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FOREWORD

Trace elements have a variety of essential biochemical functions in all
living things, and their presence in too high or too low amounts can have
important consequences, also in relation to human health. Among several
analytical methods that are available for determining their concentrations in
human tissues, foodstuffs and other kinds of biomédical specimens, a nuclear-
related method, neutron activation analysis, is commonly used because of its
high sensitivity, its relative freedom from matrix effects, and its multi-
element capabilities. Unfortunately, however, much of the data obtained by
this method (and also by other methods) is, in practice, of poor quality.
Evidence from various sources suggests that the analytical errors, in some
cases, may even be as large as several orders of magnitude.

In September 1982 the International Atomic Energy Agency convened an
Advisory Group Meeting of experts to discuss this problem. The present report
stems from that meeting, but comprises material of more recent origin
submitted up to April 1984. It examines possible sources of error arising in
the application of neutron activation analysis to biomédical materials and
attempts, in the light of current knowledge, to recommend practical and
effective means to avoid them. The topics discussed include sampling and
sample preparation, standards, the activation of samples and standards,
chemical separations, gamma-ray spectrometry, and general methods of internal
and external quality assurance.

The publication consists of a summary report prepared collectively by
the Advisory Group followed by a series of working papers prepared by
individual contributors. While some of this material refers specifically to
the application of neutron activation analysis to biomédical specimens, many
of its recommendations are of a more general character and also have relevance
to other analytical methods and other kinds of analytical samples.

The IAEA wishes to express its gratitude to all those who have taken an
active interest in this publication and especially to those who have
contributed directly to the contents. The views expressed are those of the
authors, and are not necessarily shared by the IAEA.
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I. SUMMARY REPORT

QUALITY ASSURANCE IN BIOMEDICAL NEUTRON
ACTIVATION ANALYSIS

Report of an Advisory Group of the
International Atomic Energy Agency*,
Vienna

1. INTRODUCTION

Neutron activation analysis (NAA), in both its instrumental (INAA)
and radiochemical (RNAA) forms, is an important method for the in vitro
determination of trace elements, and is widely applied to specimens of
biomédical origin. Partly on account of difficulties caused by the low
concentrations involved, which may be only of the order of a V-S/kg or

less, these analyses are often accompanied by significant errors. This
is an important problem, not only because of the confusion and waste of
time caused by erroneous data, but also because vital decisions may
depend on the accuracy of such data, for example in medical diagnosis and
in the implementation of governmental regulations pertaining to the
levels of toxic substances in foods and tissues.

The report that follows represents an attempt to identify some of
the possible sources of error in in vitro NAA and to advise on practical
means to avoid them. It stems from an Advisory Group Meeting convened by
the International Atomic Energy Agency (IAEA) in September 1982 as well
as from subsequent exchanges between the contributors. The members of
the Group were Dr. H.J.M. Bowen (UK), Dr. M. de Bruin (Netherlands), Dr.
A.R. Byrne (Yugoslavia), Dr. R. Dybczynski (Poland), Prof. J.J.M. de
Goeij (Netherlands), Prof. V.P. Guinn (USA), Dr. K. Heydorn (Denmark),
Dr. G.V. lyengar (Federal Republic of Germany), Dr. M. Sankar Das
(India), and Dr. J. Versieck (Belgium); Dr. V.D. Anand (USA) was present
as an observer, and the IAEA's Secretariat was represented by Drs. R.M.
Parr and L. Pszonicki. Prof. Guinn served as chairman and Dr. Parr as
scientific secretary.

Working papers prepared by members of the Group have been compiled
in a Technical Report published by the IAEA [1]. A limited number of
copies of this publication are available on request from the Medical
Applications Section, "international Atomic Energy Agency, P.O. Box 100,
A-1AOO Vienna, Austria. The interested reader is referred to this
publication for further details on all the topics discussed below.

2. BACKGROUND TO PRESENT REPORT

The analysis of biological materials for trace elements is at
present undertaken on a large scale in many countries around the world.

* A slightly modified version of this Summary Report has been accepted for
publication in Analytica Chimica Acta.



Although it is difficult to quote well documented data on the actual
numbers of determinations performed, it is almost certain that they are
to be measured in tens of millions per year on a world-wide basis. NAA
plays an important role in such work (especially for some of the less
commonly measured trace elements), and the IAEA has for many years
promoted and supported its applications through technical cooperation,
research contracts, fellowships, training and analytical quality control
services.

NAA has a number of favourable characteristics that account for its
important role in trace element work, particularly its very low detection
limits (for most, though not all of the elements of biomédical interest),
its relative freedom from contamination problems and matrix effects, and
its potential for multi-element analysis. Research nuclear reactors of a
kind suitable for NAA are now relatively accessible to scientists in a
large number of countries; according to a recent report there are at
present 163 such reactors in operation in 41 countries [2]. The wide
applicability of NAA is exemplified by the fact that it has been
indicated to be capable of yielding results of medium or high precision
(~10% relative SD or better) under optimum conditions for as many as
26 elements of interest (mostly trace elements) in a variety of
biological reference materials; this is more than for any other trace
analysis method [3]. Moreover, in several recent IAEA intercomparisons,
NAA was the only method of analysis which yielded results for some trace
elements (e.g. Ag, Au, Ce, Cs, Eu, Ga, Ft, Sb, Sc and W)[4, 5]. The same
inter- comparisons have also consistently shown a high frequency of use
of NAA, and a high percentage of the total number of elements that could
be determined by this method, a fact which is further confirmed by
reports of measurements on biological reference materials available from
the US National Bureau of Standards (NBS)[6].

For more than 10 years the IAEA has been conducting interlaboratory
comparisons in this field, all of which, despite the good accuracy and
precision expected of NAA, have revealed wide discrepancies between the
results reported by different laboratories for many of the elements of
interest. These findings, which are by no means confined to NAA, but
rather appear to be typical of all current methods of trace element
analysis, have frequently been confirmed even when consideration is
restricted to a selection of "experienced laboratories". The magnitude
of the discrepancies depends somewhat on the concentration levels
involved, and is generally higher the lower the concentration. As a
general rule it appears that results for Ça, Cl, Cu, Fe, Mg, Na, Se and
Zn exhibit the smallest variability, but even for these elements a
significant fraction of participating laboratories report erroneous
results. Elements occupying an intermediate (and rather poor) position
as regards analytical variability include As, Hg, I and Mn, while Cd, Co,
Cr, Mo and Sb typically show extreme variability (up to several orders of
magnitude). Table 1 illustrates some of these findings for two biolog-
ical reference materials recently issued by the IAEA.

The lack of progress in recent years in achieving a significant
improvement in the level of performance of laboratories participating in
the IAEA's programmes points to the need for more radical solutions to
these problems, which almost certainly cannot be found just in the organ-
ization of more intercomparisons. It appears to be necessary instead to
convince each individual analyst of the necessity of identifying the
sources of error affecting his own measurements, and then of taking
appropriate steps to correct them.
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The report that follows is intended as guidance for all involved in
analysis, including sample collection and preparation for analysis. The
analytical procedure is here broken down into its component steps and,
for each of these, an attempt is made to describe what, in the light of
current knowledge, may be considered to be "good laboratory practice".
The report also attempts to identify potential sources of error in each
of these steps and to recommend effective means to avoid them. Where
appropriate, advice is offered on specific checks and adjustments that
might help to ensure a proper functioning of procedures and equipment.

All these recommendations constitute part of "quality assurance"
which, borrowing the definition of Taylor [7], is here taken to encompass
the two concepts "quality control" and "quality assessment". Quality
control is the mechanism established to control errors, while quality
assessment is the mechanism used to verify that the analytical procedure
is operating within acceptable limits.

Whereas this report deals mainly with problems that arise when NAA
is applied to biomédical materials, many of its recommendations are of a
general character and also have relevance to other analytical methods and
other kinds of analytical samples. The term "biomédical" is mainly used
in the broad sense, including both its biological and medical aspects;
however, most of the discussion and examples refer specifically to
medical specimens (e.g. human tissues). Broadly similar analytical
considerations apply also to many other kinds of biological materials,
though some of the details may differ.

3. QUALITY ASSURANCE OF SAMPLING, SAMPLE PRESERVATION AND PREPARATION

3.1. Sampling

3.1.1. Proper selection of nature, number, and site of procurement of
primary samples

It is well established that factors such as age, sex, nutritional
status, pregnancy, lactation, and environmental or occupational exposure,
may contribute to the overall variability of trace element levels in
biomédical samples. These influences can be grouped under the heading
"presampling factors" 18], all of which need to be taken into consider-
ation in the planning stage of any study on trace elements in biomédical
materials.

Ideally, sampling should be performed in such a way that the
original properties of the sampled material are fully retained, with no
contamination, and with all necessary documentation pertaining to the
sample itself. In practice, however, compromises are almost always
necessary; in such cases the sampling design has to be tailored according
to the actual objectives of the study.

The number of primary samples and the locations from which they are
taken in a given organ depend, of course, not only on the objectives of
the study but also on the characteristics (anatomical structure, physiol-
ogical function) of the material that is selected for analysis. As a
rule, in the biomédical field, it is considerably more difficult to meet
analytical requirements as to the number (e.g. replicates) and size of
samples than in most other areas of trace element research.
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For successful work, close collaboration between the analytical and
biomédical communities is mandatory - or the investigator must combine
both functions - since elemental determinations in arbitrarily selected
materials, without due consideration of their potential biomédical
relevance, can only lead to an accumulation of largely useless data.

The relative ease with which some specimens (e.g. hair and nails)
can be collected and preserved should not be allowed to obscure the fact
that there may be considerable difficulties in interpreting any analyt-
ical data subsequently obtained. There is no doubt that hair analyses
may provide useful information in some selected situations. However, it
is now well documented that a wide variety of largely uncontrollable
factors may markedly affect the observed results.
3.1.2. Control of contamination

Many factors may invalidate the results of trace element research.
It cannot be emphasized too strongly that, in spite of recent improve-
ments in the sensitivity and specificity of the analytical methods used,
the reliability of an analytical value still depends strongly on the
quality of the sample. No amount of care during the measurement can
guarantee reliable information if an error has been introduced earlier.

Many trace elements of interest are present at very low concentr-
ations (u&/kg or less) in biomédical samples, and their analytical
determination is particularly susceptible to errors due to inadvertent
extraneous additions, i.e. contamination [9-11]. This is a problem for
all analytical methods, though NAA has the unique advantage that sample
contamination after the irradiation does not affect the final outcome.

A striking, but by no means atypical, illustration of this problem
is provided by observations on inadequately collected and processed serum
samples intended for the determination of manganese [12]. In 9 samples
transferred with an automatic dispenser (inadequate procedure), the
following figures were obtained: a mean of 4.83 + 5.17 (SD) ng/1 with a
range of 0.61 - 16.83 ug/1- On the other hand, in 9 adequately handled
samples from the same serum pool, using exactly the same radioanalytical
procedure, the following values were obtained: a mean of 0.72 + 0.10 (SD)
Vig/1 with a range of 0.56 - 0.89 y.g/1, i.e. a factor of almost 7
lower in mean value, and of 52-fold in standard deviation.

No universal set of rules for avoiding problems of this kind can be
given, apart from general advice to work in a clean environment with
reproducible, non-contaminating, tools. Many of the recommendations on
sample preparation are relevant in this respect. However, if, for any
reason, it is impossible to collect the specimen under completely
adequate conditions, then a sufficient amount should always be obtained
to permit later removal, in the analytical laboratory, of the contamin-
ated surfaces (though this, of course, is not possible for fluid samples).

Various other factors, in addition to contamination, also threaten
the integrity of the sample, e.g. losses by adsorption or volatiliz-
ation. They are considered further below in sub-sections 3.2 and 3.3.

3.1.3. Post mortem samples
Autopsy sampling from human cases always involves a certain lapse

of time between death and sample collection. When normal metabolic
processes stop and active transport through membranes ends, passive
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diffusion may cause profound changes in trace element distribution. In
addition, autolysis may cause detrimental changes. These problems cannot
be completely avoided, but their effects can be minimized by standard-
izing sampling conditions, especially the time factor [8, 13].
3.2. Preservation and Storage

Preservation and storage are not interchangeable terms since
preservation also includes retaining the morphological features of a
specimen, whereas storage, especially from the point of view of trace
element studies, may be understood to imply an overall safe,
contamination-free and non-degraded containment.

Preservation of a sampled specimen is governed by several factors,
particularly the matrix itself. For example, preservation of bone, hair
or nail is relatively simple compared with that of brain, liver, lung or
kidney. Preservatives such as formaldehyde are generally unacceptable
for trace element work due to problems of leaching and contamination.
Therefore, the method of preservation by freezing is emerging as a better
choice. For short term preservation (up to a few days) samples can be
kept at ~0CC, or even at refrigerator temperature. Long term preserv-
ation (extending from several weeks to years) requires temperatures of
-20°C or below. For storage up to several years, many workers recommend
a temperature of around -80°C, while for specimen banking purposes it may
even be advisable to store at liquid nitrogen temperature. If possible,
whole organs or chunks of tissues should be procured, sealed in clean
polyethylene (PE) bags, and packed in clean plastic containers, before
freezing. The samples should be frozen as quickly as possible. In any
case, they need to be kept under cool conditions until they can be frozen.

One disadvantage of preservation by freezing is the uncertainty
that may arise in determining the wet weight of the specimen if it is
subsequently allowed to thaw (due to loss of water vapour and possible
cell lysis during storage). Moreover, the method is not suitable for all
biological fluids. For example, whole blood, once frozen, cannot be used
to obtain samples of serum or of packed cells. Whole blood can be
preserved for only a few days at refrigerator temperature, and requires
the addition of an anticoagulant, which is a potential source of contam-
ination.

As regards storage, where applicable, it is a good practice to
freeze-dry, or oven-dry at relatively low temperatures (e.g. 80°C), since
storing dry substances is less complicated. Storage containers made of
PE or PTFE are adequate for most purposes, but should be thoroughly
cleaned before use [10, 14]. Low humidity and a dust-free environment
are absolutely essential. If suitably packed, dry samples can be stored
for long periods of time under cold storage [13].
3.3. Sample Preparation

In many laboratories, the first time an analyst becomes acquainted
with the sample is when it arrives at the laboratory. Before accepting
if for analysis, however, he should familiarize himself with the prior
history of the specimen (which should be adequately recorded) and be
confident of its integrity.

Elements such as Cr, Mn and Pb are highly susceptible to airborne
contamination and, unless 'clean room' or 'clean bench' facilities are
available, analysts intending to determine these elements should consider
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carefully whether their laboratory facilities are adequate for the
purpose. It is in general a good practice to assess all possible sources
of error experimentally, especially those arising from contamination
within the working environment, to take measures to minimize such errors
and to carry out periodic monitoring. For example, contamination
introduced by leaching, or losses by adsorption, can be studied by
preparing a particular type of sample in containers fabricated from
different materials.

The primary concern from the point of view of sample handling is to
use tools and containers made of materials containing very low concentr-
ations of the trace elements of interest. However, it should be
recognized that the objective is not necessarily to eliminate contamin-
ation entirely, but merely to reduce it to a level at which it is no
longer significant. For some trace elements such as Cu and Zn, contamin-
ation may be insignificant even when no special precautions are taken.
At the present time, for ultratrace work, the recommended materials for
tools and containers are plastics, silica and high purity metals such as
titanium. If the problem of obtaining a durable sharp edge for tools
made of titanium could be overcome (e.g. by use of a suitable alloy made
with non-contaminating elements), this would be an important step forward
in producing a standard kit for handling tissues.

Several steps, such as washing, drying, ashing and homogenization,
may be needed for handling solid samples to prepare them for analysis.
Each of these may be a source of contamination. The rationale for
washing some types of samples, such as hair and nail, and even autopsy
specimens, prior to analysis is to remove external contamination from the
former, or to minimize the effect of residual blood in the latter. For
hair and nail, a washing step is generally deemed to be necessary, though
it is not feasible to prescribe a universal treatment that satisfies the
requirements for all the elements of interest. For autopsy samples,
washing with water has both advantages and disadvantages, and its utility
is therefore questionable [13].

Freeze-drying is basically well suited for removing water from
biological samples, but care should be taken that the sample is prefrozen
before placement in the freeze-dryer and that an adequate vacuum is
maintained. In oven-drying, it is important to maintain the temperature
below 100°C to avoid matrix decomposition and subsequent losses of
elements such as Sn and Hg. A temperature of around 500°C is effective
for dry ashing even relatively big samples, but has the serious disad-
vantage of causing losses by volatilization of a number of elements. Low
temperature ashing (below 150*C) using nascent oxygen is effectively
usable only for small size samples, and is also not totally safe for
volatile elements. For more details on the relative merits of various
drying procedures the reader is referred to a recent review [15]

Biological samples are inherently inhomogeneous, both macroscop-
ically and microscopically, due to their complex and intricate
structure. Depending on the aim of the investigation, it may or may not
be necessary to reduce the effect of macroscopic inhomogeneity by a
specific homogenization step. This is particularly necessary for
reference materials, composite meals and faeces, but may also be required
for human tissue samples that need to be divided into aliquots prior to
analysis. Such homogenization may be applied to both the wet and dry
specimens by the use of cryogenic techniques [14].
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Biological fluids are susceptible to bacterial growth in the
unfrozen state, and sample preparation should therefore be finished
within a few hours. If possible, they should be aliquoted in the fluid
state, since it is then relatively simple to retain homogeneity. Freshly
thawed samples should be stirred well before aliquoting, to overcome
concentration gradients [15].

In conclusion, it may safely be said that inadequate sample
collection and manipulation may be the source of more serious errors than
any other step in the analytical procedure. Low-level trace element
research imposes strict requirements on its practitioners. The analyses
must be carried out under rigorously controlled conditions to protect the
sample from artefacts due to the containers, the reagents, or the ambient
air. As a consequence, no programme of low-level trace element analyses
should be started before adequate contamination control procedures have
been developed (sample collecting and handling devices, container
cleaning techniques, 'clean room* facilities, etc.).

3.4. Pre-Irradiation Separations
Separations prior to irradiation are sometimes used to achieve (1)

differentiation of the matrix as to cell types or cell constituents, (2)
chemical speciation of the analyte, (3) removal of interfering elements
and/or concentration of the element to be determined and/or (4) reduction
of high radiation levels arising during processing of the subsequently
irradiated specimens. Due to the introduction of pre-irradiation
separations, NAA is deprived of one of its main advantages, viz. the
virtual absence of the analytical blank. Especially for solid samples it
is rather difficult at low trace element levels to prove that no losses
or contamination have occurred and, if so, to correct for them.
Therefore, pre-irradiation separations should be avoided as much as
possible. While separations for the reasons mentioned under (1) and (2)
are unavoidable, this is not the case for the other groups. For
instance, by developing fast radiochemical separations, pre-irradiation
separations can sometimes be avoided, or replaced by a simple pretreat-
ment such as ashing.

4. QUALITY ASSURANCE IN REACTOR NEUTRON ACTIVATION ANALYSIS OF
BIOMEDICAL SAMPLES

4.1. Possible Causes of Poor Performance as Evidenced by IAEA
Intercomparisons
Causes of the poor performance of some laboratories that have

participated in IAEA intercomparisons are difficult to identify because
the participants have usually not described their analytical procedures
in sufficient detail. Even if they had done so, however, the tracking
down of the sources of error in individual cases would mostly have been
of a speculative character.

One obvious source of error, however, is the choice of an inapprop-
riate analytical method, e.g. a method whose potential capability
(detection limit) is close to the concentration level of the elements
being determined. Even if the choice of method is correct, an inapprop-
riate version of the method is sometimes chosen (e.g. INAA instead of
RNAA, which, for some intercomparison materials, seems to have been the
case for elements such as As, Co, Cr, Hg, Mn and Sb). Every step in the
analytical procedure may be a source of error if the execution is poor;
thus many errors are, in fact, human errors.
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In addition to the possible sources of error discussed in the
remainder of this report, some further causes are:

a) uncritical expectation of the multi-element capabilities of NAA,
i.e. not taking into account that, for some elements determined in
a given run, irradiation, cooling, separation, or measurement
conditions, may be very far from the optimum, and the interferences
may be excessive; and

b) trivial human errors in making the calculations, copying the data
and reporting the results (typing errors, etc.).

4.2. Optimization of Analytical Parameters
In many instances of NAA studies (particularly INAA), the elements

of interest are not measured under the best conditions for those elements
in that particular matrix. This situation leads to unnecessarily poor
measurement precisions, and sometimes even to systematically erroneous
values (e.g. due to unrecognized overlapping photopeaks), and to the use
of samples too small to give good counting statistics, or too large for
the counting-rate limitations of the Ge gamma-ray spectrometer used.
These same difficulties may also apply to RNAA, if groups of elements are
separated and counted on the spectrometer, rather than individually
separated elements.

In order to avoid the difficulties mentioned above, in INAA work,
one has essentially two choices: (1) to conduct a series of exploratory
INAA measurements, before proceeding to the final sample analyses, in
order to deduce approximately optimum combinations of sample weights and
irradiation and decay conditions for the elements of interest in such a
matrix, or (2) to use a computer program that supplies similar inform-
ation, in most cases without the necessity of making any exploratory
experimental measurements. The exploratory analysis approach is the
older approach, and is time-consuming. However, its use is far better
than making no effort at all in the direction of optimization, if for any
reason the computer approach is not accessible.

An INAA Advance Prediction Computer Program (APCP) [16] is now
available that helps one to select, in advance, optimum combinations of
sample size and irradiation (tj), decay (t̂ ), and counting (tc)
times for the measurement of any particular element of interest in any
type of sample matrix for which even rather approximate average elemental
composition input data are available from the literature (including also
major and minor elements) . Such input data can be obtained from any
analytical methods, not just NAA.

Using permanently stored nuclear data and experimental response
curves for any given Ge detector, the APCP calculates, for any selected
thermal-neutron flux and for each selected combination of t^, t^, and
tc, the maximum allowable sample weight, all cumulative Compton levels
and Compton edges, and all statistically significant photopeaks (incl-
uding escape peaks and the 511 keV peak) and their respective standard
deviations. Photopeaks that overlap with one or more other peaks are
flagged in the printouts, as well as ones that fall on significant
Compton edges. For elements of interest not in the input, or input
elements that are not detectable, the program also prints out their
respective minimum detectable concentrations, for any selected measure-
ment precision (e.g. + 30%).
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The APCP is also very useful in planning the preparation of optimum
element standards, and can readily simulate pre- or post-irradiation
chemical separations (by eliminating separated elements from the input).
By scanning the outputs for all the selected sets of conditions, one can
rapidly see whether a given element will be detectable at all in that
matrix, and if so, the best set of conditions for its determination, the
precision then attainable, and which of the (n,y) products of the
element, and which of its gamma-rays, give the best precision. If the
INAA output is unfavourable for any particular element, the need for some
type of chemical separation is indicated. The program allows one to make
calculations for INAA with either epithermal, or thermal plus epithermal
neutrons (a second, more elaborate program, in FORTRAN 4, also includes
all fission-spectrum fast-neutron products). The APCP has been checked
experimentally (using various certified biological reference materials),
with excellent agreement between predicted and observed results.

