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Isotopic and nuclear analytical techniques in 
biological systems: A critical study-IX. 
Neutron activation analysis (Technical Report) 

Synopsis 
Neutron activation (NAA) methods applied to the analysis of biological samples are reviewed. 
Methods covered include instrumental neutron activation (INAA), prompt gamma 
NAA(PGNAA), radiochemical NAA(RNAA) and pre-irradiation separation methods (CNAA). 
The use of epithermal neutrons, fast neutrons, and applications to in vivo studies are also 
discussed. 

Introduction 

Neutron activation analysis (NAA) is primarily a method of trace element determination (concentrations 
< 0.01%) although minor and major elements may be determined in some applications. The method 
originated with Hevesy and Levi in 1936 (ref 1) but did not become a practical method of analysis until the 
development of the nuclear reactor (1940s) as a high intensity neutron source. The introduction of the 
NaI(T1) scintillation y-ray detector (1950s) and the high resolution Ge(Li) y-ray detector (1960s) established 
NAA as a major method of trace element determination in biological materials. Several recent texts and 
monographs cover activation analysis in general and NAA in particular (refs. 2-9). This review covers only 
neutron methods and their applications to biological materials. 

Principle of Neutron Activation Analysis 

The principle of activation analysis is that a particle (neutron, proton, a-particle, etc.) or photon (y-rays, 
bremsstrahlung) induces a nuclear reaction in an atom of a target element. The product of the reaction is 
detected and quantified by prompt photon or particle emission or, more commonly, by its decay properties, 
if radioactive. For NAA, in which neutrons are used, several nuclear reactions are possible depending on the 
target nucleus and the neutron energy. In the case of Al, as an illustration, the major nuclear reaction 
channels are: 

y + "A (n,y) reaction 
+ 27Mg (n,p) reaction 

2 ln + 2 6 ~  (n,2n) reaction 
'n + 2 7 ~  (n,n) elastic scattering 

2 7 ~  + 'n + ?*AI*I 

Where [28Al*] represents the compound nucleus (excited nuclear state of 28Al) resulting from neutron 
capture which has a very short lifetime (less than s). Except for the elastic scattering (np) reaction, the 
reaction products are radioactive. When the target element has more than one stable isotope similar 
reactions may be possible with all isotopes. Other more limited neutron reactions used in NAA are induced 
fission, (n,f), for fissionable elements (U, Pu, Th) and inelastic neutron scattering, (n,n'y), in which a 
radioactive isomeric state of the target nuclide is measured (e.g., Se, "lmCd, 204mPb). Most applications 
of NAA to determine trace elements in biological materials utilize the (n,y) reaction because of the generally 
higher sensitivity achieved compared to other reactions. All (n,y) reactions with stable isotopes, with the 
exception of 4He(n,y) He, are exoergic and thus have zero neutron threshold energies. Also, (n,y) reaction 
cross sections (c) for thermal (<0.1 eV) and epithermal (0.1 - 100 ev) neutrons are generally much higher 
than for endoergic (n,p), (n,a) or (n,2n) reactions which have threshold energies and which normally occur 
only with fast neutrons. These properties plus the fact that low energy neutrons (400 ev) are much more 
abundant than fast neutrons in typical reactor neutron irradiation facilities generally result in higher analytical 
sensitivity for (n,y) reactions for a given target nuclide. 
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Neutron activation analysis 1931 

In most NAA methods the product nuclide is radioactive and the induced activity, At (in Bq, or 
disintegrations per second) at the end of irradiation of time ti in seconds is related to the number of target 
nuclide atoms, N (hence the mass of element), the reaction probability or cross section, cr (in cm2), the 
neutron flux, q4 (in cm-2s-1), and the decay constant, A (in s-'), of the induced nuclide by: 

The maximum induced activity, Amax, obtained for an irradiation time much longer than the half life of the 
product nuclide (in practice about seven half-lives), is given by: 

In non-destructive or instrumental NAA (INAA), the most commonly used technique, the product 
radionuclide is normally quantified, depending on its decay mode and half life, by high resolution y-ray 
spectroscopy using intrinsic Ge, Ge(Li) or Si0.i) detectors or in some cases by NaI(T1) scintillation 
spectrometry. Other techniques used include P-y and y-y coincidence spectrometry, Compton suppression y- 
ray spectrometry, delayed neutron counting and nuclear track analysis (NTA). For some elements (e.g., B, 
Cd) greatly enhanced sensitivities can be achieved by direct measurement of the prompt capture y-rays 
emitted by the transient compound nucleus rather than the radioactive (or stable) reaction product (prompt 
gamma NAA-PGNAA). 

In principle, INAA (and PGNAA) is an absolute method of analysis and the concentration of an element (i.e. 
N) can be calculated if the absolute disintegration rate, At, is measured and if + and cr are known. Absolute 
analysis is rarely used because q4 and crvary with neutron energy. Reactor neutron flux distributions as a 
knction of neutron energy are generally not precisely known (and may vary with time or reactor-core 
configuration) and reported cr values, or excitation functions, often show large variations (e.g, f 20%) 
depending on the method of determination. Many routine methods employ either comparator standards of 
known mass of the elemental compound or use Standard Reference Materials (SRMs) of known elemental 
concentrations. The sample and the standard are irradiated and counted under identical conditions, thus: 

where P,, P,t refer to measured y-intensities (i.e., count rates) for the sample and standard and W,, Wst are 
the weights of the element in the sample and standard, respectively. An alternative approach (ko method) is 
to use a single comparator (i.e., '"Au standard) to compute a ko normalizing factor for all elements 
measured. The ko factor is experimentally determined for each element and incorporates cross section and 
other information on the pertinent nuclear reaction (see refs. 10-12). Use of this factor with appropriate 
neutron flux (thennavepithermal) values and y-ray detector efficiencies allow the concentrations of each 
element to be determined using the single comparator. Applications of the ko method to biological samples 
have been recently reviewed (refs. 13,14). 

