composition may vary from batch to batch (NRC

2003). Performance specifications are set for a boiling

point of 260�C, a maximum olefins content of 5%, a

maximum aromatic content of 22%, and the maximum

amount of sulfur at 0.3%. On average, the composition is

approximately 33–61% alkanes, 10–45% naphthenes,

12–22% aromatics, and 0.5–5% olefins (Vere 2003). This

makes JP-8 a scientific challenge with respect to choosing

an appropriate biomarker of exposure, which is both spe-

cific and having a concentration for relating a measurable

exposure. Exposure to JP-8 has been evaluated in the past

using a variety of measures. These have included breathing

zone and exhaled breath measurement of benzene and

naphthalene (Egeghy et al. 2003), the JP-8 fingerprint of

volatile organics in end-exhaled breath (Pleil et al. 2000),

dermal exposure using a tape-stripping technique (Chao

and Nylander-French 2004; Chao et al. 2005; Kim et al.

2006; Mattorano et al. 2004; Smith et al. 2010), and the

measurement of urinary metabolites of naphthalene (Chao

et al. 2006; Serdar et al. 2003; Serdar et al. 2004). Because

naphthalene, benzene, and toluene are encountered in other

fuels and house-hold products, and benzene urinary

metabolites are found in those who smoke, a more specific

biomarker of JP-8 was preferred for this study. Also, a

direct biomarker of exposure was desired for the current

study, rather than an indirect method such as tape-stripping

or work environment monitoring.

Although the compound 2-(2-methoxyethoxy)ethanol

[also known as diethylene glycol monomethyl ether (DiE-

GME) and under the trade name of methyl carbitol
TM

, CAS

111-77-3] has a limited number of other industrial uses, it is

used as an anti-icing agent in the formulation of JP-8 at a

fixed concentration of 0.1% (v/v) (NRC 2003). This glycol

ether is encountered much less frequently in the general

environment, whereas toluene, benzene, and naphthalene

are commonly used in fuels and many home products. The

corresponding metabolite of 2-(2-methoxyethoxy)ethanol is

(2-methoxyethoxy)acetic acid (MEAA). MEAA was

selected for use as a biomarker of exposure for this study for

a number of reasons. MEAA has been shown to be the

urinary metabolite best suited for use as a short-term bio-

marker for exposure to 2-(2-methoxyethoxy)ethanol in

mice (Richards et al. 1993). Additionally, urinary MEAA

has been demonstrated to be an accurate biomarker of

exposure in mice by both oral and dermal administration

of JP-8 (B’Hymer et al. 2005b). The metabolism of

2-(2-methoxyethoxy)ethanol is complex, but a simplified

illustration based on animal studies (Cheever et al. 1988;

Sumner et al. 1992) is shown in Fig. 1. In general, 2-alky-

lethanol compounds are rapidly metabolized via alcohol

dehydrogenase (ADH) to the corresponding alkoxyacetic

acids, although some alkoxyacetic acids can be further

metabolized by various mechanisms to glycine, sulfate,

glutamate, and glucuronide conjugates of alkoxyacetic

acids (Sumner et al. 1992). Although MEAA can be fur-

ther metabolized by means of acyltransferase and dealky-

lase carboligase, MEAA is the predominate metabolite,

and urinary levels are fairly abundant. In a previous

study from this laboratory, male rats dosed with 14C- labeled
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2-(2-methoxyethoxy)ethanol were found to excrete 68–70%

of the label as the MEAA metabolite by means of ADH

conversion (Cheever et al. 1988). Only trace levels of

2-(2-methoxyethoxy)ethanol or methoxyethoxyacetaldehyde

were detected in urine in this same study. Furthermore,

cumulative excretion of 14C-tagged compounds showed

rapid 50% excretion in 8 h, during rat oral dosing studies

(Cheever et al. 1988). Other animal studies have shown

similar rapid conversion of 2-(2-methoxyethoxy)ethanol to

MEAA (Daniel et al. 1991; Richards et al. 1993), making it

a suitable acute biomarker of exposure for JP-8. Addition-

ally, MEAA was an ideal candidate for use as a biomarker,

since unpublished results from this laboratory demonstrated

that urinary MEAA is not readily conjugated from dosed rat

urine; the majority of the metabolite is in the free form.

