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INTERPRETATION OF URINE RESULTS
USED TO ASSESS CHEMICAL EXPOSURE
WITH EMPHASIS ON CREATININE

ADJUSTMENTS: A REVIEW

Mark Frederick Boeniger®
Larry K. Lowry®
Jon Rosenberg®

“National Institute for Occupational Safety and Health 4676 Columbia
Pkwy, Cincinnati, OH 45226; "Midwest Research Institute 425 Volker
Boulevard, Kansas City, MO 64110; “California State Department of

Health Services, 2151 Berkeley Way, Berkely CA 94701

This paper reviews the process of elimination of creatinine
(CRE), and the limitations presented when using it to express
urine concentrations. This literature review leads to three
conclusions: (1) CRE excretion is subject to wide fluctua-
tions due to specific internal and external factors; (2) the use
of CRE to correct chemical concentrations in urine will not
necessarily improve the correlation to the exposure dose for
all chemicals (it may, in fact, worsen the result); and (3)
other means of expressing urine concentration may offer
greater accuracy towards estimating individually absorbed
dose.

he simplest means of expressing the elimination of
T materials in yrine is mass per unit volume (i.e., un-
adjusted concentration). However, urine concentra-
tion may fluctuate due to many external and internal factors
that are not related to exposure. It is desired to minimize the
influences of these factors that may confound the interpreta-
tion of exposure.

Different means of expressing urine concentration have
been used to improve the correlation of exposure to urine
concentration. The use of creatinine (CRE) is one means of
expression. Creatinine adjustment was first attributed to Hill
in 1953, who normalized the analyses of aniline in urine.’
Since then, it has become increasingly popular in the indus-
trial hygiene field. However, without knowledge and appre-
ciation of what is presently known about CRE excretion, its
use to adjust urine sample concentration may be unjustified
and lead to inappropriate conclusions.

This paper reviews the process of renal elimination of
creatinine, external and internal factors affecting creatinine
elimination, limitations of creatinine when used to adjust for
urine dilution, and alternative methods for expressing the
urine concentration of foreign substances.

DESCRIPTION OF RENAL ELIMINATION

In addition to the many important functions that the kidneys
play in controlling the concentration of most of the con-
stituents of body fluids, they provide the body with a means
of eliminating waste products of bodily metabolism, i.e., low
molecular weight solutes. Renal elimination of substances
can be accomplished by filtration, active secretion, and pas-
sive diffusion.

The primary functional structure of the kidney is the
nephron, of which there are about 2 million in both human
kidneys (Figure 1). Blood flow from an afferent arteriole en-
ters the glomerulus, which is a network of up to 50 parallel
branching capillaries that are 100-500 times more perme-
able than the usual capillary. Compounds like inulin, with a
molecular weight (MW) of 5200, are as freely permeable as
water, whereas a compound with a MW of 30 000 is about
half as permeable, and albumin, which is the smallest plasma
protein (MW = 69 000) permeates to the amount of 0.5%.
Around the glomerulus is a surrounding structure called
Bowman’s capsule, through which the filtrate is collected.
The filtrate continues on into a proximal tubule and distal
tubule until it reaches a collecting duct that leads to the
ureters and urinary bladder. A branching network of efferent
arterioles leave the glomerulus and are in close association
with the tubules where substances may be exchanged by ac-
tive secretion or passive diffusion across the membranes in
either direction.

Filtration

The afferent arteriole leading into the glomerulus is larg-
er than the efferent arteriole, causing a net filtration pressure
of about 24 mmHg. This pressure forces fluid and small
solutes from the plasma across the glomerular membrane

Copyright 1993, American Industrial Hygiene Association

615

AM. IND. HYG. ASSOC. J. (54) / October 1993



Efferent
Arteriole

Glomerulus ¥

2
Bowman's
Capsule

Proximal
Tubule

Collecting
Tubule

FIGURE 1. The kidney nephron
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and into the capsule. In the average healthy individual, the
glomerular filtrate formation rate is about 125 mL/min. This
constitutes only a fraction of the renal blood-tlow rate that
averages about 1200 mL/min.” Any fluid or compound that
is not reabsorbed across the renal tubules and returned to the
blood plasma is passed into a collecting duct as urine.

Active Secretion

Actively secreted substances are actively transported,
primarily through the proximal tubular lumen, against an
electrochemical gradient. This carrier-mediated transport
can be in either direction across the tubules, i.e., it can either
add to or remove substances from the urine filtrate. Since the
renal blood flow is greater than the glomerular filtrate vol-
ume, the proportion of substance presented to the kidney for
active secretion of plasma substances can be significant. In-
organic potassiom, hydrogen ions, and mercury are secreted.
Because of the negative charge on the glomerulus basement
membrane, most organic bases must be secreted. Organic
compounds eliminated by active secretion include those that
can be conjugated by the liver in the form of hippurates, glu-
curonides, and sulfates. Examples include penicillin, uric
acid, certain sulfonamides, the dye phenol red, toluric acids,
and p-aminohippuric acid. As the plasma concentration of
these substances increases, the rate of secretion also increas-
es up to a point when the enzyme binding sites become satu-
rated, and no further increase can occur. When substances
are eliminated by secretion, one would expect the rate of
elimination to be generally independent of urine flow. Also,
the concentration in urine over time would vary inversely in
proportion to the volume of urine (Figure 2a-b). For com-
pounds excreted in this way, urine flow will affect the con-
centration, but not the mass, of analyte excreted over time.