Some trace or minor elements (e.g., P, S, B, Pb, Be, Cd) may not be measurable by thermal neutron 
INAA, or cannot be determined with sufficient sensitivity for analysis of biological samples because their 
(n,y) products do not emit y-rays (e.g., Ca), the reaction-product half lives are too short (-4 s) or 
excessively long (400 a) for accurate and sensitive measurement, or the crfor the reaction is too small. The 
detection limit using a specific (n,y) reaction is also strongly influenced by the composition of the sample 
because the y-ray peak to be measured is superimposed on a Compton continuum resulting from inelastic 
scattering in the detector of y-rays from other induced radionuclides (e.g., '%a, "K, 38Cl) in the sample. 
For some elements (e.g., B, Cd) measurement of the prompt y-ray emitted during de-excitation of the 
compound nucleus during on-line irradiation (PGNAA) can be used. For other elements chemical separation 
of the element can be performed before irradiation (chemical separation N U ,  CNAA), or the induced 
radionuclide can be separated from the sample after irradiation (radiochemical NAA; RNAA). 

35 32 45 
S, P, 
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1932 COMMISSION ON RADIOCHEMISTRY AND NUCLEAR TECHNIQUES 

A major advantage in the INAA of biological matrices is that the matrix elements C, H, N, 0 produce 
negligible y-ray activity to interfere with the determination of trace elements. The 13C(n,yf4C and 2H(n,y)3H 
reactions produce very small activities of the non-y emitters 3H and 14C and the '*O(n,yf90 and 15N(n,yf% 
reactions give very short lived 190 (27 sec) and '% (7.1 s). All of these reactions have extremely low thermal 
neutron cross sections. However, the high concentration of P in many biological tissues (e.g., bone) reduces 
the detectability of some y-emitters because 32P from the 31P(n,y) P reaction, although not a y-emitter, gives 
a bremsstrahlung continuum in the 0-1.7 MeV region of the y-ray spectrum. Similarly, traces of Na, K and 
C1 in biological samples may produce high activities of 2!Na (15 h), 42K (12 h) and 38Cl (37 min). 

32 

Methodology and Instrumentation 

Nuclear reactors are the most important neutron sources because of the high stable neutron fluxes and 
ample irradiation volumes available. More than 300 research reactors with NAA capability are operational 
world-wide (approx. 100 in Europe and the U.S., respectively). Large research reactors at centers such as 
ILL-Grenoble (57 MW), Oak Ridge National Laboratory (HIFAR - 100 MW), National Institute of 
Standards and Technology (20 MW) and the University of Missouri (10 MW) provide intense neutron fluxes 
(up to 10l6 cm-2s-'). However, smaller (0.1-2 MW) and less complex reactors such as the SLOWPOKE 
(Canada) and TRIGA (U. S.A.) reactors located at many universities and research institutes world wide 
provide suitable neutron fluxes (10 -10 cm-2d') for most biological applications of NAA. The high thermal- 
neutron and epithermal-neutron fluxes make the reactor the neutron source of choice for NAA methods 
using the (n,y) reaction as well as for a few fast neutron methods. Fast neutron sources are generally 
preferred for threshold (n,p), (n,a) or (n,2n) reactions for elements that cannot be determined conveniently 
by the (n,y) reaction (e.g., 0, N, C) and the most important sources are Cockrof? Walton (or Van de Graaff) 
accelerators which generate high energy neutrons via a charged particle reaction, e.g. 3H(2H,n)4He which 
produces 14.7 MeV neutrons. Other fast neutron sources, particularly for in-situ or in-vivo NAA include 
252Cf (spontaneous fission nuclide; 2.64 a half life) and isotopic neutron sources utilizing (a,n) or (y,n) 

9 reactions with Be, e.g., 241Am-Be or 238P~-Be sources. 

10 13 

Typical INAA methodology is to irradiate samples (which can be solid or liquid) and elemental standards (or 
a monitor in the ko method) for a time determined by the half-life of the radionuclide or radiological 
considerations and the composition of the sample. Unwanted short-lived nuclides are allowed to decay for a 
predetermined period and the y-ray spectra are recorded on a Ge or Ge(Li) detector coupled to a computer 
(or a multichannel analyzer). Gamma-ray spectra of irradiated biological samples are typically complex (up 
to several hundred y-ray peaks); hence highly stable electronics and corrections for losses at high count rates 
(ref, 15) are required to achieve the required high energy resolution (typically 1.5-2.0 keV at 1333 keV). A 
variety of computer routines exist for conversion of y-ray spectra to radionuclide activities and elemental 
concentrations. In RNAA, the sample is dissolved, following irradiation of either wet or dry biological 
tissues, by oxidative decomposition depending on sample matrix (e.g., H202-HNO3; H2S04-HN03; HNO3- 
HClO4 for wet ashing; solid Na202 oxidation; or high temperature ashing). Following dissolution, non- 
radioactive elemental "carriers" are added and the analyte element plus radionuclide is separated with the 
radiochemical purity necessary for quantification of the nuclide. The yield of the separation is determined 
from the "carrier" recovery which can be determined chemically or by re-irradiation and counting. 
Separation of the radionuclide of interest in a radiochemically pure state allows the use of very high 
efficiency (but low resolution) counting, e.g., large volume or well-type NaI(T1) solid scintillation detectors 
with essentially 4x counting geometry. The highest sensitivity for a given element and neutron 
fludirradiation timehample size can thus be achieved by RNAA. 

Epithermal NAA (ENAA) has also been used for the determination of trace elements in biological materials 
(refs. 16,17). In ENAA the sample is irradiated in an irradiation facility and/or capsule that filters out thermal 
neutrons (either Cd metal or B as boron carbide and boron nitride) thus enhancing the resonance, or 
epithermal, neutron (n,y) reaction contribution relative to thermal neutron (n,y) activation. Thus a 
radionuclide produced by (n,y) reaction with a large resonance integral, I ,  (in barns) relative to thermal 
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neutron cross section, a, can be measured with a lower detection limit in biological materials because major 
contributions to the Compton background are typically 2%a or 46Se which have lower I la  ratios. Iodine 
and cadmium can be thus determined instrumentally in some biological samples by ENAA when they cannot 
be determined by INAA (refs. 16,17). 

