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OPTIMALISATION DE LA MESURE DU CARBONE 14 DANS L'URINE

par

G.H. Kramer et P.M. Bouchard*

RESUME

On a éprouvé et optimalisé, quant à la sensibilité et
l'efficacité, la technique de mesure du carbone 14 dans l'urine qu'emploie
actuellement le laboratoire de biodosage du service de Recherche en
dosimétrie des LNCR. On traite d'abord l'urine par une enzyme qui catalyse
l'hydrolyse de l'urée, l'élément principal de l'urine à teneur en carbone;
on libère ensuite le dioxyde de carbone par addition mesurée et le recueille
dans l'éthanolamine. On peut calculer directement l'aminothanol par
addition d'un mélange de scintillateurs liquides. On peut employer cette
technique pour mesurer l'activité massique (spécifique), (Bq/g-carbone) ou
l'activité totale de carbone 14 libérée de l'échantillon d'urine.
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ABSTRACT

The urinalysis method for carbon-14 currently used by the bioassay
laboratory of the Dosimetric Research Branch at CRNL has been tested and
optimized for both sensitivity and efficiency. Urine is first treated with
an enzyme that catalyses the hydrolysis of urea, the major carbon-containing
component of urine; carbon dioxide is then liberated by the measured
addition of excess acid and collected in 2-aminoethanol. The aminoethanol
can be directly counted by the addition of a liquid scintillation cocktail.
This method can be used to measure both the specific activity, (Bq/g-carbon)
or the total activity of carbon-14 released from the urine sample.
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INTRODUCTION

Carbon-14 is produced in the upper atmosphere by the reaction
l^N(n,p) l^C induced by cosmic ray neutrons and, of more concern, in
nuclear reactors. At Chalk River Nuclear Laboratories, carbon-14 is
produced for sale by the activation of barium carbonate, 13c(n)Y)14^>
Heavy water reactors also produce considerably more carbon-14 than light
water reactors because of the greater mass of moderator in the core. UNSCEAR
(2) give a value of 15.5 T Bq/GW(e) year (95% in the moderator) and Rabat (3)
estimated a value of 21.7 T Bq/GW(e) year (93% in the moderator) for
carbon-14 production in CANDU* reactors. By contrast, light water reactors
produce 0.74 G Bq/MW(e) year (4).

Carbon-14 decays wih a half-life of 5730 years by the emission of a beta
particle with mean energy 49 keV and a maximum energy of 156 keV. There are
no accompanying gamma emissions.

The metabolism of inorganic carbon has not been well characterised (4).
Inorganic carbon compounds are poorly absorbed by the body with the bulk of
the material being excreted quickly. During an inhalation of carbon
dioxide, 1% of carbon is retained and solubilised as bicarbonate - part of
which is retained by bone.

The metabolism of organic carbon is a much more complex problem and only a
few cases have been practically examined (4). Carbon is excreted in many
different forms but the major constituents (>90%) of urine are urea (25
g/day) and bicarbonate/carbonate (0-3 g/day) (5). This report describes a
method that specificaly measures the carbon-14 content of these compounds.
The method is designed so that both the specific activity and the total
activity released from the sample may be determined in one analysis.

A survey of the literature shows a variety of procedures that can be used
for determining carbon-14 in people. Breath analysis for CO2 (6,7),
would, at CRNL, require removing people from the workplace. Fecal analysis
(8) is extremely time consuming (approximately 7 days (8)) and sample
collection is often difficult. Urinalysis offers the advantage of easy
sample collection - direct counting of urine (7,9) is only useful if one can
be certain that there are no other beta emitting radionuclides present in the
sample but oxidation of urine by persulphate (9) or by peroxide-sulphuric
acid (10) eliminates the radionuclide interference problem.

The urinalysis method described in this report is specific for carbon, sample
collection is easy, personnel do not have to leave the workplace, sample
processing is relatively rapid (two hours/sample), and the chemistry is
fairly simple compared to a repetitive oxidation procedure.