Use of advance prediction, such as by the APCP, not only provides
guidance for subsequent experimental measurements that ensure they will
be conducted in an approximately optimum manner, thus saving a great deal
of time, but it also draws attention in advance to possible difficulties
(e.g. overlapping peaks). The nature and usefulness of the APCP are
described more fully elsewhere [16, 17].
4.3. Calibration

4.3.1. Direct and indirect calibration methods
The accuracy of the calibration is obviously crucial for the

accuracy of the whole analysis, yet the preparation and use of standards
are not always straightforward, and simple and regular tests to check for
possible errors are often neglected.

Calibration may be performed in various ways. Most commonly,
direct irradiation standards are used consisting of known amounts of all
elements to be determined, which are irradiated together with the
samples. Another, indirect, way of calibration involves the use of a
single-element comparator [18], also called a monostandard. In this
approach, a particular element (e.g. Co) is irradiated together with the
samples and measured afterwards without any chemical processing. The
comparator is calibrated against the elements of interest in separate
experiments, leading, under well-defined experimental conditions, to
constants, often called k-factors. This method is discussed further
below in 4.3.3.

The use of certified reference materials as irradiation standards,
though practised by many workers, is not to be recommended for the trace
element analysis of biological materials, as the uncertainties in the
certified values are too large for many elements. The high costs and
limited stocks of these materials further support the argument that they
should not be used in this way.
4.3.2. Preparation and treatment of irradiation standards

Aqueous chemical standards are widely used in NAA (particularly
RNAA) for, as well as offering convenience, they represent a good approx-
imation to the (usually relatively small) neutron absorption properties
of biological samples, and can closely mimic their size and position
during irradiation. Checks on geometrical effects, confirming the
absence of significant flux gradients, are simple to perform on clusters
of standards.
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Irradiation standards are normally prepared from working solutions
obtained by dilution of stock solutions shortly before use. Stock
solutions should be made up from stoichiometric compounds of high purity
(especially with respect to elements that produce interfering radio-
nuclides on irradiation), be simple to prepare, and possess good
stability (long shelf-life). Acidification of stock and working
solutions is usual to improve stability (against hydrolysis, biological
spoilage and adsorption effects). Further details concerning suitable
stock solutions may be found in the working paper [19].

In the preparation of irradiation standards, two occasional sources
of error should be kept in mind. The first may occur in the preparation
of mixed multi-element standards containing trace amounts of particular
elements with high activation cross sections (e.g. Au and some rare
earths), if the same elements are also present as impurities in other
components of the mixture. The result may be a negative systematic error
in the calibration. The other error involves differences in isotope
ratios between sample and standard. Substantial differences may occur
with commercially enriched or depleted elements such as Li, B and U,
while small differences (up to tenths of a percent) may be observed with
other elements (e.g. S and Ça) as a result of biological or geological
fractionation.

Irradiation standards may be used directly as solutions, or dried
first, especially for high-fluence irradiations. The use of supports
such as filter paper, silica or charcoal (which must, of course, be of
sufficient purity for the purpose), is recommended to define the geometry
if the standard is to be measured directly, and to facilitate quantit-
ative recovery if it is to be removed from the ampoule. Other types of
standard such as labelled cellulose, gelatin, ion exchange beads or
polymerized resins are sometimes useful, but checking against the
original aqueous solution is required. Possible losses during prepar-
ation (e.g. by drying or sputtering) should be examined with such
secondary standards.

Irradiation standards should preferably not be processed, but their
activities measured directly or after a minimal treatment to recover
adsorbed activity quantitatively from the vial walls by leaching. If
measured directly, the vial must be of sufficient purity that it does not
introduce errors in the measurement of the standards. Geometric factors
(4.6.1.1) also need to be considered. Possible volatile forms of certain
elements, e.g. Hg, must be trapped by cooling and absorption in acidified
carrier solution. (It is good practice to make up all aqueous standards
for activity measurement in acidified carrier solution to help avoid
adsorption on the wall of the measurement vial).

A.3.3. Selection of the calibration method
Usually, the selection of a particular calibration method depends

not only on quality assurance requirements but also on practical consid-
erations. Options to choose between are: direct versus indirect calib-
ration; mixed multi-element standards versus collections of single
element standards; processing of irradiation standards in the same way
as samples versus direct measurement.

The direct measurement of irradiation standards brings various
advantages such as a reduction in the number of radiochemical operations,
including chemical yield determinations, and a lowering of the risk of
contaminating the sample. For simplicity, the difference in counting
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geometry between sample and standard should be constant; if not, a
determination in each analysis run is required. When Ge gamma-ray
spectrometry is applied, multi-element standards can often be used
provided that the ratios of the elemental weights have been properly
chosen and that the photopeaks of interest do not overlap.

The radiochemical processing of irradiation standards is not
recommended if their primary function as direct comparators is to be
retained. This is because there is no guarantee that the chemical yield
of the separation (or its variability) is the same for both samples and
standards. If yields are quantitative, high or reproducible, nothing is
gained in most cases, whereas if they are irreproducible, the assumption
of the same yield may be erroneous. Further, the overall uncertainty of
the yield determination is increased, and the chances of
cross-contamination between samples and standards in the equipment
(especially automatic devices) is increased. When high accuracy is
required, chemical yields should in any case be measured for each sample
separately (4.5.5). When this is impractical (e.g. in multi-element
RNAA), frequent control of yields using radiotracers and non-irradiated
material of the same composition is advisable.

On the other hand, a useful practical measure of control over the
chemical yield or correct functioning of the chemical separation
procedure can often be achieved by radiochemical processing of an
additional standard or aliquot of the standard. By comparing the activity
of the processed standard with that of an unprocessed standard or a flux
monitor, time-consuming chemical yield determinations for each element
may be omitted, while a reasonable estimate of the chemical yield may
still obtained, and other factors, such as counting geometry may be taken
into account. The risk of cross-contamination may be reduced by using
standards containing a small multiple of the amounts of trace elements
present in the samples, and by rigorous cleaning procedures.

The use of a single element comparator in place of a multi-element
one also has particular advantages. For instance, it may save space in
the irradiation container (particularly when replacing a number of single
element standards or a bulky multi-element standard). Further, it may
also save labour (no chemical processing, fewer fractions to be
counted). When dealing with short-lived radionuclides, the single-
element comparator eliminates the need for a rapid processing of the
standards. However, the usefulness of the single-element comparator is
fully determined by the degree of constancy of the k-factors. Variations
in these values over a series of determinations may occur due to changes
in the neutron energy spectrum or counting geometry. Regular checks are
therefore needed to ensure that such variations are not occurring. In
order to compensate for neutron energy spectrum changes with time - as
often occur in high-power nuclear reactors - the principle of the
comparator may be extended to include two or three elements with
different resonance integrals [21].

The main sources of error in the preparation and use of standards
are likely to arise from careless working and insufficiently regular
checks on accuracy. Among the former can be included weighing, dilution
and dispensing errors, evaporation losses and deterioration of
solutions. As a check on these sources of error, as well as to monitor
flux variations in the irradiation position, it is good practice to use a
suitable flux monitor (e.g. Co, Fe or Zn), and to calculate the ratio of
the decay corrected specific activity of the standard to the theoreti-
cally expected specific activity. This ratio need not be exactly unity
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(though a large discrepancy is an indication of error); however, it
should remain constant from one irradiation to the next. The same
objective can also be achieved by other, similar means [22].

Whenever fresh working solutions are prepared, the old and new
solutions should be checked in a simultaneous irradiation. Stock
solutions should be checked at less frequent intervals by making up an
independent solution, preferably from a different compound by another
analyst. Exchange of standard solutions between laboratories might be
useful and revealing, especially in cases in which 'round-robin'
exercises are being made. Suitable stock solutions are now available
commercially (mainly for use in atomic absorption spectroscopy), but
these should always be checked by some independent test.
4.4. Reactor Activation of Samples

For the most accurate analyses by NAA, the sample and the standard
are irradiated together. In this step the factors that should receive
special attention to minimize the errors in the analysis are:

flux gradients in the irradiation position (spatial distribution
of flux),

effect of the unmoderated neutron spectrum producing the indicator
radionuclide from threshold reactions, and
recoil transfer from the container to the sample on the one hand,
and loss of indicator radionuclide from the sample to the
container, on the other hand.

4.4.1. Spatial distribution of the neutron fluence

It is well documented that, in many reactor irradiation positions,
the neutron flux density gradient, parallel to the core, is about 2-3%
cm"1. The perpendicular gradient can cause even greater errors, the
flux density variation being exponential [23, 24]. Use of facilities for
rotating the samples and the standards during irradiation is a useful
approach to minimize such errors. In any case, it is good practice to
characterize the irradiation positions for such flux density gradients
using appropriate monitors. A number of elements or alloys suitable for
monitoring different fluences have been reported in the literature [25].

The use of an independent fluence monitor to assess the reproducibility
of the irradiation conditions is particularly important if, as is often
the case when short-lived radionuclides are being measured, the sample
and standard are irradiated separately. Further, the ability to obtain
consistent decay-corrected specific activity of the monitor is an
assurance that reproducible irradiation conditions are being maintained
in all situations.

4.4.2. Effect of the unmoderated component of the neutron spectrum
Two aspects have to be considered: (a) the effect of the epithermal

component on the monoelement comparator approach of NAA, and (b)
threshold reaction interferences.

Some of the advantages and limitations of the use of single-element
comparators (monostandards) for multi-element NAA have been discussed in
the previous sections and in the literature [23], This approach requires
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that the epithermal component of the neutron fluence in the irradiation
position be constant over a series of analyses since the specific activ-
ities of the individual radionuclides, which have different resonance
integrals, are normalised with respect to that of the monostandard.

Interference from threshold reactions must be considered in the
analysis of biological samples. Depending on the type of reactor and the
exact location of the irradiation position relative to the core, there
may be large differences in the neutron flux spectrum between different
irradiation positions. Some of the important reactions of interest in
the analysis of biological samples are: 2 Na(n,a)2 F, 31P(n,a) 8A1,
S6Fe(n,p)56Mn, S4Fe(n,a)51Cr, 64Zn(n,p)64Cu and 63Cu(n,a)6°Co . Partic-
ular attention is drawn to the possibility of interference in the determi-
nation of Cr in whole blood.

The extent of interference depends upon the fast/thermal flux ratio
in the reactor, which should be measured whenever the reactor parameters
have been changed or if there is a change in the irradiation position.
If one makes some assumptions about the fission component of the fast
neutron fluence, it may be possible to estimate the extent of interfer-
ence based on the reported excitation functions for the reactions of
interest and a knowledge of the approximate composition of the sample in
respect of the interfering elements. In many reactors, however, the hard
component of the flux, which can be determined by the use of a set of
threshold monitors recommended by the IAEA, deviates from a virgin
fission spectrum. It is therefore more prudent to determine experi-
mentally equivalent interference values by irradiating known amounts of
the interfering elements under a cadmium shield and to use these values
to correct the experimental data. Further details are discussed in the
working paper [26].
4.4.3. Possible recoil and radiolysis effects

Absorption of gamma radiation and fast neutron moderation cause
radiolysis of the organic material, and thereby also changes in the
chemical status of the trace elements. In addition, the radiation dose
to the sample causes its temperature to rise. Both effects may result in
losses of particular trace elements (e.g. halogens, mercury) from the
sample by diffusion and volatilization. Losses may be further enhanced
by the recoil effect accompanying the nuclear transformations. A part of
the trace elements lost from the sample may remain in the gaseous state
or be deposited on the inner surface of the container.

During irradiation, biological material deteriorates, sometimes to
tarry substances, with evolution of gaseous products. Pressure build-up
may occur, especially after long irradiation periods in high neutron
fluxes, sometimes being high enough to cause substantial losses of sample
material on opening the container. During the irradiation, losses from
silica vials are virtually absent, but they may occur from PE vials due
to small leaks or porosity of the material (e.g. for iodine and mercury).

Another consequence of recoil effects is that radionuclides formed
in the container material migrate. Thus, the inside surface of the
container, even if initially clean, may become contaminated as a result
of the irradiation. This contamination is easily carried along with the
sample during further processing. Therefore it is important that the
vials should not only have clean inside surfaces, but also low levels of
the trace elements of interest in the layer below the surface. Since
trace elements tend to be enriched in the surface layer of silica tubing
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used for the fabrication of irradiation vials, it is recommended to
remove a layer of about 20 V-m by etching in hydrofluoric acid before
use [27].
4.5. Post-Irradiation Chemical Treatment

Radiochemical processing may be a source of error, both random and
systematic. However, compared with the chemical processing required for
other methods of trace element determination, it has some specific
characteristics that facilitate error control. These are: (1) that
contamination with stable isotopes of the elements of interest after the
irradiation does not interfere, (2) that the chemical separations can be
performed with the optimum amount of material due to the possibility of
carrier addition, (3) that the yield of the chemical separation does not
need to be quantitative or reproducible, since it can be determined for
each sample, thus allowing flexibility in the selection of a separation
method with the desired characteristics, and (4) that it is a tracer
technique in itself; thus the induced radioactivity, as well as
additional tracers, may give information on various phenomena such as
tailing, decontamination, adsorption and volatility losses. On the other
hand, some constraints may arise in radiochemistry that are absent in
nonradiochemical work, and these may make operations more prone to
error. For instance, high radiation levels may be involved, or work with
short lived radionuclides may demand very rapid operations.

The main radiochemical operations involved in RNAA are discussed
below. They include: transfer of the irradiated sample from the
irradiation container; addition of carrier; mineralisation of the sample;
equilibration of the carrier; removal of the main interfering activities
and/or separation of radionuclides of interest; preparation of the
counting fraction; and determination of the chemical yield. For details
on all these points the reader is referred to the working paper [20].

It is self-evident that the normal good practice of analytical
chemistry should be followed throughout all these steps. A special
feature of RNAA is the possibility of radioactive contamination occurring
at any of the stages listed. Cross contamination must be prevented by
good laboratory practice, involving adequate cleaning operations,
separate glassware for standards and samples, or the use of disposable
equipment. In the use of automated and mechanised equipment, the
existence of memory effects should be checked by blank runs, and if
present, reduced by cleaning runs.
4.5.1. Transfer of the irradiated sample from the irradiation container

Irradiation containers, especially when no double containment is
used, may become contaminated during irradiation or subsequent handling.
To avoid transfer of this concamination along with the sample, they
should be cleaned externally before being opened.

As already mentioned (4.4.3), radiolysis of organic material during
irradi- ation leads to a pressure build-up, which may be high enough to
cause appreciable losses of sample material on opening the container. In
addition, some radionuclides may be volatile, particularly as a result of
radiation effects. Both types of loss can be minimized by cooling the
container in liquid nitrogen before opening.

During irradiation, biological specimens may char to tarry subst-
ances; these stick to the container wall and mostly cannot be removed
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entirely by simple means, but instead require some kind of dissolution.
This dissolution, which may be the first step in the mineralisation of
the entire sample, leads to the problem that radionuclides from the
container wall may also be leached out, resulting in a positive system-
atic error. This error (which is one of the components of the overall
analytical blank) may be reduced by thoroughly cleaning the inner
container surface before irradiation, but one still has to take account
of radionuclides recoiling from the inside surface of the container
material into the sample. Moreover, when silica ampoules are used, the
process of opening them leads to fresh fractures, which may add to the
blank. When high-purity synthetic silica ampoules are used, the blank
value is generally only a problem for a few trace elements at the lowest
levels (e.g. Cr and Sb) . However, in all cases, the blanks should be
checked and steps should be taken to ensure that they remain insignif-
icant. If the blank value is a significant fraction of the measured
value, the analyst should be aware that the measured blank does not
always provide an accurate estimate of the "real" blank.

Generally speaking, the above mentioned problems are more severe
for long irradiation periods and/or high fluences. Under moderate
irradiation conditions, negligible decomposition of the sample occurs and
PE containers can be used; this facilitates a direct transfer of the
sample from the irradiation vial. Double encapsulation is advisable to
reduce contamination.
4.5.2. Carrier addition and equilibration

It is important to add carrier, isotopic with the radionuclides to
be separated, as early as possible in the radiochemical processing,
preferably during transfer of the irradiated sample. It is always
necessary to ensure that the carrier element and the radionuclide origin-
ating from the trace element are at some early stage converted to the
same chemical form so that they behave identically in the ensuing separ-
ation. If the radionuclide to be separated has more than one valence
state, the radiochemical separation should include an oxidation-reduction
cycle as a first step. In many radiochemical processing procedures this
cycle is already built in since the mineralisation of organic material
generally involves reductive conditions at the beginning and oxidative at
the end.
4.5.3. Mineralisation of the sample

The mineralisation of organic matrices is certainly one of the most
critical points in the entire radiochemical processing. Losses before
carrier-radionuclide exchange has taken place must be avoided, volatil-
ization being the most frequent source.

Volatilization losses depend strongly on the experimental
conditions (temperature, time and reagents used). Sometimes the losses
are also influenced by the amount of carrier added {e.g. Au). Trace
elements easily lost are halogens and mercury. In the presence of
particular compounds, other trace elements may be volatile, e.g. Cr (in
hot perchloric acid) or Sb, Sn, As, Sb and Se (in strong halide systems).

The use of closed systems (e.g. "bombs", oxygen flask), and semi-
closed (e.g. reflux) systems, generally provides sufficient protection
against such losses. Total destruction of the matrix should occur and be
checked (visual examination is not always sufficient). In certain
samples containing high levels of insoluble inorganic constituents (e.g.
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phosphates), separate dissolution may be called for if they are
suspected of containing an appreciable fraction of the element to be
determined. However, any precipitates thrown down after dissolution in
the presence of carrier are generally not a problem, although they may
lower the chemical yield (which must, in such cases, be determined
separately for each sample).
4.5.4. Chemical separations

Once sample transfer, equilibration of the carrier, and mineralis-
ation of the sample have been properly performed, there are only minor
errors in the chemical separation steps involved. Variations in the
chemical yield are not a problem, provided they are measured and
corrected for (only the uncertainty of the yield determination is
introduced).

The choice of separation techniques should be appropriate to the
level of the activity to be measured and the radionuclide purity
required. In Ge gamma-ray spectrometric measurements, a lower degree of
radionuclide purity is acceptable, as compared with that required for the
more sensitive Nal(Tl) gamma-ray spectrometry, where generally single (or
dual) element fractions are counted. Gamma-ray spectrometry also permits
the use of group separations, but at the expense of poorer precision in
the signal measurement. An NaKTl) detector (especially the well-type)
is called for when determining very low trace element levels, because of
its inherently superior detection efficiency.
4.5.5. Determination of the chemical yield

Most modern separation procedures, either manual or mechanical, are
designed for a high and reproducible chemical yield of the added
carrier. Therefore, a yield determination on each individual sample is
generally not practised. A coefficient of variation of the yield of a
few percent (e.g. ~5%) is normal, and is generally quite acceptable in
view of other sources of error in the NAA procedure (e.g. flux gradients,
counting statistics), as well as the biological variability of the
majority of biological specimens. However, when the ultimate in accuracy
and precision is required, e.g. for the certification of reference
materials, individual yield determinations may be necessary. Another
need for yield determinations is in speedy work with short-lived radio-
nuclides or in complicated separations designed to achieve ultimate
sensitivity, both of which carry the risk of unacceptably large variat-
ions in the yield.

Yield determinations may be based on various principles; in the
most commonly used procedure, the recovery of added carrier is measured,
either by classical analytical techniques, or by re-activation of the
separated fraction, using a suitable radionuclide (preferably short-
lived) of the element involved. In the first approach, the yield
determination is susceptible to the normal hazards of the analytical
technique used (though these are normally quite precise, e.g. titri-
metry) , while in the second the main source of error is due to counting
errors for the sample and comparator and possible flux differences
between them. Another technique is that based on recovery of added
radiotracer, provided a suitable radioisotope, complementary to the one
produced on activation, exists. This method involves a compromise
between good measurability of the added tracer and minimization of the
deterioration of the gamma-ray spectrum.
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4.6. Gamma-Ray Spectrometry in NAA

The measurement of radioactivity is an essential step in every NAA
procedure. Such measurements are almost exclusively based on gamma- or
X-radiation because these types of radiation are mono-energetic and
relatively insensitive to attenuation phenomena. Three steps are
involved: measurement, spectrum analysis and interpretation. In this
discussion, attention is paid mainly to problems associated with the use
of semiconductor (Ge and Ge(Li)) detectors. Scintillation detector
spectrometers are less sensitive to errors relating to factors such as
count rate, dead-time, pile-up and geometry; the most important errors
usually arise in the spectrum interpretation step. For details on all
these points the reader is referred to the working paper [28]. A summary
of suggested checks and adjustments is given in Table 2.
4.6.1. Measurement

The measurement of a radioactive sample as part of an activation
analysis should result in a pulse height distribution reflecting quantit-
atively both energies and intensities of the radiations emitted by the
sample. This can only be achieved if the spectrometer energy response
and efficiency are sufficiently stable under the expected measurement
conditions.

The components of the spectrometer have to be interconnected
according to the instructions in the manuals, and the spectrometer
settings optimized for the relevant energy region and count-rate regime.
Tests of the stability of the spectrometer characteristics should be
carried out prior to its first use in analyses. During actual use care
has to be taken that the limits of acceptable operating conditions of the
spectrometer (count-rate, ambient temperature, etc.) are not exceeded.
If this happens, the spectra must be disregarded, because they might be
inaccurate. Moreover, regular (e.g. daily) tests should be carried out
to verify spectrometer performance. Peak shape deterioration can be
regarded as an early warning of spectrometer malfunction.

In the next paragraphs some potential sources of error in gamma-ray
spectrometry are discussed. It is assumed here that the spectrometer
components are free of technical defects, and that they have been
adjusted carefully according to the manufacturer's recommendations.

4.6.1.1. Geometry In order to achieve a high detection
efficiency, samples are often counted very close to the detector. At
short sample-detector distances, however, the efficiency becomes very
sensitive to variations in this distance or in the sample dimensions.
For a sample placed directly on the cap of a medium-size Ge detector,
1 mm changes in distance or sample height result in changes in efficiency
of about 5% and 2%, respectively. Therefore, measurements close to the
detector should be made only when both sample position and dimensions are
precisely reproducible and identical for samples and standards.
Otherwise, the measurements have to be carried out with larger
sample-detector distances (i.e. greater than the detector diameter),
where the geometrical errors are substantially lower. When there is a
systematic difference between the geometry of samples and standards, the
associated difference in efficiency can be determined experimentally and
corrected for. The use of a well-type Ge detector may reduce geometrical
errors to a great extent.
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4.6.1.2. Sample self-absorption When measuring samples of finite
size, part of the radiation will be prevented from reaching the detector
due to attenuation in the sample itself. This may lead to appreciable
analytical errors when samples and standards are not identical in both
dimensions and matrix composition. Such errors can be avoided by using
special procedures for sample and standard preparation and/or mathemat-
ical corrections for the attenuation. These measures either require EL
priori knowledge of the sample composition or imply a considerable
complication of the measurement or spectrum interpretation procedures.
If no such special measures are taken, the sample size has to be so small
that errors due to self-absorption stay within the limits set by the
analytical precision requirements. For water-equivalent materials, such
as most biological materials, the error due to self-absorption is in
general less than 1% for gamma-ray energies above 100 keV and sample
sizes up to 1 gram.

