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Abstract

Renal excretion mechanisms are xenobiotic-specific; therefore, accurate exposure assessment requires an understanding of relationship:s
xenobiotic biomarker concentration and excretion rate to urine flow, specific gravity and creatinine concentration. Twenty-four-hour uiiore collec
for xenobiotic exposure assessment is considered the “gold standard” procedure. Random spot-urine collection is convenient and minimizes subje
compliance concerns but requires that normalization techniques be employed to account for diuresis and diurnal variation in xenobiotic biomarke
excretion. This paper examines and makes recommendations concerning normalization techniques and conditions under which spot-urine rest
most accurately reflect 24-h urine results. Specific gravity, creatinine, and xenobiotic biomarkers were determined in smokers’ spot and 24-|
urines. Normalization techniques were applied, variance-component analyses were performed to estimate variability, spot urines were poole
mathematically to simulate 24-h urines and analyses of variance were performed to evaluate spot urines’ ability to reflect 24-h urine concentration:
For each xenobiotic biomarker concentration, log-linear relationships were observed with urine flow, specific gravity, and creatinine. For most
xenobiotic biomarker excretion rates, log-linear relationships were observed with urine flow; creatinine, however, was unaffected by uriae flow. Th
conventional creatinine ratio-normalization technique demonstrated greater variability (within-day, between-day and between-subjjeet) than o
normalization techniques. Comparisons of simulated 24-h urines to spot urines suggest that spot-urine collection be performed only between 2 p.r
and 2 a.m. and that the modified specific-gravity-adjusted-creatinine ratio-normalization technique and the creatinine-regression mormalizatio
technique yield the best agreement between spot- and simulated 24-h urine results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction costs, amorereliable, convenient, less expensive, and more man-
ageable sample collection technique is required.

Although 24-h urine collection as a means of assessing expo- Random spot-urine sample collection, i.e., single urine-void
sure to xenobiotics is considered the “gold standard” sampleollection, has the potential for ameliorating problems associ-
collectiontechnique, ithas numerous disadvantfige’]. Urine  ated with 24-h urine collection as it is a more convenient, man-
sample integrity and completeness are essential to exposurageable and less expensive alternative. It also reduces sample-
assessment research and absence of compliance with the cimitegrity and subject-compliance concef&gt,6,7} The excre-
lection protocol is a fundamental concern to the researcher, y¢ibn rate of a xenobiotic biomarker may increase or decrease
subject honesty and their questionnaire responses are the ontjth changes in urinary flow (due to varying states of hydra-
tools available to ensure and assess the degree of compliancetion), and relying solely on the xenobiotic biomarker concentra-
order to increase the likelihood that sample integrity and comtion ([XenoBio]) may frustrate xenobiotic-uptake assessment
pleteness have not been compromised and to reduce reseaf6h The total renal elimination mechanism in the nephron

(glomerular filtration, active secretion, passive diffusion and
tubular reabsorptior{8—11], antidiuretic hormone secretion
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tion data. Because [XenoBio] in spot-urine samples may bevhere UrineFlow is the mean urinary flow rate of a timed
subject to dilution effects and variable excretion rates, sevdrine sample. It may then be assumed that the same relation-
eral techniques for normalization of [XenoBio] using creatinineship is demonstrated in spot-urine samples. Thus, the xenobiotic
(CRE) concentration ([CRE]) and specific gravity (SG) havebiomarker-specific Araki b slope is defined as
been employed. These inclyde [CRE].-rat?o—normalizatiqn of A log [XenoBio]
[XenoBio]-to-[CRE], regression-normalization of [XenoBio]- b = A loa UrineFlow 3)
to-[CRE] and SG-ratio-normalization of [XenoBio]-to-SG. 0g Lrineriow

Although [CRE]-ratio-normalization of [XenoBio]-to- The Araki method exponentially scales the [XenoBio] to its
[CRE] has been utilized for xenobiotic biomarkers in generaldependence on UrineFlow and normalizes urine concentrations
[4,6,14—18]and for nicotine (NIC) xenobiotic biomarkers in to a standard urinary flow rate of 1 mL mih Unfortunately,
particular [19-27] it is subject to a number of limitations this method requires two timed, spot-urine samples to calculate
[1,2,8,26,28] For an individual, [CRE]-ratio-normalization has UrineFlow for a given urine sample.
the potential to be a valid and effective technique to reduce In 1998, Vij and Howell[7] demonstrated that SG-1 is
variability provided that the renal elimination mechanism ofinversely log-linearly proportional to UrineFlow and introduced
the xenobiotic biomarker is similar to the renal elimination the a slope, defined as
mechanism of CRE. CRE is removed from the plasma primarily A log (SG— 1)
by glomerular filtration and, for an individual, is considereda =
generally to be excreted at a relatively constant rate throughout
the day and from day to dafg]. Unfortunately, many xeno- By combining Eqs(3) and (4) they introduced a new statistic,
biotic biomarkers are removed by the other aforementionedhe xenobiotic biomarker-dependefiexponent, defined as the
mechanisms. Consequently, [CRE]-ratio-normalization may bé&atio of Araki’s b slope and Vij and Howell’s a slope
iII—advise.d.an'd compl!cgte the irjte(pretation of resLBi_sCREl b (A log[XenoBioor CREJA log UrineFlow)
also exhibits mter-mdw@ual varlgblllty dyg to fgctor; including Z = P (A 109 (SG—1)/A log UrineFlow)
gender, age, muscularity, physical activity, diet, disease-state,
pregnancy, and creatine intake8,17,26,29,30]The conven- _ Alog [XenoBio or CRE] 5)

tional [CRE]-ratio-normalization technique is defined as the A log (SG-1) ’
ratio, [XenoBIio]/[CRE], in a given urine sample (random—spotwhere’ simplyZ is defined as the slope of the log [XenoBio]

or 24-h). Provided the renal elimination mechanisms argq gy log SG-1 plot. By combining the two equations, Vij
similar, the [CRE]-ratio-normalization technique adjusts for_.4 Howell eliminated the need to determine UrineFlow
the dilution effect, the variable xenobiotic biomarker excretion, 4 thus the requirement of two timed, spot-urine samples.

rate and, to a lesser extent, the gender effect, i.e., body mass.gacause the exponential paramete exponent, is xenobiotic

Another normalization technique thathas been used to redugg, marker-dependent, initial empirical determinations of the

the var!ange of determinations due to the d_ilution effect is SG'reIationship between SG and [XenoBio] or [CRE] are required.
normalizatior]5,6,15,16,31-33]n 1945, Levine and FaH31]