EXPERIMENTAL

The following method assumes that any carbon-14 following an intake is
present either in the form of urea or carbonate/bicarbonate. The urea is
converted £o carbonate/bicarbonate by the enzyme, urease, and carbon dioxide
is liberated from the carbonate/bicarbonate mixture by titration with

*Registered in the U.S. Patent and Trademark Office, CANadian Deuterium Uranium
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hydrochloric acid. The titration enables the analyst to determine the
amount of carbon dioxide released. The gas is swept out of the reaction
vessel by nitrogen gas and is dried by passing it through concentrated
sulphuric acid prior to absorption by 2-aminoethanol. The 2-aminoefchanoi is
mixed with a liquid scintillation cocktail and the solution counted for
carbon-14 in a liquid scintillation counter.

Reagents and Apparatus

Standardized Carbon-14 urea (0.15 M Bq/mmol) was obtained from New England
Nuclear. The liquid scintillation counter was an LS7000 that was
manufactured by Beckmann Instruments, California. Nitrogen gas was obtained
from Matheson, Canada. Jack Bean Meal, 2-aminoethanol, methyl orange
indicator, hydrochloric acid, methanol, sodium carbonate, xylene and PPO
were obtained from Fisher Scientific Ltd. (Canada).

The LS cocktail was prepared by dissolving 9.0 g PPO in 500 mL of xylene.

Procedure

1. 1.00 mL of urine is placed in a conical flask with a magnetic sjtirring
bar and 0.5 g of Jack Bean Meal (Urease). (See Figure 1.)

2. The urine/enzyme mixture is allowed to stand for approximately>60 min at
room temperature; meanwhile, 5.0 g of 2-aminoethanol is placedzin a
preweighed LS vial. The inlet/outlet tube assembly is added ti> the LS
vial and the vial is weighed again. •

3. A few drops of methyl orange indicator are added to the conicaL flask
which is then added to the titration assembly for the release
dioxide, as shown in Figure 1. The system is checked for leaks by
flushing the apparatus with nitrogen gas.

4. The sample solution is stirred vigorously with the magnetic st
bar. Hydrochloric acid (2 mol/L) is carefully added to the so
until the red endpoint is reached (pH about 3.2).

)f carbon

Lmng
Lution

NOTE: Caution should be taken so that the acid is not added tbo
quickly. It is desirable to keep the evolution of carbon dioxi
rate no more than a few bubbles per second. This can be achi*

de at a
ved by

restricting the acid flow to 3-6 drops per minute when carbon/dioxide is
being freely evolved.

5. After the red endpoint has been reached, a further 2 mL of acid are
added to the flask and the system is flushed with nitrogen fojr about 10
minutes to force as much carbon dioxide through the 2-arainoetjhanol as
possible.

6. The LS counting vial is removed from the cooling bath, dried of excess
water adhering to the sides and weighed with the inlet/outlet tube still
attached. The inlet/outlet tube is then removed and the vial is
re-weighed. The difference in weights compensates for the small loss in
2-aminoethanol that adheres to the tube - typically 4%.
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7. Methanol (10 g or 13 mL) and the LS cocktail (5.0 g or 5.7 mL) are added
to the vial and the vial is vigorously shaken after tightly capping.

8. The vial is counted for carbon-14 activity in a liquid scintillation
counter accompanied by a blank that was prepared from a solution of
0.5 g sodium carbonate in about 100 mL distilled water. The carbonate
solution is treated as a sample starting at step 3 above.

9. The counting efficiency of the sample may be determined by either adding
an internal spike of a known standard and recounting or by preparing a
standard and analysing it as described above.

CALCULATIONS

wt of vial = A g
wt of vial + 2-aminoethanol = B g
wt of vial + 2-aminoethanol + tubing = C g
wt of vial + 2-aminoethanol + tubing + CO2 = D g
wt of vial + 2-aminoethanol + CO2 = E g

TOTAL C02 = D - C g

TOTAL 2-aminoethanol + C02 = (B - A) + (D - C)

NET (CO2 + 2-aminoethanol) in vial = (E - A) g

NET wt of C02 = F = (D - C) * (E - A) / ((D - C) + (B - A)) g

NET wt of Carbon Z = F * 12 / 44 g

Sample Counting Data

count rate = X cpm
background = Y cpm
time = Z min
net count rate = X - Y cpm
spike + sample count rate = XI cpm
net spike count rate = XI - X cpm
counting efficiency = (XI - X) / ADDED ACTIVITY =
sample activity = (X - Y) / E = S dpm
Carbon-14 activity = S/Z dpm per gram carbon