4.6.1.3. Bremsstrahluns High energy ß-radiation emitted in the
sample, for example by P, may give rise to bremsstrahlung. This shows
up in the spectrum as a continuous background and affects the measurement
precision of peaks, particularly at low energies. Bremsstrahlung can be
reduced considerably by surrounding the sample with approximately l g
cm~2 of thick absorber of low Z material (e.g. plastic). The
ß-particles lose their energy in such an absorber, mainly through
inelastic collisions, and the generation of bremmstrahlung is thereby
suppressed.

4.6.1.4. Dead-time and pile-up Dead-time and pile-up constitute
one of the most important problems of quantitative gamma-ray
spectrometry. Both effects lead to a change in the counting efficiency,
depending on event rate, pulse-height distribution and instrument
settings. The most commonly used methods of correction for dead-time and
pile-up losses are:

a. use of a time reference peak in the spectrum originating from a
pulse generator or from a radioactive source; or

b. use of the dead-time correction circuit in a multichannel analyser,
possibly also combined with a pile-up rejector.
Inappropriate correction may lead to appreciable errors, ranging

from a few percent at count rates of 1,000 s"1 to tens of percent for
count rates above 10,000 s~i, depending on the equipment and
correction method used. The corrections based on a time reference peak
are much better than those using a dead-time circuit [29], but special
care should be taken when using a reference pulser in combination with a
pile-up rejector, since improper mutual adjustment may easily lead to
excessive errors.

For each gamma-ray spectrometer, the correction for dead-time and
pile-up at increasing event rates should be measured prior to its first
use in quantitative gamma-ray spectrometry. The count rates must be
limited to values for which the correction for dead-time and pile-up
losses has been proven to be adequate.

Additional problems occur when measuring mixtures of radionuclides
with strongly differing half lives, which decay considerably during the
measurement. Even when the overall correction for dead-time and pile-up
is appropriate, the correction of the count rates of the individual
nuclides can be wrong [30]. Proper correction of the individual count
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rates requires the use of dedicated electronic units or additional
computer processing of the measured spectra. Otherwise, the initial
dead-time has to be limited to a few percent in order to avoid
substantial errors.

4.6.1.5. Excessive event rates If a significant fraction of the
events occurring in the detector are not recorded in the spectrum, as can
be the case when measuring a selected energy region, the actual event
rate may be considerably higher than the observed count rate, and may
exceed the limits for proper equipment performance without being
noticed. Such a system overload may lead to errors due, for example, to
energy-dependent changes in the counting efficiency or to peak shape
deterioration. Therefore, in cases where the total event rate can be
much larger than the count rate, the former should be monitored (e.g.
with a fast sealer) so that proper action (e.g. changing the counting
geometry) can be taken. In this respect, special attention should be
paid to spectrometers equipped with a preamplifier with pulsed optical
feedback.
4.6.2. Analysis of gamma-ray spectra

Spectrum analysis in gamma-ray spectrometry comprises the detection
of the peaks in the recorded spectrum, the calculation of peak positions
and peak areas, and the conversion of these data into peak energies and
(relative) intensities. It is self-evident that the statistical errors
inherent in all radioactivity measurements have to be taken into account
in the final analytical result, using the well-known error propagation
laws.

Manual and computerized procedures based on some kind of
integration of channel contents only yield reliable results for single
free standing peaks and should not be applied to overlapping peaks. For
the calculation of areas and intensities of overlapping peaks, accurate
results can be obtained only by using computer programs which include a
peak fitting routine. In general, the best results are obtained with
computer programs using a modified Gaussian distribution as the peak
shape function. However, it should be noted that most procedures
overlook a considerable part of the multiplets in a spectrum. This may
seriously affect the reliability of the analytical results, unless it is
kept in mind during spectrum interpretation that all observed peaks
potentially contain more than one single peak, even when such a peak is
not recognized as a multiplet in the spectrum analysis.

The choice of a procedure for peak position and area calculation
depends on the complexity of the spectra to be processed and on the
available computer facilities. For simple spectra, manual or computer
integration procedures may be appropriate, but for complex spectra, as
usually obtained in INAA, only methods based on the use of peak fitting
routines can be regarded as adequate. Once a method has been selected,
its performance should be checked, e.g. by statistical analysis of the
results (peak areas and positions and the errors reported for these
quantities) obtained when applying the method to reference peaks [31].

Peak positions are converted to gamma-ray energies using an energy
calibration curve. For most spectrometers this curve deviates slightly
from a straight line. It can be established with sufficient precision
from measurements on approximately ten peaks with well-known energies
more or less evenly spread over the relevant energy region (information
on suitable radionuclides is regularly published in Nucl. Instr. Meth.).
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The error in an estimate of peak position is in general very small, but
additional errors arise from uncertainties in the calibration curve and
from possible gain shifts since the time of the last energy calibration.
The total of these errors in the peak position should be taken into
account in the spectrum interpretation procedure.

The conversion of peak areas into absolute intensities is only
relevant for those NAA techniques that are not based on direct comparison
of the same elements in sample and standard. The conversion is carried
out using an efficiency calibration curve preferably based on at least 10
points. Since most methods of NAA are based on direct comparison of the
count rates in the same peak of sample and standard, quantitative
evaluation is possible without efficiency calibration. But for the
verification of spectral purity or correction for spectral interferences,
a knowledge of the energy dependence of the efficiency (relative effic-
iency curve) is required. This curve can be measured very conveniently
with 2 or 3 radionuclides emitting several gamma-rays with known
intensity ratios. Information on the efficiency calibration can be found
in a recent review [32]. Large errors may occur when measurements are
made close to the detector, where the efficiency is high. Under such
conditions, peak areas can be influenced by summation in a hardly
predictable way, leading to large systematic errors in the conversion of
peak areas into gamma-ray intensities. It is therefore advisable, for
spectra measured with the sample close to the detector or in a well-type
detector, to use the peak areas as such without conversion, and compare
them directly with the spectra of standards measured under identical
conditions. In this situation, standard spectra of all the relevant
radionuclides have to be measured for each detector and each source-
detector geometry.
4.6.3. Interpretation of gamma-ray spectra

4.6.3.1. Identification of peaks The peaks observed in the
gamma-ray spectrum are assigned to specific radionuclides by comparing
their energies and intensities or peak area ratios with data tabulated in
a gamma-ray catalogue. Additional aids to indentification can often be
derived from consideration of half lives and possible activation
processes. All the observable peaks should be identified by these means,
following which the analyst should consider carefully whether low
intensity gamma-rays from the identified radionuclides may be contrib-
uting counts to the photopeak used for determining the element of
interest (4.6.3.2). A sufficiently large energy window around the
calculated peak energy should be used to account for the possible error
in the peak position calculation and for the occurrence of spectrum
shifts.

4.6.3.2. Peak purity Every peak should be treated as a potential
multiplet unless it can be proven that contributions from other nuclides
are absent. This is particularly important for the broad peaks in
spectra obtained with a scintillation detector. When using such a
detector, it is recommended to carry out an additional qualitative
measurement with a Ge detector to verify spectral purity. If the sample
activity is too low for a meaningful additional measurement, one has to
rely on the specificity of the radiochemical separation procedure and on
a careful inspection of the gamma-ray spectrum itself.

4.6.3.3. Additional peaks It should be noted that, in addition to
gamma-ray photopeaks, a spectrum may contain various other kinds of peaks
such as annihilation and escape peaks, X-ray peaks, gamma-ray escape
peaks, sum peaks and pile-up peaks.
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The annihilation peak originating from positrons emitted by radio-
nuclides present in the sample can be used for quantification, but it is
necessary to be sure that all positrons are stopped and annihilate in, or
very close to, the sample. This can be achieved by surrounding the
sample closely with an absorber of sufficient thickness to stop the
emitted positrons. The annihilation radiation from positrons formed by
pair-production during absorption of high energy gamma-rays in the sample
and its surroundings does not reflect quantitatively any of the activ-
ities present in the sample. Its intensity depends on the intensities
and energies of the emitted gamma-rays, the size and composition of the
sample, and the dimensions and composition of any objects near the sample
or detector (e.g. the shield). Special care should therefore be taken
when correcting for this contribution to the annihilation peak.

For sum peaks and escape peaks it should be noted that their
intensities relative to other photopeaks depend not so much on nuclear
properties as on characteristics of the detector, such as its
efficiency. These peaks may only be used in a quantitative evaluation of
gamma-ray spectra by comparing them with peaks in spectra measured under
identical conditions. Summation effects may lead to the appearance of
unexpected peaks, due to summation of coincident gamma-rays or of coin-
cident gamma- and X-rays. Such peaks do not appear in any gamma-ray
catalogue and, when they are not recognized as sum peaks, they may be
erroneously assigned to unrelated radionuclides.

The most effective way to avoid excessive errors resulting from
summation effects is to prepare and measure the samples and standards
under exactly the same geometrical conditions. If this is too laborious
or impractical, the only alternative is to carry out all measurements at
such large sample-detector distances that summation effects are neglig-
ible. However, the lower counting efficiency will lead to a loss of
analytical sensitivity unless compensated by increased counting times.

Pile-up peaks do not usually lead to incorrect identification since
they are easily recognized on the basis of their peculiar shapes.

4.6.3.4. Background radiation The background radiation spectrum
generally has two components, one constant and one variable. The
constant part comes from cosmic radiation and natural activities present
in the construction materials of the counting room and its equipment.
Once this almost constant background has been measured, each spectrum can
be corrected for it. The variable contribution to the background may
arise from radioactive samples in or near the counting room, or from
activity present as contamination of the detector. This component of the
background spectrum may change significantly with time, and therefore
needs regular monitoring. Daily background measurements will reveal the
presence of time-dependent background contributions, so that proper
action can be taken. More detail on some of these points may be found in
reference [32].
4.6.4. Internal and external quality assurance

A result whose uncertainty is unknown is worthless because it
cannot be used to draw valid conclusions; worse, it is dangerous because
it may be misused and lead to false conclusions. Quality assessment is
needed to ascertain that the uncertainty of results reported by a
laboratory does not exceed well defined limits, and quality control
serves to detect unexpected deviations with a minimum delay.
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Internal quality assurance is concerned with maintaining precision
within a single laboratory, where the importance of keeping careful
records and appropriate control charts is well established. External
quality assurance involves reference materials obtained from an outside
body, and is a method for testing the accuracy of laboratory results. In
practice, internal quality assurance mainly has to do with laboratory
precision, whereas external quality assurance mainly has to do with
laboratory accuracy.

4.6.4.1. Internal quality assurance Laboratories engaged in NAA
of biomédical samples do not produce the large number of results
characteristic of a routine clinical chemistry laboratory. Internal
quality control cannot therefore be directly based on the recommendations
of the International Federation of Clinical Chemistry (IFCC) [33]. The
use of the analysis of precision [34] makes quality control possible with
a small number of results with variable precision and is particularly
suited to NAA.

The precision of individual results is here determined from the
totality of independent, random, errors associated with different stages
of the analysis. These contributions should be determined by separate
investigations of the random errors associated with the factors discussed
in the preceding sections. The most significant relative source of
variation, which is often the precision of the activation itself, must be
estimated accurately. The most significant absolute sources of variation
are associated with the sampling or the corresponding blank.
When all random sources of variation, a, b, ... n have been estimated,

the precision of the analytical result is expressed by its overall
standard deviation o, where:

a2 = a2 + cr2 + ........ a2 (1)a b n

In activation analysis the useful range of the analytical method
covers many orders of magnitude, and different components of the total
variation dominate under different circumstances. In addition, the
statistics of the counting process introduce a variance component into
equation (1). This contribution is usually referred to as the precision
of counting statistics, and the pooled contribution from all other
sources is called the a priori precision.

Quality control may be based on the duplicate analysis of a fraction
(e.g.~20%) of the samples [35]. Results y^ and y2 for m duplicates are
tested by the statistic:

m ryi_T = Z (Jl (2)
(Ô2 + a2)

2which is approximated by a x distribution with m degrees of freedom. As
long as the value T is within the accepted control limits, the analysis
is in a state of statistical control.

Lack of statistical control means that unknown errors are present,
and that the results are not of the expected quality and should therefore
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be rejected [7]. Identification of these unknown sources of variation is
facilitated by applying the analysis of precision to separate stages of
the analysis, such as the sampling [34], data processing [31], etc.
[24]. Such errors may sometimes be extremely difficult to identify, and
may call for considerable skill and intuition on the part of the analyst.

When all sources of variation have been brought into a state of
statistical control, only strictly additive or multiplicative errors
remain. These are controlled by the analysis of a certified reference
material as described below.

4.6.4.2. External quality assurance External quality assurance
provides the main means to make an independent test of the accuracy of
analytical results from a given laboratory, but it can also give an
estimate of laboratory precision. It is based on analyses of certified
reference materials (CRMs) such as those available from the IAEA and the
NBS [36]. Ideally, several CRMs should be analysed, so as to cover a
range of concentration of the elements determined. If the precision of
the method has not been measured as described above, it should be
investigated by measurements on at least four samples of each CRM. A
plot of reported values against certified values shows the inaccuracy, or
bias, of the results ( x^ - x ), where x^ is the certified value and x the
laboratory mean. It also illustrates the variation of precision with
concentration, and if the graph is supplied with maximum allowable
deviation (MAD) lines, one can see whether the results are acceptable
(within the MAD lines) or not [37, 38]. Experience shows that
laboratories can be trained to improve both accuracy and precision
dramatically by a series of tests of this kind, alternating with
intensive searches to remove systematic errors.

External quality control checks may be both open and blind. It is
best for some external body to provide a randomised series of the CRMs
for analysis, together with standards, if these are believed to contrib-
ute to the error, so that the test is largely blind. There is no
agreement as to the frequency of such checks in routine analysis, but as
much as 20% of the analytical effort may be devoted to quality control
[39]. External quality control is a legal requirement for clinical
analyses of Ça, Cl, K and Na in some US States [40], using commercial
reference sera, but is unlikely to become so for NAA of trace elements.

Major problems are that current CRMs are rather expensive (about
$10/g), that they are certified for too few elements, and that no CRMs
are available at present with very low concentrations of trace elements
such as occur in human serum [12, 41]. The overwhelming majority of
elemental determinations in biological materials make no use of external
quality control and are therefore of doubtful validity. It is recom-
mended that further efforts be made to increase the use of external
quality control, to increase the number of CRMs, and especially to
increase the number of certified elements in selected CRMs with large
available stocks.

5. CONCLUSIONS

This survey of the NAA of biomédical samples by a group of
scientists experienced in this field was instigated by the simple fact
that numerous laboratory intercomparison studies of various reference
materials have resulted, for a very large number of elements, in an
extraordinarily wide range of reported values for a given element in a
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given material. This range in some cases spans one, two, or even more
orders of magnitude. Since vastly better precision and accuracy than
these should be attainable, the Advisory Group was requested to consider
carefully every conceivable source of error, and then to arrive at recom-
mendations designed to eliminate or greatly reduce them.

The main steps involved in such NAA procedures that have been
considered in detail by the Advisory Group are: (1) the procurement of
representative, uncontaminated, samples, (2) the preservation of biolog-
ical samples and their preparation for analysis, (3) the preparation of
standards, (4) the reactor neutron activation of samples and standards,
(5) the subsequent radiochemical separations (if necessary), (6) gamma-
ray spectrometry measurements, (7) the process of data reduction and
reporting, and (8) internal and external quality assurance. Many sub-
problems in each of these eight steps have been considered, details of
which are presented in this report, and in even greater detail in the
various working papers [1].

These considerations have resulted in a considerable number of
recommendations which, if meticulously implemented, should at least
greatly improve the degrees of precision and accuracy attained by activ-
ation analysts in actual practice. It is believed that the following ten
recommendations, used as a reminder check list, will be of value:

(1) Obtain representative, uncontaminated samples;
(2) Carefully avoid additions or losses of elements during

sample storage and in the preparation of analytical
samples ('clean' benches or 'clean' laboratories may be
necessary for analyses at ultratrace levels);

(3) Optimize the analytical parameters (activation time,
decay time, sample weight, position in reactor, choice of
detector, etc.) for the particular elements and matrices
of interest;

(4) Assess in advance whether RNAA must be employed, or
pre-separations, or whether INAA can provide equally good
results ;

(5) Prepare accurate standards of the elements of interest
rather than using certified reference materials as
standards, and check that the decay-corrected specific
activities are reproducible;

(6) If radiochemical separation is employed, take pains that
all sources of error associated with this step are
minimized;

(7) Monitor the analytical blanks and ensure that they are
suitably low and reproducible;

(8) Perform gamma-ray spectrometry measurements and
subsequent spectrum analysis carefully and properly;

(9) Analyse at least some of the samples in replicate, and
compare the estimated overall precision with the observed
variability, so as to ascertain whether any unknown
sources of error are operating; and
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(10) Check the accuracy of the overall analytical procedure by
analysing certified reference materials of similar matrix
compositions, and report the results obtained and the
reference values used.
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Table 1 Illustration of poor results for selected elements in two IAEA
intercomparison materials (1) milk powder, A-11 and (2) animal muscle,
H-4. The results considered in each data set are the laboratory means
reported by participants in the intercomparisons. All concentration
values are in mg/kg. Note the wide range and the poor agreement, in many
cases, between the mean and the median.

Element Method41 Material No.b Median Mean Range Max/min

As

Cd

Co

Cr

Hg

Mn

Mo

Sb

RNAA

AAS

RNAA

INAA

RNAA

AAS

INAA
RNAA

AAS
RNAA

AAS

INAA
RNAA

RNAA

INAA
RNAA

A- 11
H-4

A-ll
H-4
H-4

A-ll
H-4
A-ll
H-4

A-ll
H-4
H-4
A-ll
H-4

A-ll
A-ll
H-4

A-ll
H-4
H-4
A-ll
H-4

H-4

H-4
A-ll
H-4

6
11

7
9
5

6
16
6
5
7
8
6
6
5
5
6
8
17
11
13
7
6
8

8
5
6

0.0056
0.0061
0.47
0.090
0.056
0.091
0.004
0.0056
0.013

0.76
0.098
0.25
0.049
0.020
0.095
0.003
0.013

0.67
0.56
0.55
0.256
0.44
0.051

0.008
0.004
0.004

0.12
0.037
0.60
0.25
0.12
0.60
0.012
0.0075
0.016
8.15
0.20
0.31
3.07
0.049
0.20
0.022
0.013
3.99
1.16
0.75
0.295
0.35

0.12

0.030
0.21
0.072

0.004
0.004
0.001
0.003
0.01 -
0.005
0.0015
0.004
0.001

0.032
0.015
0.02 -
0.016
0.012
0.001
0.002
0.005
0.20 -
0.43 -
0.41 -
0.12 -
0.08 -

0.032
0.004
0.001
0.002

- 0.54
- 0.20

- 1.66
- 0.96
0.42
- 2.90
- 0.046
- 0.016
- 0.040
- 52
- 0.71
0.80
- 18.1
- 0.12
- 0.67
- 0.12
- 0.021
55
3.9
2.05
0.58
0.45

- 0.38

- 0.16
- 1.01
- 0.41

122
55

1446
295
43

575
31
4
28

1656
47
40

1138
10
500
52
4

279
9
5
5
6
12

44
777
175

a) INAA = instrumental NAA; RNAA = radiochemical NAA; AAS = atomic
absorption spectroscopy;

b) No. of laboratory means in the data set (no data are quoted for <5 such
values)
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Table 2 Suggested checks and adjustments for gamma-ray spectrometry

Action Frequency

Adjustment of gamma-ray spectrometer components occasionally

Test of spectrometer count rate capabilities occasionally
(including dead-time and pile-up correction)

Test of spectrometer stability (time and
temperature)

(Relative) efficiency calibration
(including estimate of possible errors)

before first use of
spectrometer in analyses

for each
measuring geometry

Test of performance of spectrum analysis
procedure

Compilation of gamma-ray spectrum catalogue

for each procedure

for each high efficiency
counting geometry

Energy calibration

Background measurement

daily

occasionally

Background monitoring (short measurements)

Check of energy resolution and peak shape

daily

in each spectrum
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II. WORKING PAPERS

RELATIVE ACCURACY, PRECISION AND FREQUENCY
OF USE OF NEUTRON ACTIVATION ANALYSIS AND
OTHER TECHNIQUES AS REVEALED BY THE RESULTS
OF SOME RECENT IAEA INTERCOMPARISONS

R. DYBCZYNSKI
Department of Analytical Chemistry,
Institute of Nuclear Research,
Warsaw, Poland

Abstract

Results of some IAEA intercomparisons organised during the past 10
years are examined with special reference to the analysis of materials of
bio-environmental relevance. Overall, neutron activation analysis (NAA)
contributed a greater fraction of the results than any other technique.
Literature data for NBS reference materials also reveals a high frequency
of use of NAA. It is concluded that NAA is now a mature technique that
provides results of satisfactory accuracy and precision for many trace
elements. Relatively frequently, however, results reported by individual
laboratories can be identified as outliers, indicating that systematic
errors are a common occurrence with NAA as with other trace analysis
techniques.

1. INTRODUCTION

The comparison of the significance, capabilities and merits of
individual analytical techniques is always a difficult task not free from
controversies and even emotions. An analytical chemist, being usually
deeply involved in the use of one particular technique, often has a natural
tendency to attempt to use this technique for solving every conceivable
problem and, consequently, to overestimate its versatility and importance.
There is also no general agreement on how to measure objectively the
relative value of an analytical technique, what attributes should always be
considered and which of them are most important. Detection limits are
often quoted as evidence of the ultimate possibilities of individual
techniques, but it should be remembered that these values are usually
calculated for some ideal, interference-free, conditions. Detection limits
attainable in practice for real samples may be orders of magnitude worse
than these idealized values and it is normally difficult or impossible to
predict how large this difference actually will be as it depends on many
factors, e.g. composition and physical state of the sample, measurement
method employed, the kind and efficiency of the preconcentration and/or
separation step, if used, and, last but not least, the skill and critical
judgment of the analyst.

In 1976, in an interesting attempt to compare the analytical
techniques on a uniform basis, the IAEA convened an Advisory Group Meeting
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on Optimal Methods for the Assay of Trace Elements in Biological
Materials. In a follow-up action a monograph devoted to problems of
Elemental Analysis of Biological Materials was issued a few years later II]
in which invited experts evaluated the applicability of several analytical
techniques to the elemental assay of an identical group of biological
reference materials. It will be discussed later in this paper how far
their predictions agree with the actual use of individual techniques as
revealed by the results of some recent IAEA intercomparisons.

2. FREQUENCY OF USE OF INDIVIDUAL ANALYTICAL TECHNIQUES

Intercomparisons, especially those organised on an international
basis, provide a lot of interesting data on the frequency of use of
individual techniques, and agreement between the results obtained, their
precision and, indirectly and sometimes even directly, also their accuracy.

