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ABSTRACT

This paper presents data that supports Accelerator Mass Spectrometry (AMS) as a
valid bioanalytical tool for tracing long lived radioisotopes in uses as molecular
labels or elemental tracers.

INTRODUCTION

Analytical methods must insure consistent results over time and reliably compare to
results of other methods. Properties of successful methods include: selectivity of a
response specific to the measured parameter; stability for an invariant response in
unmodified samples; recovery or equivalence insuring that aliquots are
representative of the whole; sensitivity giving a low and stable limit of quantitation
(LOQ); linear range over which response can be compared without recalibration;
precision providing reproducibility among repetitions, and accuracy that allows the
whole method to produce results that are scalable to other methods and assays.
(Braggio, et al., 1996) AMS is a successful method for bioanalysis that efficiently
counts radioisotopes using mass rather than decay counting.

The inefficiency of decay counting is clear from the fundamental definition of
radioactivity:

A N N t N( ) / /= = −∂ ∂ τ
in which radioactivity, A(N) measured as decays per unit time, is proportional to the
number, N, of an isotope present divided by the mean life, τ, (half life divided by the
natural log of 2). The efficiency, ε, of decay counting an isotope is a function of the
amount of time (∆t) that is dedicated to counting the decays:

ε ∂ τ= ≈N N t/ /∆
Inefficiency is shown by the length of time required to count even 0.1% of the tritium
(6.5 days) or radiocarbon (8.3 years!) used so often in biochemical research. Decay
counting efficiency can be large only for short-lived isotopes using reasonable
counting times in scintillation or proportional detectors. Such isotopes present
numerous analytical constraints related to continual production, chemical
incorporation, unstable specific activity, and laboratory safety. The attainable
precision is also related to the efficiency:

σ ∂ ∂ ∂ ε= = =N N N N/ / / •1 1
forcing the use of large samples (large N) and/or short lived isotopes with high
detection efficiency to obtain good precisions in measurement.



The common response to limitations of decay counting of radioisotopes is to employ
stable isotopes or other, often light-based, labeling of biochemicals. Neither solution
provides both the sensitivity  related to the low natural background of radioisotopes
and the reliability of chemically exact tracers available from isotope substitution.
The value of radioisotopes can be retained if more efficient detection were possible.
Isotope ratio mass spectrometry (IRMS) is commonly used to quantify stable
isotopes in biochemical samples, but does not have the sensitivity to distinguish
isotope concentrations to parts per billion or lower. “Background” responses in the
spectrometer are well above these levels due to both molecular and atomic species
(isobars) having the same masses as the desired rare isotope.

AMS uses mass spectrometry and nuclear detection to directly measure the
concentration of an isotope in a sample, eliminating inefficiencies from decay
counting of radioisotopes.  AMS was conceived in the 1970’s (Nelson, et al. 1977;
Bennett, et al. 1977, Litherland 1980; Hedges 1981) as an improved method for
counting long-lived isotopes for geochronology. The development of AMS is found in
the proceedings of several symposia.(Wölfli, et al., 1984; Gove, et al. 1987; Yiou and
Raisbeck, 1990; Fifield, et al. 1994; Jull, et al. 1996) A tutorial article appeared
recently. (Vogel, et al. 1995)
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Figure 1. A two dimensional plot of ion energy loss in the first versus the second half of a
gas ionization detector shows the use of particle identification in accelerator MS. The ion of

interest, 41Ca, is separated from potassium, titanium, and phosphorous background ions. Each

single dot represents a count, with the grey scale indicating a 2n summation of each species.

 AMS uses two fundamental “tricks” to resolve isobars: molecular isobars dissociate
by a collisional charge-changing from negative ions to multiply charged positive
ions; and nuclear isobars are distinguished in particle detectors after mass and energy
selection. The “accelerator” enters AMS because the molecules to be broken,
mainly hydrides and other binaries, are only broken at million electron Volt energies,



rather than the kilo-electron Volt energies normally used in IRMS. For example, 14C
may be accelerated to 7 MeV as a negative ion, collide with a gas or thin foil to lose

