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The Relationship of Blood- and Urine-Boron to
Boron Exposure in Borax-Workers and

the Usefulness of Urine-Boron as an

Exposure Marker

B. Dwight Culver,’ Peter T. Shen,? Thomas H. Taylor,’
Anna Lee-Feldstein,’ Hoda Anton-Culver,” and Philip L. Strong?

"University of California Irvine, College of Medicine, Irvine, California; “United States Borax and Chemical
Corporation, Los Angeles, California

Daily dietary-boron intake and on-the-job inspired boron were compared with blood- and urine-boron concentrations in workers engaged in packaging
and shipping borax. Fourteen workers handling borax at jobs of low, medium, and high dust exposures were sampled throughout full shifts for 5
consecutive days each. Airborne borax concentrations ranged from means of 3.3 mg/m? to 18 mg/m?3, measured gravimetrically. End-of-shift mean
blood-boron concentrations ranged from 0.11 to 0.26 ug/g; end-of-shift mean urine concentrations ranged from 3.16 to 10.72 pg/mg creatinine.
Creatinine measures were used to adjust for differences in urine-specific gravity such that 1 ml of urine contains approximately 1 mg creatinine.
There was no progressive increase in end-of-shift blood- or urine-boron concentrations across the days of the week. Urine testing done at the end of
the work shift gave a somewhat better estimate of borate exposure than did blood testing, was sampled more easily, and was analytically less diffi-
cult to perform. Personal air samplers of two types were used: one, the 37-mm closed-face, two-piece cassette to estimate total dust and the other,
the Institute of Occupational Medicine (IOM) sampler to estimate inspirable particulate mass. Under the conditions of this study, the IOM air sam-
pler more nearly estimated human exposure as measured by blood- and urine-boron levels than did the sampler that measured total dust. The high-
est mean blood- and urine-boron levels in the workers were approximately an order of magnitude lower than blood and urine values found by others
in dogs during feeding studies conducted as part of reproductive toxicity studies at the no-observed-adverse-effect level (NOAEL). The mean dietary
intake of the workers was 1.35 mg boron/day, close to the 1.521 mg boron/day reported recently for the standard U.S. diet. Total estimated boron
intake, which is diet plus environmental exposure, had for the high-borax dust exposure group a mean daily boron intake of 27.90 mg/day or, based
on the body weights of the subjects, 0.38 mg boron/kg/day. These subjects had a mean blood-boron level of 0.26 pg boron/g blood, a factor of 10

lower than found in the dog or rat at NOAEL exposure levels. — Environ Health Perspect 102(Suppl 7):133-137 (1994)
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Introduction

This study examined the relationship
between work exposure to borax dust and
blood- and urine-boron levels to deter-
mine whether biologic monitoring would
be possible, and to compare daily intake
levels in workers exposed to boron to those
reported from toxicologic studies in exper-
imental animals. A related objective of this
study was the evaluation of methods for
measuring dust exposure.

Boron is present in inorganic borates
such as borax and boric acid that are used
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widely in industry and commerce. It is also
an essential element for healthy plant
growth and consequently is present in the
daily diet. Boric acid has been shown to be
readily absorbed from the human gastro-
intestinal tract (7). It is likely that the
other water-soluble inorganic borates pro-
vide boron in a form that is readily
absorbed through mucosal membranes. Its
presence in the body is most likely in the
form of a salt or acid, as indicated in
William G. Woods’ presentation in the
symposium, “Introduction to the Element
and Its Compounds” (2).

Rationale

Weir and Fisher (2) found that borax and
boric acids have similar toxicity when dose
is calculated as boron. This, plus the diffi-
culty of chemically analyzing different
borate species in biologic fluids, provides
the rationale for calculating dose and tissue
levels in terms of boron. The analysis of
boron at low concentrations in tissue can

be quite precise as pointed out by Robert
F. Moseman at the symposium (4).

Methods
Samples Used

Because the characteristics of samples of
airborne dust collected by air samplers
depend upon the aerodynamics of the sam-
pler used, two types of personal air sam-
plers were used. The first was a 37-mm
closed-face cassette containing a 5-microm-
eter pore size polyvinyl chloride (PVC) fil-
ter, calibrated to represent the American
Conference of Governmental Industrial
Hygienists (ACGIH)-defined total dust;
the second sampler was an Institute of
Occupational Medicine, Edinburgh
(IOM), sampling head designed to collect
the inspirable particulate mass as recom-
mended by the ACGIH Committee for
Particle Size-Selective Sampling in the
Workplace (5). This article uses the term
total dust to designate the fraction of a
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Figure 1. |OM dust versus total dust where IOM = 0.14 + 1.76(TD), r = 0.82, and p<0.001. Abbreviations: IOM,

Institute of Occupational Medicine; TD, total dust.

polydispersed dust cloud captured by the
37-mm closed-face sampler. Both air sam-
plers were used simultaneously during all
sampling periods.