Table 1 summarises data on the contribution of neutron activation
analysis (NAA) in comparison with other analytical techniques for
determining inorganic constituents in biological materials. Nine IAEA
intercomparisons covering the time span of ten years were surveyed. Apart
from NAA, the other individual techniques that were considered included
atomic absorption spectroscopy (AAS), X-ray fluorescence (XRF) together
with particle-induced X-ray emission (PIXE), emission spectroscopy (ES),
and mass spectrometry (MS). In addition, the results of a recent
literature survey by Gladney [14], who compiled the results published on
NBS biological standard reference materials over the years 1972-1980, are
also quoted.

As can be seen, the contribution of NAA in IAEA intercomparisons is
high (varying from 23 to 77%) and, on average, is greater than that of any
other single analytical technique. It should be mentioned here that the
data concerning two intercomparisons organised by the IAEA's Monaco
Laboratory, for which the share of NAA results was the lowest, encompass
measurements of only 14 arbitrarily selected elements, while in fact more
than 40 were analysed [6]. It is presumed that, if the results for these
additional elements which were not published so far were also considered,
the calculated contribution of NAA would be substantially higher. The only
other single technique that provided a contribution comparable to NAA,
though on average a lower one, was AAS. The share of XRF 4 FIXE, ES, and
MS respectively rarely exceeded 10% of the total number of results. All
other techniques (colorimetry (COL) and spectrophotometry (SP), fluorimetry
(F), polarography (POL), ion selective electrodes (ISE), volumetry (VOL),
gas chromatography (GO, etc.) were seldom used.

The percentage of NAA results reported for NBS materials [14] was
invariably high, reaching even 100% for some newer materials for which,
however, only values from a single reference were available. The number of
elements determined by NAA was very high in all intercomparisons (76 - 95%
of the total number of elements determined) (see Table 1). A more detailed
analysis of the relative frequency of use of individual techniques in three
recent intercomparisons is presented in Tables 2A - 2C.

It is instructive to confront the theoretical predictions as to the
possibility of using a particular technique for the determination of
several elements in a given matrix with the reality of analytical
practice. In an IAEA publication on the Elemental Analysis of Biological
Materials [1] , experts of world repute evaluated which of the following
elements: As, Be, Ca, Cd, Cl, Co, Cr, Cu, F, Fe, Hg, I, K, Mg, Mo, Mn, Na,
Ni, P, Pb, Sb, Se, Si, Sn, Tl, V, U and Zn should be determinable by a
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particular technique in four biological reference materials. A comparison
of predictions and experimental facts for IAEA animal muscle (H-4) is shown
in Table 3. As can be seen, despite the fact that the number of elements
classified as determinable by NAA out of the above mentioned group was
higher than for other techniques, the agreement between the prediction and
reality was very good. Fewer elements than predicted, however, were
determined by AAS and especially by MS.

3. ACCURACY AND PRECISION

Accuracy and precision are the most important parameters of every
analytical technique. Good precision does not automatically guarantee good
accuracy. This is quite clear from Fig. 1 and 2 in which results from
intercomparisons on the determination of arsenic in synthetic resin (SNR-1)
[10] and cobalt in simulated fresh water sample (W-3) [15], respectively,
are presented. For each laboratory, the mean is shown as a cross or a
short horizontal line, the standard deviation as a thin vertical line and
the standard error as a thick vertical line. "True" values, X, and overall
means, X (after rejection of outliers), are shown as broken and solid
horizontal lines. As can be seen, quite often very precise results may be
very far from the "true" value. Intercomparisons on synthetic samples for
which the "true" values are known are especially valuable as they make
direct checking of accuracy possible. If enough replicate results from a
given laboratory are available one can calculate the "R" value defined as:

R - —————————— where:

A = deviation of the laboratory mean from the "true" value
s = standard deviation of an individual determination
n = number of determinations
to. 01 = Student's factor for a significance level of 0.01

If only random errors are operative one can expect that R will not
exceed unity (R<1) . When R>1 the existence of a systematic error may be
postulated. It was shown in an intercomparison of trace elements in
synthetic resin (SNR-1) [10], which simulates biological material, as well
as in intercomparisons of trace elements in simulated fresh water samples
(W-3 and W-3/1) [16,17J, that roughly 50% of all results were subject to
systematic errors. At the same time the overall means (after rejection of
outliers) usually coincided surprisingly well with the "true" values. So,
it seems reasonable to assume that the systematic error in the general
population of results obtained by various techniques can be treated as a
random variable which may be normally, or at least, symmetrically
distributed.

The data shown in Table 4 illustrate an example of the accuracy and
precision of NAA and other techniques for the determination of 9 selected
elements in synthetic resin (SNR-1) and in simulated fresh water samples
(W-3 and W-3/1) respectively. As can be seen, the percent deviation of the
mean of results by NAA (X^ from the "true" value (X) rarely exceeds 15%.
The accuracy of AAS is also reasonably good, although not as good as NAA.
Other techniques (X-ray fluorescence, emission spectroscopy, and spectro-
photometry) are in general less accurate. Precision, expressed as relative
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standard deviation, varied considerably depending on intercomparison and
element and was not dramatically better or worse for NAA than for other
techniques.

4. CONCLUSIONS

Summing up what has been stated above, NAA is a mature technique of
unique capabilities. Its accuracy when determining trace amounts of
elements is usually very good, and its precision is usually satisfactory
at these low concentration levels. In IAEA and some other inter-
comparisons NAA provided a greater share of results and was used for the
determination of more elements than any other technique. This generally
very good performance of NAA should, however, not lead to the conclusion
that it always gives indisputably correct results.

Too many outliers (réf. Tables 2A-2C) may serve as a warning signal
here, and sporadically occurring significant differences between mean
results by NAA and other techniques for some elements remind one that the
search for possible sources of systematic errors should be pursued
ceaselessly.
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T A B L E

Frequency of use of individual analytical techniques in IAEA and other
intercomparisons on determination of inorganic constituents of biological materials

No.

1.

2.

3.

4.

5.

6.

7.

8.

9.

Type of
material and

code

Dried potatoes
(V-4)

Fish solubles
(A-6)

Sea plant
(SP-M-1)

Fish flesh
(MA-A-2)

Animal muscle
(H-4)

Milk powder
(A-ll)

Synthetic resin
simulating bio-
logical material

(SNR-1)
Human hair

(HH-1)
Rye flour

(V-8)

Date of
inter-

comparison

1972-1974
1974-1976

1976-1978

1978-1980

1975-1980

1978-1980

1979-1980

1980-1981

1980-1982

Total
number

of
laboratory
means

137
174

577

498

517

451

202

579

301

Number
of

elements
under
investi-
gation
13
13
14

14

38

40

30

42

38

Number (%)
of

elements
determined

by NAA

12(92.3)

12(92.3)

13(92.9)

12(85.7)

36(94.7)

28(70)

23(76.7)

35(83.3)

29(76.3)

% of results obtained by *)
NAA

38.3

50

25.0

23.3

64.6

40

77.2

48

48.5

AAS

41.6

41.8

64.8

67.9

27.5

38.3

12.9

19

24.9

XRF
+

PIXE

2.9

1.8

5.4

2.8

1.7

5.7

0

13

12

ES

2.9

0

2.2

2.6

2.7

4

2.0

17

9.3

MS

5.8

0.6

0.9

1.2

1.2

8

7.4

7

2.0

Other
Methods

8.5

5.8

1.7

2.2

2.3

4

0.5

4

3.3

Reference

2
3

4,5

6,7

8

9

10

11,12

13

*) % of results = number of laboratory means by Riven method for all elements
total number of laboratory means received x 100



Table 1 continued Analogous data for NBS Standard Reference Materials

No.

1A

2A

3A

4A

5A

6A

7A

8A

Type of
material and

code

Orchard leaves
SRM 1571

Bovine liver
SRM 1577

Pine Needles
SRM 1575

Tomato Leaves
SRM 1573

Spinach
SRM 1570

Brewers yeast
SRM 1569

Rice Flour
SRM 1568

Wheat Flour
SRM 1567

Date of
reporting

1972-1979

1972-1979

1976-1979

1976-1979

1976-1979

1976-1979

1978-1979

1978-1979

Total
number
of

laboratory
means

899

701

74

92

109

26

13

13

Number of
elements
under
investi-
gation

70

54

38

39

36

22

13

13

% of results obtained by *)
NAA

45

56

64

69

61

96

100

100

AAS

22

18

10

11

19

0

0

0

XRF
+

PIXE

14

13

0

0

0

0

0

0

ES

5

7

19

15

13

0

0

0

MS

3

0.1

1

1

0

0

0

0

Other
Methods

11

6

6

4

7

4

0

0

Reference

14

14

14

14

14

14

14

14

*) % of results = number of laboratory means by given method for all elements x
total number of laboratory means received

l/l



O\ T A B L E 2 A
Summary of use of different techniques

Milk powder (A-ll)

Technique

NAA

AAS

XRF + PIXE

ES

MS

Others

Elements for which given technique was used
Exclusively

100%)
Ag, Au, Cs,
Pt, Sb, Sc

-

S, Ti

-

B, B&

U (F)

Mainly
(50 - 99%)

As, Br, Cl, Co,
Hg, I, Mo, Rb,
Se, Sn

Ca, Cd, Cu, Fe,
Mg, Mn, Ni, Pb,
Zn

-

-

Al, Li, Si, Sn

P (COL)

Frequently
(15 - 49%)

Ca, Cr, Cu, Fe,
K, Mg, Mn, Na,
Si, Sr, V, Zn

Al, As, Co, Cr,
Hg, K, Li, Mo,
Na, P, Sr

Br, Rb, Sr, V

K, Na

Br, F, I, Mo,
Ni, Rb. Sr. V

5 elements

Rarely
(1 - 14%)

-

Cl

Ca, Cl, Cr,
Cu, Fe, K, Ni,
Pb. Zn
Ca, Cr, Cu,
Fe, MR, Mn. Zn
As , Cl , Co ,
Cr, Cu, MR. Mn
3 elements

Never
(0%)

Al, B, Ba,
Cd, F, Li,
Ni, P, Pb,

Ti. U

Ag, Au, B,
Ba, Br, Cs, F,
I, Pt, Rb, S,
Sb, Se, Se, Si,
Sn. Ti. U. V
25 elements

31 elements

19 elements

30 elements

Total number
of results

by that
technique

180

173

26

18

36

18

Number (%)
of outliers
by that
technique

31 (17.2)

33 (19.1)

11 (42.3)

0

4 (11.1)

1 (5.6)



T A B L E 2 B
Summary of use of different techniques

Animal muscle (H-4)

Technique

NAA

AAS

XRF + PIXE

ES

MS

Others

Elements for which Riven technique was used
Exclusively

100%)
Ag, Au, Ce, Cs,
Ga, I, La, Mo,
Sb, Sc, Sn, U,
V. W

-

Si

-

-—

Mainly
(50 - 99%)

Al, As, Ba, Br,
Cl, Co, Cr, Fe,
Hg, K, Mn, Na,
Rb. S, Se
Ca, Cd, Mg, Ni,
Pb

-

Ba

-

P (COL)

Frequently
(15 - 49%)

Ca, Cd, Cu, Mg,
Ni, P, Zn

Al, Cr, Cu, Fe,
Hg, K, Mn, Na,
Zn

S

-

-

2 elements

Rarely
(1 - 14%)

-

As, Co, Rb

Br, Ca, Cl,
Cu, Fe, K,
Rb. Zn
Al, Ca, Cr, Cu,
Fe, K, Mn, Na,
Pb. Rb. Se. Zn
Ca, Cu, Fe,
Mn. Rb. Zn
4 elements

Never
(0%)

Pb, Si

Ag, Au, Ba,
Br, Ce, Cl,
Cs, Ga, I, La,
Mo, P, S, Sb,
Se, Se, Si,
Sn. U. V. W
29 elements

24 elements

32 elements

31 elements

Total number
of results

by that
technique

334

142

9

14

6

12

Number (%)
of outliers
by that
technique
41 (12.3)

16 (11.3)

0

1 (7.1)

2 (33.3)

1 (8.3)



oo
T A B L E 2 C

Summary of use of different techniques
Rye Flour (V-8)

Technique

NAA

AAS

XRF + PIXE

ES

MS

Others

Elements for which Riven technique was used
Exclusively

100%)
Ag, As, Au, Cs,
Eu, I, Rb, Sb,
Se. Se

S, Ti

-

Y

F (ISE), N (SP)

Mainly
(50 - 99%)

Al, Br, Cl, Co,
Cr, Hg, La, Mo,
Na. Si
Cd, Cu, Hg, Mg,
Ni, Pb

P, Si

Sr

-

Frequently
(15 - 49%)

Ba, Ca, Cd, Fe,
K. Mg, Mn, Zn

Ca, Cr, Fe, K,
Mn, Na, Zn

Ca, Cl, Cu, Fe,
K, Ni, Zn
Ba

Ba, La, Mo, Pb,
Sr
3 elements

Rarely
(1 - 14%)

Cu

Co

Br, Mg, Mn,

Ca, Cu, Fe, K,
Mg, Mn, Na, P,
Zn
Cu

3 elements

Never
(0%)

F, N, Ni, P,
Pb, S, Sr, Ti,:Y_
Ag , Al , As , Au ,
Ba, Br, Cl, Cs,
Eu, F, I, La,
Mo, N, P, Rb,
S, Sb, Se, Se,
Si, Sr, Ti, Y

24 elements

27 elements

31 elements

30 elements

Total number
of results

by that
technique

141

79

42

22

7

10

Number (%)
of outliers

by that
technique
14 (9.9)

12 (15.1)

12 (28.6)

2 (9.1)

2 (28.6)

2 (20.0)



T A B L E 3

Confrontation of predictions and facts in the determination
of trace elements in animal muscle (H-4)

Technique

NAA

AAS

XRF+PIXE

ES

MS

Number of elements that can
be determined

predicted

24
22

6-11
13

20-24

really determined in
IAEA intercomparison

23
15
6
11
5

49
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ON THE NEED FOR IMPROVED QUALITY ASSURANCE IN
BIOMEDICAL NEUTRON ACTIVATION ANALYSIS
AS REVEALED BY THE RESULTS OF SOME
RECENT IAEA INTERCOMPARISONS

R.M. PARR
International Atomic Energy Agency,
Vienna

Abstract

Results of three IAEA intercomparisons with animal muscle (H-4),
animal bone (H-5) and human hair (HH-1) are examined and compared with
the predictions of Guinn and Hoste as regards the precision that should
be attainable by neutron activation analysis (NAA) techniques. In
practice, there are wide discrepancies between the results reported by
different laboratories which far exceed the predicted precisions. Ca,
Cl, Cu, Fe, K, Mg, Se and Zn exhibit the smallest variability; As, Hg, I
and Hn occupy an intermediate position; and Cd, Co, Cr, Mo and Sb show
extreme variability (up to several orders of magnitude). It is concluded
that these problems are caused, in part, by the use of an inappropriate
technique, e.g. instrumental NAA instead of radiochemical NAA.

1. INTRODUCTION

Activation analysis is generally claimed to be, in some respects, a
"superior" method of trace analysis because of its high sensitivity (for
many, but not all, elements of interest), its relative freedom from
contamination problems and matrix effects, and its potential for
multi-element analysis. Another advantage which is perhaps not mentioned
very often is that it can also be a method of high precision. For
example, a recent review article by Guinn and Hoste [1] claims that it
offers the potential for measurements of high or medium precision
(~10% relative SD, or better) for as many as 26 elements of interest
(mostly trace elements) in a variety of biological reference materials.

The purpose of this paper is to discuss the extent to which this
claim is realized in practice. The results of some recent IAEA
intercomparisons are examined from this point of view, and some remarks
are also made about the availability of certified reference materials
(CRMs) for use in connection with the quality assurance of such analyses.

2. SCOPE OF THE REPORT AND STATISTICAL METHODS

The results of three recent IAEA intercomparisons are examined in
this report: (i) H-4 animal muscle, (ii) H-5 animal bone, and (iii) HH-1
human hair. They were chosen mainly on account of the fact that the
analytical results were conveniently accessible to the author on a
computer file. However, as a group, they may also be considered to be
fairly representative of a wide range of biological materials. The first
two are rather difficult to analyse, animal muscle on account of the
generally very low concentrations of the trace elements of interest, and
animal bone on account of the high concentrations of calcium and
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phosphorus which, for many methods of analysis, can cause severe matrix
problems. Human hair, on the other hand, is a much easier material to
analyse on account of the generally high concentrations of most trace
elements and the absence of severe matrix problems.

The usual method of data evaluation now used by the Agency in such
intercomparisons was first described by Dybczynski [2]. It consists in
the application of various kinds of outlier tests to each set of results
(the latter comprising laboratory means), following which it is assumed
that the remaining results all conform to a Gaussian distribution. In
this report, a newer kind of evaluation is described which is
non-parametric and is based upon the use of the median (without any
application of outlier tests), together with the graphical representation
of the results (see Figure 1) by means of so-called "box plots" [3].
This method involves the calculation not only of the median but also of
the interquartile range (the difference between the 75th and the 25th
percentiles). The standard deviation of the median is then given by the
relation:

s = 0.926R/VTN ... (1)

where R is the interquartile range and N is the number of laboratory
means in the set. This estimate of standard deviation is exact for a
Gaussian distribution, but is also claimed to be broadly applicable to
many other distributions.

In our experience, the median seems to be a very robust measure of
the "correct" value (robust in the sense that it is always very close to
the recommended value obtained by the application of the outlier tests
mentioned above). The advantage of using it in the present context is
that it permits a presentation of the results even for those elements for
which no recommended value could yet be derived.

Table 1 reports the medians, percentiles and other relevant values
for various elements in the three intercomparison materials under
consideration. In this table the data are broken down according to the
methods used, i.e. (i) instrumental neutron activation analysis (INAA),
(ii) radiochemical neutron activation analysis (RNAA), (iii) atomic
absorption spectroscopy (AAS), and (iv) all other methods (OTHER).
However, data are reported only if there were at least 7 laboratory means
in each of the relevant data sets, because it would not otherwise be
possible to calculate the percentiles meaningfully. To facilitate
comparison of the percentiles, all have been normalized to a median value
of 100. In addition, the ratios are presented of (i) the 75:25
percentiles, (ii) the 90:10 percentiles, and (iii) the maximum:minimum
values.

3. DISCUSSION

It is apparent from these results that maximum and minimum values
differing by factors of up to several hundreds (in some cases several
thousands) are not at all uncommon (this being for the same element in
the same material). Even if one excludes the top and bottom 10% of
results in each data set, factors of tens or even hundreds may still be
obtained between the remaining maximum and minimum values (see ratio of
90:10 percentile).
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If one would apply the not unreasonable criterion that different
laboratories should aim to obtain results agreeing with each other within
10% RSD, this would correspond to a ratio of 75:25 percentiles = 1.14.
Alternatively, if one would relax the acceptance criterion to 20% RSD,
this would correspond to a ratio of 75:25 percentiles = 1.31. Obviously,
for only very few elements do the laboratories concerned come anywhere
near meeting these criteria.

An alternative way of looking at the results is to calculate the SD
of a single laboratory mean, SD(sim), by the application of equation 1
but with the factor VN removed. These values are reported in the last
column of the table. Since normalized data have been used, the units are
% of median. Only in very few cases do these values come anywhere near
the ~10% or better predicted by Guinn and Hoste. These findings do
not, of course, actually refute their predictions if they were referring
to the potential capabilities of NAA; however, they demonstrate that,
under practical conditions, the laboratories participating in IAEA
intercomparisons do not perform as well as they should be able to do.

Some comments on accuracy and precision may be in order at this
point. Guinn's and Hoste's predictions refer, of course, to the
precision of a single measurement and, in fact, most laboratories do
indeed claim (and also obtain) precisions of 10% or better for many of
the measurements that they report. However, if an analytical method is
not influenced by systematic bias (which is generally thought to be true
for NAA and, in any case, the participants were requested to correct
their results for all known sources of systematic error), then the
accuracy should be at least as good as the precision (in fact it should
be better because we are talking here about the accuracy of the
laboratory means. whereas the remarks about attainable precision apply to
individual measurements). Accuracy, as such, cannot of course be
measured directly in intercomparisons of the kind under consideration
because the "correct" values are not known. The statistical spread in
any set of laboratory means (e.g. the SD(ŝ m) values in Table 1) might,
therefore, at first sight, appear to be closer in meaning to precision
than to accuracy. However, the SD(ŝ m) values also contain a large
component of variability coming from the different uncorrected systematic
biases in the results from different laboratories. In most cases,
therefore, they are probably fairly close to having the meaning of
absolute accuracy.

In the following notes some more detailed comments are made on an
element-by-element basis for the elements identified by Guinn and Hoste
as being measurable with high or medium precision. These notes also draw
upon the conclusions of an earlier review published by the present
author, particularly in respect of the availability of suitable
biological CRMs [4].
As: arsenic INAA and RNAA are both commonly used techniques for the
intercomparison materials under consideration. However, the precision is
very unsatisfactory (see also Figure 2). H-5 animal bone appears to have
been very difficult to analyse since fewer than 7 laboratories (in fact
only 2) reported results by either INAA or RNAA. A wide range of CRMs is
available for this element.
Ca; calcium A variety of different analytical methods can be used for
this element, generally with fairly satisfactory results. However, the
precision is not as good as might be expected (e.g. SD̂ ]̂ ) = 46% for
Ca in HH-1 human hair by INAA). A wide range of CRMs is available.
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Cd: cadmium Although RNAA is potentially a good technique for this
element, no corresponding entry for any of the intercomparison materials
appears in Table 1. AAS is the preferred method of analysis, but the
precision is appalling. Although a fairly wide range of CRMs is
available, Cd must nevertheless be counted as a problem element.
Cl: chlorine INAA offers relatively good precision, and indeed it
appears to be the only analytical method in common use. Only 3 CRMs are
listed in Parr's review, which is too few for general analytical quality
assurance purposes.

Co: cobalt This is another problem element, with extremely poor
precision by almost all methods (see also Figure 3). Only INAA as
applied to HH-1 human hair approaches acceptability, probably on account
of the relatively high levels of Co in this material. RNAA does not
appear in Table 1, although on theoretical grounds one might suppose that
it would be the technique of choice. Only 5 CRMs are listed in Parr's
review.
Cr; chromium This is also a problem element with very poor precision by
all methods. RNAA does not appear in Table 1 although on theoretical
grounds it would appear to be the technique of choice. A fairly wide
range of CRMs is available, though the lower concentration range below
0.5 mg/kg is inadequately covered.
Cu: copper This is one of the better elements as regards precision, and
NAA compares fairly well with other methods. It is remarkable, however,
that there is no entry in Table 1 for RNAA applied to H-5 animal bone (in
fact only 5 such sets of results were reported). A wide range of CRMs is
available.

F: fluorine Although listed in Guinn's and Hoste's review as an element
that can be determined with high or moderate precision by NAA techniques,
there is no entry for it in Table 1 (in fact, for all three
intercomparison materials under consideration in this paper, only 4 sets
of results by NAA have been reported). No CRMs at all are listed in
Parr's review.