5 electrons to become positively charged. No 12,13CH ion can survive at this charge
state. The 4+ ion will then obtain another 4 x 7 MeV in accelerating away from the

high potential collision cell to become a 35 MeV 14C4+ ion. Such ions can be
readily identified by the characteristic energy loss mechanisms that depend on the
proton number of the ion as shown in Figure 1. Further chemical or physical “tricks”
are applied to the parts per quadrillion detection of specific elements amenable to

AMS. Radiocarbon’s nuclear isobar, 14N, is one of only 3 elements that cannot form
a negative ion and is completely suppressed in the ion source. Potassium cannot form

a tri-hydride or tri-fluoride, so that 41CaH3
- or 41CaF3

- are accelerated to suppress

that mass 41 isobar. The two fundamental processes that depend on accelerator
energies are common to all AMS analysis, but are not sufficient for every element
detected with this technique.

                                    

Table 1. Some of the isotopes that are efficiently 
measured using AMS. Isotopes in bold are measured 
routinely at CAMS/LLNL.

Element I s o t o p e Halflife (yr)

Hydrogen 3-H 12.3 

Beryll ium 10-Be 1 , 6 0 0 , 0 0 0

Carbon 14-C 5730 

Aluminum 26-Al 720,000 

Sili con 32-Si ≈130 

Chlor ine 36-Cl 301,000 

Calcium 41-Ca 116,000 

Manganese 53-Mn 3,700,000

Iron 60-Fe 100,000 

Nickel 59-Ni  110,000 

Selenium 79-Se 2,000,000

Technetium 99-Tc 213,000 

Tin 126-Sn 100,000 

Iodine 129-I 1 6 , 0 0 0 , 0 0 0

Table 1 shows some elements and their long-lived isotopes measured using AMS for
geochronometry, material science, or biochemical tracing applications. Their long

lifetimes preclude efficient decay counting. AMS is most highly developed for 14C
because radiocarbon dating was a driving force behind its development. Radiocarbon
is also the most reliable tracer isotope for the analysis of organic chemical pathways.

Thus, physical and chemical processes for isolation and measurement of 14C from



many different matrices are available. This work emphasizes biochemical assays of
14C. Concentrations of 14C are reported in units “Modern”, a concentration
approximating the natural level of the isotope in the biosphere due to cosmic

radiation. Table 2 summarizes equivalent quantitations of Modern radiocarbon. 14C-
AMS dating measures concentrations from Modern to 0.1% Modern in natural
samples, using attomole or attoCurie sensitivities.

Table 2. The unit "Modern" (14C per Carbon) approximates the concentration of 
natural 14C in the living biosphere

Isotope Ratio
Moles per 
m i l l i g ram

Cur ies per 
m i l l i g ram

dpm per 
m i l l i g ram

1.18 x 10-12 97.9 x 10-18 6.11 x 10-15 0.0136

VALIDATION OF AMS FOR BIOANALYSIS

Selectivity, Stability, Recovery

The selectivity of AMS to specific isotope ions is shown in the Figure 1, where a

separable signal is obvious for 41Ca. Individual ion identification provides very high
specificity for the element or label being traced, eliminating the uncertainty of
analytical response that is possible in decay or luminescent-based assays. Since all
of the isotopes used with AMS have long half-lives compared to the lifetime of any
laboratory experiment (or re-measurement of archived material), AMS provides a
stable response that can be quantified at any reasonable time after the isolation of
the desired biochemical fraction. Assay of a property (nuclear mass and charge) that
is independent of organic molecular properties also contributes to recovery, since the
biological sample can be homogenized through combustion or dissolution to provide
a well mixed medium from which representative aliquots of the specified element
are selected for measurement.

Sensitivity

Sensitivity is the most important analytical property when tracer studies are
undertaken. The LOQ of an analytical technique can be defined as the concentration
of the detected anylate that can be measured at some acceptable precision, such as