Several authors have used very short half-life (n,y) products (e.g., 0.8 s-'Li; 11.1 s2'F) in the analysis of 
biological materials (refs. 18). Cyclic INAA systems in which repeated cycles of irradiatiodcounting allow 
improved counting statistics for the short-lived radionuclides have been described (refs. 19-21). Use of 
short-lived nuclides is particularly valuable in in vivo studies, particularly for the determination of Ca via 8.7 
min- 49Ca and P via the 31P(n,a)28Al (2.2 min) reaction (ref. 23). Use of very short half-life radionuclides 
often requires y-ray spectroscopy at very high count rates and very stable "loss free" counting systems have 
been developed for this application (ref. 15). 

Fast neutron activation analysis (FNAA) has some distinct advantages over thermal or epithermal INAA for 
some biomedical applications. Although the major elements of biological materials, C, H, N, 0, etc., cannot 
be determined via thermal (n,y) reactions, (an advantage in trace element determination by INAA), N and 0 
may be determined by (n,p) or (n,a) reactions using 14 MeV neutrons from a neutron generator. More 
important applications of fast neutron generators to biomedical research, however, are the in vivo 
determination of body burdens of Ca, P, N, Na, and K by either (n,y), (n,p), (n,2n) or prompt-gamma (n,y) 
reactions (refs. 24,25). 

Prompt gamma neutron activation analysis (PGNAA) differs from other activation methods in that the 
prompt capture y-rays are measured rather than the radioactive product. Experimentally a y-ray detector is 
mounted at 90' angle to a sample irradiated by a collimated neutron beam (thermal or fast) extracted from 
the reactor core. Although a large number of elements can be determined in principle by PGNAA (refs. 
26,27), the most important in vitro applications to biological samples have been the determination B and Cd 
because the reaction products of the high cross-section ' 'B(II,~)~L~ and 13Cd(n,y)' 14Cd reactions are stable, 
thus precluding their determination by INAA. Limitations of the PGNAA technique with reactor neutrons 
are related to the high background (hence shielding) and relatively low neutron fluxes at beam stations close 
to the reactor. Recently, however, facilities have been constructed at KFA-Jiilich in Germany, at the NIST 
reactor in the U.S.A and at other high-flux reactor facilities which produce "cold" neutrons (<0.005 ev) in 
liquid 0 2  or cooled (30'K) D20 and which alleviate this problem significantly. Because (n,y) cross sections 
show an inverse relationship to neutron velocity, cross sections for cold neutrons (<0.005 eV) are larger 
than for thermal neutrons (0.025 eV). Also, cold neutrons can be extracted in guide tubes much more 
efficiently than thermal neutrons which allows sample irradiation facilities to be placed in more remote, 
lower background, locations. Applications of PGNAA using cold neutrons have been described by 
Rossbach (ref. 28) and this technique shows considerable potential. 

Non-reactor neutron sources are extensively used in in-vivo NAA or PGNAA, techniques (ref. 23) which 
measure total body N, skeletal Ca or body burdens of other elements (e.g., C1, K, Na, P, Cd). In this 
technique whole body or specific organs are irradiated with fast neutrons from multiple 238Pu-Be, or 241Am- 
Be (a,n) sources, '"Cf sources or 14.7 MeV neutrons from a Cockroft-Walton generator. Hospital facilities 
using 23'P~-Be or 241Am-Be have been described by Ellis (ref 23), Krishnan, et al. (ref 29), 252Cf sources 
by Ryde et al. (ref. 30) and pulsed 14 MeV neutron generators by Mitra et al., (ref. 25) and Weinlein et al., 
(ref. 31). Multiple large volume NaI(T1) scintillation detectors in whole body or organ counters measure 
either prompt y-rays for N from '%J(n,yf5N, for H from 1H(n,y)2H and for Cd from '13Cd(n,y)1'4Cd or 
delayed y-emission (INAA) for Ca from 48Ca(n,y)49Ca, for P from 31P(n,a)2'Al and y rays of other short 
half-life radionuclides. 

Detection Limits: 

Detection limits for NAA vary widely from element to element because the sensitivity of the method (i.e., 
induced radionuclide activity (Bq)/g element) for a given element is partly a function of the reaction cross 
section, a, and the half life of the induced radionuclide, both of which are related to the tine structure of the 
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nucleus. Hence, unlike X-ray fluorescence (XRF) and inductively-coupled plasma-mass spectrometry (ICP- 
MS) in which the sensitivity of the method is a smooth finction of atomic number (XRF) or atomic mass 
(ICP-MS), there is no direct relationship of NAA sensitivity to atomic properties (i.e., atomic number, Z; or 
mass number, A, for a given element). Also, detection limits for trace elements in biological materials are 
significantly different for RNAA and INAA with the former representing ultimate practical detection limits. 
In RNAA, separation of the radionuclide of interest after irradiation allows the activity of the radionuclide to 
be determined with high efficiency (i.e., 4x geometry) with low resolution detectors under low spectral 
background conditions. Theoretical detection limits have been calculated (ref. 32) in which saturation 
activity for a given neutron flux, 4, zero decay time, and 100% efficient measurement of the induced activity 
is assumed. More practical limits (in g elementhample) have been calculated by Guinn and Hoste (ref. 33) 
using practical conditions of 6 1013 cm-2s-'; ti = 5 h followed by counting for 100 min on a Ge(Li) detector to 
give 30 counts in the full-energy y-ray peak. These are given in Table 1. 

Table 1: Detection limits (in g) by RNAA (adapted from ref 33). 

10-~-10-~ 10-~O-10-~ lo-ll-lo-'o 10-'2-10-1' 
Al Sn Ba Nd Te Sb I W Au Re DY 
Ca Ti c1 s c  Tb As Ga V Ir Rh Eu 
Ce Y Gd Se Th Br La Yb Lu Sm Ho 
Cd Zr Ge Sr Tm Cs Hg Mn In 
Cr W Hf Ta Co Pd 
Mg Cu Ru 
Mo Er Na 

The detection limits in Table 1 are generally lower (assuming a minimum sample size of 1 g) than those 
obtainable by atomic emission spectroscopy (ICP-AES) (10-7-10'' ' s/g) and are comparable to detection 
limits for many elements determined by ICP-MS (10-9-10-'1g/g). In contrast to RNAA, INAA detection 
limits are matrix dependent, even though the major elements of biological materials (C, H, N, 0) have low 
neutron absorption cross sections and have negligible (n,y) radionuclide contributions to sample activity, 
The presence of minor elements (e.g, P, C1, S, Ca, Na, K) and large cross-section trace elements in a sample 
result in a composition and concentration-dependent Compton continuum under the measured y-ray peak in 
the irradiated sample. Hence, detection limits for INAA in biological materials are generally several orders 
of magnitude poorer than for RNAA (refs. 7,34). If the approximate compositions of samples are known, 
detection limits for INAA can be calculated for typical biological materials for given irradiation and 
measurement conditions (refs. 35,36). 