Fe: iron The results for this element are comparatively satisfactory,
though INAA applied to HH-1 human hair yielded an SD(ŝ m) of 45%. A
graphical representation of the results is given in Fugure 4. A wide
range of CRMs is available.
HK: mercury On theoretical grounds one would expect that RNAA would be
the technique of choice, but only one entry for this technique appears in
Table 1 (for H-4 animal muscle), and for this set of results the
precision was very poor. A very wide range of CRMs is available.

!_: iodine This element is seldom reported in IAEA intercomparison
materials, and only one entry (for INAA applied to HH-1 human hair), with
rather poor precision, appears in Table 1. On theoretical grounds RNAA
should be the technique of choice. Only 2 CRMs are listed in Parr's
review, which is a very unsatisfactory state of affairs for such an
important trace element.
K_: potassium Only one entry for NAA appears in Table 1 (INAA as applied
to H-4 animal muscle). The precision was good. In general, however, NAA
does not appear to be the method of choice for most biological
materials. A wide range of CRMs is available.
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Mg: magnesium INAA has been applied to both H-4 animal muscle and H-5
animal bone, with fairly satisfactory results. Only 6 CRMs are listed in
Parr's review.
Mn; manganese INAA is the only NAA technique listed in Table 1, though
on theoretical grounds RNAA should be the technique of choice. The
precision was generally poor. A wide range of CRMs is available.
Mo; molybdenum This appears to be another problem element, and only 2
CRMs are listed in Parr's review. Only one entry (for RNAA applied to
H-4 animal muscle) appears in Table 1. The precision was very poor.
Na; sodium INAA is, of course, a good technique for this element, though
the precision is not as good as that provided by AAS. A fairly wide
range of CRMs is available.
Ni: nickel Although listed in Guinn's and Hoste's review as an element
that can be determined with high or moderate precision by NAA techniques,
there is no entry for it in Table 1 (in fact, for all three
intercomparison materials under consideration in this paper, only 3 sets
of results by NAA have been reported). Only 2 CRMs are listed in Parr's
review.

P: phosphorus This is also listed in Guinn's and Hoste's review as an
element that can be determined with high or moderate precision by NAA
techniques, but there is no entry for it in Table 1 (in fact, for all
three intercomparison materials under consideration in this paper, only 8
sets of results by NAA have been reported). Six CRMs are listed in
Parr's review.
Sb: antimony INAA has been applied to all three of the intercomparison
materials under consideration, but with extremely poor precision. On
theoretical grounds one would have expected that RNAA would be the
technique of choice. Only two CRMs are listed in Parr's review. This
must definitely, therefore, be counted as a problem element.
Se: selenium Both RNAA and INAA have been applied to this element, with
moderately acceptable results. A fairly wide range of CRMs is available.
Si: silicon Although listed in Guinn's and Hoste's review as an element
that can be determined with high or moderate precision by NAA techniques,
there is no entry for it in Table 1 (in fact, for all three
intercomparison materials under consideration in this paper, no results
at all by NAA have been reported). No CRMs are listed in Parr's review.
Sn; tin This is seldom reported in IAEA intercomparisons, and no entry
appears in Table 1. For all three intercomparison materials under
consideration in this paper, only 2 sets of results by NAA have been
reported. Only one CRM is listed in Parr's review. Obviously,
therefore, this is an element that deserves further investigation before
any conclusions can be drawn about analytical reliability.
Tl: thallium Although listed in Guinn's and Hoste's review as an element
that can be determined with high or moderate precision by NAA techniques,
there is no entry for it in Table 1 (in fact, for all three
intercomparison materials under consideration in this paper, no results
at all by NAA have been reported). No CRMs are listed in Parr's review.
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U; uranium Although also listed in Guinn's and Hoste's review as an
element that can be determined with high or moderate precision by NAA
techniques, there is no entry for it in Table 1 (in fact, for all three
intercomparison materials under consideration in this paper, only one set
of results by NAA has been reported). Five CRMs are listed in Parr's
review.
V: vanadium Like tin, vanadium is seldom reported, and there is no entry
for it in Table 1. For all three intercomparison materials under
consideration in this paper, only 7 sets of results by NAA have been
reported. Only one CRM is listed in Parr's review.
2n: zinc A variety of methods are applicable to this element, and both
INAA and RNAA produced comparatively good results for the intercomparison
materials under consideration. A wide range of CRMs is available.

4. CONCLUSIONS

The results of the IAEA intercomparisons considered in this report
show clearly that, in practice, there are wide discrepancies between the
results reported by different laboratories, and that these discrepancies
far exceed the predictions of Guinn and Hoste as regards the precision
that should be attainable by NAA techniques.

The elements that exhibit the smallest variability include Ça, Cl,
Cu, Fe, K, Mg, Na, Se and Zn, but even for these a significant fraction
of the participating laboratories reported erroneous results. Elements
occupying an intermediate (and rather poor) position as regards
analytical variability include As, Hg, I and Mn, while Cd, Co, Cr, Mo and
Sb show extreme variability (up to several orders of magnitude). For
other elements such as F, Ni, P, Si, Sn, Tl, U and V, there are too few
data available by which to judge the applicability of NAA techniques,
although these should, according to Guinn and Hoste, be capable of
yielding moderate to high precision.

A fairly common observation for some elements (e.g. for Co, Cr, Hg,
I, Mn and Sb) is that INAA has been applied much more often that RNAA
even though the latter, on theoretical grounds, would appear to be the
preferable technique. This indicates that some of the problems referred
to above might be accounted for by the use of an inappropriate technique.

In any case, these findings demonstrate a clear need for improved
quality assurance of almost all kinds of trace element analysis.
Such improvements will not be easy to achieve. They will require
reconsideration of the way in which analytical methods are applied by
individual analysts and may also necessitate the development of new
CRMs. The lack of these is particularly acute for the elements Cl, Cr,
F, I, Mo, Ni, Sb, Si, Sn, Tl and V.
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Table l STATISTICAL DATA
INTERCOMPARISON OF TRACE AND OTHER ELEMENTS IN

IAEA BIOLOGICAL MATERIALS

ELEMENT METHOD MATERIAL NO

AL INAA H-5

AS RNAA H-4
HH1

INAA HH1

AU INAA HH1

BA INAA H-5

BR INAA H-4
H-5
HH1

OTHERS H-5
HH1

CA INAA H-5
HH1

AAS H-4
H-5

OTHERS H-5
HH1

7

11
7

12

12

7

13
8
17

8
8

15
8
15
16
21
14

MEDIAN
MG/KG

7.50E 1

6.07E-3
6.55E-2

5.34E-2

2.08E-2

9.09E 1

4.05E 0
3.59E 0
3.44E 0

3.22E 0
4.57E 0

2. HE 5
5.87E 2
1.87E 2
2.09E 5
2. HE 5
6.39E 2

MIN. 10-P 25-P 75-P 90-P
(NORMALISED TO MEDIAN VALUE OF

83

60
48

57

74

72

69
64
50
22
8

10
63
39
88
8
38

83

61
48
63

74

72

69
64
51
22
8

41
63
46
89
80
41

87

75
53
88

78

83

81
90
72

93
77

86
72
78
95
92
64

228

131
104

176

178

113

130
114
112

129
138

102
121

126
104

110
107

249

3151
6849
258

2433

114

151
126
221
242
175

113
126
140
119
125
187

MAX.
100)

249

3297
6849
262

3382

114

158
126
245
242
175

124
126
150
128
126
214

RATIOS
75.-25P 90:10P

2.6

1.7
1.9
2.0

2.3

1.4

1.6
1.3
1.5
1.4
1.8

1.2
1.7
1.6
1.1
1.2
1.7

3.0

51.4
142.4

4.1

32.8

1.6

2.2
2.0
4.3
10.9
21.7

2.8
2.0
3.0
1.3

1.6
4.6

MAXrMIN

3.0

54.8
142.4

4.6

45.8

1.6

2.3
2.0
4.9
10.9
21.7

12.3
2.0

3.8
1.5

16.6
5.5

SD
(slm)%
131

52
47
82

93

28

45
22
37

33
56

15
46
44
8
16
39



Table 1 (continued) STATISTICAL DATA
INTERCOMPARISON OF TRACE AND OTHER ELEMENTS IN

IAEA BIOLOGICAL MATERIALS

ELEMENT METHOD MATERIAL NO

CD

CL

CO

CR

CS

AAS H-4
H-5
HH1

OTHERS HH1

INAA H-4
H-5
HH1

INAA H-4
H-5
HH1

AAS H-5

OTHERS HH1

INAA H-5
HH1

AAS H-4
H-5

INAA H-4

9
19
18
7

14
14
12

16
17
22
7

10

10
15
8
10

15

MEDIAN
MG/KG

9.02E-2
3.82E-2
2.64E-1
2.34E-1

1.95E 3
5.57E 2
2.14E 3

3.82E-3
2.41E-1
6.03E 0
8.75E-1
5.63E 0

2.06E 0
3.23E-1

9.77E-2
3.67E 0

1.30E-1

MIN. 10-P 25-P 75-P 90-P
(NORMALISED TO MEDIAN VALUE OF

4
10
22

13

87
70
84

39
25
53
25
21

14
8

15
14

53

4
26
43
13

87
70
85

43
45
75
25
24

16
27

15
17

69

7
52
85
70

93
87
90

63
73
90
53
66

59
70
40
56

84

554
654
146
145

113
110
115

444
324
114
405
117

129
185
310
173

113

1064
4385
1387
1833

153
145
136

1104
16E3
209
2423
131

212
1357

724
669

142

MAX.
100)
1064
6806
1525
1833

157
174
144

1203
77E3
243
2423
132

220
1584
724
721

162

RATIOS
75:25P 90:10P
81.1
12.7
1.7
2.1

1.2
1.3
1.3

7.0
4.4
1.3
7.6
1.8

2.2
2.6
7.8
3.1

1.3

295.4
170.3
32.2
142.9

1.8
2.1
1.6

25.7
351.9
2.8
97.8
5.5

13.3
49.9
47.2
38.5

2.1

MAX: MIN
295.4
652.8
69.5
142.9

1.8
2.5
1.7

30.7
3087
4.6
97.8
6.3

15.7
204.8
47.2
50.9

3.0

SD
(slm)%
507
558
57
70

19
21
23

353
232
22
326
48

65
106
251
109

26



Table 1 (continued) STATISTICAL DATA
to INTERCOMPARISON OF TRACE AND OTHER ELEMENTS IN

IAEA BIOLOGICAL MATERIALS

ELEMENT METHOD

CU RNAA

INAA

AAS

OTHERS

FE RNAA

INAA

AAS

OTHERS

HG RNAA

INAA

AAS

OTHERS

MATERIAL NO

H-4

HH1

H-4
H-5
HH1

H-5
HH1

H-4

H-4
H-5
HH1

H-4
H-5
HH1

H-5
HH1

H-4

HH1

HH1

H-5

13

19

19
29
19

12
20

7

19
17
19
13
23
15
16
18

8

25

21

12

MEDIAN
MG/KG

3.64E 0

1.07E 1

4.15E 0
2.50E 0
1.06E 1

1.62E 0
9.65E 0

4.87E 1

4.84E 1
7.92E 1
2.70E 1

5.18E 1
8.58E 1
2.49E 1
7.78E 1
2.35E 1

1.25E-2
1.69E 0

1.70E 0

3.57E 3

MIN. 10-P 25-P 75-P 90-P
(NORMALISED TO MEDIAN VALUE OF

84

45

67
14
18

18
32

81

75
9
14
77
31
2
10
49

43
29

15

89

85

69
71
18
66
21
67

81

81
43
33
81
76
30
23
68

43
57

37

91

94

78
83
29
86

35
92

83
90
88
76
86
80
72
81
89

61

85
87

97

124

116

125
221
132

267
158

101

105
112
124
107
120
127
104
134

157

114

115
122

171

206
157
580
142

8809
271

135
127
130
293

118
226
216
126
327

167
342

266

400

MAX.
100)

191
228

276
712
295

12E3
7149

135
171
169
565
123
512
265
136
402

167
639

365

445

RATIOS
75:25P 90:10P
1.3

1.5
1.5
7.6
1.5
7.7
1.7

1.2
1.2
1.3
1.6
1.2
1.5
1.8
1.3
1.5

2.6
1.3

1.3

1.2

2.0

3.0
2.2
32.6
2.1

426.8
4.0

1.7

1.6
3.0
8.9
1.5
3.0
7.2
5.5
4.8

3.9
6.0

7.1

4.4

MAXrMIN

2.3

5.1
4.1
49.4
16.5

639.5
222.5

1.7

2.3
18.4
39.6

1.6
16.5
150.3
13.7
8.2

3.9
22.2

25.2

5.0

SD
(slm)%

27

35
38
178
43

215
61

17

13
22
45
19
37
51
22
42

89

27

26

22



Table 1 (continued) STATISTICAL DATA
INTERCOMPARISON OF TRACE AND OTHER ELEMENTS IN

IAEA BIOLOGICAL MATERIALS

ELEMENT METHOD MATERIAL NO

I INAA HH1

K INAA H-4

AAS H-4
H-5

OTHERS H-5

MG INAA H-4
H-5

AAS H-4
H-5

MN INAA H-4
H-5
HH1

AAS H-4
H-5

OTHERS H-5
HH1

11

14

10
8

13

8
13

18
22

13
9
16
11
19
9
9

MEDIAN
MG/KG

2.39E 1

1.60E 4

1.54E 4
6.37E 2

5.60E 2

1.22E 3
3.48E 3
1.04E 3
3.60E 3

5.47E-1
7.99E-1
8.72E-1
5.57E-1
9.16E-1
1.01E 0
7.21E-1

MIN. 10-P 25-P 75-P 90-P
(NORMALISED TO MEDIAN VALUE OF

20

91

65
88
64

81
46
12
10

74
38
76
77
43
40
44

27

91

65
88

75

81
62
63
54

78
38
80
78
46
40
44

61

93

82
93
95

85
93
90
96

89
77
88
93
60
58
74

120

109

107
141

130

118
109
105
105

155
151
122

231
382

1048
245

218

112
122
189

194

147
159
118
191

322
304
149
675
819
6897
388

MAX.
100)
238

115
122
189

226

147
191

126
222

374
304
149
697
1643
6897
388

RATIOS
75:25P 90:10P
2.0

1.2
1.3
1.5

1.4

1.4
1.2
1.2
1.1

1.7
2.0
1.4

2.5
6.4

18.0
3.3

8.2

1.2
1.9
2.2

2.6

1.8
2.5
1.9
3.5

4.1
8.1
1.9

8.6
17.9

172.1
8.7

MAX:MIN

11.7

1.3

1.9
2.2

3.5

1.8
4.2

10.8
23.1

5.1
8.1
1.9
9.1

38.6
172.1
8.7

SD
(slm)%

55

15

23
44

33

31
15
14
8

61
68
32

128
298
917
159

OJ



o\ Table 1 (continued) STATISTICAL DATA
INTERCOMPARISON OF TRACE AND OTHER ELEMENTS IN

IAEA BIOLOGICAL MATERIALS

ELEMENT METHOD MATERIAL NO

MO RNAA H-4

NA INAA H-4
H-5
HH1

AAS H-4
H-5

OTHERS H-5

NI OTHERS H-5
HH1

P OTHERS H-5

PB AAS H-5
HH1

OTHERS H-5
HH1

RB INAA H-4

8

17
21
9
9
7

15

8
12

25

24
17
8
20

17

MEDIAN
MG/KG

5.13E-2

2.06E 3
5.07E 3
1.28E 1
2.16E 3
5.02E 3
5.10E 3

1.95E 0
2.31E 0

9.99E 4

3.34E 0
3.58E 0
2.69E 0
2.75E 0

1.89E 1

MIN. 10-P 25-P 75-P 90-P
(NORMALISED TO MEDIAN VALUE OF

63

70
60
63
90
89
8

15
22

0

47
18
41
0

76

63

70
66
63

90
89
30

15
23

72

56
54
41
8

82

84

91
85
74

94
91
92

37
38

88

76
75
58
56

90

446

110
105
113
107
104
109

214
172

105

119
167
142
252

115

747

133
125
183
111
105
123

1706
421

125

288
1550
180

1810

123

MAX.
100)

747

133
150
183

111
105
124

1706
525

188

639
4376
180
2255

143

RATIOS
75:25P 90:10P

5.3

1.2
1.2
1.5
1.1
1.1
1.2

5.7
4.5

1.2

1.6
2.2
2.5
4.5

1.3

11.9

1.9
1.9
2.9
1.2
1.2
4.1

115.5
18.1

1.7

5.1
28.9
4.4

228.9

1.5

MAX: MIN

11.9

1.9
2.5
2.9
1.2
1.2

15.8

115.5
23.3

1320

13.6
241.0
4.4

62000

1.9

SD
(slm)%
335

18
19
37
12
11
16

163
124

16

39
85
78
182

23



Table 1 (continued) STATISTICAL DATA
INTERCOMPARISON OF TRACE AND OTHER ELEMENTS IN

IAEA BIOLOGICAL MATERIALS

ELEMENT METHOD MATERIAL NO

S OTHERS H-5

SB INAA H-4
H-5
HH1

SE RNAA H-4

INAA H-4
HH1

SR OTHERS H-5

ZN RNAA H-4

INAA H-4
H-5
HH1

AAS H-4
H-5
HH1

OTHERS H-5
HH1

8

8
10
12

10
11
12

14

13
19
21
29
19
27
19
16
19

MEDIAN
MG/KG

2.38E 3

7.92E-3
3.01E-2
3.88E-2

2.82E-1

2.70E-1
3.60E-1

9.87E 1

8.67E 1

8.22E 1
8.90E 1
1.66E 2
8.54E 1
8.88E 1
1.87E 2

9.13E 1
1.73E 2

MIN. 10-P 25-P 75-P 90-P
(NORMALISED TO MEDIAN VALUE OF

49

47
19
47

56
53
39

44

50
80
70
33
84
17
66
30
34

49

47
22
49

58
59
43

63

57

85
74
75
89
51
70

64
73

77

62
66
63

83

88
74

94

88
94
84
92

95
87
88

83
82

145

303
262
454

122
122
111

108

111
108
109
111

115
116
107

112
118

684

2046
54E3
3784

1109

153
783

115

119
118
124
116
137
142
118

123
136

MAX.
100)
684

2046
60E3
4768

1214
159
1069

115

121

129
146
169
269
143
160

127
158

RATIOS
75:25P 90:10P

1.9

4.9
4.0
7.2

1.5
1.4
1.5

1.1

1.3
1.1
1.3
1.2
1.2
1.3
1.2

1.3
1.4

14.0

43.8
2459
77.1

19.0

2.6
18.2

1.8

2.1

1.4
1.7
1.5
1.5
2.8
1.7

1.9
1.9

MAX: MIN

14.0

43.8
3122
101.6

21.8
3.0
27.5

2.6

2.4

1.6
2.1
5.2

3.2
8.5
2.4

4.3
4.6

SD
(slm)%

62

223
181
362

36
31
34

13

21

13
23
18
18
27
18

27
33
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Figure 1 Configuration of a box plot
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Figure 2 Distribution of results for arsenic shown in
the form of box plots. The concentration values on
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100. The shaded band indicates the concentration
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COLLECTION AND MANIPULATION OF SAMPLES FOR
TRACE ELEMENT ANALYSIS.
QUALITY ASSURANCE CONSIDERATIONS

J. VERSIECK
Department of Internal Medicine,
Division of Gastroenterology, University Hospital,
Ghent, Belgium

Abstract

Evidence has accumulated that inadequate sample collection and
manipulation is a virulent source of error in trace element analysis.
There are a number of factors that threaten sample integrity - undoubtedly,
contamination with exogenous material is the most important. This working
paper concentrates on the errors that may be introduced during the
collection and manipulation of blood and serum samples.

1. INTRODUCTION

Problems associated with the collection and manipulation of samples for
trace element analysis were slow in becoming identified. The warning issued
by Thiers (1) in 1957 that "unless the complete history of any sample is
known with certainty, the analyst is well advised not to spend his time in
analysing it" was largely ignored and it was several years before it was
endorsed by other investigators.

The publications of Cotzias and co-workers (2,3) re-emphasized the
vital importance of sample quality. In 1961, these investigators reported a
mean serum manganese level of 2.50 ng/ml which, 5 years later, they acknow-
ledged to be unreliable as a careful search revealed that a systematic
contamination with exogenous metal had persisted in the experimental condit-
ions of their first study. Shortly after, Davies and associates (4) stressed
that plasma zinc measurements are of no value unless a few simple but string-
ent precautions were observed. They noted that zinc is a ubiquitous contamin-
ant of glass, lead, and rubber piping and of water and many chemicals, even
of the highest analytical grade. During the initial stages of their invest-
igations, these researchers performed over 100 zinc estimations in blood
samples collected with ordinary sterile glass syringes into "chemically
clean" glass bottles with metal caps; in addition, some of the specimens
were allowed to stand unspun for several hours. The results turned out to be
considerably different from those obtained during later stages , in samples
collected and processed with due observance of essential safeguards against
contamination. These and similar observations gave impetus to a more
systematic examination of the subject.

This paper reviews observations on potential errors by unwanted extran-
eous additions, more particularly during the collection and manipulation of
elements in human plasma or serum continue to be surrounded by controversy.

To avoid these serious artefacts it was decided to take blood samples
with a polypropylene catheter (Intranule® 110 16, Vygon). Table 2 summar-
izes the results for manganese and copper. They are expressed in the same
units as in Table 1 so that they may be easily compared with the normal
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levels enumerated in this table. An analysis of the data shows that the errors
are significantly reduced. The manganese addition of 0.025 ng/ml observed
in the first 20~ml sample collected with catheter No. 3 corresponds to an
error of about 4 %.

The potential additions from the royal blue stoppers of the Vacutainers®
introduced by Becton Dickinson for trace element studies were also examined.
They were estimated by introducing 10 ml of normal human bood into an opened
Vacutainer®, which was then gently inverted 2 or 3 times every 5 minutes for
30 or 120 minutes after having been resealed with an irradiated stopper (7).
Table 3 gives a résumé of the results for manganese, copper, and zinc. Comp-
ared with the natural levels in plasma or serum (Table 1), the amounts of
copper and zinc transferred are low (1 - 3 % for copper and 1 - 2.5 % for
zinc). On the other hand, the amounts of manganese are important (errors of
8 - 52 % in samples that remained in contact with the stopper for 30 minutes
and of 11.5 - 164 % in those that remained in contact for 120 minutes). We
have no data on the potential extra additions from the tube itself.

The following information was obtained from experiments using the
indirect approach. Some time ago, it was decided to test the adequacy of the
Digital Dispenser manufactured by Hamilton (with PTFE tubing system) for
transferring 1-ml aliquots of serum to irradiation containers. Before use,
the system was thoroughly rinsed with quartz-bidistilled water. Table 4 catal-
ogues the serum manganese, copper, and zinc levels determined by neutron
activation analysis in 9 of these samples as well as those measured in 9
others that were first lyophilized and then transferred with a thoroughly
cleaned small quartz spoon (Spectrosil®, Thermal Syndicate). It shows that
one step may heavily distort the values for low-level trace elements like
manganese (concentration measured in samples transferred with dispenser:
0.61 - 16.83 ng/ml, concentrations measured in samples transferred with
quartz spoon: 0.56 - 0.89 ng/ml).