Collection Efficiency

titration end point (red) » G iL
standard HC1 concentration = H mol/L
amount of CO2 released « (G * H * 44)/2OOO » J g CO2
% recovery - (100 * F)/J
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RESULTS

The optimized method (see discussion below) was tested by analyzing ten
urine samples that had been spiked with C-14 urea. The results are
presented in Table 2. Collection efficiency was found to be: set 1, 6 3 + 6
(ignoring point 1.4) and 62 +_ 5 for set 2. The activity recovered was found
to be: set 1, 4 6 + 3 (ignoring point 1.4) and 3 5 + 4 for set 2. Point 1.4
was excluded due to the low collection efficiency. When it became clear
that the collection efficiency was low the apparatus was leak tested again
and found to have an imperfect seal around the reaction vessel and burette.
It is interesting to note that a poor collection efficiency, such as the
result for sample 1.4, has little or no effect on the final result - the
specific activity. However, for low level samples a low collection
efficiency could affect the result by lowering the sample activity below the
detection limit. The detection limit for a 10-minute count and an ambient
background of 36 cpm is 247 mBq, or approximately 1.2 Bq/g-carbon.

DISCUSSION

Preliminary experiments showed that unless the nitrogen flow rate was kept
low, a significant quantity of carbon dioxide was swept through the
2-aminoethanol and recoveries of carbon-14 were greatly reduced; however,
the specific activity remained unchanged. It was also found that if the
exit of the inlet tube was modified to give a greater contact area the
absorption of carbon dioxide was facilitated. The mouth of the inlet tube
was approximately doubled in diameter - see Figure 1.

As part of the optimization procedure, the rate of hydrolysis of urea was
studied at room temperature as a function of urea concentration and enzyme
concentration. Urea is excreted at the rate of 20-35 g/day (11). Assuming
a 24 hr urine volume of 1500 mL, this translates to 133-233 mg/100 mL of
urine. It was found that at the upper limit of urea excretion (233 mg/100
mL urine), the digestion is essentially complete after 30 minutes; however,
if the urea concentration was as high as 1.0 g/100 mL (150 g/day), then the
digestion would only be 45% complete after 60 minutes. It seems unlikely
that urea excretion would greatly exceed the upper limit given above but the
choice of a 60 minute digestion time should ensure that a substantial amount
of the urea will be digested. This is exemplified by the results in Table
2. The activity recovered shows that at least 35% of the labelled C-14 urea
was converted to carbon dioxide by urease.

The rate of carbonate/bicarbonate excretion is not well documented, so some
titrations were performed on three randomly selected urine samples. Each
sample was divided equally and one half treated with Jack Bean Meal (JBM).
After 60 minutes had elapsed, the samples were titrated - the results are
shown in Table 3 as set 1. The surprising result for sample 1.1 (67%
carbonate) prompted a closer investigation into the samples. Sample 1.1 was
4 days older than samples 1.2 and 1.3.
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Another Investigation was performed. A set of samples were analysed 3 days
after excretion as described in the preceeding paragraph and following
digestion and titration, were allowed to stand for a further 5 hours in the
presence of more JBM to complete the urea digestion. The results are shown
in Table 3 as set 2. It can be seen that the urea digestion varies from 31%
(sample 2.1) to 82% (sample 2.5) and that the carbonate/bicarbonate
component is quite constant: 6.3 +0.2%. Whereas, after the urine samples
have aged for at least 10 days (set 3), the carbonate/bicarbonate component
varies from 6% to 70%. This large variability is mainly due to the
hydrolysis of urea to ammonia and carbon dioxide.

It is clear then, that urine samples should be treated quickly. Our
experiments indicate that samples may be aged at least 3 days with no
substantial hydrolysis of urea; however, 10 days is clearly too long to
allow the sample to wait for analysis. Upon standing, hydrolysis can occur
and as more carbon dioxide forms from the hydrolysis of urea, the potential
for loss of carbon-14 to the atmosphere also increases through the following
reactions

2 H20 + H2N - C - NH2 -» 2 NK3 + H2 C03

0

H2 C03>—H2° + C02

The rate of exchange will depend on the pH of the urine which influence both
the rate of the first reaction and the equilibrium position of the second.