Work Area Studied

The work area studied, the same as that
described by Wegman et al. (6), was a
borax packaging and shipping facility of a
major borax and boric acid production
plant. The term borax, as used in this study
refers to any one or mixtures of
three hydration states of sodium
tetraborate: Na,B,0O,, Na,B,0,-5H,0,
or Na,B,0,-10H,O—our analytical
method was unable to differentiate
between these three species adequately.
Male workers in good health were selected
from areas with high-, medium- or low-
borax dust exposures, as judged by the
industrial hygienist. Four workers were
from the low-, five from the medium-, and
five from the high-exposure area. Daily
airborne boron exposures of each subject
were measured throughout the entire work
shift for 5 days of a work week. Particle
size distribution was measured once for
each worker, using a Marple Personal
Cascade Impactor (Anderson Samplers,
Atlanta, GA).

Dietary Monitoring

In addition, boron content of food and
drink ingested during the 2 days prior to
and each day during the test work week
was measured. Subjects were instructed by
a dietitian in the keeping of a dietary
record. They were given prepared food
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(Healthy Choice, Con Agra Frozen Foods,
Omaha, NE), beverages, including bottled
water, for the 7-day period beginning the
Saturday prior to the measured work week
and ending with the noon meal on the fol-
lowing Friday. Aliquots of any ingested
food or drink not provided by the dietitian
were required to be returned by the subject
to the study team and were measured for
boron content. Although constrained to eat
the diet provided by the study or to return
to the dietitian samples of consumed food
and drink not provided by the study, sub-
jects were not limited in the amount con-
sumed. Analysis of boron in food and
drink samples was done according to the
method of Hunt and Shuler ().

Sampling Techniques and Results

Blood and urine samples were obtained on
Monday morning prior to the beginning of
the work week, Monday afternoon at the
end of the first day of work, at the end of
work on Thursday, and at the end of work
on Friday. End-of-shift urine and blood spot
samples were selected as representative of the
immediately preceding borax-exposure
workshift because of the relatively short bio-
logical half-life for boron, approximately 21
hr (8). It also was thought that an end-of-
shift spot sample would be the most practi-
cal sample for future biologic monitoring,
Mean TWA dust concentrations of
borax for the low-, medium-, and high-
exposure categories as measured by the
total dust sampler were 2.76 (SD 0.86),
7.54 (SD 5.31), and 9.86 (SD 4.29)

mg/m?, respectively; as measured by the

IOM sampler, they were 3.38 (SD 1.18),
12.62 (SD 9.17), and 17.98 (AD 11.37)
mg/m?, respectively. The relationship
between dust concentration values
obtained by the two air-sampling methods
is shown in Figure 1. This relationship is
described by the equation

IOM mg/m’=0.14 + 1.76(TD) mg/m?,
r= 82, p<.001 [1]

The particle-size distribution ranged from a
mean of 20.7 pm for the high-exposure
category to 16.8 pm for the low- and 16.7
for the medium-exposure categories. These
rather large mean particle sizes probably
account for much of the difference in sam-
pling results from the two air samplers.

Boron air concentrations were calculat-
ed using analyses of boron content in
borax settled-dust samples from horizontal
surfaces at each worker’s job site, and
gravimetric measures of the worker’s air-
borne borax dust concentration. The mean
percent boron in the settled-dust samples
was 14.3; the range was 11.8 to 15.2,
which indicates a relatively pure borax
dust uncontaminated with dusts from
other sources. The assumption was made
that the percentage of boron in the settled-
dust samples would be a good approxima-
tion of the percentage of boron in the air-
borne dust.

Calculated boron air concentrations and
estimates of on-the-job inhaled air volumes
based on minutes-worked-per-shift and a
20.8 I/min respiratory minute volume (10
m?®/8-hr shift) were used to calculate the
amount of boron inhaled on the job for
each subject. It was assumed that all
inhaled particles were retained and ulti-
mately absorbed into the systemic circula-
tion. This retention assumption is probably
not unrealistic; because of the large size of
the dust particles in the work areas, the
majority of the inspired particulate mass
would have impacted on surfaces of the
upper respiratory tree and either would
have been absorbed directly through
mucous membranes or swallowed where
absorption would have occurred. Any error
in the assumption would lead to an overes-
timation of the inhaled boron dose and
thus be conservative from the standpoint of
risk analysis.