The values for manganese, copper, and zinc in Table 5 give an impression
of the errors that may result from a combination of factors in serum samples
collected and processed under suboptimal conditions. All values were obtained
by exactly the same radiochemical method. Those listed under series 1 were
measured in duplicate samples of apparently healthy adults during the initial
phase of the studies on manganese, copper, and zinc at the University of
Ghent, those listed under series 2 after substantial improvement of the sampl-
ing procedure (use of polypropylene catheters, use of Spectrosil® quartz
tubes and conventional polyethylene containers cleaned with meticulous care,
observance of stringent precautions against airborne contamination during
sample collection and transport, sample manipulation and preparation under
clean room conditions). It is evident that both the accuracy and precision
of the manganese determinations in series 1 are extremely poor. The mean
value is in error by a factor of about 10 (6.7 or 6.9 ng/ml versus 0.63 or
blood and serum samples. Sampling of other materials (biological fluids,
biopsies from internal organs and tissues, urine, and so forth) entails
specific problems. However, from the experience gained in the studies quoted
here, it is possible to draw more general conclusions pertaining to a number
of other situations.

2. EXPERIMENTAL

Different methods have been advanced to assess unwanted additions to
biological samples during their collection and manipulation.
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At the University of Ghent, using neutron activation analysis, a direct
procedure was developed to measure the resulting errors. It has been describ-
ed in detail during the IAEA Symposium on Nuclear Activation Techniques in
the Life Sciences in 1972 (5). Using irradiated devices, several routine
sample collecting and handling procedures were reproduced in vitro, starting
from the opinion that, in these experimental conditions, transfers from
the instruments to the samples will be reflected by traces of radioactivity
in the samples. It is evident that the activities of the different photopeaks
may be converted into "apparent" concentrations in exactly the same way as in
routine neutron activation analysis. So, using varying irradiation conditions
and post-irradiation measurements, the extraneous additions of a number of
elements could be estimated, both qualitatively and quantitatively (5-7) . The
significances of the unwanted additions may be assessed by comparing the
observed figures to the presumed intrinsic levels in the samples.

Extraneous additions may also be estimated more indirectly by determin-
ing trace element levels in samples that were collected and handled in
different ways. Most published reports are based on this approach. In some
experiments, it was also used at the University of Ghent.

3. RESULTS

Table 1 lists the transfers of scandium, chromium, manganese, iron,
cobalt, nickel, copper, zinc, silver, tin, antimony, and gold observed in
blood samples collected in vitro with irradiated disposable steel needles
(19 G Ij, Terumo). Reportedly normal intrinsic levels of the elements in
human plasma or serum are added in the lower half of the table. The most
important contaminations were invariably found in the first 20-ml sample.
Obviously, the transfers of copper and zinc are largely negligible. The iron
contamination amounts to about 15 % in the first and to about 2 % in subse-
quent samples. The manganese contamination in the first 20-ml samples varies
from about 13 % (needle No. 3) to 77 % (needle No. 4) and in the third or
fourth from about 2 7, (needle No. 2, third 20-ml sample) to 10 % (needle No.
1, fouth 20-ml sample). The transfers of cobalt and, more particularly, of
chromium and nickel are even much more important as they may equal or even
exceed the intrinsic levels of these elements in human plasma or serum. The
significance of the additions of scandium, silver, tin, antimony, and gold
is difficult to assess because, in several instances, only upper limits
could be determined and because the intrinsic levels of some of these
0.64 ng/ml). It is interesting to note that the copper and zinc values of
both series are roughly comparable. This illustrates that a sampling
procedure may be unsuitable for measurements at the ng/ml level (serum
manganese) although it was established to be adequate for measurements at
the jUg/ml level (serum copper and zinc) (7). However, even in these situat-
ions the risk should not be underestimated as shown by the observations of
Davies and associates (4).

For information on potential additions during the collection of other
iples, the reader is referred to previous publications (5-7,17).s ami

4. DISCUSSION

Evidence is mounting that unwanted additions during sample collection
and manipulation may severely affect trace element measurements in biological
samples.
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Instruments (needles, catheters, devices for percutaneous or endoscopie
biopsies, scissors, surgical blades for peroperative biopsies, tweezers for
holding specimens, tubes, and so forth) are the first potential sources of
such additions. Our experience illustrates that they may vitiate the results
for several elements. Other investigators (18-20) also devoted attention to
the problem. Maletskos et al. (18) noted that chromium contaminations from
steel scalpels to frozen muscle tissue samples were about 10 times greater
than to fresh because of the greater friction in cutting. They also observed
manganese, antimony, and tungsten additions to their samples. The results
of Meinel et al. (19) are somewhat difficult to interpret as different steps
(paraffin-embedding, homogenization) were applied so that modest additions
for elements such as manganese, iron, copper, and zinc could have been more
easily overlooked. In liver biopsies with single use puncture needles
(Hepafix®, Braun) the authors measured a mean chromium level of about
l.lOyUg/g and a mean nickel level of about O.ol^ug/g versus Q.2k/ug/g
(chromium) and 0.20^Ug/g (nickel) in otherwise similarly treated (homogenized)
samples of the same liver cut with a polystyrene knife. Michel et al. (20)
examined potential additions from cardiac catheters with or without pace-
making electric conductor wires.

The risk of obtaining grossly erroneous serum zinc values because of
inadvertent additions from the rubber stoppers of Vacutainer® and Venoject®
(Terumo) tubes of various kinds has been recognized by numerous investigators.
Helman and colleagues (21) were among the first to draw the attention to this
point. One of the most complete studies was done by Williams (22). This
investigator noted that, whereas iron and copper values measured in plasma or
serum from plain (red soppered), lead-free (amber stoppered), heparinized
(green stoppered) Vacutainer® tubes were comparable to those determined in
plasma or serum collected in acid-washed glass tubes, zinc values were invar-
iably higher (mean _+ S.D. respectively 1.94 +_ 0.40, 2.50 +_ 0.80, and 1.84 _+
0.46 yUg/ml versus 1.05 +_ O.lS^g/ml). The observations prompted Becton
Dickinson to market a new type of tube (blue stoppered, number 6527) . Our
studies show that it offers only an incomplete solution as important additions
of manganese turned out to persist. Furthermore, its reliability in the
determination of other low-level trace elements such as vanadium, chromium,
cobalt, and nickel remains to be examined.

Heydorn and co-workers (9,23) published information on the errors
caused by airborne contamination of serum samples intended for manganese
determinations. An analysis of 11 duplicate serum samples, taken with great
care to avoid contact with materials likely to contaminate the samples with
traces of the element, revealed the presence of unknown sources of variation.
The precision of the method being well established, it was concluded that
the duplicate samples were not identical but caused an additional estimated
standard error of about 0.35 ng/ml. Another set of samples was obtained by
the same technique but under more secluded conditions, keeping them covered
essentially all the time. The resulting measurements clearly showed that a
highly significant reduction of variation between duplicate results was ob-
served as a consequence of shielding the samples from airborne contamination.

In recent years, several other papers have been published on the import-
ance of avoiding extraneous additions. Among them, the studies of Patterson
and associates may be mentioned (24-26). Their results suggest that most
previously reported plasma lead values are without any scientific signific-
ance because of being artificially elevated as a consequence of unsuspected
contamination. Recently, Behne (27) also surveyed problems arising during
sample collection and preparation. His paper includes a synopsis of the
sources of contamination and suggestions on how to detect and prevent
resulting errors.
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Trace element measurements must be performed under meticulously control-
led conditions to protect the samples from artefacts due to instruments,
containers, reagents, or the ambient air. Mutatis mutandis, an investigator
working on low-level trace elements should observe as stringent precautions
to achieve chemical sterility as a surgeon to attain bacteriological asepsis.
For further reading, the authoritative publications of Zief et al. (28-31)
are strongly recommended.

In this paper, emphasis was laid on contamination problems. However,
there are a host of other points that are important: presampling factors
(27,32), artefacts due to venous occlusion prior to venipuncture (33) or
to hemolysis, alterations in samples on standing, postmortem changes in
the case of autopsy samples (32,34), element losses due to adsorption on
container surfaces (35,36) or to volatilization (27,37-40). Because of
limited space, it is impossible to go further into these aspects. Further-
more, some of them - like adsorption and volatilization phenomena - rather
belong to the section on sample preservation and preparation.
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Table 1. Trace element additions in blood samples collected with disposable steel needles and intrinsic concentrations in

human plasma or serum (7).

Needle 20-ml Sc Cr

number sample

1 !

2

3

4

2 :
2

3

4

3 1

2

3

4

4 1

2

3

4

5 1 <2.30-10~ 3 90

2 < 0 . 5 2 - i c f 3 13

3 <O.SO-10~ 3 10

4 <0 .54-10~ 3 16

Mn Fe

0.19

0. 10

0.051

0.057

0.22

0.013

0.012

0.017

0.077

0.030

0.013

0.039

0.45

0.13

0.017

0.030

230

32

23

33

Co Ni Cu Zn Ag Sn Sb Au

Additions in ng/tnl

0.28

0.20

0.36

0.34

0.59

0.092

0.33

0.13

0.38

0.33

<0.23

0.22

0.82

0.30

0.26

0.25

0.92 75 <0.32 21.2-lo"3 < 1 . 4 <38.0-10~3 < 4 . 2 - I O ~ 3

0.22 10 <0.76 <5.5-10~3 <0.68 <8.8-10~3 < 2 . 0 - I O ~ 3

0.15 8.5 0.055 < 5 . 2 - I O ~ 3 <0.64 <8.2.10~3 < 2 . 5 - 1 0 ~ 3

0.18 13 0.43 4.8-10"3 <0.35 <9 .5 -10~ 3 < 3 . 2 - I O ~ 3

References Intrinsic concentrations in ng/ml

(3) 0.587
(4) 950
(8) 19.5-10"3 1.4 0.36 905 195-IO~3 113-IO~3

(9) 0.54
(10) 0.45 0.30 2100-10"3 520-10~3 48-IO~3

(11) ISO-IO"3 9.3 1950 1.85 1040 1160 6200-10~3 2500-10"3

(12) 2.6
(13) 0.074
(14) 0.57 1070 940

(15) 0.160 0.108
(16) 160-10"3 1210 0.52 1010 950 900-!0~3 750-lo" 9-10~
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Table 2. Manganese and copper additions in blood samples collected with
polypropylene catheters (7).

Cacheter
number

1

2

3

20-ml
sample

1

2
3
4

1
2
3
4

1
2
3
4

Mn

Additions

< 0.0088

< 0.0043
< 0.0031
< 0.0026

0.018
0.0056

< 0.0024
< 0.0028

0.025
0.0080

< 0.0027
< 0.0025

Cu
in ng/ml

0.12
0.10
0.085
0.16

Table 3. Manganese, copper, and zinc additions to blood samples after contact
(JOwith royal blue stoppers of Vacutainer»^y (Becton Diclcinson) recommended by

their manufacturer for trace element studies (7).

Duration of
contact (min)

30

120

Stopper
number

1

2
3
4

5
6
7
8

Mn

0.044
0.046
0.292
0.129

0.135
0.127
0.064
0.918

Cu
Additions in ng/ml

12.9
14.3
23.5
II. 2

17.8
32.3
18.5
24.7

Zn

24.8
17.4

15.5
21.3

11.0
16.6
15.5
7.3
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Table 4. Manganese, copper, and zinc values measured in 9 serum samples transferred

with a digital dispenser (manufactured by Hamilton) and in 9 others transferred after

lyophilization with a quartz spoon. Al measurements were done by exactly the same
radiochemical procedure.

Samples transferred

with digital dispenser

1
2

3
4
5
6
7

8
9

Samples transferred

with quartz spoon

1

2
3
4

5
6
7
8
9

Mn
(ng/ml)

0.71
1.38

0.61
2.39
8.56
5.66

16.83
3.92
3.39

0.74

0.56

0.89
0.64
0.66
0.74
0.70
0.82

0.69

Cu

1.03
1.14
0.98
1 .01
1.07
1.07
1.01
1.10
0.97

1 . 1 1
1.01
1.07

1.01
1.03
1.07
1.03
1.04

1.08

Zn
(/ig/ml)

0.84

0.94
0.88
0.99
0.99
0.90
0.91

0.88
0.84

1 .05
0.98
0.98

0.90
0.96
1.02
0.94
0.97

0.84
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Table 5. Manganese, copper, and zinc levels determined in duplicate serum samples of apparently

healthy adults. All analyses were performed by exactly the same radiochemical procedure. Series I:

initial stage of investigations. Series 2: after substantial improvement of sampling procedure (7).

Series Subjects
Age

1 19
24

27
28
46
47
51
55
58
61
62
74

Mean

S.D.

2 17

19

20

22

23
32
45
51
51
52
54
54

Mean
S.D.

Sex

o"

cf
d"
9
0"
9
cf
<?
9
9
9
d*

9
9
cf
<7
9
cf
ef
<f
9
0*
rf1
9

Mn

(ng/ml)

2.8

3.8

2.1

24
1 .9
4.6

12
2.3
5.7
1.3

12
7.8

6.7
6.6

1.02
0.54
0.64
0.72
0.64
0.57
0.44
0.58
0.56
0.64

0.65
0.60

0.63
0.10

5.7
3.4

9.4
6.3
8.5
2.3

29
2.8
3.1
1.8
6. 1
4.4

6.9
7.3

1 .06
0.55
0.57
0.60
0.44
0.70
0.49
0.51
0.58
0.78
0.81
0.60

0.64
0. 14

Cu Zn
(̂ g/ml) (jUg/ml)

0.72
0.86
0.92
1.50
1.25
0.62
1.10
0.86
1 .01
1.24
1 .09
1 .08

1.02
0.24

0.83
1 .01
0.84
1.12
1.54
0.73
1 .0)
1 .01
0.93
1.01
1.00
0.70

0.98
0.22

0.75
0.91
1.00
1.53
1.21
0.69
1.18
0.93
0.93
1.34
0.91
1.04

1.04
0.24

1.00
1.03
0.89
1.35
1.63
0.89
1 .02
1 .06
0.93
0.99
1.18
0.85

1.07
0.22

1 .08
1.20
1.20
1.14
0.90
0.99
1.35
1 . 1 1
1.34
1.04
1.30
0.74

1.12
0.18

0.90
0.88
1.14
0.67

0.79
1 .04
0.97
0.90
0.72
1.05
1.01
0.78

0.90
0.14

1.18
0.95
1.34
1.23
0.86
1.07
1.07
1.23
1.10
1.05
1.19
0.74

1 .08
0.17

1 .07
0.73
1.10
0.77
0.86
1 .23
0.87
1.05
0.65
0.98
1.09
0.74

0.93
0.18
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PRESERVATION AND PREPARATION OF BIOLOGICAL MATERIALS
FOR TRACE ELEMENT ANALYSIS:
QUALITY ASSURANCE CONSIDERATIONS

G.V. IYENGAR
Institute of Medicine,
Juelich Nuclear Research Centre,
Juelich, Federal Republic of Germany

Abstract

Trace element research at lower concentration levels
imposes strict requirements on its practitioners. The analyses
must be carried out under rigourously controlled conditions to
protect the sample from artefacts due to the containers, the
reagents and the ambient air. Essential guidelines covering
general aspects of solid and liquid biomédical samples, speci-
men preservation and storage, sample handling tools, cleaning
procedures for laboratory wares and practical steps in sample
treatment such as washing procedures, drying, ashing, homogeni-
zation and some aspects of the analytical aliquot, are present-
ed. It is stressed that no programme of low-level trace element
analyses work should be started before adequate procedures for
control of contamination have been developed. The implications
of many intriguing factors and the steps necessary for their
control involve the competence of several disciplines, thus
making team work as an essential component of biomédical trace
element research.

1. INTRODUCTION

Although the title of this presentation reads PRESERVATION
AND PREPARATION OF BIOLOGICAL MATERIALS FOR TRACE ELEMENT ANAL-
YSIS: QUALITY ASSURANCE CONSIDERATIONS, for the purpose of
clarity and to be within the scope of this Advisory Group Meet-
ing, it may be mentioned that all the steps involved up to the
point of irradiation may be grouped under preirradiation treat-
ment of the sample. However, treatments such as preirradiation
chemical separation and biochemical fractionation will not be
discussed here. Similarly, post-irradiation separations which
are also part of preparation of the analytical sample, are not
included. The latter two treatments will be covered by Dr. de
Goeij in his chapter on RADIOCHEMICAL PROCESSING: SOURCES OF
ERRORS .

2. PRESERVATION AND STORAGE

Preservation essentially relates to the process of retain-
ing morphological and cellular integrity of an organ or tissue.
Therefore, under ideal preservation conditions specimens so
protected may be expected to retain the natural chemical forms
of the elements. Storage, on the other hand, especially from
trace element studies point of view, basically implies an over-
all safe, clean, uncontaminated and non-degraded containment.

83



Preservation of a sampled specimen is largely dependent upon
the matrix properties, the time span available between collection
and transport to the laboratory and subsequent handling for
analysis. For example, preserving bone, hair or nail is relative-
ly simple when compared to brain, liver, lung or kidney. The
conventional method of treating the latter group of samples with
formaldehyde is generally unacceptable due to contamination and
leaching problems. Therefore, the alternative method of preser-
vation by freezing should be preferred. For short term preser-
vation temperatures of 2-4 degrees Centigrade (normal refrigera-
tion) are low enough. Long term preservation should generally be
done by deep freezing below -15 degrees Centigrade. Where possi-
ble (autopsy cases, animal experiments) whole organs or big
chunks of tissues (e.g. muscle) should be preserved with origi-
nal capsules. Samples can be sealed in clean polyethylene (PE)
bags and packed in plastic containers with tight caps.

However, the method of freezing too has some minor problems.
For example the yield of dry weight diminishes with freezing
time (1,2) and further studies are needed to investigate and
reevaluate this observation. Moreover, not all the fluids can
be subjected to this method of preservation, e.g. whole blood.
Because of lysis of erythrocytes the sample becomes invalid. It
is possible to preserve whole blood (also serum and plasma) for
several days at refrigeration temperature, but it is necessary
to add an external anticoagulant such as citrate or EDTA which
are potential sources of contamination (Table 1).

Storage of specimen either directly after sampling or from
primary preserved material may become necessary for several
reasons. In such cases, freeze drying is well suited. Even
oven drying at relatively low temperatures (e.g. 80 degrees
Centigrade) may be employed. In all cases certain basic precau-
tions are necessary and exceptions have to be made with respect
to some elements. Storage containers should be made of non-
porous, smooth and non-wettable (e.g. teflon) walls. The total
surface area of the container and the free space in it should
be kept to a minimum. Prevention of humidity and dust free
storage compartment is mandatory. If suitably packed, dry
samples can be stored for long periods of time under cold
storage.

Container material, humidity, pH, temperature and duration
of storage are firmly linked to contamination and originality of
the sample because of adsorption, leaching, chemical and bio-
chemical interactions. Taking serum as an example, in a study
involving Cu, Zn, K, Na, Mg and Ca several types of containers
have been found to be suitable provided that the conditions
that might increase pH are avoided, and the samples are quickly
frozen after harvesting, in tightly capped containers with a
minimum of air space above the serum (3). Recommended storing
conditions employed for a commercial product, namely lyophilized
seronorm protein (dry substance = 1 ml of serum, Nyegaard & Co,
Oslo), are given below.

In lyphilized form:
At least 3 years at< -2o°C
6 months at 2-8°C
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After reconstitution:
1 month at<-2o°C
4 days at 2-8°C
8 hours at 2o°C

For the problem elements such as Mn and Cr, use of PE tubes
to freeze the serum below -1o degrees Centigrade have been shown
to be safe (4,5). Whereas, use of polycarbonate tubes was found
to be adequate for storage of serum and plasma for up to 2 weeks
under refrigeration temperature. As for cleaning of containers,
the same procedural steps as mentioned under sample preparation
are valid. For more details and literature sources the reader
may consult reference (6).

3. SAMPLE PREPARATION

3.1 General remarks
Once adequate precautions are taken and "valid" samples are

collected either in the field or in the hospital, and are trans-
ported to the laboratory, from this point onwards, it is the
responsibility of the analyst to prepare the samples for measure-
ment. Unfortunately, in many laboratories, even now, the first
time an analyst becomes acquainted with a sample is when the
specimen arrives at the laboratory. Under these circumstances,
an analyst is responsible for only those steps which take place
in his own laboratory. Also, it is very essential that complete
history of the sample is documented and communicated to the
analyst before the material is taken up for analytical consider-
ations .

The sample obtained by a sampling operation generally has
to be reduced in amount by subsampling in the laboratory to
provide the much smaller size of sample that is actually anal-
ysed. Such operations with solid samples involve washing, drying,
ashing, powdering, homogenization and homogeneity tests, if
required. Body fluids are generally heterogenous suspensions or
emulsions. For these, a separation into pure liquid and solid
phases or stabilization and homogenization of the suspension or
the emulsion, followed by homogeneity tests have to be consider-
ed. The reader may refer to the generalised sample preparation
scheme which may be used as a check list for outlining of the
working steps (7).