Hydrolysis of dosed rat urine by the use of glucuronidase

and sulfotransferase did not appreciably increase the

amount of free MEAA. Therefore, MEAA represents a

viable target analyte for analytical quantitation.

Materials and methods

Study participants

This study was conducted on six USAF bases located

within the continental United States housing various air-

crafts including F-15 fighter and C-130 transport aircraft.

The participants were recruited with jobs rated as high,

moderate, or low potential for JP-8 exposure. Aircraft fuel–

system maintenance workers, that is, those whose jobs

included fuel-cell ‘‘entrant,’’ ‘‘attendant’’, or ‘‘runner,’’

were assigned to the high exposure group. The ‘‘entrant’’

had the job of actually entering the aircraft fuel tank or fuel

cell wearing a supplied air respirator. The ‘‘attendant’’

assisted the entrant and stayed outside the tank at all times.

The ‘‘runner’’ stayed outside the tank and handled fuel-

soaked foam that had been removed from the tank to a

storage location or obtained tools for the ‘‘entrant.’’ Pro-

tective equipment was limited to forced air masks, gloves,

and cotton overalls for the ‘‘entrant’’; thus, the major route

of JP-8 exposure was dermal, not by inhalation. The

moderate exposure group consisted of personnel who did

not perform fuel-tank maintenance, but conducted work

that involved regular contact with jet fuel such as fueling

aircraft, maintaining fuel storage facilities, or other fuel

handling operations. The low exposure group consisted of

workers whose jobs covered a wide variety of activities

that did not require exposure to the jet fuel on the air force

bases; examples of this group included medical techni-

cians, base administrative personnel, military police, and

similar positions. The low exposure group may be con-

sidered the control group for the nature of this study. The

mean age of the participants was 25 [r = ±5] years. The

participants were [90% White and African, in ethnic

background, and \10% Asian or other. The Human Sub-

jects Review Board at NIOSH, as well as the institutional

review boards of all participating agencies and investiga-

tors involved in other aspects of this study, approved the

study protocol.

Fig. 1 Metabolic formation of

(2-methoxyethoxy) acetic acid

(MEAA) from the glycol ether

2-(2-methoxyethoxy)ethanol,

which is used as an anti-icing

agent in JP-8. MEAA is the

major metabolite as determined

in animal studies (Sumner et al.

1992; Cheever et al. 1988), and

it is the biomarker of exposure

to JP-8 for this study
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Collection of urine samples

Urine samples were collected from participants in the low

(n = 61), moderate (n = 38), and high (n = 98) groups at

the end of a 4-h work shift for urinary measurements of

MEAA. The work shift was limited to the morning hours

only, owing to the warm climate and warm season of the

air bases at the time of this study. Subjects were excluded

from this study if they consumed alcohol within 24 h of

urine collection. The urine samples were immediately

cooled by Blue Ice� (Rubbermaid, Atlanta, Georgia, USA)

to maintain a temperature of 4�C and then shipped to the

laboratory within 24 h. In the laboratory, all samples were

aliquoted and stored at -80�C until analysis.

Chemicals and reagents

Standard compounds of (2-methoxyethoxy)acetic acid

(MEAA, CAS no. 16024-59-9) and the deuterated 2-but-

oxyacetic acid (d-BAA) used as an internal standard were

synthesized and described previously (Cheever et al.

1988; Brown et al. 2003). All other reagents used were

analytical grade and are regularly available for laboratory

use.