Advantages and Limitation of NAA 

The major advantages of NAA, particularly INAA are a) the relative freedom from matrix effects and 
interferences, b) high accuracy and c) very low or zero blank contributions. Because nuclear reactions and 
decay processes are virtually unaffected by the chemical and physical structure of the material during and 
after irradiation, the composition of the matrix has little influence on the induced activity. Biological 
materials have low neutron absorption cross sections (unless high concentrations of elements such as Cd and 
B are present). Thus neutron attenuation in the sample during irradiation is generally very small and can be 
corrected for, if present. Also, y-ray attenuation during counting of small volume irradiated biological 
samples in in vitro analysis is small, except at energies below 100 keV and can be corrected for in the case of 
low energy y-rays or large sample volumes (e.g. in vivo NAA). The absence of matrix effects thus allows 
the use of standards that have different composition (and even physical state) from that of the sample. 
Interferences may arise through production of the radionuclide via fast neutron reactions on other elements 
(e.g., (n,p), (qu)  and (n,2n) reactions) or from coincident y-rays during counting. Thus, the determination 
of Al in biological matrices via the 27Al(n,y)28Al reaction is interfered with by the 28Si(n,p)28Al, and more 
importantly, by the 31P(n,a)28Al reaction. In most biological tissues the P content is generally much higher 
than the Al content (e.g., brain and bone tissue) and the 3'P(n,cr)28Al may make the INAA determination of 
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Al impossible. In some cases corrections can be made if the concentration of interfering element (e.g, P) is 
low and is known, or is measured by another nuclear reaction, e.g, 31P(n,y)32P, but pre-irradiation separation 
of Al is preferred (ref 37). Similar problems arise in the determination of Mn in blood i.e. (55Mn(n,y)56Mn; 
56Fe(n,p)56Mn). In general, however, these interferences are exceptions and only are significant where the 
concentration of the interfering element is several orders of magnitude greater than that of the analyte 
because (n,p) and (n,a) fast neutron reaction-cross sections are usually lower than (n,y) cross sections and 
fast neutron fluxes are much lower than thermal neutron fluxes in a well moderated reactor irradiation 
position. 

Sample pretreatment is minimal in RNAA and INAA and often involves only packaging the sample in a 
irradiation container (quartz, polyethylene or Al foil). For ultratrace analysis this is an important advantage 
over such competing techniques AAS or ICP for which the sample must normally be in solution, thus 
introducing the potential for contamination from reagents and equipment (blank problem) and the loss of 
analyte through adsorption, volatilization, coprecipitation, etc. Post-irradiation chemistry can be done in 
RNAA after addition of non-radioactive carriers to the radionuclide "tagged" sample thus eliminating blank 
contributions and providing a mechanism for chemical yield determination of the separation process (i.e. to 
evaluate losses during decomposition or in separations). 

The independence of the nuclear reaction of chemical parameters in NAA of biological materials and the 
absence of blank contributions are the major reasons for the high accuracy of the technique, particularly in 
RNAA when the signal to noise (i.e. peakhackground) ratio is maximized. Becker et. al., (ref. 38) have 
considered all sources of random and systematic error in the determination of trace elements in NIST 
botanical SRMs. They showed that 95% confidence intervals ranged from less than rtl% to less than *lo% 
of the mean for many elements at the sub ppm level in both RNAA and INAA. The high accuracy and 
sensitivity of NAA is a major reason for its extensive uife in the certification of biological samples for trace 
elements. For example up to 1986, 2262 elemental determinations had been reported in the literature for 
NIST SRM 1577, Bovine Liver, and 3 113 determinations for NIST SRM 1571, Orchard Leaves, (ref 39) of 
which 28% and 38%, respectively, were obtained by NAA. 

Another advantage of NAA is the determination of isotopic ratios of certain elements (e.g., S ,  Cu, Zn, Pb) 
via different nuclear reactions. Applications of isotopically enriched stable tracers of Zn (e.g., 64Zn, 68Zn 
and 70Zn) in nutritional studies thus allow calculations of different metabolic pathways (refs. 40,41). 

The disadvantages of NAA include the need for access to a nuclear reactor for trace element studies, the 
need to work with radioactive materials and the length of analysis time for many elements in INAA. 
Compared to XRF, or ICP-AES and ICP-MS, INAA is less labor intensive but analytical throughput is 
lower (refs. 34,42,43). A major disadvantage of NAA for trace element research in biomedical studies is the 
lack of speciation or oxidation state information. The excited state (compound) nucleus formed during 
irradiation de-excites following neutron capture by prompt (<10"3s) y-ray emission (of energy Ev> which 
imparts a recoil energy to the nucleus of mass A4 (= E,,2/2Mc2) of lOeV to greater than 1000 eV. This recoil 
energy is sufficient to mpture covalent bonds and will leave the recoiled atom in a different location and 
oxidation state. Hence, speciatiodoxidation state information must be obtained by pre-irradiation separation 
of species as in chemical separation NAA (CNAA). Examples are the speciation of As and Se in biological 
fluids (refs. 44-46). Other problems encountered in RNAA include sample decomposition during irradiation 
via radiolysis and change of oxidation state of elements during irradiation either by recoil of the radionuclide 
or radiolytic reactions in solution, as for 

Hg2+ + 2e = Hgo 

or the reduction of Se'" or Sew compounds to Seo during irradiation. These effects must be addressed 
during post-irradiation chemistry by cycling the sample and carrier through oxidation-reduction cycles to 
bring the induced radionuclide and the carrier to a common oxidation state. 
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Applications of NAA 