All the above mentioned sample manipulations are prone to
contamination, loss of elements and change in mean composition
of the sampled material and call for careful selection of methods
of sample treatments, clean handling environment and tools that
are compatible with the analytical requirement. The laboratory
personnel should recognize that contamination or loss of the
analyte once introduced into the sample during sampling or sample
handling, is seldom corrigible, besides being highly variable.
Therefore, under extreme circumstances the analysis is vitiated,
and the sample may be irretrievably lost. This has been the case
until now with majority of the results reported for elements at
extremely low concentration levels. Therefore, it is a good
practice on the part of the analyst, firstly, to assess all the
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potential sources of error within his working environment under
realistic conditions, secondly, to take measures to minimise the
impact of such errors, and thirdly, maintain appropriate monitor-
ing of surface and other contaminations at regular intervals. For
example, contamination introduced (leaching) or analyte lost
(adsorption) can be studied by preparing a particular type of
sample in containers of different materials as illustrated by
Damsgaard et al (4) for Mn in serum. The stepwise recognition
of errors in an analytical procedure can be overcome by repeated
analysis of a certified reference material (CRM). When a labora-
tory is involved in the analysis of a few selected types of
samples for which as yet no CRMs are available, a carefully pre-
pared in-house standard and its periodic analysis can greatly
contribute to the overall good performance of the laboratory.
3.2 The analytical laboratory

The danger of contamination by elements is a relative con-
cept, and as a rule, the hazards of potential contamination
should be kept small in relation to the concentration level
sought in the sample. For example, Cr, Mn and Pb are easily
susceptible to air borne contamination than a few other elements.
An example is given in Table 2 which shows a comparison of par-
ticulates in the air of an ordinary laboratory, a clean room and
a class 1oo hood (8). Both the clean room and the class 1oo hood
air showed a dramatic reduction in contamination. The concentra-
tions of Pb were reduced by a factor of 2oo, and other elements
which were already low to start with were further reduced by a
factor of 1o. It is interesting in this context to examine the
results of a questionaire circulated by IUPAC (9) to assess the
experiences of 96 laboratories concerning stages where contam-
ination occured (Table 3). The results revealed that 46 per cent
of all the laboratories had this problem at the sampling and
handling stages, whereas, decomposition and separation stages
accounted for 65 and 55 per cent, respectively. The reader may
refer to Hamilton (1o) who has described the various aspects of
setting up of a trace element laboratory, e.g. air supply, clean
benches, walls, floors, working surfaces, clothing and foot wear,
fume cup boards, glove boxes, water supply. The impact of oper-
ating personnel in the laboratory through sweat, cosmetics,
tobacco ash and smoke has been discussed (8, 11). Strict adhere-
nce to good laboratory practices such as use of separate sets of
glass and plastic ware for handling standards, cleaning them
separately, and not preparing the standards in the same room as
the sample, keeping the working table free of loose surface con-
tamination and factors that contribute to it (e.g. marking pens,
used hand gloves and tissue paper, etc.,) are all helpful
aspects
3.3 Materials

From activation analysis point of view reagent blank is a
problem mainly for the preirradiation sample treatments. This
has been covered in Chapter on RADIOCHEMICAL PROCESSING: SOURCES
OF ERRORS. Among other situations, addition of an anticoagulant
to blood to obtain plasma is a typical example. Considering that
one needs about 4 mg of EDTA per ml of blood, and assuming that
the entire EDTA remains with plasma, it can be seen that the
absolute content of 1.2 ng of Zn introduced as contamination

86



does not affect the analysis of Zn, whereas, for Cr, the quantity
introduced (o,2 ng) is entirely unacceptable, and makes Cr
analysis invalid (Table 1).

The primary concern from sample handling point of view is
to obtain tools and containers made of materials of very low
concentration of trace elements of interest. At the moment there
seems to be no good alternatives in place of plastic, quartz and
some high purity metals of which Ti has been slowly gaining
popularity. If technical problems in obtaining a durable sharp
edge for the sample handling tools made of Ti can be overcome,
this should help solve an important problem of manufacturing a
standardized instrument kit for tissue handling. Efforts on
these lines are required rather urgently.

Use of stainless steel knives continues to be controversial
(12,13). In a very recent study (12) comparing the effects of
dissecting tools made of stainless steel, Lexan plastic, titanium
and teflon coated stainless steel, the authors conclude that for
AI, Cd, Cr, Cu, Hg, Ni, Pb, Se, Sn, Te and V there were no sig-
nificant differences in fish or mussel samples. However, it
should be recognized that the purpose of the analysis (ie. the
elements analysed and the levels of concentration involved) is
the deciding factor for the handling of the samples and the
concept of controlled contamination suggested by Behne (14) can
be advantageously used in this context. For example, use of Ti
knife or a Ni needle should not present any problems as long as
these elements are not sought in the respective samples. There-
fore, depending upon the analytical purpose, e.g. Se, Hg and Pb,
even stainless steel knives may be acceptable for use. In all
cases, disposable plastic gloves, teflon tweezers, PE and teflon
foils and wax paper are very handy aids.

Murphy (8) lists 6 different types of materials in order of
increasing impurities- teflon, synthetic quartz, PE(high pressure,
conventional), natural quartz, platinum and borosilicate. Trace
element impurities in a number of laboratory ware materials are
listed (15). Very high purity quartz (16) is now available for
meeting very low impurity requirements (Table 4).
3.4 Cleaning procedures

Since the sample container represents one of the largest
sources of sample contamination, much of the analytical accuracy
will not only depend on the choice of the container materials but
also on the method of cleaning them.For example, Maziere et al
(17) have convincingly demonstrated the need for etching the
inner surface of the quartz tubes to a depth of 2o micro metres
using HF in order to remove surface contamination from Cr, La, Co,
Zn, Fe and Au, among other elements.

Several laboratories have established standard washing pro-
cedures to clean the laboratory wares, and a few examples are
cited.

Levi and Purdy (18) used the following procedure for clean-
ing glass ware. The vessels are soaked for 6 hours in a (1+1)
mixture of 6 M HC1 and 7.5 M HNC>3. After discarding the acid
solution, the vessels are rinsed 3 times with distilled water
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and once with deionized water. They are then resoaked for 12 hours
in deionized water. The deionized water is discarded and the
vessels are rinsed three times with conductivity water. Finally,
the vessels are dried either in a clean oven or at room tempera-
ture in a clean area by inverting them on fresh paper towels.

Moody and Lindström (19) suggest the following stages for
cleaning plastic containers. 1. Fill with (1+1) HC1 (AR grade).
2. Allow to stand one week at room temperature (80 degrees Cent-
igrade for teflon). 3. Empty and rinse with distilled water. 4.
Fill with (1+1) HN03 (AR grade). 5. Allow to stand one week at
room temperature (80 degrees Centigrade for teflon). 6. Empty
and rinse with distilled water. 7. Fill with purest available
distilled water. 8. Allow to stand for several weeks or until
needed, changing water periodically to ensure continued clean-
ing. 9. Rinse with purest water and allow to dry in a particle
and fume free environment.

Cornells et al (2o) used a very strict procedure for clean-
ing quartz vials and pipettes used for Vanadium analysis. To
start with, the vials and related accessories are boiled in 6 M
HNO3 p.a. and H2SO, 6 N p.a. for 8 hours, followed by three
successive rinses with deionized water and another three washes
with double distilled water. Next, the treatment is repeated
with HNO-J suprapure and H~S04 6 N suprapure, for 8 hours. This
step is followed by a double rinsing with double distilled water
and a steaming treatment, lasting 3 hours using vapour from
double distilled water.

Harrison (21) recommends the following method for cleaning
metal knife made of titanium. Place the knife in a clean glass
container and cover with reagent grade chloroform. Let it sit
for one hour or longer. Pour off the chloroform and cover with
reagent grade ethanol and rinse with purity water. Cover the
knife with dilute HCL (1:3) using high purity water for dilution.
Let it sit for 2 hours. Pour off acid and rinse with high purity
water. Cover knife with dilute HNO^ (1:3) using high purity
water for dilution. Let it sit for two hours. Pour off acid,
rinse once with high purity water, once with ethanol and twice
again with water. Remove knife from washing container, place on
a clean surface and air dry, preferably in a laminar flow hood.
Only the knife handle should touch the drying surface. Store the
dry knife in bags made of clean teflon sheets.

3.5 Practical handling steps
3.5.1 Biological fluids. Biological fluids are more susceptible
to bacterial growth in unfrozen state and sample preparation
should be finished preferably within 24 hours. Since most bio-
logical fluids are suspensions or emulsions, care should be taken
to select the phase of interest, or in the case of the whole
sample, to ensure that the phases are properly mixed.

Handling of blood to obtain serum or plasma is a common
requirement in many laboratories. It is important to minimize
haemolysis by gentle handling, -use of dry syringe, slow transfer
to dry test tube and sufficient time for clotting. The clotting
of blood takes about 15 minutes at room temperature, but is
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delayed if siliconized glass ware, teflon or PE-containers are
used. Fractionation of blood by centrifugation is done at about
3oo revolutions per minute for 5 to 1o minutes. The contents of
the tube should be kept closed to avoid contamination and eva-
poration. For plasma, blood containing an anticoagulant is
handled in the same way as obtaining serum.

Depending upon the degree of haemolysis, serum values of
elements such as K, Zn and Fe may be affected. We have investi-
gated the influence of haemolysis on serum elemental concentra-
tions of Cs, Co, Hg and Se (22). However, Fe, Kb and Zn showed
significantly higher concentrations in serum than in plasma; the
average differences were 32o, 12 and 2o ng per ml for Fe, Rb and
Zn, respectively (Figure 1).

Individual working steps for handling various other body
fluids such as urine, milk, cerebro spinal fluid and sweat are
discussed in an earler report (7).
3.5.2 Washing treatments for solid samples. The rationale of
washing some type of samples such as hair and nail and autopsy
specimen prior to analysis is to remove non-intrinsic elemental
contamination for the former two tissues and to eliminate the
influence of residual blood or its components for the latter. In
case of hair, this prewashing step is also helpful in eliminating
most of Na, an advantageous factor for gamma ray measurements.
Because of the diversity of this problem, consensus on the type
and extent of washing to be undertaken in the case of hair and
nail, and whether the excised tissue from autopsy should be
washed or merely just rinsed with water, is a very difficult
proposition.

For example, a mild and highly reproducible preirradiation
washing procedure proposed by Ryabukin (23) using successively
acetone, water, water, water and acetone has been recently found
to be unsuitable for Cr analysis (24), because the Cr concentra-
tion continued to decline on lengthy washing. According to the
latter investigator sodium lauryl sulphate and hexane ethanol
are the most reliable washing agents for hair intended for Cr
analysis. Similarly, doubts are also expressed concerning Cd (25).
Further evidence of the unsuitability of the acetone wash is
provided by Das et al (26) who found that levels of As, Co, Cr,
Fe and Hg dropped sharply by the first wash , and remained appr-
oximately constant, thereafter.

Concerning nail, the problem is equally confusing. Bank et
al (27) have recently reexamined the entire problem of washing
of nail, making use of 9 different washing media previously tested
by other investigators for pretreatment of nail. As a result, they
came to the conclusion aqueous acids caused the greatest loss and
organic solvents readily extracted Fe and Mg, while Ca, Cu and Zn
were relatively less affected. Virtually all of the Mg was extracted
by distilled water or aqueous detergents.

Unlike hair and nail, the problem of washing autopsy and
placenta samples to free them mainly from residual blood and its
components, has received very little attention. In a recent ex-
periment (2) it has been shown that rinsing of rat liver with
distilled water depleted the electrolytes by about 3o per cent.
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Trace elements, those known to be protein bound (e.g. Co, Cu, Fe,
Se and Zn) remained relatively unaffected (Figure 2). Whereas,
losses for Rb and Mn were found to be up to 2o per cent. Koirth-
yohann and Hopps (28) have recently reviewed the situation and
have suggested that the blotting technique using ashless filter
paper adopted by Ehman (29) may be used to wipe the sample sur-
face until a standardized routine is developed.

On the whole, the effects of washing treatments on the
elemental composition profiles of biological specimens is still
an open question and a few selected combinations of treatments
may be necessary to answer different analytical situations.
3.5.3 Drying. Drying is generally employed as a preceding step
for homogenization or inthe case of instrumental measurements
as a means for preconcentration. For NAA, elimination of tissue
water is a definite advantage for lengthy irradiations. Oven
drying and freeze drying are the commonly used procedures for
dehydration.

It is important to control temperature while oven drying
biological samples. Temperatures exceeding 1oo degrees Centi-
grade are not recommended since this leads to matrix decomposi-
tion depending upon the type of the tissue. In an oven drying
experiment measuring the dehydration rates in a number of samples
of human and rodent origin, the loss of dry residue was found to
be more pronounced in serum and urine (Table 5, Figure 3). Hg
(3o) and Sn(31) were lost to a small extent at 80 degrees Centi-
grade from liver and muscle, respectively (Table 6).

In another experiment using radioactive chromium a loss of
up to 1o per cent mostly for Cr-III was observed in rat tissues,
dried at 12o degrees Centigrade. The loss may be the result of a
slow volatilization because of the extended heat treatment period
of 72 hours adopted in this experiment (32). Rook and Wolf (33),
after a careful reexamination of the problem of Cr volatilization
have shown that a small fraction of Cr in Brewer's yeast volati-
lized because of thermal degrading between 15o and 3oo degrees
Centigrade. This signals that a small fraction of Cr in the sample
is chemically different from the bulk. The results for Cr recovery
in rat tissues followingfreeze drying were satisfactory (32). De
Goeij et al (34) have also reported satisfactory recoveries for
human liver after comparing direct measurements or Cr in wet and
lyophilized states.

Freeze drying is also known as lyophilization or vacuum
freeze drying and is basically well suited for drying biological
samples. It involves 3 stages namely prefreezing, primary and
secondary drying. Ensuring an adequate vacuum and prefreezing the
samples before lyophilization are important to achieve good re-
tention yields and for preventing contamination. Failure of the
vacuum may lead to thawing of the frozen sample promoting sample-
container interactions thereby losing the advantage of the frozen
state. For this reason, it is better to control the sample cooling
separately by an additional pump which is not part of the freeze
drier system. Also, care should be taken to prevent metallic con-
tamination from the housing of freeze drier, using non-metallic
components e.g. using perspex for sample housing. One disadvant-
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age of freeze drying is that fluids such as urine result in a
hygroscopic residue (35) and care is necessary to avoid errors
from this source. For these reasons if the analytical technique
permits, analysis of whole urine is recommended. Freeze drying
has been used satisfactorily and for several elements in a var-
iety of samples with occasional exceptions for Hg (7).

3.5.4 Ashing. Ashing is the process of removal of the organic
matrix by converting to gaseous components, then eliminating
them to obtain a solid inorganic residue. Among the various
ashing methods dry ashing with air in an open muffle furnace, or
by oxygen plasma at temperatures below 15o degrees Centigrade
and wet ashing with various acid mixtures are of importance. Dry
ashing around 5oo degrees Centigrade is effective even for big
samples but has the disadvantage of volatilization of a number
of elements. On the positive side, dry ashing does not require
the addition of chemicals. In low temperature ashing, the decomp-
sition which is brought about by nascent oxygen is essentially a
surface phenomenon, and therefore, some sort of a sample agitation
will be required to accelerate the rate of ashing. It is effect-
ively usable for small size samples only, preferentially, thinly
spread in a quartz tray. This method too is not totally safe for
volatile elements, but yields fairly reproducible losses under
uniform methods of operation (1o). Wet ashing, where applicable,
is recommended since it is faster, efficient and results in lower
losses of trace elements. More details concerning relative merits
of various ashing techniques and a literature survey of the loss
of elements from various matrices following dry ashing are dis-
cussed (6). Use of microwave ovens for ashing and drying does not
appear to be popular.
3.5.5 Homogenization. Where possible liquid biological samples
should be aliquoted in fluid state since it is relatively simple
to retain homogeneity in this form and to dispense efficiently.
With adequate care, even fluids such as whole blood can be dis-
pensed satisfactorily, provided that care is taken to recover the
entire sample aliquot during the analysis. Frozen fluids should be
allowed to thaw completely and stirred well to overcome concen-
tration gradients before dispensing.

With the exception of a few solid tissue samples such as
hair and nail, most biological tissue samples are intricately
mixed with other body components such as connective tissue,
capsule, layers of skin, fat, blood vessels, nerve pieces, hair
(during skin sampling), glandular parts, GI-tract contents,
residual blood, decidual tissues, sweat, extra-cellular fluids,
etc.. Some of these interfering components are very difficult to
remove without severely damaging the integrity of the parent
tissue. Since the interfering components have differing elemental
composition profiles (36) and their total exclusion from a given
sample is not always possible, for this reason alone, basically,
some degree of heterogeneity should always be anticipated among
aliquots of a particular sample analysed without prior homogeni-
zation. Moreover, at cellular level also, the distribution may
be expected to be non-homogeneous because of the structure of the
cell itself. Therefore, strictly speaking, there is an inherent
lack of homogeneity in biological tissue samples. However, taking
adequate precaution it is possible to collect a satisfactory
sample of a certain tissue for practical use.
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In assessing the degree of homogeneity, first indications
may be obtained by knowing the particle size distribution. Finer
the particle size of the powedred bulk material, better are the
chances to anticipate good results even in relatively small size
aliquots. This is usually verified by elemental analysis. In doing
so it should be recognized that the concentration level at which
a particular element is present in the sample and the analytical
difficulties associated with that particular element are two
crucial parameters in drawing conclusions on the overall homo-
geneity. This is illustrated for an element such as Zn which
presents no analytical difficulties at the level it is present
in most biological samples, and therefore the homogeneity obser-
ved for Zn is usually superior to that of an element that is
present at lower concentration levels and also has analytical
methodological problems. A good example in this context is that
of Cd in IAEA milk powder standard A-11. A second example is
provided by the NBS bovine liver standard. Although the recomm-
ended weight of an aliquot for analysis of this material is 25o
mg, accurate and reproducible determinations of Zn as also Ag, Br,
Co, Cs, Fe, Rb and Se is possible with only 25 mg of sample,
because all these elements can be measured efficiently using
instrumental neutron activation analysis (37). Therefore, at the
moment, very little can be said about the true heterogeneity in
a biological sample for elements at lower levels of concentra-
tions until the measurement parameters are trust worthy. Figure
4 illustrates a situation where concentration is linked to the
dispersion of results (38).

In general, the problem of homogenization of biological
materials may be viewed as follows.

As the quantity of the sample material increases the need
for homogenization also increases. This, for example is the case
with standard reference materials (SUM).

For samples such as composite meal and faeces, although these
are smaller in volume with respect to SRMs, homogenization is
inevitable.

On the other hand, for muscle and liver, if the interfering
components are carefully sorted to the maximum extent during the
sample handling stage as shown by the example of liver (38,39),
the problem of heterogeneity, e.g. for Zn,does not appear to be
serious (Figure 5). By analysing multiple aliquots from such
sample sources reasonably good results can be obtained without
having to place the blame entirely on heterogeneity.

Brain and lung present a mixed situation. By proper segre-
gation of anotomical regions which are more meaningful to ana-
lyse, inhomogene! ty can be vastly controlled. In the case of
lung special treatment may be necessary if there is visible
deposition of particles. However, when the information is needed
for whole brain or lung, then one should resort to homogenization.

The case of kidney is somewhat different and provides a
good example where even small sections of anatomically segregated
parts such as cortex and medulla require homogenization prior to
analysis. This is because metal sequestration within the kidney
is site dependent (4o).
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Sample homogenization when necessary may be achieved for
both wet and dry tissues. Cryogenic homogenization techniques
are generally well suited to powder the samples. For samples
which are of the order of a few hundred g, the disc mill type
(41) which is in use at NBS is recommendable. The disc mill mode
is a vast improvement of the Brittle Fracture Technique(BFT)
which is quite handy for small samples up to 5 or 1o g (38). A
few modifications of the BFT have also appeared. De Boer et al
(42) have improved this technique for application to placental
samples, and Nichols and Hageman (43) have used to handle kilo
gramme size samples, but this method does not yield fine powder
without the use of a blender at the end stage.
3.6 Sample size required for the analysis

The question of size of the analytical sample (fraction of
the sample material used to obtain the analytical signal), when
sufficient sample material is available to consider this aspect,
is rather difficult to answer. The question is even more compli-
cated when one is aiming at multielement analysis, since in
addition to homogeneity considerations, other factors such as
sensitivity, matrix problems and desired degree of accuracy and
precision jointly complicate the situation. A typical example is
shown in Table 7, derived from practical experience. As can be
seen from the Table, sample weights range from o.3 to 16 g,
depending upon the element determined, the analytical parameter
chosen and the facility available.

Another aspect that needs to be considered while dealing
with the analytical sample for longer irradiations is the use
of correct weight of the sample for calculating the concentra-
tions. It was observed that samples irradiated for two days at
about S.lo13 n cm-2 sec"1, despite cooling the quartz vials in
liquid nitrogen before opening the tubes, suffered loss of weight
(44). On cooling the ampoule in liquid nitrogen, depending upon
the type and quantity of the contained material, dense white
condensation products deposit at the inner top portion of the
tube. The condensed material disappears shortly after opening.
It is known that gaseous products are formed following decomp-
osition of the biological matrix due to thermal degradation and
radiolysis effects. The net effect is some loss in the weight
of the sample material introducing a partial preconcentration
factor to the residual matter. Therefore, in cases where the
irradiated residue is weighed and used for calculation one
introduces a systematic positive bias to the result. The
matrix degradation of the irradiated material goes on for seve-
ral weeks after opening of the sample before the weights are
stabilized. Therefore, depending upon the irradiation conditions,
type of sample and time of recording the sample weight, there is
a certain fluctuation in the weight of the sample material. An
example of the variation in weights is shown in Table 8. Samples
with higher carbohydrate content e.g. milk, lose up to 3o per
cent of the weight in about 5o days before reaching a plateau.
This source of error may partly explain the imprecision reported
for NAA results, where samples were weighed after irradiation.