MEAA analysis

Urinary MEAA levels were measured using a method that

was validated and previously described in the literature

(B’Hymer et al. 2003, 2005a). Briefly, a 4-ml aliquot of

urine is acidified with 12 N hydrochloric acid to pH 1–1.5

and spiked with deuterated 2-butoxyacetic acid (d-BAA) to

act as an internal standard. The MEAA and internal stan-

dard are extracted by liquid–liquid extraction (LLE) using

ethyl acetate, and the extraction solvent is evaporated to a

1-ml volume. Ethanol and concentrated sulfuric acid are

used to react with the target analytes to form the corre-

sponding ethyl esters. These products are extracted by LLE

using methylene chloride, and the methylene chloride

solvent is reduced to a 1-ml volume by evaporation.

Standard MEAA is used to spike unexposed urine at var-

ious levels and treated similarly to create the calibration

curves for quantitation. A gas chromatograph (GC)

equipped with a mass spectrometric detector and an HP-1

capillary column (Agilent Technologies, Santa Clara,

California, USA) was used to analyze the sample and

standard solutions. The limit of detection (LOD) for this

method was 0.1 lg MEAA per ml of urine. The analysis of

each urinary extract was conducted using duplicate sample

injections into the gas chromatograph. A methylene chlo-

ride blank injection run was used in between all sample

injections to avoid any possibility of injection carryover of

the MEAA ethyl ester. The accuracy and precision of this

method was determined to be 99% with a coefficient

of variation 8.6% or less at the time of its validation

(B’Hymer et al. 2003). Spiked control samples run at the

time of the analysis were within 10% of theory.

Creatinine determination

Separate aliquots of the urine samples were diluted 1:20 to

measure creatinine concentrations using a Vitros 250

Chemistry Analyzer (Ortho-Clinical Diagnostics, Roches-

ter, New York, USA), which employs a slide composed of

a dry, multilayered analytical element that includes a leuco

dye coated on a polyester support (Findlay et al. 1985;

Mauck et al. 1986). Creatinine measurements were cali-

brated with a 3-level set of standards, the highest being

17 mg/dl, which corresponds to a creatinine concentration

of 340 mg/dl for urine samples diluted 20-fold. Urine

control pools (Bio-Rad Laboratories, Hercules, California,

USA) and instrument Vitros Performance Verifier pools

(Ortho-Clinical Diagnostics) were assayed in duplicate at

the front, middle, and rear of each analytical run. Control

pool within and among test run coefficients of variation

were \2.5 and 1.25%, respectively. Coefficients of varia-

tion for all sample duplicate values were \10%.

Statistical analysis

Pair-wise t-tests for unequal variances (Cochran and Cox

1950) were used to test for differences in mean MEAA

concentrations between the exposure workgroups. Analy-

ses of the concentrations were performed both unadjusted

and adjusted for creatinine. Measurements below the limit

of detection (LOD, 0.1 lg/ml) were assigned a value of the

limit of detection divided by the square root of two. Hor-

nung and Reed (1990) recommend this method for data that

are lognormally distributed and not highly skewed. All

calculations were made using SAS� (Version 9.2, SAS

Institute, Inc., Cary, North Carolina, USA).

Results

The mean urinary post-shift MEAA level was much greater

in personnel in the high exposure category as well as having

a higher frequency of results above the limit of detection,

which is the most significant result of this study. This data is

summarized in Table 1. The percentage of measurements

greater than the limit of detection (0.1 lg/ml) was 93.9%

(92 samples), 34.2% (13 samples), and 3.3% (2 samples) for

the high, moderate, and low exposure categories, respec-

tively. The high exposure category had a mean value of

6.8 lg/ml (standard deviation (SD) = 15.5 lg/ml); the

moderate had a mean of 0.42 lg/ml (SD = 0.89 lg/ml),
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and the low had a mean of 0.07 lg/ml (SD = 0.02 lg/ml).