Passive Diffusion

In addition to filtration and active secretion, soluble sub-
stances may passively diffuse through the tubule or be pas-
sively reabsorbed back into the plasma. Equilibrium kinetics
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URINE FLOW RATE

FIGURE 2. General relationships between the excre-
tion rate or concentration of metabolites and urine
flow rate. Figures la-b represent an active secretory
process, lc-d represent a passive process, and le-f
represent a filtration process.

dictate the rates of these events, which are determined by the
concentration differences of the chemical in solution, and
the ability of the chemical to diffuse across the
capillary/tubular boundary. Where passive diffusion plays a
major role in renal elimination, the rate of elimination of the
chemical from blood by the renal route is directly propor-
tional to body hydration (diuresis) and, therefore, the rate of
fluid passage from the kidney to the urinary bladder (Figure
2¢). At the same time, the concentration of the chemical in
urine is generally expected to be less dependent on the urine
output, since the diffusion process is determined by the equi-
libration of partial pressures in urine and plasma (Figure 2d).
This means of clearance occurs for such important industrial
compounds as toluene,®* methanol,” styrene as mandelic
acid,®*® methyl mercury,” elemental lead,”® and nitrous
oxide.”’ Passive reabsorption of polar compounds and ions
through the tubule is usually minimal, as is the case with
2-thiothiazolidine-4-carboxylic acid (after exposure to car-
bon disulfide) and with elemental mercury.”%!" The elimi-
nation of ionic compounds is strongly influenced by changes
in urinary pH, which is somewhat dependent on the rate of
urine flow. Thus, many weak acids and bases present in plas-
ma (pH =~ 7.4) in their nonionized form are lipid soluble, and
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diffuse readily across the cell

membranes. Upon reaching the NH H.PO NH-CO
tubule, these weak acids and L2 NH/ e NH___é

bases may be ionized, trapped NH :(I: /COOH ,

in the.tubule, and excreted if CHG“N"“CHZ NH:C' /COOH CH—N—CH
the urine pH (range 4.5 to 8) . «—— CH—N—CH, 3 C
becomes too acidic (for bases) Creatine 8 Creatinine

or too alkaline (for acids).

The mechanism of excre-
tion of a substance can be dis-
cerned if the ratio of the
plasma and urine concentration of the substance of interest
can be compared to the clearance value of a highly filterable
substance like CRE or inulin."? If the urine-to-plasma con-
centration ratio for the substance of interest is much larger
than the reference value for the glomerular filtration marker,
then an active secretory process is probably involved. Ratios
substantially below the reference value indicate active tubu-
lar reabsorption of the substance. Concentration-dependent
reabsorption also occurs by passive diffusion of non-ionic
lipid soluble materials. Assuming the filtration marker to
have a value of 100, aliphatic hydrocarbons have typical
urine-to-plasma concentration ratios of 0.07-0.09, indicat-
ing substantial passive tubular reabsorption, while conjugat-
ed phenols have a value of 300, indicating substantial active
secretion.'¥

RENAL ELIMINATION OF CREATININE

CRE is a normal endogenous end-product of human metabo-
lism. It is a by-product that results from the formation and
decomposition of creatine and creatine phosphate, which
provide an essential link in the transformation of chemical
energy into muscular work.""” While most creatine is pro-
duced in the liver, approximately 94-98% of total body crea-
tine ends up being actively accumulated within skeletal
muscle (i.e., lean body mass)." In healthy persons, CRE is
formed by an essentially irreversible, apparently nonenzy-
matic mechanism involving creatine dehydration, and CRE
is cleared from the blood through the kidney."*'” Because
almost all of the creatine/creatine phosphate is present in
skeletal muscle, the amount of CRE eliminated from the
body is generally related to the lean body mass of the indi-
vidual. Among healthy male subjects, the creatine turnover
rate is about 1.6~1.7% per day."” The biochemical pathway
for the biotransformation of creatine and CRE is shown in
Figure 3.

Since CRE is a low molecular weight, nonprotein bound
nonelectrolyte, its passage or clearance from the blood into
the kidney tubule is accomplished primarily through
glomerular filtration and is theoretically proportional to the
CRE concentration in blood. CRE is not re-absorbed by the
renal tubules. If the rate of elimination of CRE is normally
independent of urine flow (Figure 2e) its concentration in
urine should be inversely related (Figure 2f).(*"”

Renal plasma clearance is the ratio between the urinary
excretion rate and plasma concentration, and is equal to the

FIGURE 3. Biochemical pathway for creatinine

Creatine Phosphate

volume of plasma completely cleared in a given time. The
mathematical expression for renal clearance is given as fol-
lows:

v :VuxCu

p
CP

m

where C, and C, denote concentrations of a substance (e.g.,
creatinine in plasma and urine, respectively), V, is urine out-
put per time unit, and V, represents the renal clearance.