Once empirically-determine@ exponents are obtained, the

demonstrated that the mass of total dissolved solids, e.g., anior[?éenoBio] or [CRE] may be SG-normalized aéchormalized
cations, ammonia, creatinine, urea, amino acids and, presurBy the “modified” SG normalization technique

ably, xenobiotic biomarkers, is inversely log (logarithm, base ,
10)-linearly proportional to SG minus unity (SG-1) in spot- . _ . 1.020-1

urine samples. The “conventional” SG-normalization techniquéxenOBIO or CRE}; = [XenoBio or CRE SG—1 . (6)
for [Xenc_JBlo] adjustmgnt_ is _based on the assumption that t.h$vhere [XenoBio or CRE} are the respective SG- and
mass ratloofthexenoblotlcblomarkerandtotal-d|ssolved-solld%_normalized spot-urine samoles arl is the xenobiotic
remains constant as urinary flow fluctuates throughout the da P P

i o S ; : iomarker- or CRE-specific exponent. Consequently, the SG-
The SG-normalization of a xenobiotic biomarker is defined as normalized andz-normalized [XenoBio] and [CRE] may be

1.020— 1 combined by the following equation to yield an SG-normalized,
SG—l) , (1) Z-normalized and [CRE]-ratio-normalized result

[XenoBiol;  [XenoBio]((1.020— 1)/(SG— 1))*t
where [XenoBioj is the SG-normalized [XenoBio], and the "[CRE],, ~ [CRE]((L020— 1)/(SG— 1))%
value 1.02(7] is defined as the mean SG of normal human urine.

o 4)
A log UrineFlow

[XenoBio]s = [XenoBio] (

; Z1-Z
Unfortunately, the value for the mean SG of normal human urine — [XenoBio] (1'020_ 1> ' 2, )
is not standardized by convention and may range, arbitrarily by [CRE] SG-1
definition, from 1.016 to 1.02{6,15,31] whereZ; is the xenobiotic biomarker-specific exponent, @ad

Araki [3,34,35]demonstrated that the individual [XenoBio] s the CRE-specific exponent.
is inversely log-linearly proportional to urinary flow rate, e.g.,  Another technique that has been used to normalize concen-
milliliters per minute (mL mirr?), in 24-h urine samples: trations of cotinine (COT), a major xenobiotic biomarker of
NIC, and that could be used, conceivably, for other xenobi-
log [XenoBio] = (a — b) log UrineFlow (2)  otic biomarkers, is the adjustment of [XenoBio]-to-[CRE] using
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a regression-normalization technique based on the regressidable 1 S o
relationship between COT concentration, [COT], and [CRE]Determlned xenobiotic biomarkers and abbreviations

[36,37] Inurine, Thompson et di36] demonstrated a log-linear Biomarker Abbreviation
relationship between [COT] in micromoles per litgngol L~1) T ”
. - . 1 . obacco-specific

and [CRE] in millimoles per liter (mmol L) and.adjusted the  cotinine COT-U

[COT] to the mean [CRE] for the study population of 279 men  CotinineA-glucuronide COT-G

using the equation Nicotine NIC-U
Nicotine#V-glucuronide NIC-G

log [COT]. = log [COT] — 0.407(log [CRE]— 0.944) (8) Trans-3'-hydroxycotinine OHCOT-U
Trans-3' -hydroxycotinine©-glucuronide OHCOT-G

where [COT} is the [CRE]-regression-normalized [COT], Total molar nicotine equivalents NEgT

[COT] is the observed COT concentration for each subject, 4-(N-Methylnitrosamino)-1-(3-pyridyl)-1-butanol NNAL-U

[CRE] is the observed CRE concentration for each subject, 4-(V-Methylnitrosamino)-1-(3-pyridyl)but-1-ylp- NNAL-G

. . O-p-glucosiduronic acid 4X-methylnitrosamino)-
0.407 is the slope of the [COT]-[CRE] linear least squares 1-(3-pyridyl)but-1-yi}8-N-p-glucosiduronic acid

regression and 0.944 is the log of the mean urinary [CRE}ghacco-related

(8.8 mmol 1) for the study population. Thus, each individual ~ S-Phenylmercapturic acid SPMA
[COT] is normalized to the mean [CRE] for the study popu- 3-Hydroxypropylmercapturic acid HPMA
lation. Conceivably, this [CRE]-regression-normalization tech- Polycyclic aromatic hydrocarbons (surrogate) 1-OHP

Monohydroxybutenylmercapturic acids MHBMA

nique may be applied to any xenobiotic biomarker to improve ; 5 hiqroxybutyimercapturic acid DHBMA

the robustness of the relationship between xenobiotic uptake and
[XenoBio].

Important xenobiotic biomarkers for tobacco smoke uptake
in urine include unconjugated NIC (NIC-U), its metabolites
and several other tobacco-specific and tobacco-related xen
biotic biomarkers[38]. Potential NIC xenobiotic biomarkers
include the parent compound, NIC-U, unconjugated cotinin
(COT-U), unconjugated trans-Bydroxycotinine (OHCOT-U),
and liberated aglycons of nicotimé-glucuronide (NIC-G),

roducts.

The major purpose of this study was to evaluate exist-
l:'leng normalization techniques for selected tobacco-specific and
tobacco-related xenobiotic biomarkefsble ) and to propose

. . g a sampling procedure whereby a single urine-void collection
cotinineV-glucuronide (COT-G) and trans-Bydroxycotinine- may be used in lieu of 24-h urine collection. Specific goals

O-glucuronide (OHCOT-G). As a means of estimating total NICWere to (1) verify the log-linear relationship between [CRE],

uptake, NIC-U and the five major metabolites may be converte&enoBio] and UrineFlow as reported by Araki: (2) verify the

to ”.“"f‘r l;lICl;lllJ@egl_U|\éalfr:lts andt_summed to yield total NICIog-linear relationship between SG-1 and UrineFlow as reported
equivalents (NIgq-T) by the equation by Vij and Howell; (3) verify the log-linear relationship between

grograms and for the comparison of relative uptake between

1622 gmolt [CRE], [XenoBio] and SG-1 and generate xenobiotic biomarker-
NICeqT = (COT—T1> + NIC-T specificZ exponents as reported by Vij and Howell; (4) ver-
1762gmor ify the log-linear relationship between [XenoBio] and [CRE],

1622 gmorL and generate xenobiotic biomarker-specific slopes for [CRE]-

+ (OHCOT—T1> , (9) regression-normalization as reported by Thompson et al.; (5)

1922 gmol apply the [CRE]-ratio-normalization, SG-normalization, com-

where T is the analytically determined total (unconjugated andined SG- and-normalization, combined SGZ- and [CRE]-
liberated aglycons) of NIC, COT and OHCOT, respectively, andgﬂo-normahzaﬂon, and [CRE]-regressmn—pormaI|zat|on tech-
162.2gmot?, 176.2 gmot! and 192.2 g mol* are the molec- nlques_to [Xenon]; (6) compare spot-urine-observed a_nd -
ular weights for NIC-U, COT-U and OHCOT-U, respectively normall_zed [XenoBio] to 24-h-ur_|ne-obser\_/ed a_nd_-normahzc_ad
[39]. [XenoBio]; and (7) compare the intra- and inter-individual vari-