Mean-inspired boron for the low-, medi-
um-, and high-exposure categories based
on IOM sampler results were 4.70 (SD
1.69), 16.18 (SD 11.64), and 24.77 (SD
15.35) mg boron/day, respectively. Those
based on total dust (TD) sampler results

Environmental Health Perspectives
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Figure 2. Total boron: mean diet plus work-dust exposure category and air sampler. Abbreviations: I0M, Institute

of Occupational Medicine.
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Figure 3. Mean boron levels (ug/ g) by day of week and dust exposure category.

were 3.84 (SD 1.24), 9.67 (SD 6.72), and
13.60 (SD 5.76) mg boron/ day, respectively.

Mean daily dietary boron intake for each
worker was measured at 1.35 (SD 0.72) mg
boron/day, without a statistically signifi-
cant difference between exposure groups.
The value 1.35 mg boron/ day is not greatly
different from the standard U.S. dietary
boron content (9). Total daily boron intake
calculated for each individual, including
the measured dietary contribution and the
calculated intake by inspiration, is shown
by exposure-group mean in Figure 2. The
high-exposure category mean total intake
was 27.9 mg boron/day.

Boron levels for blood samples obtained
on the Monday morning prior to the first

Volume 102, Supplement 7, November 1994

work shift of the week averaged 0.09 pg
boron/g blood. There were no significant
differences among the three exposure cate-
gories. Postshift boron values for blood
samples drawn on the sampling days,
Monday, Thursday, and Friday, were not
different from the Monday morning
preshift samples for the low-exposure cate-
gory. For the medium- and high-exposure
categories, later blood values were signifi-
cantly higher than the Monday morning
values, but there were no consistent differ-
ences between medium- and high-exposure
groups for any sampling day. The relation-
ships of blood boron to exposure categories
and to points of time when blood was sam-
pled are shown in Figure 3. The mean

BORAX-WORKER EXPOSURE

Table 1. Human blood- and urine-boron, without work
exposure.

Blood, Urine,
Reference ug/ml pg/ml
Imbus (73) 0.10(0.04-0.36) 0.70 (0.04-6.60)
Abou-Shakra (74 0.06(0.01-0.17) 0.75(0.15-2.98)
Clarke (15) 0.03 -
Minoia (76) - 1.80(0.47-7.80)

postshift blood-boron concentration for
the high-exposure category workers was
0.26 pg/g which is within the range of
normal values reported for nonoccupation-
ally exposed working adults (Table 1).

Figure 4 presents the results of urine-
boron measurements at preshift and post-
shift sampling times. Preshift, Monday
morning values had a mean of 2.75 pg
boron/mg creatinine without significant
differences among exposure-category
groups. Only the high-exposure category
showed postshift boron excretion elevations
that were statistically significant. These
postshift values averaged 10.72 pg
boron/ mg creatinine with the highest daily
average, 11.91 pg boron/mg creatinine on
Monday afternoon. These values are slight-
ly above the range of values reported for
nonoccupationally exposed workers and 7
to 10 times their mean values assuming
that normally 1 ml of urine contains 1 mg
creatinine (Table 1).

The postshift blood- and urine-boron
concentrations did not increase across the
days of the work week, indicating that at
the levels of exposure experienced by these
workers (up to a mean of 27.9 mg
boron/day or 0.38 mg boron/kg/day) there
was no evidence of boron accumulation.
Our observations that progressive accumu-
lation does not occur are consistent with
the experimental work at much higher
doses in which animals that were fed diets
containing up to 1575-ppm boron (67.9
mg boron/kg/day) did not demonstrate
progressive increases in tissue levels once a
plateau had been reached following the first
day of dosing (10).