Under normal conditions, the clearance of CRE should
parallel the glomerular filtration rate (about 125 mL/min).
Glomerular filtration rate varies little with hydration.®”
However, the amount of CRE passed by secretion of a
healthy male may be about 14% or more of the total, and the
rate of secretion may vary significantly from one person to
another.?'"*» The amount of secretion can be especially high
in cases of low glomerular filtration and increases with plas-
ma concentration.”?* Therefore, the calculated CRE clear-
ance rate is not necessarily a true representation of
glomerular filtration and presents a special concern for those
using this index to make clinical determinations of renal suf-
ficiency.

The above background provides information on renal
clearance of CRE and other substances that is needed to in-
terpret urine samples containing foreign substances (xenobi-
otics). One might conclude that CRE would have its greatest
utility when used to adjust the concentration of a xenobiotic
that is eliminated primarily through filtration and is not reab-
sorbed by the tubules in a way that is dependent on hydra-
tion. However, the influence of various factors, which will
be discussed later, further limits the accuracy of such adjust-
ments.

ANALYTICAL METHOD FOR
DETERMINING CRE IN URINE

CRE determination in urine can be performed by several
methods.?> The majority of clinical analyses are most com-
monly performed using an automated colorimetric determi-
nation based on a modified Jaffe reaction.?*®

The Jaffe reaction, when used to determine CRE in
blood, is subject to positive interferences from uric acid,
protein, glucose, fructose, acetone, pyruvic acid, acetoac-
etate, and ascorbic acid, amounting to about a 20% overesti-
mate in the result.?® Normally, these interferences are not
present in the urine. In one study in which the urine CRE
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TABLE \. Factors Affecting Creatinine Elimination

between the lowest and highest

Maximum Effect

24-hour urine elimination in-

Factor Range References creases with the number of
End Fact days monitored. This was
Gn ;)genous actors - 10% 50. 51 demonstrated in a report in
encer P ' which 8 healthy individuals
Age I 15-25% 40,49 .
) collected an average of fifty-
Muscularity ~100% 41,42,70 . .
. N three 24-hour urines during a 6
Diurnal 160% 18, 30, 36 . ;
. . to 10 month period of time.
Disease varies 14,16, 23, 53-56, 60 .
Preqnanc 1 50%° 31 63 The difference between the
g Y ° ’ high and low daily amount of
£ Fact CRE eliminated for each of
xogenous Factors o these individuals over the col-
Diet = 50% 45, 64,69, 71-73 . .
. lection period ranged from 63
Urine Flow = 50%F 77-83 - o (34)
. o . to 2449% (average = 107%).
Physical Activity 1l 30-50% 19, 34, 86-88 .. .
. - Many additional studies con-
Medical Drugs probably minimal 90 . . s
. firm the large intra-individual
Tobacco minimal 91 et o
- variability in CRE elimination.
incomplete Voiding =1% 94 A summary paper of 10 inde
Total Intraday = 200% 30 ‘ y bap

Adecreases after age 20

Bcompared to basal nighttime rate

Cwhen pregnant

Pwith high meat diet

Emainly at urine flow < 1 mL/min

Fdecreases immediately followed by later increase

concentration was determined in over 100 individuals by
both the Jaffe method and a true CRE method, no difference
in the results occurred.*¥

Estimates of the analytical precision associated with the
determination of CRE in urine have been reported. The coef-
ficient of variation on replicate samples, using the automat-
ed Jaffe method, is between 2 to 3% on same day samples
and about 4% on replications made on different days.**

In the literature, the accuracy of CRE analysis has re-
ceived less attention than has precision. In one recently pub-
lished account of a comparison among 11 laboratories that
performed analysis of aliquots of a single urine specimen,
there was substantial disagreement between laboratories.”"
The reported CRE concentrations ranged from 73 to 120
mg/dL (mean, 102). The most extreme values were reported
by laboratories using identical instrumentation. Good labo-
ratory practice requires the calibration of instrumentation
using known “calibrators” obtained from a reputable clinical
supplier. In order to document reliable quality data, quality
control samples with assayed CRE concentrations must be
included in each run. Several good reviews of analytical
methods used to determine CRE can be found.***?

FACTORS INFLUENCING ELIMINATION OF
CREATININE IN URINE

Although CRE excretion has been assumed by some to be
closely related to an individual’s lean body mass, and both
deviate little over the short term, the inter-day variability of
CRE elimination is actually quite large, according to some
reports.®® The individual day-to-day range in differences

pendent studies reported a co-
efficient of variation (CV) in
the 24-hour CRE excretion to
range from about 3% to about
20% in different subjects, with
an average CV of about
10%.%9 A CV of 10% corre-
sponds to a 95% confidence in-
terval of = 20% around the mean. The ratio of the top of this
confidence interval divided by the bottom of the confidence
intervalis 1.5. Referring to the worst case (i.e., 20%.CV), the
CV corresponds to a 2.3-fold difference between the lowest
and highest values.