Studies intended for the purpose of assessing exposure #CES of observed- and normalized-spot-urine and 24-h-urine

tobacco-specific and tobacco-related xenobiotics consist of thré@€N0Bio].

general types: (1) estimation of absolute uptake in smok-

ers and its relationship to cigarette yield; (2) comparison of2. Materials and methods

relative uptake in smokers using different products; and (3)

surveillance programs. In order to produce valid and repro2.1. Study protocol and design

ducible information from these studies, there must be a basic

understanding of the available collection procedures, normal- The protocol for this study was approved by an in-house
ization techniques and nature of the resulting data. For exanfituman research review committee, and informed written con-
ple, the loss of time-weighted information precludes the useent was obtained from the subjects prior to participation. The
of single random spot-urine samples for the estimation oftudy followed guidelines developed in alignment with U.S. fed-
cigarette yields and absolute uptake in smokers; however, spatral regulations that address Institutional Review Boards and
urine samples may provide acceptable data in surveillanceesearch conducted in humans (21 CFR Parts 50 and 56, and
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45 CFR Part 46), as well as the principles of the Declaratiorumes collected were quite variable within-subjects/between-
of Helsinki. The study was designed to include two male anchases and within-subjects/between-collection-type. Both 24-
two female smokers in each of three tar bands (full-flavor, full-h and mean spot-urine SG demonstrate excellent agreement
flavor low “tar” and ultra-low “tar”). Subjects were instructed to within-subjects/between-phases and within-subjects/between-
smoke their usual brand of cigarettes ad libitum throughout theollection-type. The overall mean 24-h urine total CRE outputin
study. grams per day (gday) was 1.35+0.58 (males, 1.78 0.39;

The study consisted of two phases and six visits in a crossovéemales, 0.93 0.38). The overall mean spot-urine total CRE
design: Phase | and, 5 weeks later, Phase Il. During each phaseytput in g day® was 1.60+ 0.68 (males, 2.13 0.35; females,
subjects collected a 24-h urine sample on 1 day and all individ1.06+ 0.46).
ual spot urine samples on another day. Half of the subjects began
Phase | with 24-h urine collection and Phase Il with spot-urine3.2. Biomarker and creatinine concentration/urine flow
collection, and vice versa (crossover). All subjects completedelationship
both phases of the study and were compensated for their partic-

ipation. To verify the log-linear relationship between [CRE],
observed [XenoBio] and UrineFlow as reported by Araki and
2.2. Sample collection, preparation and analysis shownin Eqs(2) and (3)log [CRE] and log observed [XenoBio]

for each of the spot-urine samples were plotted against the

For 24-h urine collections, subjects recorded the time of theespective log UrineFlow. Since spot-urine sample volumes
first morning void (not collected) as “Start Time” on the col- (in mL) were determined and start- and end-collection times
lection container. Subjects collected each urine void up to antbr each spot-urine sample were recorded by the subjects, the
including the first morning void the next day. The time of the lastUrineFlow for each spot-urine sample could be calculated in
void was recorded as “End Time”. Subjects recorded the time ofinits of mLmirm®. A linear regression was performed, and
the first morning void (not collected) as “Start Time” on the first the regression parameters for log observed [XenoBio] versus
container. Subsequently, the subjects collected each spot-uriteg UrineFlow are reported iffable 2 i.e., n, r, slope, stan-
void in a separate container and recorded the “Collection Timetlard error of the slope (S.dppd, 95% confidence interval of
on each container. In the laboratory, samples were aliquoted inthe slope (95% Glope), intercept, standard error of the inter-
appropriately sized cryogenic tubes and stored&0°C until  cept (S.Entercep), 95% confidence interval of the intercept
study completion. (95% Clntercepy and standard error of the estimasi£). NIC-

The analyses for NIC-U, NIC-G, COT-U, COT-G, OHCOT-U G was not detected in six spot-urine samples; therefore, only
and OHCOT-F39], NNAL-U and NNAL-G [40], SPMA[41], 209 samples were included in the regression for that xenobi-
HPMA [42,43] and 1-OHP[44] were performed by analyses otic biomarker. For the five other xenobiotic biomarkers with
reported elsewhere. The analyses for MHBMA and DHBMAr <215 samples, there were insufficient spot-urine void vol-
consisted of Oasis HLB (Waters GmbH) SPE followed by gra-umes to conduct the analyses. Each log observed [XenoBio] is
dient HPLC (2% formic acid, pH 2.0/methanol) on an Atlantis statistically significantly correlated with log UrineFlow, proba-
dC18 analytical column (Waters GmbH) and electrospray ionbility (p) <0.0001. With the exception of the NIC uptake parent
ization MS/MS detection (Model API-2000, Applied Biosys- compound, NIC-U £=—0.27), correlations range from0.47
tems, Darmstadt, Germany). The analysis for CRE was peto —0.76 and affirm the log-linear relationship demonstrated
formed with a kinetic picric acid assay based on a modification oby Araki.
the Jaffe methof#5]. Specific gravity measurements were per-
formed on an Atago URICON-pNurine-specific-gravity refrac-  3.3. Specific gravity/urine flow relationship
tometer (Fisher Scientific, Fair Lawn, NJ). Statistical analyses
were performed with either Origin©software (Version 7 SR4  To verify the log-linear relationship between SG-1 and Urine-
OriginLab Corporation, Northampton, MA) or SRSoftware  Flow as reported by Vij and Howell and shown in Ed),

(Version 8.2, SAS Institute, Cary, NC). log SG-1 for each of the 215 spot-urine samples and 24 24-
h urine samples was plotted separately against the respective
3. Results and discussion log UrineFlow. A linear regression was performed and the
regression parameters for log SG-1 versus log UrineFlow for
3.1. Summary data the spot-urine samples are as follows: —0.70, p <0.0001,

slope =0.61, S.Esiope=0.04, 95% Cdjope=—0.70 t0—0.53,

A total of 215 spot-urine samples and 24 24-h urine samintercept=—1.86, S.Entercept= 0.02, 95% Chtercep= —1.89 to
ples were collected in the study. The individual subjects’ total—1.83 andSy|x =0.24. The regression parameters for log SG-1
number of spot-urine samplesg)(ranged from 4 to 14 per day versus log UrineFlow for the 24-h urine samples are as fol-
with an overall mean of 9.& 2.8. The overall mean 24-h urine lows: r=-0.35,p=0.09, slope =-0.37, S.Es|ope=0.21, 95%
volume (mL) was 2063 1132 (males, 2424 1419; females, Clgjope= —0.80 to +0.07, intercept=1.84, S.Egntercept= 0.05,
1696+ 619); the overall mean total spot-urine volume (mL) 95% Clntercept= —1.95 to—1.74 andSyx = 0.22. The spot-urine
was 2006t 1078 (males, 2372 1180; females, 1558 775).  sample correlation affirms the log-linear relationship demon-
During the 24-h and spot-urine collection periods the vol-strated by Vij and Howell.
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Table 2