The maximum concentration of urinary MEAA for indi-

viduals within each exposure category was 110 lg/ml,

4.8 lg/ml, and 0.2 lg/ml for the high, moderate, and low

JP-8 exposure groups, respectively (see Fig. 2). It should

also be noted in Table 1 that means and the standard

deviations for the low and medium work groups are biased

owing to the substitution process of using 0.07 lg/ml for

the values below the limit of detection. When values below

the LOD (0.1 lg/ml) are replaced by the LOD divided by

the square root of two (0.07 lg/ml), the maximum absolute

bias of an individual measurement is 0.07 lg/ml. The

maximum absolute bias of the mean occurs when all the

values below the limit of detection are equal to zero. Esti-

mates of the maximum absolute bias of the mean for the

low, medium, and high groups are 0.07, 0.05, and 0.00 lg/ml,

respectively. In this case, all zeros, estimates of the bias of

the standard deviation for the low, medium, and high

groups, are -0.0127, -0.0196, and -0.0019, respectively,

and estimates of the bias of the variance for the low,

medium, and high groups are -0.000751, -0.035205, and

-0.059584, respectively, and thus, are underestimated.

For the statistical comparison of the mean MEAA levels

of the exposure workgroup categories, participants with

measurements below the limit of detection were assigned

value of 0.07 lg/ml [the LOD divided by the square root of

two] for the statistical comparison between workgroups.

Hornung and Reed (1990) recommend this method for data

that are lognormally distributed and not highly skewed.

Although other methods of how to report non-detects in

science have been reviewed in the literature (Helsel 2010),

the method chosen is appropriate for statistical comparison

of the exposure categories done in this study. Table 1 also

displays the urinary creatinine-adjusted dose data; this data

showed similar statistical results for the high, moderate,

and low exposure categories. The individual MEAA con-

centrations (lg/ml) per exposure category are represented

graphically in Fig. 2. [It should be noted that the MEAA

levels in the high exposure workgroup are distributed over

a very wide range; thus, the scale of Fig. 2 is based on log

base 10 to more easily show the complete span of con-

centration levels]. Results of the statistical analysis of the

data shown in Table 1 were similar for MEAA concen-

trations, whether dose adjusted or not dose adjusted for

creatinine. For MEAA (lg/ml), the mean of the high

exposure category was statistically significantly greater

than the means of the low (p = 0.0001) and the moderate

(p = 0.0001) categories. The mean of the moderate expo-

sure category was statistically significantly greater than the

mean of the low category (p = 0.0193). Similarly, for

MEAA levels adjusted for creatinine (lg/mg creatinine),

the mean of the high category was statistically greater than

the means of the low (p = 0.0001) and the moderate

(p = 0.0001) categories. The mean of the moderate cate-

gory was statistically significantly greater than the mean of

the low category (p = 0.0151).

Discussion

Urinary biomarkers have been widely used for assessing

exposure from inhalation and dermal exposure routes.

Urinary 1- and 2-naphthols have previously been used as

biomarkers for JP-8 exposure (Chao et al. 2006; Serdar

et al. 2003, 2004). Metabolites of the aromatic compounds

benzene and toluene have also been used to assess

Table 1 Post-shift MEAA urinary measurements of U.S. Air Force Personnel

Exposure Group n MEAA (lg/ml) MEAA (lg/mg creatinine)

Mean SD Min Max n [ LOD (%) Mean SD Min Max

Low 61 0.07 0.02 0.07 0.2 2 (3.3) 0.08 0.07 0.02 0.30

Medium 38 0.42 0.89 0.07 4.8 13 (34.2) 0.26 0.44 0.02 2.3

High 98 6.8 15.2 0.07 110 92 (93.9) 2.9 6.4 0.02 45

SD standard deviation, Max maximum detected concentration, Min minimum concentration or 0.07 lg/ml, LOD limit of detection (0.1 lg/ml),

samples less than the LOD are coded as 0.07 lg/ml = LOD divided by the square root of 2 (see the text for a full explanation)

Fig. 2 Comparisons of urinary MEAA levels in low, moderate, and

high jet fuel exposure work group categories. MEAA concentrations

are in lg/ml on a log10 scale
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exposure (Li et al. 2006; Maestri et al. 2005; Manini et al.