The intra-day variation in partial day samples has been
shown to be two to three times larger than the 24-hour inter-
day variation. The group intra-day mean coefficients of vari-
ation, as reported in several independent reports, shows the
average CV to range from a minimum of about 6% to about
30%.°Y In the latter case of a 30% CV, the upper confidence
interval values are four times greater than the lower values
for creatinine.

There are both internal and external influences that can
affect the extent that CRE is found in the urine. These factors
and the maximum magnitude of their influence are summa-
rized in Table 1.

Internal Factors

Many internal factors have been identified as influenc-
ing the elimination of creatinine in urine. Intra-personal bio-
logical variation is attributed to normal diurnal cycles.
Interpersonal biological variation has been attributed to dif-
ferences in body mass, age, sex, and health.

Diurnal Variations

The extent of diurnal or circadian variation in the urinary
and plasma CRE concentration has been well documented.
One group reported that the average plasma CRE concentra-
tion for a group of four adults increased from 0.61 mg/dL at
9 a.m. to 0.83 mg/dL at 3 p.m."® The average urinary CRE
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2
y=0.1457x+0.2888x -0.0215

elimination rate varied similar-

ly, increasing about 35% in the Y
first three hours after rising. 5 -
The diurnal pattern that most gz B
often appears is such that the F 12
overnight and early morning (‘\'f, 1.1 -
urine samples contain less £ 10 -
CRE than the late afternoon E ol
samples and are much less g 08 —
prone to inter-day varia- 51(_‘,3 07 -
tions."*3%35=37 1y five different c .l
studies, the difference between 8 0'5 |
the night and the day elimina- g 0'4 B
tion rate was found to be statis- & '
tically significant at the p < o 031
0.001 level.?? Much of this £ ozr
variation may be attributed to g 0.1 [
changes in the rate of glomeru- O o0 |
lar filtration, which can result 0.0 0.2
from dietary protein, salt and

water balance, physical activi-

ty, and even emotional

state.??%%39  Gpecifically,

over the range of normal plas-

ma chloride concentrations,

the glomerular filtration rate will be altered by about 60%,
increasing with higher salt intake.®® Since CRE excretion
parallels the glomerular filtration rate, any change in the lat-
ter would be expected to be reflected in the CRE excretion
rate as well. Finally, the rate of tubular transport of CRE via
secretion may vary during the day by as much as = 35% (at 1
SD)."® Clearly, each of the above internal processes could
contribute to variability in daily CRE excretion.

Body Mass

The 24-hour CRE elimination differs greatly among
adultindividuals. The expected range (at 95% confidence in-
tervals) is between 0.5 to 3.0 grams per day—a six-fold
range.“” Because CRE is the product of the breakdown of
creatine, found primarily in muscle mass, researchers have
found a fairly good correlation between lean body mass (i.e.,
muscle) and CRE elimination,*'*%

Since lean body mass is not precisely related to gross
body weight, height, or to surface area, these parameters by
themselves have not been shown to improve the correlation
with CRE elimination.*"***> However, in field practice,
rough estimates of the expected CRE elimination can be
made by using the above anthropometric parameters. A
close estimate of human surface area can be calculated from
weight and height by the formula®®

Body Surface Area = 0.02350 H*4224¢ x W031456 (o)
where surface area is in square meters, height is in centime-
ters (100 cm = 39.37 inch), and weight is in kilograms (1 Kg
= 2.21 pounds). Urinary CRE has been empirically related
to surface area by the relationship shown in Figure 4.'¥

SURFACE AREA IN SQUARE METERS

FIGURE 4. Empirical relationship between body surface area and creatinine excretion
rate. Data adopted with permission from work of reference 18.

b

1.2

Age and Sex

Among the other person-specific factors that have been
used to assist in the estimation of expected CRE excretion,
age and sex are probably the most well studied. These factors
are important because of their general relationship to muscu-
larity. In addition, the glomerular filtration rate also declines
significantly with age.“”~*® Because of the general decline
of muscularity and glomerular filtration rate with age, the
average expected CRE elimination in a 65-year-old male is
about 15 to 25% less than in a 20-year-old male. %4

Females eliminate about 10% tess CRE into their urine
than men, given identical body weights, while they eliminate
approximately 30 to 40% less CRE as a group than men,
when the difference in weight is ignored.“**" Equations for
calculating the daily production rate of CRE (Rgg) from
gross weight, age, and the sex of the individual, have been
described previously.®” A general equation developed for
predicting 24-hour urinary CRE excretion, using 33 men,
takes into account the lean body mass by requiring only
gross weight and height.®? The equation takes the form

Regp(gm) = 0.0143 H,, + 0.00975 W,
— 0.00734 (age,, — 20) — 1.391

3

and is estimated to have a predictive accuracy of + 20% at
the 95% confidence level. (If collecting short-term samples,
one should expect wider deviations from this general predic-
tor of CRE production.)