Spot-urine log [XenoBio] vs. log UrineFlow regression parameters for combined subjects and pka@€901 for all xenobiotic biomarkers)

Biomarker n r Slope S.Esiope 95% Chiope Intercept S.Batercept 95% Clntercept Syix
COT-U 215 —-0.47 -0.31 0.04 —0.38 -0.23 0.17 0.02 0.14 0.20 0.22
COT-G 215 —0.62 —0.73 0.06 —0.85 —0.60 0.24 0.03 0.19 0.29 0.36
NIC-U 215 -0.27 -0.29 0.07 —-0.43 —0.15 0.12 0.03 0.07 0.18 0.40
NIC-G 209 —0.47 —0.48 0.06 —0.60 —0.36 —0.40 0.03 —0.45 -0.35 0.35
OHCOT-U 215 —-0.76 —-0.94 0.06 —-1.05 —0.83 0.73 0.02 0.68 0.77 0.32
OHCOT-G 215 —0.73 —0.90 0.06 -1.01 —0.78 0.24 0.02 0.19 0.28 0.33
CRE 215 -0.74 —0.86 0.05 —0.96 —0.75 1.89 0.02 1.84 1.93 0.30
NNAL-U 200 —0.65 —0.61 0.05 -0.71 -0.51 —0.83 0.02 —0.87 —0.79 0.27
NNAL-G 200 —-0.75 —-0.76 0.05 —0.85 —0.67 —0.44 0.02 —0.48 —0.40 0.25
SPMA 215 -0.72 —0.98 0.07 -1.11 —0.86 0.17 0.03 0.12 0.23 0.37
HPMA 215 —-0.57 —-0.47 0.05 —0.56 —0.38 0.16 0.02 0.12 0.20 0.27
1-OHP-T 206 —0.58 -0.77 0.08 —0.92 —0.62 —0.62 0.03 —0.68 —0.56 0.41
MHBMA 211 —-0.59 —0.56 0.05 —-0.67 —0.46 —-1.29 0.02 —-1.33 —-1.24 0.30
DHBMA 211 —0.76 —0.50 0.03 —0.56 —0.44 —0.14 0.01 —0.16 -0.11 0.17
3.4. Biomarker and creatinine concentration/specific Howell. In general, with the exception of NIC-U, the tobacco-
gravity relationship specific [XenoBio] demonstrate higher correlations than the

tobacco-related [XenoBio].

To verify the log-linear relationship between [CRE],
observed [XenoBio], and SG-1 as reported by Vij and Howell3.5. Biomarker concentration/creatinine concentration
and shown in Eq(5), and to generate xenobiotic biomarker- relationship
specificZ exponents, log [CRE] and log observed [XenoBio]
for each of the spot-urine samples were plotted against the To verify the log-linear relationship between observed
respective log SG-1. For the NIC and NNK xenobiotic biomark-[XenoBio] and [CRE] as reported by Thompson et al. and
ers, the -U and -G concentrations were summed to yield -To generate xenobiotic biomarker-specific [CRE]-regression-
concentrations, and a linear regression was performed on bottormalization slopes, log observed [XenoBio] for each of the
individual and combined data sets. The regression parametespot-urine samples was plotted against the respective log [CRE].
for log observed [XenoBio] versus log SG-1 are reported inA linear regression was performed, and the regression parame-
Table 3for combined subjects and phases. Each log observegrs for log observed [XenoBio] versus log [CRE] are reported
[XenoBio] is statistically significantly correlated with log SG-1 in Table 4for combined subjects and phases. Each log observed
(p <0.0001). With the exception of the parent compound of NIC[XenoBio] is statistically significantly correlated with log [CRE]
uptake, NIC-U (=0.28), correlations ranged from 0.41 to 0.94 (p <0.0001). The slope for COT-U (0.42) in this study is in
and affirm the log-linear relationship demonstrated by Vij andexcellent agreement with the slope for COT-U (0.407) observed

Table 3

Spot-urine log [XenoBio] vs. log SG-1 regression parameters for combined subjects and pka&€801 for all xenobiotic biomarkers)

Biomarker n r VA S.Eslope 95% Cliope Intercept S.Entercept 95% Clntercept Syix
Nicgq-T 215 0.87 0.91 0.03 0.84 0.98 2.77 0.07 2.63 2.90 0.17
COT-U 215 0.75 0.56 0.03 0.49 0.63 1.22 0.07 1.09 1.35 0.17
COT-G 215 0.86 117 0.05 1.08 1.26 2.42 0.09 2.24 2.60 0.23
COT-T 215 0.88 0.84 0.03 0.78 0.90 2.10 0.06 1.98 2.22 0.15
NIC-U 215 0.28 0.34 0.08 0.18 0.50 0.74 0.16 0.43 1.05 0.40
NIC-G 209 0.58 0.69 0.07 0.56 0.82 0.87 0.13 0.61 1.13 0.32
NIC-T 215 0.41 0.42 0.06 0.29 0.55 1.04 0.13 0.79 1.29 0.32
OHCOT-U 215 0.84 1.20 0.05 1.10 1.30 2.93 0.10 2.73 3.14 0.26
OHCOT-G 215 0.82 1.16 0.06 1.05 1.27 2.36 0.11 2.14 2.58 0.28
OHCOT-T 215 0.84 1.19 0.05 1.08 1.29 3.03 0.10 2.83 3.24 0.26
CRE 215 0.94 1.24 0.03 1.18 1.31 4.19 0.06 4.06 431 0.16
NNAL-U 200 0.85 0.88 0.04 0.80 0.96 0.79 0.08 0.64 0.95 0.19
NNAL-G 200 0.88 0.99 0.04 0.91 1.06 1.37 0.07 1.22 1.52 0.18
NNAL-T 200 0.89 0.96 0.04 0.89 1.03 1.47 0.07 1.33 1.61 0.17
SPMA 215 0.74 1.16 0.07 1.01 1.30 2.29 0.14 2.00 2.57 0.36
HPMA 215 0.55 0.52 0.05 0.41 0.63 111 0.11 0.89 1.32 0.27
1-OHP-T 206 0.54 0.80 0.09 0.63 0.98 0.83 0.17 0.48 1.17 0.43
MHBMA 211 0.78 0.85 0.05 0.76 0.94 0.28 0.09 0.10 0.47 0.23