2006; Marchese et al. 2004). However, these compounds

are encountered in the general environment through

household products, cigarette smoke, fuels, and other

products or factors outside the work environment. The

metabolite MEAA is specific for 2-(2-methoxyeth-

oxy)ethanol, which is blended at a fixed level in the for-

mulation of jet fuel and is less likely to be encountered

outside the work environment. These two factors, plus the

high abundance of the urinary MEAA formed through the

metabolic process (Fig. 1), made MEAA a good biomarker

of exposure for this study.

A well-chosen biomarker of exposure should have sev-

eral qualities, and these qualities have been discussed

elsewhere in the literature (B’Hymer and Cheever 2010).

One is that a well-chosen biomarker should be specific for

the exposure of interest, and MEAA reasonably fits that

criterion. Second, a good biomarker should be easily

detectable at levels to distinguish exposure group catego-

ries. The high exposure category from this study had sig-

nificantly higher levels of MEAA. Statistically, the means

of the high, moderate, and low exposure categories differ

significantly from each other, as described in the results

section of this work. The test used in this study appears to

have adequate MEAA sensitivity for its use as a biomarker

of exposure, even for the low exposure work category.

MEAA, therefore, is clearly associated with the type of

workgroup and has the potential for good predictive value,

a desirable characteristic of a well-chosen biomarker of

exposure. Also, the GC/MS test (B’Hymer et al. 2003,

2005a) is relatively inexpensive to use; liquid–liquid

extraction was used with low cost solvents, and acid-cat-

alyzed esterification avoided expensive chemical derivati-

zation. Finally, urinary MEAA testing is non-invasive, a

positive attribute for measuring any biomarker of exposure.

Most participants are not as reluctant to donate urine

samples versus blood or tissue samples, which can increase

participation rates during field studies. This, in turn, can

lead to the accomplishment of more meaningful field

studies.

Since there appears to be such good predictive value of

urinary MEAA and such good sensitivity of the MEAA

measuring test used during this study, MEAA would be a

useful biomarker to evaluate the effectiveness of engi-

neering controls and personal protective equipment in

future intervention studies. Fuel-cell maintenance workers

encounter an environment of highly concentrated fuel

vapors in a confined space, as well as have direct skin

contact with residual liquid fuel. In addition to their sup-

plied air and other respirators used to minimize inhalation

exposure, the fuel-cell worker wore cotton overalls during

some of their operations at the time of this study. The

cotton overalls were worn to avoid generation of static

electrical sparks and reduce the risk of fire or explosion.

Unfortunately, the wicking properties of cotton tend to

enhance dermal exposure and adsorption of JP-8; this can

lead to erythema and irritation of the skin. JP-8 has been

demonstrated to have significant dermal uptake in mice

(B’Hymer, et al. 2005b) and represents a significant health

concern. Therefore, personal protective equipment chan-

ges, especially in clothing materials and the type of

clothing used, could easily be evaluated in future studies by

measuring urinary MEAA.

There are some obvious limitations for the use of MEAA

as a biomarker of exposure to JP-8. As was previously noted

in this work, the metabolic conversion of 2-(2-methoxy-

ethoxy)ethanol to MEAA is fairly rapid; the half-life was

determined to be approximately 8 h in various species from

previously reported studies (Cheever et al. 1988; Daniel

et al. 1991; Richards et al. 1993). MEAA, therefore, repre-

sents a biomarker of acute exposure to JP-8. Also, MEAA

only represents a metabolite of an additive component of

JP-8; it does not represent a metabolite of any of the other

toxic components within the fuel, itself, and it has little

clinical value for an individual. Since the rate of skin pen-

etration would be different between 2-(2-methoxyeth-

oxy)ethanol and the various toxic components of JP-8, it

could not be used to assess the exposure of those other

components of JP-8 to the individual worker. In other words,

MEAA is a direct marker of exposure to 2-(2-methoxyeth-

oxy)ethanol, a compound added consistently at a 0.1% (v/v)

level in each batch of JP-8, and MEAA is an indirect marker

of exposure to the other components of JP-8. Finally, MEAA

production is based upon alcohol dehydrogenase (ADH)

conversion metabolism. In the current study, over 90% of

the participants were ethnic White or African and had not

consumed alcohol 24 h before testing. The results, therefore,

were not significantly biased on ethnic metabolisms or

drinking habits, which could be a problem for either some

ethnic backgrounds or lifestyles. Individuals with reduced

ADH metabolism would not be useful for use in a MEAA

monitored study. MEAA can obviously still be used, within

the previously mentioned constraints, to assess worker

practices, personal protective equipment, and engineering

controls for workers exposed to JP-8.