Health
Obviously, renal disease, especially when specifically re-
lated to glomerular filtration, will alter the CRE elimination
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rate.16235 However, the presence of disease states in an in-
dividual and its influence on CRE elimination may not al-
ways be immediately apparent. Less obvious disease
conditions that may affect the renal output of CRE include
hypertensive-vascular disease, diabetes mellitus, hyperthy-
roid condition, and hepatic disease. Essential hypertension
can result in a substantial increase in CRE secretion that is
not reflective of the glomerular filtration rate.*® Diabetes
may be another condition that could lead to a transient eleva-
tion in the measured urinary CRE concentration, due to the
positive interference from acetoacetate excretion.®** The
presence of acetoacetate in urine increases with diabetic ke-
toacidosis, which can be expected to be temporarily present
in a portion of the diabetic population at all times.*”” Hy-
perthyroid conditions may either elevate or depress CRE
clearance.® Finally, since the liver is one of the primary
sources of creatine production, persons with hepatic disease
may produce only half the CRE of normal persons."'¥

CRE excretion increases by 5-10% late in the second
half of the menstrual cycle." Pregnancy has been implicat-
ed to cause about a 50% increase in CRE production and ex-
cretion.“>® In addition, notable decreases in elimination
have been reported in postmenstrual women.*?

External Factors

Internal processes cannot by themselves account for the
higher intra-day fluctuations that are seen. Additional exter-
nal influences are involved. These include diet, diuresis, ex-
ercise, drugs, alcohol and tobacco, and incomplete voiding.

Diet

The primary influence of diet on urinary CRE elimina-
tion is a result of its meat content. This is not surprising,
since meat contains creatine as well as traces of CRE. How-
ever, dietary creatine is not directly metabolized and elimi-
nated as CRE, and the influence that different compounds
have on the amount of CRE in urine has only recently be-
come clear. It is now known that absorbed dietary creatine
adds to the body’s creatine pool and can accumulate over
time.® Although the synthesis of endogenous creatine
would be retarded, the quantity of CRE eliminated over time
can gradually increase.®”

In a specific example of the significance of meat con-
sumption on CRE output, changes in the diet from a “high
meat” diet containing about 0.9 g/day creatine to a “low
meat” diet containing 0.1 g/day creatine contributed repeat-
edly to a 30 to 35% change in the urine CRE output in sever-
al individuals.® The change in excretion rate was
apparently exponentially dependent on time, with half-lives
of about two weeks. Other researchers have reported results
that generally agree.!'*#**7:656%) For the sake of comparison,
if between 0.005 to 0.007 grams creatine per 1 gram of meat
is assumed, a 16 ounce steak would contain 2.3 to 3.2 grams
creatine.®+® Thus, by extrapolation, the potential for long-
term elevations in CRE output, based only on diet, is consid-
erable.

Conversely, dietary creatinine is readily absorbed from
the intestine and is eliminated quickly from the blood by

renal filtration.” Earlier experience suggested that the con-
tribution of dietary CRE had insignificant short-term effects
on the urinary concentration, since meat contains little CRE.
This assumption was incorrect, since the analysis of CRE
content was performed initially only on raw meat. (Also mis-
understood were the differences between plant protein and
meat protein.)” It is now known that cooking meat converts
a substantial amount of its creatine to CRE.©*% Thus, a
high-meat diet can quickly contribute substantial amounts of
CRE to the blood that must then be eliminated.“” One study
determined that a single one-half pound of boiled beef ele-
vated the CRE plasma concentration 52% within 1.5 to 3.5
hours after ingestion.””"’® The return to the pre-meat urine
output level can occur just as rapidly.“” In one experiment
involving the cating of a cooked meat meal, the CRE elimi-
nation dropped 48% in a subsequent five-hour period com-
pared to the five-hour period just after eating the meal.”™

As a final note on diet, although not usually related to
workers, the effect of short-term fasting has been investigat-
ed, but the findings are contradictory.”*™

Diuresis

Normal daily urine volumes are about 1300 mL for
women and 1450 mL for men.”® Since the daily personal
urine volume may commonly vary by up to 300% (600 to
2500 mL) or even more, this factor should be considered as a
possible influence on CRE elimination. One author reported
a statistically significant correlation between urine volume
and CRE mass in successive 24-hour urine samples.””” Many
of the low creatinine excretion days corresponded to days
when the average urine flow rate was low (less than 1
mL/min). While some recent work has demonstrated that
urinary flow does affect the rate of CRE excretion,®** the
majority of the literature shows that when normal 24-hour
urine volumes are compared to the total daily CRE excre-
tion, little if any relationship is noted, as would be expected
if the CRE excretion rate was truly independent of urine vol-
ume.(18,19,40)

Intra-day urine flow rates deviate substantially more
than the longer inter-day urine output. Several researchers
have found short-term declines in creatinine excretion that
are associated with low urine flow.””’**¥ The results of one
of these studies are shown in Figure 5.7% Work in hot envi-
ronments will cause an increasing percentage of water loss
through perspiration. When work breaks are infrequent and
access to fluids is not readily available, urine flow rate may
decrease essentially to zero.*” Our own experience with in-
dustrial workers in normal temperature environments has
been to occasionally see urine flow rates less than 0.2
mL/min. A potential problem arises if CRE is used to check
the validity of a spot urine sample. Since a low urine flow
may result in low CRE excretion, checking the CRE concen-
tration in such a sample may not correctly indicate that it is a
truly concentrated sample.