DHBMA 211 0.82 0.63 0.03 0.57 0.69 1.01 0.06 0.89 112 0.15
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Table 4

Spot-urine log [XenoBio] vs. log [CRE]-regression parameters for combined subjects and phe8e3001 for all xenobiotic biomarkers)

Biomarker n r Slope S.Esiope 95% Cljope Intercept S.Bntercept 95% Clntercept Sy
Nicgq-T 215 0.90 0.71 0.02 0.67 0.76 -0.27 0.04 -0.35 -0.19 0.15
COT-U 215 0.75 0.42 0.03 0.37 0.47 —0.62 0.05 -0.71 —0.53 0.17
COT-G 215 0.87 0.89 0.03 0.82 0.96 —1.43 0.06 —1.55 -1.30 0.23
COT-T 215 0.88 0.63 0.02 0.59 0.68 —0.65 0.04 —0.74 —0.57 0.15
NIC-U 215 0.32 0.29 0.06 0.18 0.41 —0.44 0.11 —0.65 -0.22 0.39
NIC-G 209 0.60 0.54 0.05 0.44 0.64 —1.42 0.09 —1.60 -1.24 0.32
NIC-T 215 0.45 0.35 0.05 0.26 0.44 —0.40 0.09 —0.57 -0.22 0.31
OHCOT-U 215 0.85 0.92 0.04 0.84 0.99 —1.02 0.07 -1.16 —0.88 0.25
OHCOT-G 215 0.86 0.92 0.04 0.85 1.00 —-1.52 0.07 —1.65 -1.39 0.24
OHCOT-T 215 0.86 0.92 0.04 0.84 0.99 —0.90 0.07 —1.03 —0.76 0.24
NNAL-U 200 0.84 0.66 0.03 0.60 0.72 —2.09 0.05 —-2.19 —1.98 0.19
NNAL-G 200 0.90 0.76 0.03 0.71 0.81 -1.89 0.05 —1.98 —1.80 0.16
NNAL-T 200 0.90 0.74 0.03 0.68 0.79 —1.69 0.05 -1.78 —1.60 0.16
SPMA 215 0.73 0.87 0.06 0.76 0.98 —1.50 0.10 -1.70 -1.30 0.36
HPMA 215 0.59 0.42 0.04 0.35 0.50 —0.66 0.07 —0.80 -0.51 0.26
1-OHP-T 206 0.59 0.66 0.06 0.53 0.78 —-1.90 0.11 —-2.13 —1.67 0.41
MHBMA 211 0.81 0.66 0.03 0.60 0.73 —2.53 0.06 —2.65 —-2.41 0.22
DHBMA 211 0.87 0.50 0.02 0.46 0.54 —1.09 0.04 —1.16 —1.02 0.13

Population mean [CRE] =87 mg di and population log mean [CRE]=1.94.

by Thompson et al. (Eq(8)). With the exception of NIC-U regression was performeé&if. 2). The regression parameters
(r=0.32), correlations ranged from 0.45 to 0.90 and affirm thefor individual excretion rates versus UrineFlow are reported
log-linear relationship demonstrated by Thompson et al. Thén Table 5for combined subjects and phases. Boeniger et
mean [CRE] for combined subjects and phases was 87 m§dL al. [8] demonstrated that the general relationship between a
with a log mean [CRE] of 1.94. component’s excretion rate and UrineFlow is indicative of the
Given that the Vij and Howell SG-Z- and [CRE]-ratio- renal excretion mechanism. For example, a component elimi-
normalization technique and the Thompson [CRE]-regressiorrated by glomerular filtration should exhibit an excretion rate
normalization technique are implemented by fitting models tdotally independent of urine flow, i.e., slope =zero, a compo-
log [XenoBio], the regression models presentetbhles 3and4 nent eliminated by active secretion should exhibit an excre-
provide a comparison of these two normalization techniques. Ition rate generally independent of urine flow, i.e., slejzero,
particular, a comparison of the correlation coefficients for eactand a component eliminated primarily by passive diffusion
[XenoBio] indicates whether log SG-1 or log [CRE] is more should exhibit an excretion rate dependent upon urine flow,
highly correlated with log [XenoBio]. While no result differs by i.e., slope# zero. Further complicating the elimination mecha-
more than 0.05, the correlation of log [XenoBio] with log [CRE] nism interpretation are competitive interactions between two or
is generally greater than the correlation of log [XenoBio] with more components, when they compete for the active secretion
log SG-1.Table 3shows that the correlation of log SG-1 with transport systerf®]. Regardless of the elimination mechanisms
log [CRE] is 0.94. Thus, the high correlation would lead one toinvolved, it is obvious fromFig. 2 and Table 5that, depend-
expect similar performance from these two normalization teching upon the xenobiotic biomarker, [CRE]-ratio-normalization
nigues when they are applied to the observed concentrations. may lead to erroneous results due to varying urinary flow.
Fig. 1, the similar performance for these two normalization tech-Nine xenobiotic biomarkers (NIC-U, NIC-G, COT-U, NNAL-
niques is demonstrated when they are applied to the observési HPMA, 1-OHP-T, MHBMA and DHBMA atp <0.0001
NICgq-T concentrations for all of the spot- and 24-h urine sam-and NNAL-G atp=0.0007) demonstrate a statistically sig-
ples. In addition, the normalization techniques demonstrate amificant effect of UrineFlow on excretion rate, indicating that
improvement in relative concentrations between and within subthey are affected by diuresis to some extent. CRE and four

jects for both the spot- and 24-h urine samples. xenobiotic biomarkers (OHCOT-U, OHCOT-G and SPMA at
p>0.10 and COT-G gb=0.0922) do not demonstrate a statis-
3.6. Excretion rate/urine flow relationship tically significant effect £ <0.05) of UrineFlow on excretion

rate, indicating that they are minimally affected by diuresis.
Because [CRE] and observed [XenoBio] (in masstHL  While [CRE]-ratio-normalization may yield reasonable results
were determined and start- and end-collection times for eactor some xenobiotic biomarkers, it also has the potential for sig-
spot-urine sample were recorded by the subjects, the excretiaificantly overestimating or underestimating the true xenaobiotic
rate for each analyte could be determined as massirilio ver-  biomarker concentration depending upon the state of hydra-
ify the relationship between excretion rate and UrineFlow, eachion at the time of collection. Thus, an indiscriminate applica-
of the spot-urine sample excretion rates was plotted against th®n of the classical [CRE]-ratio-normalization technique should
respective UrineFlow. For each xenobiotic biomarker, a lineabe avoided.
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Table 5

Spot-urine excretion rate vs. UrineFlow regression parameters for combined subjects and phases