Both the results of MEAA concentration in urine and

those adjusted for creatinine show the statistically similar

results for the high, moderate, and low exposure category

workers. The statistical analysis showed that the mean of

the high category was significantly greater than the means

of the low and the moderate levels, when non-adjusted or

adjusted for creatinine (p = 0.0001 for all cases). The

mean of the moderate category was significantly greater for

both non-adjusted MEAA concentration (p = 0.0193) and

the adjusted concentration for creatinine (p = 0.0151).

This was not an unexpected result; the use of creatinine to
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normalize analyte concentrations in urine has been exten-

sively reported to not necessarily improve the correlation

of dose to exposure for many urinary components (Alessio

et al. 1985; Boeniger et al. 1993; Carrieri et al. 2001).

Therefore, the use of MEAA for a biomarker of expo-

sure for JP-8 is valid either as concentration in urine

with or without the creatinine adjustment. Although other

researchers (Gaines et al. 2010) have suggested that other

urine level normalization schemes are better than creatinine

adjustment, the differences in the MEAA levels between

exposure workgroup categories are so large that it would

not change the statistical significance of this study. Some

additional comments about the statistics used in this pre-

sentation and its obvious limitations are necessary. The low

and medium work groups had a large proportion of results

below the LOD of the test method (0.1 lg/ml). In this

study, values below the LOD were replaced by the LOD

divided by the square root of two (0.07 lg/ml), and the

maximum absolute bias of an individual measurement

would be 0.07 lg/ml. The maximum absolute bias of the

mean occurs when all the values are below the LOD.

Estimates of the maximum absolute bias of the mean for

the low, medium, and high groups are 0.07, 0.05, and

0.00 lg/ml, respectively, for our presentation as described

in the results section. Therefore, the most significant data

described in Table 1 are the results of the groups with

individuals (n) with MEAA above the LOD.

Future work with MEAA and JP-8 is ongoing at this

laboratory and is beyond the scope of this manuscript.

Planned future work is in two areas. Firstly, other common

biomarkers of exposure for toluene, benzene, and naph-

thalene will be used for comparison to MEAA urinary

levels. Again, the lack of specificity for JP-8 exposure for

metabolites of these other chemicals due to their preva-

lence in the general environment should make MEAA the

better choice. Future studies would have to take this factor

into account. Finally, and more importantly, future studies

involving the use of urinary MEAA levels to evaluate

personal protective equipment are planned. At the time of

this study, cotton overalls were used that did not ade-

quately protect the high exposure group from dermal

contact with JP-8. Currently, the US Air Force is evaluat-

ing suits of various materials and designs to minimize

dermal exposure by the fuel cell ‘‘entrants’’.

Conclusions

This laboratory observed that urinary MEAA levels were

significantly elevated in USAF personnel who worked in

potentially high exposure workgroup categories involving

jet fuel JP-8. MEAA represents a more specific biomarker

of JP-8 exposure than other urinary metabolites previously

used in other studies, since the fuel is consistently formu-

lated at a 0.1% (v/v) level with the parent compound,

2-(2-methoxyethoxy)ethanol. Mean MEAA levels were

demonstrated to distinguish between low, moderate, and

high exposure categories of the workers tested during this

study. The percent of measurements as positive for MEAA

[greater than the test method’s limit of detection (LOD =

0.1 lg/ml)] was 93.9, 34.2, and 3.3% for the high, mod-

erate, and low exposure categories, respectively. Urinary

creatinine adjustment did not affect the predictive capa-

bility of MEAA as a biomarker of JP-8 exposure.
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