Exercise

The long-term effect of regular exercise is the increase
of lean body mass. It may be expected that as a result of
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regular exercise there will be an increase in the daily elimi-
nation of CRE of between 25 to 35% compared to a person of
similar body weight and stature.?

Intense physical effort has been associated with affect-
ing the short-term elimination of CRE in urine as well. Im-
mediately after vigorous exercise, CRE elimination appears
to fall. This initial decrease may be attributable to the normal
decrement in renal blood flow and glomerular filtration rate
while exercising.®” The extent of fall equaled 33 to 36% in
two experiments.®**” However, the elimination rate seems
to quickly rebound and usually results in a net increase of up
to 50% for the day,(-386-88.93)

Drugs, Alcohol and Tobacco

A number of drugs have been associated with decreased
CRE elimination, among them cimetidine (duodenal ulcer
treatment) and trimethoprim (antibacterial). Evidence sug-
gests that these drugs compete for the organic cation trans-
port mechanism that CRE uses and thus diminish its rate of
secretion by the kidney.®” Information of the effect of illicit
drugs on CRE elimination was not found in the literature.

Chronic alcoholic beverage consumption was shown to
have an inverse effect on serum CRE levels, and presumably
CRE elimination. Although the difference was statistically
significant, the change was only about 5% among the heavi-
est drinkers.®" Later studies confirmed that the reduction in
serum and urine CRE was directly linked to skeletal muscle
myopathy and poor nutrition common to chronic alco-
holics.®”

Cigarette use has been associated with a small inverse ef-
fect on serum CRE, but the change was insignificant.?

Incomplete voiding

Some of the intra-day variability has been attributed to
incomplete voiding of the urinary bladder. Problems with
micturition, especially among older men affected by benign
prostatic hypertrophy, are fairly common.®® However, in
normal men and women, an objective measurement of the
significance of this contribution to the over-all variability
has been reported to be much less than 1%.°* Furthermore,
because the CRE content of subsequent samples shows no
compensation when the last result was high or low, one
would think that the contribution of incomplete voiding is
insignificant.®” Rather, completely missed voids over a long
period are of greater concern.®® To perform a rough check of
the completeness of urine samples for which the duration of
collection is known, one might compare single-sample CRE
concentrations to historical samples from an individual or
use Equation 3 to calculate the expected CRE excretion
rate.®”

LIMITATIONS OF USING CRE WHEN
ADJUSTING URINE RESULTS

The following section assumes that some knowledge about
the process of eliminating a xenobiotic is known. In reality,
renal excretion of most industrial compounds has not been
studied in sufficient detail to identify the effect of hydration
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FIGURES. Effect of low urine flow rate on creatinine
clearance in normal individuals. Mean clearance val-
ues, one standard deviation, and number of observa-
tions are presented at each flow rate. Reproduced with
permission from work of reference 78.

—

and other external factors on elimination. The mechanism of
elimination can be studied provided that the compound may
be administered to volunteer subjects.

One use of CRE has been to normalize untimed urine
samples to the amount of CRE found in a given volume of
urine. Assuming CRE is excreted at a constant rate, the
amount of CRE in a spot sample could serve as a surrogate
for timed samples. However, as has been shown by the fore-
going reports, CRE is not excreted at a constant and pre-
dictable rate. Based on this limitation alone, the error on the
expression of a urine substance concentration in short-term
samples could be * 200% or more, even with normal urine
flow. Because of this error, a number of papers have ap-
peared in the literature that have questioned using CRE to
normalize untimed samples, ©:30:34:40:43.64.73,84,100-104)

For CRE to be appropriate in correcting the concentra-
tion of a xenobiotic for varying urine flow, the elimination of
the xenobiotic must not be affected appreciably by urine
flow. The differences in the mechanisms of renal clearance
were presented previously and the effect on urine concentra-
tion exemplified in Figure 2. Several industrially important
substances and their metabolites, including phenol, fluoride,
and many volatile solvents are subject to renal reabsorp-
tion.*'%19 Under conditions of low urine flow (< 1
mL/min), elimination can dramatically decrease when the
substances are eliminated by diffusion and are reabsorbed,
whereas secreted substances and those not able to be reab-
sorbed may not be appreciably affected. Lead, for example,
is reabsorbed to a greater extent during times of low urine
flow, and adjusting the concentration in urine by the sam-
ple’s specific gravity rather than it’s CRE appears to mini-
mize sample variability,®'08-109
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CRE has been used to check the completeness of 24-hour
urine collections. To be confident in this process, which may
lead to a decision to eliminate certain samples from evalua-
tion, one should have basic information on each individual
and a history of their personal CRE elimination. Using CRE
to check the completeness of short-term urine collections (as
when determining the total amount of analyte excreted in a
given time) would appear to have even less reliability, since
the range of CRE excretion rate, especially between people,
is so large.®® This practice may only have utility in screen-
ing out extreme deviations from the expected. The use of
empirical equations for predicting CRE excretion, such as
Equation 3, may be more useful for screening sample results
from each individual.