The major applications of INAA and RNAA to biological materials have been to the determination of trace 
elements for metabolic, nutritional, toxicological, bioavailability and disease related studies. The most 
exhaustive reviews of the NAA literature are those published biennially by Ehmann, et al., (refs. 47-49) and 
the reader should consult these sources together with reviews on NAA in biology and medicine (refs. 2,9,50- 
52). Much of the earlier literature (1960s-1970s) can be characterized as demonstrating the capabilities of the 
NAA multielement method and in establishing baseline elemental abundance data for 'many biological 
matrices. As Iyengar (ref. 53) has pointed out, however, much of the early data collected in medical studies 
is of doubtful value because of the lack of coordination between the analyst and the sample collector. Thus 
contamination during sample collection and the non-representative nature of many samples (e.g. organ 
biopsies) invalidates many of the data. This situation, however, is not unique to the development of NAA 
and the involvement of the analyst in the overall project from planning, initiation, sampling and analysis is 
relatively recent. Table 2 lists some recent representative applications of INAA and RNAA to the 
determination of trace elements in biological materials and application to biomedical problems. 

Table 2: Application of INAA and RNAA to In Vitro Studies. 

Matrix Elements 
Analvzed DescriDton of Pro-iect Method Analvzed References 

Metabolic and Nutritional Applications 

Blood, milk 

Urine 

Various tissues 

Human milk 

Hair, other 
tissues 

Embryos 

Blood Serum 

Bile 

various 

Rumen, feces 

Uptake of Se in infants 
in infant-mother pairs 

speciation of Se and data 
of total Se, TMSe, selenite 

Combined INAA (77mSe) and tracer 
75Se) to study Se metabolism 
in the rat 

Survey of minor and trace 
elements in human milk from 
different countries using 
INAA, RNAA, ICP-AES and AAS 

Metabolic behavior of Se 
and Cd and deposition in 
hair of guinea pig 

Early incorporation of V in 
embryogenesis in ascidians 

Use of pre- and post- 
irradiation separations of V 

Effect of antirheumatic Au 
preparations on 11 trace 
elements in bile and plasma 

Use of activatable tracers in 
metabolic studies 

Use of rare earth elments and 
Cr as inert markers in bio- 
digestibility studies in animals 

INAA 

CNAA 

I N M  
tracer 

MAA 

RNAA 

INAA 

CNAA 

C N M  
RNAA 

INAA 

I N M  
RNAA 

INAA 

Se 

Se 

Se 

Cl, Co, Fe, Hg 
Sb, Se, Zn 
Cd, Mo, Cu, Mn 
V, Sn, I, As 

Se, Cd 
17 other elmenets 

V 

V 

Au 
other 

70Zn, Ig7Au 
65cu 

Cr, La, Sm 
Yb 

54 

45,46, 55 

56, 61 

57 

58 

59 

60 

62 

40, 41, 62 
63 

64,65 
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Table 2 (continued) 

Matrix Elements 
Analvzed DescriDton of Proiect Method Analvzed References 
Toxicological Applications 

Hair Determination of trace elements 
in human hair as indicators of 
pollution or toxicity 

Liver, blood Use of INAA to monitor 
others pollutant effects through 

environmental specimen banking 
Comparison of RNAA and INAA 
in tissue analysis RNAA 

Cd incorporation in bone in 
toxicity studies 

Bone 

Plant tissues Application of epithermal 
NAA to Cd and As determination 

Hair Use of RNAA to determine 
correlation between toxic 
elements in hair and lung, kidney 
and liver 

Disease States and Trace Elements 

Brain 

Brain 

Hair 

Brain, nails 

Blood 

Breast tissue 

Lung 

Various 

Trace elements in sub-cellular 
fraction of brain from 
Alzheimers and control patients 

Comparison of INAA and ICP-AES 
for determination of elements 
in brain tissues 

Trace elements in hair of normal 
and sickle-cell anemia patients 

Correlation between elements in 
nails and brain of Alzheimers 
patients 

Determination of trace elements 
in blood platelets 

Determination of trace elements 
in normal and cancerous tissues 

Determination of trace elements 
in lung, trachea, bronchus and 
subpleura by combination of 
INAA and RNAA 

Review of trace element 
correlation with amylotrophic 
lateral sclerosis and other 
neurological disease 

INAA 
INAA 
RNAA 

INAA 

I N N  

INM 
RNAA 

ENAA 
ENAA 

RNAA 

INAA 

INAA 

INAA 

INAA 

INAA 

INAA 

INAA 
RNAA 

NAA 

10 elements 
Cu, other 
Cd 

10-23 
elements 

Cr, As, Sn 
Se, Mo, Sb, Ag 

Cd 

Cd 
As 

13 elements 

8 elements 

12 elements 

15 elements 

Se, Zn 
Fe 

21 elements 

50 elements 

A, Se, co,  Mn, 
Fe, Cr, Cu, Zn, 
Mg, Rb, Cs, Sb 

66, 67, 68 
76 
69 

70,71 

72 

69,73 

74 
75 

77 

78 

79 

80 

81 

82 

83 

84 

85 
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Table 3: Applications of NAA to In-Vivo Studies. 

Application of Technique Elements Determined Reference 

Use of INAA with fast neutron soyjces for 
determination of bone mass using Ca 

Use of PGNAA to measure total N and 
protein content of whole body and organs 

Determination of Cd in kidney and 
liver by PGNAA 

Determination of Cd and Pb by PGNAA 
in occupationally exposed workers 

Ca 23, 30, 86, 87 

N 88, 89, 90, 96 

Cd 91, 92 

Cd, Pb 93 

Multielement determinations in vivo using Ca, N, P, C1 22,23 
combined PGNAA and INAA Na, K 

Design of facilities for in vivo INAA 
and PGNAA 

Combined I N M G N A A  with tomographic 
techniques 

various 25, 29, 31, 75 

several 97-99 

Applications of in vivo methods have increased considerably in the past 10 years, such that determination of 
whole (or partial) body Ca in skeletal osteoporosis and demineralization studies and total body nitrogen have 
become routine procedures (refs. 23,,86-90). Table 3 lists recent in vivo applications of NAA and PGNAA, 
including Ca and N determinations. A unique application of NAA to in vivo studies is neutron activation 
tomography which combines photon or neutron absorption tomography with neutron activation and has 
been recently reviewed by Spyrou and co-workers (refs. 97-100). 