When boron intake over the period of
the work shift and biologic measures of
absorption at the end of the shift were
treated as continuous variables, a series of
bivariate models was obtained (Table 2).
Comparison of the various models for
blood- and urine-boron concentrations
yields similar overall patterns. The 7? col-
umn, which is a measure of the proportion
of variance in the blood or urine accounted
for by each model, indicates that measures
of boron in the breakfast and the food con-
sumed during the work shift did not con-
tribute to the predictive power of the mea-
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Figure 4. Urine-boron levels (pg/mg creatinine) by day of week and exposure category.
Table 2. Relation of boron intake (mg/ shift) to blood and urine levels.
Independent variables Intercept Slope Variance, r? Probability, p
For blood-boron, yg/g
I0M, air and diet 0.070 0.008 0.74 0.001
|0M, air alone 0.073 0.008 0.77 0.001
Diet alone 0.236 (0.056) 0.05 0.460
TD, air and diet 0.052 0.015 0.52 0.003
TD, air alone 0.066 0.015 0.49 0.002
For urine-boron, pg/ g creatinine
I0M, air and diet 0.267 0.462 0.85 0.001
IOM, air alone 0.600 0.460 0.85 0.001
Diet alone 7.871 (0.160) 0.00 0.967
TD, air and diet (0.327) 0.816 0.52 0.002
TD, air alone 057 0.806 0.49 0.002

Abbreviations: IOM, Institute of Occupational Medicine; TD, total dust. ? Postshift blood- and urine-boron.

Table 3. Boron dose and blood- and urine-boron concentrations of workers compared to animals at the NOAEL for

reproductive toxicity.

Male worker (this study) Dog fertility Rat developmental
Dose, mg boron/ kg / day 0.38 8.75(2 13.70%(9
Urine, pg boron/ mi 10.72° 180.00 (8) =
Blood, pg boron/g 0.26 2.50-3.50(8) 2.50-3.00¢

Abbreviations: NOAEL, no-observed-adverse-effect level. # Value approaches NOAEL. ® g boron/ mg creatinine.

¢ No data. ¢ Unpublished data, see text.

sured inhaled borax. The relative uniformi-
ty of the boron content of the assigned
diets and the higher proportion of total
boron absorption resulting from air expo-
sure may account for the apparent lack of
dietary effect.

Results and Discussion

It is clear from these bivariate models that
the use of air-sample data based on the
IOM air sampler to estimate boron intake
accounted for more of the variance in the
blood- and urine-boron concentrations
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than data based on the total dust sampler.
This observation leads to the conclusion
that measures representing inspirable par-
ticulate mass rather than total dust more
accurately estimate human dust exposure
where the dust is of large particle size and
the effect of concern is a systemic one.

The relationship between the workers’
boron exposure and boron intake in animal
chronic feeding studies can be looked at by
comparing animals at the no-observed-
adverse-effect level (NOAEL) with the
high-exposure category workers. Because

boron’s effects on fertility and fetal devel-
opment appear to occur at lower dose levels
than other toxic effects, the comparison
was made with animal studies of reproduc-
tive effects.

Table 3 provides worker boron exposure
and related end-of-shift blood- and urine-
boron concentrations, together with repro-
ductive NOAEL dietary boron levels for
the dog (8), and the probably close-to-
NOAEL level for the rat (9), along with
their related blood- and urine-boron con-
centrations. [Data are sparse, and the rat
blood-boron level at the 13.7-mg/
boron/kg/day dietary intake level comes
not from the developmental toxicity study
of Heindel et al. (9) but from a separate
pilot study (Robert E. Chapin, unpub-
lished data)]. Because there appear to be
species differences between boron intake
and resulting blood-boron levels, with man
having a relatively higher blood-boron level
for a given boron intake, comparisons of
results of exposure across species should be
based on blood-boron levels rather than on
estimates of boron intake. Thus, under the
conditions of this study, high-exposure cat-
egory workers with a calculated mean daily
boron intake of 27.9 mg boron (0.38 mg
boron/kg/day) had a mean blood-boron
level (0.26 pg boron/g blood) that was a
factor of 10 lower than the dog and rat at
NOAEL exposure levels (Table 3).

Conclusion

The findings of this study can be summa-
rized: a linear relationship described by
IOM = 0.14 + 1.76(TD) exists between
the two dust samplers used under the con-
centration and particle size distribution
conditions of this study. The IOM sampler
results are measurably better for predicting
boron absorption as indicated by blood-
and urine-boron levels than are results
based on the total dust sampler, as indicat-
ed by the 2 values. Equations for predic-
tion of blood- and urine-boron concentra-
tions are:

Blood-boron (pg/g)= 0.07 + 0.008(mg
boron inhaled /shift) [2]

Urine-boron(pg/mg creat)= 0.6 + 0.46(mg
boron inhaled /shift) [3]

Borax mean air exposures of 17.98
mg/m?’ measured for the high-exposure
workers together with dietary boron result-
ed in an estimated absorption of 0.38 mg
boron/kg/day. At this level there was no
progressive accumulation across the work
week.

Environmental Health Perspectives
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