The results of this study also indicated that the amount of urea can be
high. The sample that showed only a 31% digestion was found to contain
2.5 g/100 mL urea. Note: 1 g/100 mL was thought to be an unlikely upper
limit; however, this rate was derived assuming that a 24 hour urine volume
is 1500 mL - often this is not the case. Using creatinine measurements we
have observed 24 hour volume in the range 500 - 3000 mL. If the amount of
urea excreted is nominally constant then the concentration expressed as
g/100 mL could easily vary by a factor of 3.

The method was developed using 1.5 g, 3.0 g and 5.0 g of 2-aminoethanol to
absorb the evolved carbon dioxide in an attempt to increase the sensitivity
of the procedure. The amount of carbon dioxide retained by the
2-aminoethanol was increased accordingly and the total amount of activity in
the 2-aminoethanol was also correspondingly increased; however, the increase
in the amount of 2-aminoethanol caused an immediate problem. It was found
that carbonated 2-aminoethanol had a different phase system from
uncarbonated 2-aminoethanol: carbonated 2-aminoethanol was not miscible with
the original methanol/LS cocktail mixture. It was necessary to determine
the new phase diagrams for the 5.0 g 2-aminoethanol system approximately so
that a miscible counting mixture could be obtained. The phase diagram is
shown in Figure 2. As a result of the new phase diagram the
cocktail/methanol/2-aminoethanol mixture was changed, as shown in Table 1.
It was also necessary to change the composition of the LS cocktail from 4.5
g PPO/500 mL xylene to 9.0 g PPO/500 mL xylene.



- 6 -

The addition of the titration step allows the analyst to accurately estimate
the amount of evolved carbon dioxide. The recovery of carbon dioxide in
the 2-aminoethanol can now be estimated and values greater than 50% inform
the analyst that all is performing as expected. The amount of carbon
dioxide evolved informs the analyst about the amount of urea that was
originally in the urine sample and also the degree of digestion. The
titration procedure provides an internal quality control check by allowing
the analyst to determine the recovery without resorting to an external
spike.
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TABLE 1

COMPOSITION OF LS COCKTAIL MIXTURE IN COUNTING VIAL

LS cocktail

Methanol

2-aminoe thanol

OLD MIXTURE

10 mL

10 mL

1-5 g

NEW MIXTURE

5 g

10 g

5 8

TABLE 2

CARBON-14 RECOVERIES USING THE UREASE DIGESTION METHOD

SAMPLE* ADDED COLLECTION ACTIVITY SPECIFIC
ACTIVITY EFFICIENCY RECOVERED ACTIVITY

(Bq) (%) (%) (Bq/g C)

1.1 462.5 72 42 815
1.2 462.5 65 47 989
1.3 462.5 56 49 1075
1.4 462.5 16 13 1034
1.5 462.5 56 44 1022
1.6 462.5 67 48 821

2.7 462.5 58 35 806
2.8 462.5 56 38 867
2.9 462.5 64 35 704
2.10 462.5 70 44 791

* Set 1 and set 2 are pooled urine samples that were divided
and then spiked for analysis.



TABLE 3

TITRATION RESULTS OF URINE WITH AND WITHOUT ENZYMATIC DIGESTION

Titratlon Endpoint (mL)
Further Digestion

With JBM
lamp'

1.1
1.2
1.3

2.1
2.2
2.3
2.4
2.5

3.1
3.2
3.3
3.4
3.5

Set
Set
Set

Le

1:
2:
3:

Without JBM

23.6
2.5
3.0

1.5
1.0
1.1
1.3
0.6

2.9
15.3
8.3
1.1
1.8

3 random samples
samples no older
samDles at least

1 hour
With

34
34
38

8
9
2
10
9

17
21
12
16
15

than 3 days
10 davs old

Digestion
JBM

.8

.2

.5

.2

.0

.6

.2

.5

.0

.9

.7

.2

.0

15.0
8.6
7.7
8.6
1.9

3.5
0.0
0.0
2.0
2.0
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