Future Directions 

Neutron activation analysis is a mature and established trace element technique and advances are likely to be 
improvements or modification of existing methods. In INAA and PGNAA the development of "cold" 
neutron sources at KFA in Germany, NIST in the USA and at other high flux reactors is likely to lead to 
greater sensitivity for biological trace element research (ref. 28). In vivo methods which are already 
extensively used for Ca and N skeletal and whole body determinations of Ca and N show promise of 
providing spatial distributions of elements when combined with tomographic techniques (refs. 97-100). 
Another very promising application of NAA is the combination of biochemical and immunoassay techniques 
and NAA for the determination of specific proteins. Thus polyacrylamide gel electrophoresis (PAGE) has 
been combined with NAA to identify specific protein hosts for trace elements (refs. 101-103) and enhanced 
immunoassay with colloidal Au has been used to isolate a given protein followed by detection of the Au- 
tagged immunoreagent by INAA (ref. 101). 

References 

1. G. Hevesy and H. Levi, Dansk Videnskap. Selsk. Math. Fvs. Medd. 14, 24 (1936). 
2. K. Heydorn, Neutron Activation Analvsis for Clinical Trace Element Research, Vols. I, 11. CRC Press, 

Boca Raton, FL (1984). 
3. Z. B. Alfassi, ed. Activation Analysis, Vols. I, 11, CRC Press, Boca Raton, FL (1989). 
4. S. J. Parry, Activation Spectrometry in Chemical Analysis, John Wiley, NY (1991). 
5 .  W. D. Ehmann and D. E. Vance, Radiochemistry and Nuclear Methods of Analysis, John Wiley, New 

York (1991). 

0 1995 IUPAC, Pure and Applied Chernistry67, 1929-1941 



Neutron activation analysis 1939 

6. K. H. Lieser, Fundamentals of Nuclear Activation and Radioisotopic Methods of Anavsis, in Treatise 
on Analvtical Chemistry, Vol. 14, Part I, Section K, Ch. 1, I. M. Kolthoff and P. J. Elving, eds.; John 
Wiley, New York (1986). 
G. Erdtmann and H. Petri, Nuclear Activation Analysis Techniques in Treatise on Analvtical 
Chemistry, Vol. 14, Part I, Section K, Ch. 7, I. M. Kolthoff and P. J. Elving, eds.; John Wiley, New 
York (1986). 

8. S .  Amiel, ed. Nondestructive Activation Analvsis, Elsevier, Amsterdam, (1981). 
9. R. Cesareo, ed. Nuclear Analytical Techniques in Medicine (Vol. 8 of Techniaues and Instrumentation 

in Analvtical Chemistry) Chap. 6, 7, Elsevier, Amsterdam (1988). 
10. F. De Corte and J. Hoste, Isotopenpraxis 25, 7 (1989) 
11. F. De Corte, J. Radioanal. Nucl. Chem.. 160, 63 (1992). 
12. F. De Corte and A. Simonits, J. Radioanal. Nucl. Chem.. 133, 43 (1989). 
13. B. Smodis, R. Jacimovic, S .  Jovanovic and P. Stegnar, Biol. Trace Elem. Res. 26/27, 43 (1990). 
14. B. Smodis, R. Jaciomovic, P. Stegnar and S .  Jovanovic, J. Radioanal. Nucl. Chem.. 160,101 (1992). 
15. G. P. Westphal, K. Jbstl, B. Lipp and P. Schroder, J. Radioanal. Nucl. Chem.. 160, 395 (1992). 
16. W. B. Stroube, Jr., W. C. Cunningham and G. J. Lutz, J. Radioanal. Nucl. Chem.. 112, 341 (1987). 
17. S .  Landsberger, J. Radioanal. Nucl. Chem.. 161, 5 (1992). 
18. F. Grass, J. Radioanal. Nucl. Chem.. 160,109 (1992). 
19. A. Chatt, R. R. Rao, C. K. Jayawickreme and C. K. McDowell, Fresenius J. Anal. Chem. 338, 399 

(1990). 
20. N. M. Spyrou, W. J. Altaf, B. S .  Gill, C. Jeynes, G. Nielson, R. Pietra, E. Sabbioni and M. Surian, 

Biol. Trace Elem. Res. 26/27,161(1990). 
21. M. F. Reis, J. Holzbecker, J. Martinho and A. Chatt, Biol. Trace Elem. Res. 26/27, 629 (1990). 
22. N. M. Spyrou, J. Trace MicroDrobe Tech. 6, 603 (1988). 
23. K. J. Ellis in Biological Trace Element Research, K. S .  Subramanian, G. V. Iyengar and K. Okamoto, 

24. R. Garrett and S .  Mitra, Med. Phvs. 18, 916 (1991). 
25. S .  Mitra, J. F. Sutcliffe and G. L. Hill, Biol. Trace Elem. Res. 26/27, 423 (1990). 
26. M. P. Failey, D. L. Anderson, W. H. Zoller, G. E. Gordon and R. M. Lindstrom, Anal. Chem. 51, 2209 

27. R. M. Lindstrom and D. L. Anderson, in Capture Gamma-Ray Spectroscopy and Related Topics, S .  

28. M. Rossbach, Anal. Chem. 63,2156 (1991). 
29. S .  S .  Krishnan, K. G. McNeill, J. R. Mernagh, and J. E. Harrison, Biol. Trace Elem. Res. 26/27, 415 

30. S .  J. S .  Ryde, W. D. Morgan, J. Compston, C. J. Evans, A. Sivyer and J. Dutton, Biol. Trace Elem. 

31. J. H. Weinlein, M. L. OWeal and F. M. Bacon, Nucl. Inst. Methods B56/57, 904 (1991). 
32. R. C. Koch, Activation Analvsis Handbook, Academic Press, New York (1960). 
33. V. P. Guinn and J. Hoste, Elemental Analvsis of Biological Materials, IAEA Tech. Report No. 197, pp. 