Biomarker r P Slope S.Esiope 95% Cljope Intercept S.Bntercept 95% Clntercept Syix
COT-U 0.73 <0.0001 0.53 0.03 0.46 0.59 1.33 0.11 1.10 155 1.28
COT-G 0.12 0.0922 0.09 0.05 —0.01 0.19 2.37 0.17 2.03 2.72 1.96
NIC-U 0.79 <0.0001 0.92 0.05 0.82 1.01 0.82 0.16 0.82 1.01 1.81
NIC-G 0.40 <0.0001 0.09 0.01 0.06 0.12 0.47 0.05 0.37 0.56 0.55
OHCOT-U —0.08 0.2499 -0.14 0.12 —0.38 0.10 7.20 0.40 6.41 8.00 4.53
OHCOT-G —0.01 0.8869 —0.01 0.04 —0.08 0.07 2.28 0.13 2.03 2.54 1.46
CRE 0.01 0.9312 0.00 0.01 —0.02 0.03 0.96 0.04 0.88 1.05 0.49
NNAL-U 0.38 <0.0001 0.02 0.00 0.01 0.03 0.17 0.01 0.14 0.19 0.14
NNAL-G 0.24 0.0007 0.03 0.01 0.01 0.04 0.42 0.03 0.36 0.47 0.30
SPMA —0.10 0.1264 —0.07 0.05 —0.16 0.02 221 0.15 191 251 1.72
HPMA 0.65 <0.0001 0.41 0.03 0.35 0.48 1.34 0.11 1.12 1.56 1.23
1-OHP-T 0.28 <0.0001 0.08 0.02 0.04 0.13 0.26 0.07 0.12 0.40 0.77
MHBMA 0.40 <0.0001 0.01 0.00 0.01 0.01 0.06 0.00 0.05 0.07 0.05
DHBMA 0.79 <0.0001 0.18 0.01 0.16 0.20 0.62 0.03 0.55 0.68 0.36
3.7. Normalization techniques and variability observed and normalized spot-urine non-NIC [XenoBio] are

reported inTables 6 and ,7respectively. These quantities

The following endpoints were calculated for the 215 spot-estimate the S.D. of values (after log transformation) that would
urine and 24 24-h urine samples: observed concentratione observed among individual spot-urine samples obtained
(mass/volume), excretion rate (massmi)y SG-normalized from the same subject on the same day, from the same subject on
concentration Eq1)), SG- andZ-normalized concentration (Vij  different days, and from different subjects. For most xenobiotic
and Howell technique, Eq6)), [CRE]-ratio-normalized con- biomarkers, the observed concentration and excretion rate (bars
centration, SG-Z- and [CRE]-ratio-normalized concentration A and B) exhibit the highest within-day, between-day and
(Vij and Howell technique, Eq(7)) and [CRE]-regression- between-subject variability. The normalized concentrations
normalized concentration (Thompson et al. technique, Eqgbars C—G) exhibit the lowest variability, with the S@-,and
(8)). The xenobiotic biomarker slopes fdf-normalization [CRE]-ratio-normalized concentrations (bar F, Vij and Howell
were obtained fromTable 3 and the xenobiotic biomarker technique) and [CRE]-regression-normalized concentrations
slopes, mean [CRE] and log mean [CRE] for [CRE]-regression{bar G, Thompson et al. technique) exhibiting the lowest vari-
normalization were obtained froffable 4 ability overall. CRE, HPMA and DHBMA exhibit the lowest

To evaluate the within-subject/within-day, within-subject/ between-day variability relative to the within-day variability,
between-day and between-subject variabilities of the observedhile 1-OHP-T exhibits the highest between-day variability rel-
and normalized spot-urine NIC [XenoBio] and non-NIC ative to the within-day variability. MHBMA exhibits the lowest
[XenoBio], a variance-component analysis was performedbetween-subject variability relative to the between-day variabil-
Because the data were not normally distributed and demority, and SPMA and 1-OHP-T exhibit the highest between-subject
strated increasing S.D. with increasing mean, further statisticalariability relative to the between-day variability. For NA&T,
analyses of the data were based on log transformations. F&OT-U, NIC-U, NIC-G, NNAL-U, NNAL-G, HPMA, 1-
each xenobiotic biomarker, the method of restricted maximum
likelihood was applief46]. The individual variance-component 1, 6
contribution to total variation was then estimated to determinghase, time-block and the number of samples in each block for mean spot-urine
the variability contribution of samples obtained from the minus simulated 24-h urine log differences presentefigs. 5 and 6
same subject on the same day, the variability contribution of,,qe Time-block Samples)(
samples obtained from the same subject on different days;

and the variability contribution of samples obtained from' fgg;-amﬁmt olgfggz'm' g
different subjects. Usmg.these varlance—components, the S.Eﬁ 2:00 p.m to 6:00 p.m. 19
and 95% CI of [XenoBio] were estimated, and the results 6:00 p.m to 10:00 p.m. 25
for log-transformed observed [XenoBio] were compared! 10:00 p.m to 2:00 a.m. 18
to the corresponding results for log-transformed normalized 2:00 a.m. to 6:00 a.m. 7
[XenoBio]. The variance-component analysis S.D. comparisonﬁ 2;88 Zr’: ttg ig;gg :m 155’
for Iog-t.ransformed obsgryed and normallged spot-urine NIG, 10:00 a.m. to 2:00 p.m. o1
[XenoBio] are presented iRig. 3, and the variance-component 2:00 p.m to 6:00 p.m. 17
analysis S.D. comparisons for log-transformed observed ant 6:00 p.m to 10:00 p.m. 28
normalized spot-urine non-NIC [XenoBio] are presented in:: ;00180 P-mt06210000 a.m. 1‘21
H 0 R . a.m. to 6: a.m.
Fig. 4. S.D. and 95% CI values for log-transformed observed 6:00 a.m. to 10:00 a.m. 11

and normalized spot-urine NIC [XenoBio] and log-transformed
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Fig. 1. Comparison of the observed concentration (graph A), the Z&nd | T
[CRE]-ratio-normalized concentration (graph B) and the [CRE]-regression- ~ |----""""""
normalized concentration (graph C) demonstrating the similarity of the two 0.0 y T T T ‘ T T 1
normalization techniques on the 215 spot-urine and 24 24-h uringfNT@nd- 0 4 8 12 16
points. Solid vertical lines separate individual subjects, and dotted vertical lines mL/min
separate Phases | and Il samples within subje@¥.Spot-urine samples and
(0) 24-h urine samples. Fig. 2. Spot-urine excretion rate versus UrineFlow: linear regressions for com-

bined subjects and phases. CRE is shown for reference on each plot as a urinary
component unaffected by UrineFlow. SEable 5for regression parameters.