15%. The dilution curve in Figure 2 shows that 14C-AMS can provide an LOQ at ≈
10-15 amol. In this test, femtograms of a labeled compound (57.6 mCi/mmol: 92.3%
labeled) were added to a mg of carbon in a carrier compound (1.67 mg tributyrin,
0.35 Modern). Another order of magnitude might be gained using a carrier compound

with lower 14C. A dilution curve is an artificial determination of LOQ, since minimal
handling or biochemical separation is applied to the samples.
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Figure 2.  A dilution curve of 14C labeled azidothymidine from 1 fmol to 1 amol in a mg of
carbon. The carbon was added as 50 µl of 34 mg/ml tributyrin (0.35 Modern) in methanol. This

carrier carbon added 35 amol of 14C that is subtracted from the measured response. Carrier

compounds with less 14C provide lower  limits of quantitation. The 1000 amol samples were
18 Modern.
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Figure 3. The blank is determined for a complete separation-AMS system. a.) HPLC eluent
from a study of metabolites in rat urine is collected in 1 ml fractions, desolvated, added to
carrier solution, desolvated, converted to graphite and measured. b.) A  “blank” run is collected
through the same column and treated similarly. The 35 amol/ml content of the carrier is



subtracted to provide the  data in the both traces. c.) A probability plot of the data in the lower
trace shows that the blank data is normally distributed about 3.8 amol/ml.
Another approach to determining the sensitivity of AMS is shown in Figure 3. The

HPLC eluents from a “blank” injection are measured for 14C content (after addition
of a 0.35  Modern carrier compound). The blank injection directly followed an
analysis of rat urine containing labeled metabolites shown in Figure 3.a. A

probability plot of the measured blank eluents shows a median 14C content of 3.8
amol per ml of eluent. The probability response is approximately linear, indicating a
Gaussian distribution of the blank values, with an uncertainty in the median of 3.2
amol/ml. A conservative LOQ for the hyphenated AMS process might be defined as
the median blank plus twice the uncertainty, or 11 amol.  Again, this value is
constrained by the requirement of 1 mg of carbon to insure sufficient material for our
present sample presentation system(Vogel 1992). Expected improvements in ion
sources will easily provide another magnitude reduction in LOQ.
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Figure 4.  The tissue response to 14C-benzene 1 hour after administration by gavage in corn
oil  is shown as a function of dose, expressed as a ratio of tissue dose (pg/g) per applied dose
(ng/kg) in percent. Five tissues are shown, including the blood (2) containing the highest
benzene concentrations, the thymus (5) containing the lowest, along with  kidney (—), lung
(¸), and spleen (˘). Error bars represent the standard deviation among three separate animals
at each dose.

Range

The range of 14C concentrations easily measured with AMS covers 4 orders of
magnitude up from the LOQ, to the 10 fmol level. This upper limit is set primarily by

retention of unacceptable levels of 14C in the ion source (“memory”) that interferes

with the use of the spectrometer for 14C dating. If the ion source were used only for
biological measurements, another factor of 10 and even 100 could be accepted,



providing  a remarkable linear range of 1:1,000,000 with a single analytical method.
This analytical range can also be extended by dilution of specific activity. Figure 4

shows  the tissue response in rat organs to doses of 14C-benzene over 7 orders of
magnitude(Creek, et al. 1997). The tissue doses were divided by the administered
doses and expressed as percent. A horizontal response therefore represents a truly
linear dose response. Linear response is seen for all tissues over the entire range until
the highest dose is reached and saturation effects from exhalation and dermal
evaporation are expected.

Experiments with AMS must be executed to a high level of control to avoid
attoCurie contaminations. This care is reflected by the high precision reached over a

1:1000 physiological range between the 14C dose in the thymus from the blood dose
shown in Figure 4.

Precision and Accuracy

The accuracy of 14C-AMS measurements is well documented at better than 1% in
the geochronology literature(Scott 1990) and is confirmed daily in the use of
secondary standards measured in conjunction with all samples. Precision for dating
with AMS can reach 0.2-0.4%(Wijma, et al. 1996), but this requires especially long
count times (several hours) and is not needed for biochemical applications. We

quantify 14C in samples with 3 to 7 separate 30 second analyses of each sample to
5000 counts until the last 3 measures are within 3% standard deviation. Figure 5
shows a probability plot of the final standard deviations of the mean in half the
biological AMS analyses made in 1995. The median value is 1.2%, and 95% of the
analyses have better than 3% measurement precision. The median ratio between
individual standard deviations and the statistical uncertainty due to the total counts
in the analysis was 0.95, indicating little systematic error introduced by the AMS
measurement.
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Figure 5.  (a.) The probability plot of the measurement errors from 2775 biological 14C-