34. R. H. Filby and S. D. Olsen, J. Radioanal. Nucl. Chem.. (in press). 
35. V. P. Guinn and M. Gavrilas, Biol. Trace Elem. Res. 26/27,1(1990). 
36. M. Gavrilas-Guinn and V. P. Guinn, J. Radioanal. Nucl. Chem.. 160, 221 (1992). 
37. M. Speziali, M. DiCasa, E. Orvini, F. Mousty, R. Petra, E. Sabbioni and A. Berlin, Nutr. Res. Suppl. 

38. D. A. Becker, R. R. Greenberg and S .  F. Stone, J. Radioanal. Nucl. Chem.. 160,41(1992). 
39. E. S .  Gladney, B. T. O'Malley, J. Roelandts and T. E. Gills, Natl. Bu. Stds @TIST) Spec. Pub., 260-1 1 

40. M. Janghorbani, B. T. G. Ting and V. R. Young, Adv. Nutr. Res. 3,127 (1980). 
41. B. F. Ni, P. Wang, Y. Luo and S. Yu. J. Radioanal. Nucl. Chem.. 151, 255 (1991). 
42. J. J. Fardy and I. M. Warner, J. Radioanal. Nucl. Chem.. 157, 239 (1992). 
43. N. I. Ward, F. R. Abou-Shakra and S .  F. Durrant, Biol. Trace Elem. Res. 26/27,177 (1990). 
44. S .  T. Van Elteren, H. A. Das, C. L. DeLigny and J. Agterdenhos, Anal. Chim. Acta 222,159 (1989). 
45. A. J. Blotcky, J. P. Claasen and E. P. Rack, J. Radioanal. Nucl. Chem.. 161,11(1992). 

7. 

eds.; ACS Symp. Ser. 445, Ch. 3, Washington, D.C. (1991). 

(1979). 

Raman, ed., p. 810, Amer. Inst. Phys., New York (1985). 

(1990). 

&. 26/27, 429 (1990). 

105-140, Vienna, (1980). 

I., 129 (1985). 

(1987). 

0 1995 IUPAC, Pure and Applied Chemistry67, 1929-1941 



1940 COMMISSION ON RADIOCHEMISTRY AND NUCLEAR TECHNIQUES 

46. E. P. Rack and A. J. Blotcky, in Handbook of Hot Atom Chemistry, J. Adloff, et al. eds., Kodansha 

47. W. D. Ehmann, J. D. Robertson and S. W. Yates, Anal. Chem. 64 IR (1992). 
48. W. D. Ehmann, J. D. Robertson and S. W. Yates, Anal. Chem. 62 50R (1990). 
49. W. D. Ehmann, J. D. Robertson and S. W. Yates, Anal. Chem. 60 42R (1988). 
50. W. D. Ehmann and D. E. Vance, CRC Critical Rev. Anal. Chem. 20,405 (1989). 
51. R. Cornelis, Trends Anal. Chem. 4 237 (1985). 
52. K. Heydorn, in Metal Ions in Biological Svstems, Vol. 16, H. Siegel, Ed.; Ch. 8, Marcel Dekker, NY 

(1983). 
53. G. V. Iyengar, in Biological Trace Element Research, K. S. Subramanian, G. V. Iyengar, and K. 

Okamoto, eds., ACS Symp. Ser. No. 445, pg. 1, h e r .  Chem. SOC., Washington, D.C. (1991). 
54. F. J. Cumming, J. J. Fardy, and D. R. Woodward, J. Radioanal. Nucl. Chem. 161, 21 (1992). 
5 5 .  A. J. Blotcky, G. T. Hansen, N. Borkar, A. Ebrahim, and E. P. Rack, Anal. Chem. 59,206 (1987). 
56. D. Behne, S. Scheid, H. Hilmest, H. Gessner, D. Gawlik, and A. Kyriakopoulos, Biol. Trace Elem. Res. 

26/27, 439 (1990). 
57. R. M. Parr, E. M. DeMaeyer, V. G. Iyengar, A. R. Byrne, G. E. Kirkbright, G. Schoch, L. Niinisto, 

0. Pineda, H. L. Vis, Y. Hofiander, and A. Omololu, Biol. Trace Elem. Res. 26/27, 53 (1990). 
58. A. Chatt, J. Holzbecher, and S. A. Katz, Biol. Trace Elem. Res. 26/27, 513 (1990). 
59. H. Michibata, J. Uchiyama, Y. Seki, T. Numakunai, and T. Uyama, Biol. Trace Elem. Res. 34, 219 

60. A. J. Blotcky, W. C. Duckworth, A. Ebrahim, F. Hamel, E. P. Rack, and J. Sharma, J. Radioanal. 

61. G. D. McOrist, J. J. Fardy, and R. Sleet, J. Radioanal. Nucl. Chem.. 158, 293 (1992). 
62. C. Schnier and H. P. Benn, J. Radioanal. Nucl. Chem.. 162, 433 (1990). 
63. H. P. Benn, C. Schnier, E. Bauer, K. U. Seller, H. Elhoft, and H. Loffler, Z. Rheumatol50, 32 (1990). 
64. J. G. P. Bowman, C. W. Hunt, M. S. Kerley, and J. A. Patterson, J. Anim. Sci. 69, 369 (1991). 
65. L. L. Lancaster, C. W. Hunt, J. C. Muller, D. L. Auld, and M. L. Nelson, J. Anim. Sci. 68, 3812 

66. A. Al-Hashimi, S. S. Krishnan, and R. E. Jervis, J. Radioanal. Nucl. Chem.. 161, 171 (1992). 
67. S. S. Krishnan, R. E. Jervis, and L. D. Vela, J. Radioanal. Nucl. Chem.. 161, 201 (1992). 
68. T. Takeuchi, Y. Nakano, A. Aoki, S. Ohmori, andM. Kasuya, Biol. TraceElem. Res. 26/27, 263 

69. S. S.  Krishnan, S. M. W. Liu, R. E. Jervis, and J. E. Harrison, Biol. Trace Elem. Res. 26/27,257 

70. S. A. Wise, B. J. Koster, R. M. Parris, M. M. Schantz, S. F. Stone and R. Zeisler, Int. J. Envir. Anal. 

71. P. R. Becker, B. J. Koster, S.  A. Wise, and R. Zeisler, Biol. Trace Elem. Res. 26/27, 329 (1990). 
72. R. Zeisler, R. R. Greenberg, and S. F. Stone, J. Radioanal. Nucl. Chem.. 124,47 (1988). 
73. S.  S. Krishnan, J. E. Harrison, R. E. Jervis, A. J. W. Hitchman, R. Dowlati, S. M. W. Liu, andB. 