936 D.L. Heavner et al. / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 928-942

OHP-T, MHBMA and DHBMA, the [CRE]-ratio-normalized dependency on UrineFlow demonstratedable 5andFig. 1
concentrations (bar E) exhibit the highest between-subject variFhus, [CRE]-ratio-normalization has not only the potential
ability among the normalized concentrations, and most of thestor overestimating or underestimating [XenoBio] relative to
xenobiotic biomarkers exhibit the highest between-day variabilfCRE], but [CRE]-ratio-normalization demonstrates the highest
ity among the normalized concentrations. In fact, for NIC-U, variability among the normalization techniques as well.

HPMA and DHBMA, the [CRE]-ratio-normalized concentra-

tions exhibit the highest between-subject variability overall,3.8. Spot-urine versus 24-h urine comparisons

thereby confounding data interpretation when this normalization

is used. The increased variability of the [CRE]-ratio-normalized To determine an individual spot-urine sample’s capacity to
concentrations is not surprising given the effect of excretion rateeflect same-day 24-h urine sample observed and normalized
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Fig. 3. Stacked-bar chart variance-component analysis (S.D. scale) of each log-transformed spot-urine NIC [XenoBio]: observed concenjatxerdaon
rate (bar B), SG-normalized concentration (bar C), SG-Andrmalized concentration (bar D), [CRE]-ratio-normalized concentration (bar E) Zsénd [CRE]-
ratio-normalized concentration (bar F) and [CRE]-regression-normalized concentration (bar G). Slanted-line-shaded bars representtsaitieiswdzgsS.D.s;
non-shaded bars represent same subject, between-day S.D.s; and vertical-line-shaded bars represent between-subject S.D.s.
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Fig. 4. Stacked-bar chart variance-component analysis (S.D. scale) of each log-transformed spot-urine non-NIC [XenoBio]: concentratiergjiedioA);ate
(bar B), SG-normalized concentration (bar C), SG- anabrmalized concentration (bar D), [CRE]-ratio-normalized concentration (bar E),Z@nd [CRE]-
ratio-normalized concentration (bar F) and [CRE]-regression-normalized concentration (bar G). Slanted-line-shaded bars representtsaitieistudzgsS.D.s;
non-shaded bars represent same subject, between-day S.D.s; and vertical-line-shaded bars represent between-subject S.D.s.

concentrations, each subject’s daily spot-urine sample resultghere [XenoBiojyoled) is the simulated 24-h urine concen-
were mathematically pooled to calculate a simulated 24-h uringration, v; is the individual spot-urine volume and [XenoBio]
sample result for Phases | and Il collection periods. Then, thés the individual observed [XenoBio]. For excretion rate
individual spot-urine samples were compared to the simulatemass mint), the time-weighted average excretion rate is
24-h urine sample. Equations for mathematically pooling adefined as

subject’s daily spot-urine sample results to yield a simulated

24-h urine sample result for a given xenobiotic biomarker ar : _
described below. For observed concentration (mass/volume), tﬁee):( cretion ralgooled) =

volume weighted average concentration is defined as
) where excretion ratgsoleq) iS the simulated 24-h urine excre-
M, (10) tion rate, and; is the individual spot-urine sample time. For
PIRY SG-normalized concentration, the volume- and SG-weighted

2 vilXenoBioj

S ; (11)

[XenoBio]pooled) =
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average concentration is defined as improve the detection of differences between the spot and sim-
ulated 24-h samples and to reduce the effect of daily outliers,
the data were log-transformed. Utilizing log-transformed data
1.020— 1 to evaluate differences enabled a meaningful combination of
(> uiSG/ S v) — 1) J (12)  results from different subjects and different collection days. For
each xenobiotic biomarker and each subject, the log differences
where [XenoBio} (pooled)is the simulated 24-h SG-normalized (spot-urine concentration minus simulated 24-h urine concentra-
urine concentration, 1.020 is the mean SG of normal humagion) were calculated for each xenobiotic biomarker. Since spot-
urine and SGis the individual spot-urine SG. For SG- and yrine samples were collected ad libitum, the sample-collection
Z-normalized concentration, the volume-, SG- @deighted  times varied for each subject and each phase and complicated the
average concentration is defined as evaluation of time trends within a day. To address this problem,
results from samples collected in 4-h time-blocks were com-
bined. Based on the subject-reported “Collection Time”, i.e.,
1.020—1 z the time that the spot-urine sample was collected, the mean log
S uSG/S ) — 1) ] (13)  gifferences were placed into appropriate 4-h time periods or
blocks for Phases | and Il. Since some subjects did not collect
where [XenoBio}; (pooled) is the simulated 24-h SG- arit  their first daily spot-urine sample until after the first 4-h period,
normalized urine concentration, adds the respective xenobi- an additional 4-h block was added at the end of each phase so
otic biomarke exponent. For [CRE]-ratio-normalized concen- that their last “Collection Time” sample could be included in

tration, the volume- and [CRE]-weighted average concentratiothe analysis. Then, the mean log differences from Phases | and

[XenoBiols (pooled)

= [XenOBio](pooled) <

[XenOBio]sz (pooled)

= [XenoBio](p00|ed)(

is defined as Il were combined by weighting the means from each phase for
[XenoBio] S vi[XenoBio}; the number of samples in each phase. Phase, time-block and the
([CRE])( | d)= TS w[CRE} (14)  number of samples in each block are reporte@able 6 The
poole i

mean log differences for each NIC [XenoBio] and each endpoint
where ([XenoBio]/[CRE]}ooled)is the simulated 24-h [CRE]- are presented ifig. 5 and the mean log differences for each
ratio-normalized concentration and [CRE} the individual non-NIC [XenoBio] and each endpoint are presentefig 6.

observed [CRE]. For SGZ- and [CRE]-ratio-normalized con- It is obvious fromFig. 5that NIC-U exhibits a diurnal varia-
centration, the volume-, SGZ- and [CRE]-weighted average tion distinctly different from the other NIC xenobiotic biomark-
concentration is defined as ers. For the concentration endpoint (graph A), NIC-U is out
[XenoBiols, of phase with the other NIC [XenoBio] and exhibits increased
() amplitude of variation relative to the other NIC [XenoBio]. Dur-
[CRELz / (pooled) ing morning and early afternoon hours, 6:00 a.m. to 2:00 p.m.,
[XenoBio]pooleaf(1.020— 1)/((3" viSG/ 3" vi) — 1)) Fpoggﬂnﬁ NICI-LcJj exhibits concent';ationsfmuch Iesslthan sim.u—
= _ _ 7z ated 24-h pooled concentrations. From afternoon to late evening
[CRE](pooledf(1.020— 1)/((3>_viSG/ >_ vi) — 1)] hours, spot-urine NIC-U concentrations more closely reflect
_ [XenoBio]pooled) simulated 24-h pooled concentrations, although the dinner-
B [CRE]pooled) hours, 6:00 p.m. to 10:00 p.m., tend to show higher spot-urine
Z1—75 concentrations than simulated 24-h pooled concentrations prob-
x[(1.020— 1)/ ((Z viSG/ Z vi) — 1)] , (15)  ably due to increased after-work smoking activity. However,