Low body hydration can occur during short-term moni-
toring and dramatically affect the excretion of CRE and
some xenobiotics, which may be reason to exclude the re-
sults of such urine samples. But since CRE excretion may it-
self be significantly reduced during low urine flow, its
concentration may be a poor indicator of the state of hydra-
tion and the adequacy of urine flow. Fortunately, urinary
flow rate can be directly determined in timed urine collec-
tions.

An informal practice that should be questioned is the as-
sumption that the “normal” urine CRE concentration for a
“standard man” is about 1 g/L urine. This concentration has
been used to convert uncorrected urine data to CRE correct-
ed results and to convert spot samples to excretion rate re-
sults. The above quantity would appear inaccurate when we
acknowledge the wide variability in urine flow rates. If CRE
were actually excreted constantly over time (which is not
correct), and were divided by the denominator of urine flow,
which may have a range of 300% or more, one would expect
a low degree of accuracy when converting raw urine data by
the above “standard man” factor. One should not assume that
the urine flow rate among persons working in the same loca-
tion will be equivalent, since the amount of fluids consumed
as well as the perspiration rate may be quite different. In re-
ality, the concentration range of CRE in urine is expected to
be over 1000%.""”

ALTERNATE PROCEDURES TO CORRECT URINE
SAMPLES

Body Size

Toxicokinetic studies show that the rate of intake (e.g.,
by respiration) of an exposure dose will depend on the size of
the individual."'""'? Adjustment of urine concentrations for
total body mass should be particularly applicable when the
substance is eliminated relatively constantly over time, and
the excretion rate is dependent on the rate of intake and dis-
tribution, which are both influenced by body size. Attempts
to factor in individual body size have generally been suc-
cessful, sometimes halving the confidence width around the
dose-excretion regression line."'” Urinary CRE would be a
generally good reflection of the muscle mass of the person
exposed and would individualize by that perspective. How-
ever, muscle mass alone may not adequately correlate with

total body mass and hence may not be strongly related to res-
piration and elimination. Other means of factoring in indi-
vidual body size (e.g., expressing excretion in a given time
per 1 kilogram of body weight) would be just as simple and
possibly more meaningful when total mass (including adi-
pose tissue) is involved with the uptake, storage, and distrib-
ution of the substance of interest.

Alternate means of expressing body mass could be used
to help improve standardized expressions of substance dose
for each person. Among the most popular measurements of
body size are Body Surface Area (presented above in the
text), and the Body Mass Index (BMI), which indicates adi-
posity and is calculated by dividing weight in kilograms by
the square of the height in meters.!' The latter index may be
useful when the absorbed lipophilic chemical has an affinity
for fat, which could affect the storage and elimination of
such a compound from the body.

Expressions That Reflect Urine Flow Rate

Certainly variation in urine volume does not affect the
rate of excretion of all substances equally. Inorganic mer-
cury, for instance, has been found to be secreted almost con-
stantly over time and is not reabsorbed.®>'*® Expressing
untimed inorganic mercury concentrations by per-gram CRE
would be an excellent use of the CRE adjustment if the ex-
cretion rate of CRE were stable over time. However, a time-
integrated excretion rate was found to be a superior
expression of internal dose.®>!'>!"9 CRE excretion is more
variable than mercury excretion, since it is affected by sever-
al influences including urine flow. This makes the result of
adjusting the urine mercury concentration by CRE less than
optimal. To measure urine volume, which is necessary to
know in order to relate the rate of excretion to a urine sample
that is timed, the most convenient means is simply to weigh
the sample on a metric scale, since the weight of urine is es-
sentially | g/mL.

A means to correct this problem of variable urine flow
and improve the adjustment of concentration has been pro-
posed.!"'” This involves adjusting the substance concentra-
tion to a standard urinary volume rate of 1 mL/min (1.4 L per
day) and accounting for the influence of urine volume by the
equation:

Uy-y = Ui+ Vi’ @

where Ui = nonadjusted concentration, Vi = urinary flow
rate (mL/min) and b = the value specific for each urinary
substance calculated by the least squares method in the equa-
tion log Ui = a — b log Vi. Calculation of b is performed
after several serial timed samples are collected from one or
more persons. Testing of this approach on several metals and
some endogenous organic compounds indicates that the af-
fect of urine tlow on concentration and the correlation of in-
dividual voids with the population mean is superior to
the correlation provided by other common methods of
expression, including the use of CRE.""*> This approach ap-
pears to have great promise for compounds where the rate of
excretion varies with urine flow.
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An identical approach to correcting the excretion rate of
CRE for variable urine flow has been forwarded.""” The em-
pirical exponent value (which is equivalent to the slope of
the log-log dependence of the creatinine excretion rate on
urinary flow) that is used to adjust the urine flow rate is pre-
liminary and has been reported by various authors to be
0.27-0.67.""® At a urine flow rate of 0.5 mL/min. and 1.5
mL/min, this approach would decrease and increase the nor-
mal analyte concentration per gram CRE by about one-third,
respectively. To obtain an independent value for the expo-
nent, all samples must be collected and timed from multiple
individuals for an extended period, and multiple linear re-
gression with variables to account for inter-individual differ-
ences is necessary. However, this approach should improve
the adjustment of urinary concentrations where CRE adjust-
ments have already been shown to be appropriate or where it
is preferred to express results by the CRE adjustment in fol-
lowing a historical precedent.