AMS analyses (all measurements from 6 random months in 1995) shows a median uncertainty
of 1.2%. 95% of the analyses have better than 3% uncertainty. (b.) The probability plot of the
standard deviations in tissue response data of Figure 4 is also shown. The AMS analyses
contributes a very small error to the overall measurement.
A measure of the precision in a complete biological AMS analysis is given in the
second frame of Figure 5 showing a probability plot of the standard deviations in the
tissue dose measurements of Figure 4. This data includes the animal variations
among the 3 individuals at each dose and any contaminations introduced in
dissection, sampling, drying, and preparation of the samples for measurement. The
median value is 23%, emphasizing that AMS measurement precision is a small
component of the uncertainty in biological analyses.

HUMAN HEALTH & SAFETY

AMS is an ideal tool for the direct study of toxicology, pharmacology, nutrition, and
biochemistry in humans. The sensitivity is great enough that very low doses of a
labeled compound may be administered, whether that dose is an environmentally
relevant amount of common toxins, a physiological dose of a nutrient or therapeutic,
or an elemental tracer that does not disturb natural levels. An excellent example is
provided in these proceedings (Clifford, et al, 1998) in which a small fraction (35
µg) of a recommended daily allowance of a nutrient was administered to a human

and followed for several months in small blood draws, the urine, and feces. The 14C
content of the dose was 100 nCi. Although this nutrient is very slowly cleared, the
volunteer is subjected to only 1 microSievert of added radiation dose over his
lifetime. This is the amount of radiation normally absorbed by humans living at mid-
latitudes due to natural radiation sources at the Earth’s surface for one single day.
The added risk of disease from radiation is so small as to be impossible to estimate.

AMS has opened the possibility of using radioisotopes with lifetimes much longer

than that of 14C for elemental or label tracing in humans. Aluminum and chlorine
have isotopes with half-lives measured in minutes that are unsuitable for human
experimentation. They also have isotopes with such long lives as to be only useful
using AMS analysis. In particular, the human toxicity of elemental aluminum is

being studied with AMS quantitation of 26Al in several laboratories(Harris, et al.
1996; Priest, et al. 1996).

Protein enzymes and hormones could be labeled with the long-lived isotope of

iodine, 129I, for human administration. A protein with a several week biological half-

life can be traced to zeptomole (10-21) sensitivity after only a femtoCurie dose

leaving behind a 6 yoctoSievert (10-24)  radiation exposure.

WASTE AND SAFETY WITH AMS

A primary concern of researchers and administrators in the use of ANY radioisotope
is the laboratory safety and the cost of disposal. The doses used in AMS-based
experiments are, perforce, small because of the high detection sensitivity. The
laboratory must be kept clean of these isotopes to prevent sample contamination. The



researcher is thus protected from radiation and chemical exposures through the same
procedures that protect the instrument from excessive isotope concentrations. The

LLNL group traces 14C-labeled environmental toxins(Bogen, et al. 1996; Creek, et
al. 1997; Kautiainen, et al. 1997) and carcinogens(Turteltaub, et al. 1992; Frantz, et
al. 1995). These may form “Mixed Waste”, a complication that can bring research to
a halt. However, the U.S. Federal definition of “radioactive waste” classes almost all
material used in AMS experiments as non-radioactive, as the specific section of the
Consolidated Federal Register makes clear:

§ 20.2005 Disposal of specific wastes.
(a) A licensee may dispose of the following licensed material as if it were not
radioactive:
(1) 0.05 microcurie (1.85 kBq), or less, of hydrogen-3 or carbon-14 per gram of
medium used for liquid scintillation counting; and
(2) 0.05 microcurie (1.85 kBq), or less, of hydrogen-3 or carbon-14 per gram of
animal tissue, averaged over the weight of the entire animal.

AMS sensitivity is not just an added feature to isotope science, but brings
radioisotope tracing into  a new realm of safety and cost effectiveness.

CONCLUSION

AMS presents biological sciences with a qualitatively new approach to tracing
elements and labeled compounds in humans at high sensitivity, affordably, safely,
with all the desirable properties of valid analytical methods.
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