during early morning hours, 2:00 a.m. to 6:00 a.m., spot-urine
; . ! NIC-U concentrations are again much less than simulated 24-
» Z- and [CRE]-ratio-normalized concentration, [CRisbes) pooled concentrations. Seemingly, this diurnal variation is
IS th? _S|mulated 24-h [CREm s the xeno_b_lotlc biomarker- attributable to sample collections prior to the establishment of
specific expon_ent, and IS the CRE'Spe_C'f'C exponent. For (ﬁiaily “steady state” NIC-U concentration conditions and to the
[CRE]-reg.ressmn-normal|zed conce.ntrqtlon,.the volume- an elatively short half-life of NIC-U39,47] Thus, spot-urine sam-
[CRE]-weighted average concentration is defined as ples collected during time-blocks other than 2:00 p.m. to 2:00
[CRE] m a.m. have the potential for underestimating the true 24-h NIC-U
[CRE]) uptake. Conversely, spot-urine samples collected during the 2:00
(pooled) p.m. to 2:00 a.m. time-blocks, where “steady state” conditions
have been established, are more likely to reflect the true 24-h
where [XenoBio} ooleq) is the simulated [CRE]-regression- NIC-U uptake. For the other NIC xenobiotic biomarkers, includ-
normalized concentratiofCRE] is the mean urinary [CRE] ing NICgqT, the concentration and excretion rate endpoints
for the study population and m is the slope of the respective loggraphs A and B) exhibit the greatest variability or deviation
[XenoBiol-log [CRE] linear least squares regression. from the simulated 24-h output. With the exception of NIC-
Two simulated 24-h urine sample results (Phases | and IIY, the five normalized concentration endpoints (graphs C-G)
were generated for each subject and each xenobiotic biomarkdemonstrate less deviation from the simulated 24-h concentra-
and compared to the individual spot-urine sample results. Ttions. The SG-Z- and [CRE]-ratio-normalized concentration

where ([XenoBio}/[CRE]sz)(pooled)is the simulated 24-h SG-

[XenoBiolc (pooled)= [XenOBio](pooled)<
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endpoint (graph F) and the [CRE]-regression-normalized coneentration (Thompson et al. technique). To evaluate the within-
centration endpoint (graph G) demonstrate less spot-urine saraubject/within-day, within-subject/between-day and between-
ple deviation from the simulated 24-h concentrations. Regardsubject variability of the observed and normalized spot-urine
less of the endpoint, a sample-collection time-block where thé&lIC [XenoBio] and non-NIC [XenoBio], variance-component
mean log difference is nearest to zero has the potential for pranalyses were performed. For most xenobiotic biomarkers, the
viding a spot-urine sample collection that most closely reflect®bserved concentration and excretion rate endpoints exhibited
the 24-h uptake. In general, the non-NIC [XenoBi6jg. 6)  higher within-day, between-day and between-subject variability
demonstrate diurnal variations similar to each other and to thevhile the normalized concentrations exhibited lower variabil-
NIC [XenoBio] (Fig. 5 except NIC-U. Again, throughout the ity. The SG-Z- and [CRE]-ratio-normalized concentration (Vij
day, the concentration and excretion rate endpoints exhibit thend Howell technique) and [CRE]-regression-normalized con-
greatest variability or deviation from the simulated 24-h output.centration (Thompson et al. technique) exhibited the lowest
Although not as dramatic as before, the SGGgand [CRE]-ratio-  variability overall. For most xenobiotic biomarkers, the [CRE]-
normalized concentration endpoint and the [CRE]-regressiorratio-normalized concentrations exhibited the highest between-
normalized concentration endpoint demonstrate less spot-urirsubject variability among the normalization techniques evalu-
sample deviation from the simulated 24-h concentrations. Oveiated. Therefore, [CRE]-ratio-normalization has the potential for
all, for the NIC and non-NIC [XenoBio], the 2:00 p.m.—2:00 misestimating [XenoBio] relative to [CRE] due to potentially
a.m. time-blocks with the SGZ- and [CRE]-ratio-normalized different excretion-rate/urine-flow relationships. To determine
concentration or the [CRE]-regression-normalized concentraan individual spot-urine sample’s capacity to reflect same-day
tion endpoints provide smaller mean log differences between th24-h urine sample observed and normalized concentrations, each
spot-urine samples and the simulated 24-h urine samples. Thugjbject’s daily spot-urine sample results were mathematically
a spot-urine sampling regimen during the 2:00 p.m. to 2:00 a.npooled to calculate a simulated 24-h urine sample result for
window appears adequate for accurately reflecting a 24-h urinehases | and Il collection periods. An ANOVA indicated that,
sample concentration provided the appropriate normalizatiooverall, for the NIC and non-NIC [XenoBio], a 2:00 p.m. to
techniques (SG#- and [CRE]-ratio-normalized concentration 2:00 a.m. spot-urine collection window utilizing the SG-,

or the [CRE]-regression-normalized concentration are appliecand [CRE]-ratio-normalized technique or the [CRE]-regression-
Any study that utilizes solely NIC-U concentrations may providenormalized technique provides the most accurate reflection of
confounded and inaccurate information especially if an inapprothe true 24-h urine concentration. These two random spot-
priate time point for sample collection is selected; however, if allurine collection and normalization techniques can provide useful
NIC [XenoBio] are combined to yield molar nicotine equivalents information for studies where the intended purpose is to compare

(NICgqT), the NIC-U diurnal variation effect is minimized. relative uptake in smokers using different products or in surveil-
lance programs. However, the loss of time-weighted information
4. Conclusions precludes the use of random spot-urine collection for the estima-

tion of absolute uptake in smokers and cigarette yield without
A review of the current literature was conducted to iden-the application of further assumptions or normalization, e.g.,
tify potential normalization techniques that could be used tdhe mean daily CRE output or the mean daily volume of human
adjust random spot-urine sample observed concentrations ifrine. In conclusion, renal excretion mechanisms are xenobiotic-
order to accurately reflect 24-h urine sample concentrationspecific and require a thorough understanding of the relationship
SG, [CRE] and [XenoBio] (eight tobacco-specific and five between the xenobiotic biomarker concentration and excretion
tobacco-related) were determined in 215 spot urines and 2¢ate, urine flow, specific gravity and creatinine concentration to
24-h urines from six male and six female smokers across thavoid the application of normalization techniques that may be
full range of “tar” category products (full-flavor, full-flavor inappropriate.
low “tar”, and ultra-low “tar”). In addition, NIC [XenoBio]
were converted to molar nicotine equivalents and summed tﬁ
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