74. S. Landsberger, J. Radioanal. Nucl. Chem.. 161, 5 (1992). 
75. S. Landsberger, G. Swift, and J. Neuhoff, Biol. Trace Elem. Res. 26/27, 27 (1990). 
76. M. D. Tshiashala, K. Kabengele, and B. M. Lumu, Biol. Trace Elem. Res. 26/27, 287 (1990). 
77. G. S. Zhuang, Y. S. Wang, M. G. Tan, M. Zhi, W. Q. Pan, and Y. D. Cheng, Biol. Trace Elem. Res. 

78. D. Wenstrup, W. D. Ehmann and W. R. Markesbery, Brain Res. 533,125 (1990). 
79. E. Andrasi, J. Nadasdi, Z. Molnar, L. Bezur and L. Ernyei, Biol. Trace Elem. Res. 26/27, 691 (1990). 
80. A. F. Oluwole, 0. I. Asubiojo, A. D. Adekile, R. H. Filby and C. A. Grim, Biol. Trace Elem. Res. 

81. K. Chaudhary, W. D. Ehmann, K. Rengen, and W. R. Markesbery, J. Trace Microprobe Techn. 10, 225 

82. K. Bibow and H. H. Mundal, Clin. Chem. 36, 1902 (1990). 
83. A. N. Garg, R. G. Weginwar, and V. Sagdeo, Biol. Trace Elem. Res. 26/27, 485 (1990). 
84. E. Sabbioni, G. R. Nicolaou, R. Petra, E. Beccaloni, E. Coni, A. Alimonti, and S. Caroli, Biol. Trace 

(Tokyo). p. 383 (1992). 

(1992). 

m. 134, 151 (1989). 

(1990). 

(1990). 

(1990). 

m. 37, 91 (1989). 

Krishnan, S., J. Radioanal. Nucl. Chem. 124, 79 (1988). 

26/27, 729 (1990). 

26/27,479 (1990). 

(1992). 

Elem. Res. 26/27, 757 (1990). 

0 1995 IUPAC, Pure and Applied Chemistry67, 1929-1941 



Neutron activation analysis 1941 

85.  J. D. Mitchell in Current Trends in Trace Element Research, G. Chazot, M. Abdulla, and P. Arnaud, 

86. J. E. Harrison, K. G. McNeill, and S .  S .  Krishnan, J. Radioanal. Nucl. Chem.. 110, 663 (1987). 
87. J. E. Harrison, S .  S .  Krishnan, C. Muller, G. Goodwin, and K. G. McNeil, J. Radioanal. Nucl. Chem.. 

88. K. G. McNeill, J. E. Harrison, and S. S .  Krishnan, J. Radioanal. Nucl. Chem.. 110, 655 (1987). 
89. L. Larsson, M. Alpsten, and M. C. Scott, -. 114, 181 (1987). 
90. A. M. Vaswami, D. Vartsky, K. J. Ellis, S .  Yasumura, and S .  H. Cohn, Metabolism 32, 185 (1983). 
91. K. J. Ellis, W. D. Morgan, I. Zanzi, S .  Yasumura, D. Vartsky, and S .  H. Cohn, J. Toxicol. Env. 

Health, 7, 691 (1981). 
92. D. M. Franklin, C. J. G. Guthrie, D. R. Chettle, M. C. Scott, H. J. Mason, A. G. Davison, and A. J. 

Newman Taylor, Biol. Trace Elem. Res. 26/27, 401 (1990). 
93. W. D. Morgan, S .  J. S .  Ryde, S .  J. Jones, R. M. Wyatt, I. R. Hainsworth, S .  C. Cobbold, C. J. Evans, 

and R. A. Braithwaite, Biol. Trace Elem. Res. 26/27, 407 (1990). 
94. N. M. Spyrou and G. E. Nicolaou, Nutr. Reg. Suppl. 1, 92 (1985). 
95. K. J. Ellis and R. J. Shypailo, J-. 161, 61 (1992). 
96. S .  S .  Krishnan, K. G. McNeill, J. R. Mernagh, A. J. Bayley, and J. E. Harrison, Phvs. Med. Biol. 53, 

1339 (1990). 
97. N. M. Spyrou, in Biological Trace Element Research, K. S .  Subramanian, G. V. Iyengar, and K. 

Okamoto, eds., ACS Symp. Ser. No. 445, p. 40 (1991). 
98. N. M. Spyrou, J. Radioanal. Nucl. Chem.. 110, 641 (1987). 
99. N. M. Spyrou, Biol Trace Elem. Res. 26/27, 75 (1990). 
100.N. M. Spyrou, Kusiminarto, and G. E. Nicolaou, J. Radioanal. Nucl. Chem.. 112, 57 (1987). 
101 . S .  F. Stone, R. Zeisler, G. E. Gordon, R. P. Viscidi, and E. H. Cerny, in Biological Trace Element 

Eds., ch. 30, p. 116, Smith-Gordon, London (1989). 

(in press). 

Research, K. S .  Subramanian, G. V. Iyengar, and K. Okamoto, eds., ACS Symp. Ser. No. 445, Ch. 21, 
p. 265, ACS, Washington, D.C. (1991). 

102. S .  F. Stone, R. Zeisler, and G. E. Gordon, in Trace Element Analvtical Chemistrv in Medicine and 
Biolog, P. Bratter, and P. Schramel, Eds., p. 157, de Gruyter, Berlin (1988). 

103. S .  F. Stone, R. Zeisler and G. E. Gordon, Biol. Trace Elem. Res. 26/27, 83 (1990). 

0 1995 IUPAC, Pure and Applied Chernistry67, 1929-1941 