For substances in which the excretion rate is influenced
by urine flow rate (i.e., concentration is less dependent on
urine volume), adjusting the concentration to a standard spe-
cific gravity may help to minimize some of the variability as-
sociated with urine flow."" Although this approach may not
be as effective as the above approaches, it can sometimes pro-
duce satisfactory results. Values for specific gravity can be
expected to vary 10-fold (i.e., 1.003 to 1.030) and to correlate
with urine flow rate."""” However, it should be realized that
specific gravity adjustments are also imprecise in reflecting
urine flow rate and suffer from the same problems as CRE,
being only convenient surrogates for timed samples.® Body
size, protein in the diet, and sweating each may affect the rate
of excretion of specific gravity-adjusted urine by a factor of
about two."""” Thus, at a given urine flow rate, the precision
of the specific gravity from a group of persons may be ex-
pected to cover a range where the more concentrated sample
will be up to eight times the least concentrated sample.

To calculate adjusted urine concentrations with specific
gravity, one may use the following convenient formula:

Observed
Concentration

Corrected
Concentration

X

24
Last 2 digits of sp. gr.

)

This formula assumes an average specific gravity of 1.024,
while other values will also work if desired. One reported
approach to urine expression first adjusts the raw urine con-
centration by specific gravity before expressing the final re-
sult as a rate of elimination."” Individual uptake and
elimination could be further refined by relating the result to
body size by some of the means suggested above.

DISCUSSION

When periodic collection of multiple timed urine samples
from any individual is performed, a unique range of urine
flow rates and creatinine excretion rates usually evolves.
This range can be used to judge the normality of subsequent
samples from an individual.®”

When prior knowledge does not exist concerning the
means by which a substance is excreted, and no attempt has
been made to demonstrate whether adjusting the results can
improve the expression of the data, it is first recommended
that repeated samples be carefully collected from several in-
dividuals. Each of these sample results should be adjusted by
the methods already reviewed and the final results either (1)
compared to the overall group mean and the relative vari-
ance determined, or (2) compared to the measured dose (e.g.,
air concentration or calculated uptake). The method of ex-
pression providing the least variability about the mean or
best correlation with exposure should then be select-
ed. G122 A Qinear correlation between the analyte
and CRE (or another selected denominator) should be
observed using samples representing a wide range of con-
centrations if CRE is to be used to adjust all subsequent
sample concentrations.

Attention to detail when collecting information on indi-
vidual participants in urine-monitoring programs would re-
duce the level of uncertainty in the results, be more
reflective of individual exposure, and result in fewer re-
quired samples, reduction in analytical cost, and better iden-
tification of specific workers at risk. Since the goal of
biological monitoring is related to protecting workers’
health, the emphasis should be on maximizing the accuracy
of these results, not on simply providing convenience to the
person collecting the samples when less than optimum data
is the result.

One obstacle to adapting a new approach is in comparing
the “new” results to historical results and to other results in
the literature. However, all of the alternative methods de-
scribed above simply “personalize” the excretion of a xeno-
biotic for an individual where the mass eliminated is
adjusted by factors such as urine flow rate or body size. For
the singular purpose of comparing results expressed by a
new approach to historical results, a rough conversion of the
“new” data back to the old means of expression could be per-
formed using an adjustment factor based on the mean popu-
lation value for that expression (e.g., analyte per gram CRE
or per liter).

CONCLUSION

Because of the complexity of factors influencing the intake,
distribution, and renal excretion of substances, interpreting
urine results is difficult and not an exact science. Neverthe-
less, any means that take these influences into account and
can be shown to improve the expression of personal internal
dose should be promoted. Demonstration of the appropriate-
ness of a means of expression should be performed in con-
junction with a thorough review of the literature.

RECOMMENDATIONS

1. CRE may be used with some success to correct urine
concentration results when the substance is eliminat-
ed primarily through renal filtration. CRE should not
be applied to substances where passive elimination
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and reabsorption, processes that are concentration
dependent, are involved.

2. Before correcting urine concentrations with CRE, the
user should be aware of the large potential variability
of CRE excretion in short-term (= 4 hour) voids and
the special circumstances that may alter CRE excre-
tion.

3. Workers should be well hydrated when collecting
urine samples. If the urine flow rate falls below 1
mL/min., collections should ideally be repeated when
the worker is better hydrated.

4. Alternative methods to using CRE correction as a
means of expressing urinary elimination of a sub-
stance may correlate better with exposure, and
should be explored.

5. Laboratory- and research-oriented field studies
should consider the effect of hydration as well as
other important physiological variables when col-
lecting urine samples to ascertain the importance of
these variables on excretion.

6. In order to relate urine results to internal dose, per-
sons interpreting the results should be knowledge-
able about the intake, storage, and distribution (i.e.,
pharmacokinetics) of the substance in the body. Sam-
ples should be collected in such a way that minimizes
sample contamination and samples should be proper-
ly stored after collection.
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