A few practical tips for preparing the samples for irradia-
tion are discussed elsewhere (7).
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4. CONCLUSIONS
Much has been learnt in the past years about quality control

factors that play a vital role from presampling stage to data
interpretation of trace element studies in biological systems.
However, much of this information on quality control has not yet
reached the bench workers, who are ultimately behind the large
mass of analytical data that enter the literature. The implica-
tions of the many intriguing factors and their control or even
recognition at the right time involve the competence of several
disciplines as schematically presented (45) in Figure 6. As the
Analytical tree implies, we really need to start at the roots 1
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Table 1
Elemental impurities in EDTA (ng/g, dry)

Element
Ag
Co
Cr
Cs
Fe
Rb
Sb
Se
Zn

Impurity
1
3.2
50
0.2

110O
10
1.5

15
300

Data from Reference 46, Merck p.a. quality
Table 2

Particulate concentration in laboratory air
o

Concentration /ug/m

Ordinary Lab
Clean Room
Clean Hood

Iron
0.2
0.001
O.OO09

Copper
0.02
0.002
0.007

Lead
0.4
O.O002
0.0003

Cadmium
0.002
nd

0.0002

Table 3

Stages where contamination occured

Stages No. of Laboratories %
(Total=96)

Collection of
sample
Storage of
sample
Comminution
( pulverization)
Sieving
Filtration
Desiccation
Decomposition
of sample
Separation
Instrumental
measurement

44

44
17

10
17
11

62
53

31

44

46
18

10
18
1 1

65
55
32

98



Table 4

Impurities in quartz containers made from Heraeus Suprasil AN
(All concentrations are ng/g)

Element
Na
K
Se
Cr
Fe
Co
Ni
Zn
Se
Br
Rb
Mo
Sb
Cs
Ba
Au

HF etched
54.4+2.8
34.9̂ 2.5
o.ooS
o. 173+o.ol9
5.2
o.o43+o.oo7
0.64
0.15
o.o4
o.436+p.ol4
o.o82
0.41
o.o37
o.o!4
5.4
o.o36+o.o35

l

Not etched

1
44
0.1
2.8
3.0

1.46
1.9

Heraeus certified
_
5o
-
5
5oo
1

-
lo

-
0.5

-
3
1
o.ol

-
o.o3

Data from Reference 16

Table 5

Comparison of the dry residues (%) from various biological samples following freeze-drying
and oven-drying at different temperatures
(Fresh weight = 100%. Standard deviations are for n = 5)

Sample Freeze-drying (108 h) Oven-drying
Approx.
sample
size (g)

Residue
(%)

Approx.
sample
size (g)

Residue (%)

80°C(108 h) 105°C(36h) 120°C(36h)

Human
Whole blood 1
Blood serum 1
Erythrocytes 1
Urine 2

Rat
Brain
Kidney
Liver
Lung
Muscle
Ovary
Spleen
Testis
Uterus

1.5
2
2
1
2
0.1
0.4
1.5
0.2

22.54 ± 0.50
9.52 ± 0.35

32.38 ± 0.64
4.04 ± 0.25

3
3
3
3

21.90 ± 0.22
9.70 + 0.20

33.26 ± 0.57
3.82 ± 0.01

21.34 ±0.12
9.37 ± 0.20

32.67 ± 0.57
3.26 + 0.03

20.80 ± 0.10
9.06 ± 0.20

32.05 ± 0.53
2.62 ± 0.05

22.00
25.60
30.25
21.30
28.32
43.40
27.30
14.50
24.30

±
+
+
+
±
+
±
+
±

0.51
0.58
0.61
0.54
0.58
0.72
0.66
0.42
0.36

2
2
2
1.
2

—
—
2
0

.5

.5

.2

21.40
26.20
29.58
20.30
27.36
—
—

14.30
23.40

±
±
±
±
±

t
+

0.42
0.70
0.45
0.65
1.33

0.65
0.72

20.95
25.40
29.03
20.05
27.14
—
—
13.80
22.75

± 0.44
± 0.60
±0.42
±0.50
±1.32

±0.55
±0.66

20.80
25.20
28.34
20.00
26.17
—
—
13.43
22.15

± 0.54
± 0.60
±0.41
±0.62
± 1.68

±0.60
± 0.72
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Table 6
Freeze drying vs Oven drying of biological materials

Samples

Whole blood
Blood serum
Erythrocytes
Brain

Fur (hair)
Heart
Kidney
Liver
Lung
Muscle
Ovary
Spleen
Uterus

80e C
2p<0.02

Hg°

Sn°

105 "C
2p<0.02

Hg»

Ce°
Sn°

Sn° Hgb

Mn" Sna

2p< 0.002
Sb°

120 °C
2p<0.02

Ce" IbSe° Snc

CeaHgcSeaSn<:

Sc° Snb

CeaScaSnb

Sc"
Mn°

Sb° Se°
HgcI°Mn°ScbSe'

Sba

2p< 0.002
Sb° Snb

Ib

Ib

Ib Sbb

Ie SbbSnc

Hgc Snb

1° Snc

Snc

Snb

Snb

01 Loss up to 5% "Loss up to 10% Loss exceeding 10%
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Table 7
Analytical parameters employed by various investigators to examine

the elemental concentrations of serum by NAA

Investigator

Damsgaard
et al 1973
Versieck
1975
Cornells
et al 1978
Benne 1978
Jürgensen
Versieck
et al 1978
Ward and
Ryan 1979
Kasperek
et al 198o
Versieck
et al 198o
Nakahara
et al 198o
Vogt
et al 198o

Plantin
et al 1981
lyengar
1982

Elements
analysed
As, Mn,
Se
Cu, Mn,
Zn
V

Br, Cs, Na,
Rb, Se, Zn
Co, Cr

27
elements
Co, Cs, Fe,
Hg, Rb, Se,
Zn
Mo

12
elements

Co, Fe, Rb,
Sb, Se, Zn
Se

Cu, Mn

Sample9
weight (g)

4.5

1.0

1o«o

0.3

1.0

2.0

1.0

16.0

0.5 x 3

1.0

0.5

1.0

Neutron irradiation
Duration Flux
3o m 5 +13

3-6 h 2 +12

8m 8 +13

1o d 5 +13

12 d 1 +14

1 o , 1 oo s 5 +11
16 h
2 d 6 + 1 3

8 h 2 + 1 2

5m, 2 +12
6, 24 h

2 d 2 + 1 3

7 d 2 +12

2m 1.5 +14

Assay
mode
RNAA

RNAA

RNAA

I NAA

RNAA

INAA
RNAA
INAA

.
RNAA

INAA
RNAA

INAA

RNAA

RNAA

Remarks

Precision of the analysis (%) , As = 5,
Se = 5, Mn = 3.5
n = 5o, Overall Standard Deviation (%)
Mn = 23, Cu = 22, Zn = 14
n = 8, Overall Standard Deviation = 2 1 %
n = 6, Overall Standard Deviation = 23%
Precision of the analysis (%), Br = 3,
Cs = 6.5, Na = 2, Rb = 4, Se = 2, Zn =13
n = 2o, Overall Standard Deviation (%)
Cr = 52, Co = 56
Please see the reference for details on
precision
Please see the reference for details on
precision
Precision of the analysis = 6%

Please see reference for details on
precision

Please see reference for details on
precision
n = 31 , Overall Standard Deviation = 2o%

Precision of the analysis (%)
Mn = 6, Cu = 3

a)fresh weight Neutron flux = n.cm .sec" ; e.g. 5 x 1o expressed as 5 + 13



Table 8
Sample weights (tng) on different days following irradiation

Sample pre
irradiation

post-
irradiation

<5 min. day-1 day-4 day-5
Erythro-
cytes
n=12
Whole
Blood
n=1o
Blood
Plasma
n=12

12o+32

89+23

222+44

115+3o 11o+3o 1o8+3o 1o7+3o

86+24 83+24 81+24 8o+23

214+42 2o9+41 2o5+41 2o4+41

n = number of determinations
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Sample | Sample Size (n-5)]
"Ovary ca 0.1 g each 1

Human o Erythroeytes (RBC)
< Liver
> Muscle

Spleen
> Kidney

Uterus
'l-uman * Blood

Ovary

Residual dry matter (%) from different biological
samples following freeze drying under

an operating pressure of 0.1-0.05 Torr

Legend
JSampje __Sampte Size (n = 5)
"Sythrocytes(RBC)'ca 30geacli
Liver ' 20"
Mincie ' 2 0 "
Kidney " 2.5 "
Uterus " 0 2 "
Blood ' 30"
Brain " 2 0 "
Lung " 1 5 "
Testls ' 20"
Serum " 30"
Urine " 30 "

G 8 10 12
Number of stages Each stage = 12 hours

Residual dry matter (%) from different biological
samples following oven drying under

an operating temperature of 80,105 and 120°C

Figure 3

~ Concentration factor normalised (See Tables )

1 10 10° 10s 10*

" * mean values

10s

1332keV
—— -I—- -* — -!—— -Î— -

796
keV

145
keV

412
keV

26000

15000

60000

«.---- I -—~~r --*•- --"--^• • * ĵ,.

lOOOppm 100ppm lOppm Ippm lOOppb 10ppb

Ippm lOOppb IQppb Ippb 0 Ippb OOlppb

Dittribution profils of the radioactive tracers at various concentration levels
in an identically homo.jtni.wd biological matrix

x = Mean count rate with 1 standard deviation

_x,——-—A——

-L.L.U

Ëleme.tts -*- K P Cl Na Fe Zn Rb Mn Se Co Afl

Concentrations'11 0346 793 4 • 143 2 • 196 936 U2 18 • 20 H • S8 1 • 51 *95 16 -63
D(y weighl mg/g mg/g mg/g mg/g pg/g Mfl/g t*9/9 Mg'g pg/g 09/9 ng/g

•Cor>centiationi |ewe| to(md ,n (he no,m>1 catt)e |lver uîed ,n thlï .JXpenm«ni (6 öetermination.)

A Natural distribution profile of some elements in the bovine liver prior to homogen tsa t ion

B Dismbution profile of the various elements in the bovine liver following homogenisation
using the Mikrodismembrator

Figure Figure 5
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Unwasned Washed
Ô 1 2 3 Ô 1 2 3 0 1 2 3

Number of days

LEGEND

A = Washed Samples, dry weight basis C = Unwashed Samples.
B = Unwashed Samplts, dry weightbasis D = Unwashed Samples

wet weight basis
Total content

+20
A

RUBIDIUM
B

Unwashed Washed
0 1 2 3 0 1 2 3 0 1 2 3

——* Number of days

Figure 2
Influence of water wash on autopsy tissue sample
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THE PREPARATION AND USE OF
CHEMICAL IRRADIATION STANDARDS

A.R. BYRNE
Jozef Stefan Nuclear Institute,
"E. Kardelj" University,
Ljubljana, Yugoslavia

Abstract

Problems and errors associated with the use of chemical
standards in neutron activation are discussed, particularly
aqueous solutions used in trace analysis, with emphasis on
radiochemical methods. Practical experience with problem-free
solutions is given, and some pitfalls mentioned, together
with recommendations for reducing errors likely to arise in
the use of such standards.

1. INTRODUCTION

In neutron activation analysis (NAA) as normally practised,
i.e., as a relative technique, the activated nuclide of inte-
rest measured in, or after separation from, the matrix, is com-
pared with the activity of a standard. Obivously, errors in the
standard will be additive to all other sources of error; never-
theless, it is perhaps true that efforts expended in controll-
ing errors in the standard are often minimal in comparison to
other error checks.

In this contribution, a general discussion of various
sources of error during irradiation and measurement will not
be given, as these are common to the sample and fundamental to
the NAA technique itself, and have been treated exhaustively
elsewhere . Rather, problems and errors related to the stan-
dard per se will be discussed, and in particular chemical stan-
dards, usually aqueous solutions, in trace analysis by NAA
with emphasis on radiochemical methods (RNAA). Practical expe-
rience with problem-free aqueous standards will be given and
some pitfalls mentioned.
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2. CHEMICAL SOLUTION STANDARDS

In NAA and particularly RNAA, aqueous chemical standards
have a dominant position. This can be understood from conside-
ration of the errors likely in the use of standards, as well
as the ease and convenience which they offer. The major poten-
tial errors in the irradiation of separate samples and standards
arise from flux gradients and self-shielding. For biological
samples, wet or dry, aqueous standards (of low concentrations)
offer an excellent approximation to the neutron absorption of
the matrix. Shape and size of sample and standard can be made
identical and separation minimal; any residual spatial effects
can be easily checked.

Irradiation effects in standards and the procedures re-
quired, if any, to overcome them, as well as discussion of the
preparation and storage of chemical standards, are given in
separate sections.

Apart from the additional convenience of chemical standards
in the measurement process (simple adjustment of shape and den-
sity), alternative approaches suffer from some disadvantages.
The single^) an(j multi-comparator •*' techniques are really
only worthwhile in multielement INAA or for a large number of
elements in RNAA. The use of biological CRM's (SRM's) is ruled
out on the grounds that the uncertainties in certified values
are too large for many trace elements, apart from their cost
and limited stocks. Bereznai has discussed more fully some
of the trends and problems in the use of irradiation standards.

3. STANDARD USE VARIANTS

The use of standards is shown diagramatically in Fig.l.
We shall be mainly concerned with the case where aqueous stan-
dards are irradiated alongside the sample and afterwards mea-
sured directly (in whole or as an aliquot), or after some form
of treatment to de-adsorb, re-dissolve or re-equilibrate the
chemical species of the nuclide to be counted. Note that if
there is no adsorption on the container walls, the standard
need not be weighed beforehand; a known amount can be taken by
weight or volume from the known concentration.
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Not shown in Fig.l is the sequential use of sample and
standard in successive irradiations. This technique appears to
have little to recommend it, except in the case of very short-
lived nuclides, as it entails extra flux monitor measurements.
It can often be avoided even in the short-lived case by suitable
adjustment of the standard activity.

4. STANDARD STOCK SOLUTIONS
The desirable properties of stock solutions, which gene-

rally have concentrations from 0.1 to 1 mg/g, are (i) purity,
particularly freedom from radiochemical impurities on irradi-
ation, (ii) stability or shelf-life, (iii) ease of preparation
(difficultly soluble compounds or prolonged heating, shaking
etc. are not only tedious but increase the chance of error),
and (iv) ready availability and reasonable cost.

For most elements there are a number of appropriate sto-
ichiometric compounds;' those used in classical analysis are
often suitable, except that Na and K salts should generally be
avoided, particularly in medium length irradiations. Some exam-
ples and solution compositions are listed later for individual
elements.

Note that stock solutions can often be used also as
carrier solutions, especially when chemical recoveries are to
be determined.

Stock solutions are generally diluted before use, by
making up a working solution, 10-100 fold less concentrated,
a-t regular intervals. In the case of high flux facilities, the
dilution may be rather great, and adsorption problems can arise.
In such cases freshly prepared dilute working solutions should
be used on each occasion.

Stock and working solutions should normally be acidified
to at least 0.1-0.2M, not only to improve shelf-life by prevent-
ing hydrolysis, adsorption and biological spoilage (algae,
moulds), but also to reduce irradiation effects, especially wall
adsorption. Nitric acid is often the best as it is not only free
from induced activities but also as an oxidant helps to conter-
act the prevailing reducing character of reactor irradiation.
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Use of standard stock solutions to prepare what may be
termed "secondary standards", such as papers, Al foils, char-
coal, cellulose or silica supports, resin beads, gelatin or
polymers, is touched on below.

5. IRRADIATION EFFECTS

These can be summarized as radiolysis and recoil (or
Szilard-Chalmers) effects, in turn producing valency changes
(generally reduction and disproportionation) and adsorption on
the container walls. Breaking and re-forming of bonds, with
reduction, can give rise to volatile forms (e.g. Hg, halogens),

As regards radiolysis,we are here concerned only with the
gross effect of pressure build-up in the ampoule. If high flu-
ence irradiations or safely regulations demand it, secondary
standards must be used, which usually will be of the simplest

carrier
addition

standard stock
solution

I
diluted working

solution

t —————— 1 ————aliquot secondary standards
(e.g. paper, Al foil,
SiC>2, resin beads,

tstandard
addition
procedure

irradiate irradiate irradiate

treat to re-
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de-adsorb,
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possible form, e.g. evaporated or freeze-dried, alone or on
an inert support.

Recoil effects and radical formation from radiolysis ge-
nerally result in reducing conditions, often lowering the va-
lency state, at least partially, and in adsorption effects.
Since these effects are dependent on many parameters (e.g. the
irradiation, the solution composition, the chemistry of the
element, the container, etc.) it is hardly possible to genera-
lize. Practically, these effects are so condition specific that
they need investigation for each case.

However, some broad alternative strategies in standard
usuage (see Fig.l) before activity measurement will be discu-
ssed.

6. MEASUREMENT WITH OR WITHOUT STANDARD TREATMENT

As shown in Fig.l in suitable cases not withstanding
the irradiation effects just mentioned, direct measurement of
an aliquot of the whole standard solution can be made without
treatment. Obviously, such cases need to be found experimenta-
lly. It is simple to determine whether adsorption is a problem
by measuring the empty ampoule, (with a Ge(Li) detector). For
short-lived nuclides, this is possible when plastic ampoules
are used; adsorption is not usually a problem in any case for
short irradiations. Possible valency changes need not be worri-
some, provided the activity is homogeneously distributed in
the solution before and during measurement (it is good practice
to add excess carrier and acid).

Simple treatment may consist only of acidified carrier
addition and standing or warming, and this is often enough to
release adsorbed activity from the container walls. More vigo-
rous leaching is required for easily reduced species such as
the noble metals or where the activity of interest is produced
carrier-free (e.g. Tc from Mo, Np from U). In general,
adsorption seems to be stronger on polythene than on quartz,
and quantitative release of some elements (e.g. Hg) from
polythene is practically impossible, due to diffusion into

and through the material.
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In measuring standards, geometrical identity with the
sample is vital; as mentioned above, liquid standards are
easy to adjust for shape, volume and density.

7. PROCESSING STANDARDS AS SAMPLES

In the above discussion it is assumed advantageous to
be able to measure the standard directly or after minimal
treatment. However, some workers using RNAA always process
standards in the same manner as samples.

It should be borne in mind that processing has a number
of drawbacks, which, in the opinion of the present author,
outweigh its advantages. These advantages comprise the
fact that multi-element standards can be used (since they
are then processed into the required groups as for the
sample), and that a measure of control over the functioning
of the separations is achieved. On the other hand, it is
inevitable that the primary function of the standard, as a
direct calibrator of specific activity, is lost. There is
also no guarantee that variation in yields is matched between
sample and standard; if yields are reproducible and high
little is gained, while if they are variable, assumption of
the same yield for the sample may be erroneous. (Non-irra-
diated sample should be added to the standard to ensure equ-
ivalent preformance of the various stages of the procedure).
The analytical uncertainty due to the yield determination
is increased since it applies to both sample and standard
(quite apart from the question of whether they are strictly
equivalent).

However, while it is true that better accuracy is
obtained by measuring the chemical yield of each element
for every sample aliquot, for multi-element analyses,
especially by automatic or semi-automatic procedures, this
is often impracticable. Nevertheless, the standard process-
ing technique should be applied only when the yields are
acceptably uniform between runs, and careful control over
cross-contamination or "memory" effects should also be
exerted.
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8."SECONDARY" STANDARDS

Here by "secondary" standards is meant ones prepared
from the primary stock solution (or the working solution)
in a form other than that of the original aqueous solution.
This may be as simple a preparation as drying, where radio-
lysis, safely regulations or space consideration dictate it.
Errors can obviously arise for some volatile elements in
the drying process. Schramel investigating this effect
at 70-90 , found extraordinarily high losses for many ele-
ments, including those not considered volatile at these
temperatures, e.g. 25 % for Rb, 20 % for Zn. Oven drying
at 50-55 reportedly eliminated these drying losses. Whatever
the exact percentages are, it is clear that possible losses
should be monitored, especially for elements such as Hg, Se,
Sn, the halogens. Considerable losses were also reported on
sealing the silica ampoule, an effect which could be avoided
by cooling.

Standards can also be made by weighing on to a pure,
preferably inert matrix such as silica, carbon, cellulose,
or spotted on filter paper, to obviate the need to recover
the induced activity from ampoule walls or to prevent recoil
effects from producing adsorption, and to define the geometry
of the dried samples. Solutions dried on Al foils under an
IR lamp (gentle heating to avoid sputtering is called for)
are very useful. Paper standards can be sealed into polythene
envelopes.

Another possibility (used in our laboratory) is homoge-
neously labelled cellulose powder. An aliquot of standard so-
lution is added to a slurry of Whatman cellulose powder in a
plastic beaker using a quartz rod, dried overnight at 60-70°,
and the mass broken-up and rubbed back into a free-flowing
powder with the rod. Experience shows a homogeneously labelled
material is obtained, useful for pressing tablets or as a mock
biological material.

Other types of secondary standards have been described
including doped gelatine , phenol-formaldehyde resin and
ion exchange resin beads^ >y . Plastics may also be "spiked";
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in this case an alcoholic or a c etone standard solution is
used to "dope" a monomer mass, e.g. methylmethacrylate or
araldite, before the catalyst starts to take effect. After
mixing it can be cast into sheet or rod, or even special shapes
to simulate unusually shaped objects (applications in art
and archeology). "Doped" polythene would also appear to offer
an attractive possibility.

With secondary standards, as well as the advantage of
direct measurement, their geometry can be made to match the
sample, as well as being compact and adapted to multi-element
used.

9. PRACTICAL AQUEOUS CHEMICAL STANDARDS FOR TRACE ELEMENT RNAA

This section lists standard solutions by element which
have been found useful in RNAA in our laboratory. Emphasis is
on standards where the resulting activity can be weighed out
after irradiation for direct measurement, or after only mini-
mal treatment to release adsorbed activity. The irradiation

12 -2 -1conditions refer to 15-30 hours at 2x10 n cm sec in our
12 —2 —1Triga Mk II reactor, or 4x10 n cm sec for short lived nu-

clides. Obviously for higher fluences, the adsorption will need
re-investigation. Ampoules are leached by filling with desorp-
tion solution 4 or 5 times over a period over about an hour,
and letting stand full in the intervals. The desorption solu-
tion is made of carrier solution (1-10 mg/ml) in strong acid
(or ammonia for Mo).

9.1. Arsenic

Stock solution: suprapur AspO-, dissolved in dilute HNO^
to give 1 or 0.5 rag As/gram in 1% HNO-,. Dilute to working
solution of 10-20ug/g in 1% HNOn for use. No adsorption problems
on container; use directly.

9.2. Gold

Stock solution: pure Au foil dissolved in aq.regia, dilu-
ted with HpO to give 1 mg/g in 0.2M HC1. Dilute to working so-
lution of 1-10 ug/g in 0.2M HC1. Strongly adsorbed on polythe-
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ne and quartz. About 98 % removed from polythene on leaching
with aq.regia containing Au carrier. Quantitatively removed
from quartz by the same treatment.

9.3. Cadmium

Stock solution: spec.pure Cd metal dissolved in HNO., to
1 mg/g, 1% HN03. Dilute to working solution of 50 ug/g in 1%
HNCU. No adsorption problems.

9.4. Copper

Stock solution: suprapur Cu metal dissolved in HNCU to
1 mg/g, 1% HNCU. Dilute to working solution of 10-50 ug/g.
No adsorption problems.

9.5. Chromium

Stock solution: p.a. KpCr-O- or (NHjj)2Cr207 made up to
1 mg/g in 0.1M HNOo . Dilute to working solution of 100 ug/g in
same acid. No adsorption problems.

9 .6. Cobalt

Stock solution: Co metal, 99.99% pure dissolved in HNO-,
to 1 mg/g and 1% HN03> Dilute to 100 ug/g in 1% HN03- No ad-
sorption problems.

9.7- Mercury

Stock solution: p.a. HgCl2 dissolved to l mg/g in 0.1M
HC1. Dilute to working solution of 5 ug/g in 0.1M HC1.
Strongly adsorbed on plastic, impossible to remove quantitati-
vely by leaching. Adsorbed on quartz but can be leached off in
HNO-3 + Hg carrier on standing. To avoid possible volatiliza-
tion losses on opening, clean outside then freeze ampoule in
LNp, crush or break and equilibrate with strong acid plus Hg"*"1"
carrier immediately. Plastic standard can be measured without
opening if geometry matches ampoule, and thick-wall polythene
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is used. However, they should be checked for diffusion losses
of Hg through the wall against quartz standards.

9.8. Iodine

Stock solution: dissolve p.a. KI or KIO-, to 0.5 mg/g in
1% NH^. Dilute to working solution of 10 ug/g in cca 2-3% NtU.
No adsorption in short irradiations on plastic if ammonia
present; if NH-, is omitted large errors possible.

9.9. Manganese

Stock solution: volumetric standard (e.g.titrisol, etc.),
KMnON of N/lo(approx. 1 mg/g). Dilute to working solution, first
warming with H-SO^ + H-O-(to reduce Mn to Mn(II)),of 10 ug/g in
IM HpSOn. No adsorption problems.

9.10. Molybdenum

Stock solution: p.a. MoO^ dissoved in NH-, made up to 1 mg/g,
2% NH-,. Dilute to working solution of 100 ug/g in 2% NH-,. Some

99 99madsorption of Mo and more of Tc; soak in Mo stock solution
to remove, or leach with 1:1 HC1 + Mo carrier.

9.11. Antimony

Stock solution: SbpO,, (suprapur) dissolved in HC1 to 1
mg/ml, 2M HC1. Dilute to working solution of 20 ug/g in 2M HC1.
No adsorption problems.

9.12. Selenium

Stock solution: p.a. SeO~ dissolved in HNO^ to 1 mg/g, 1%
HNO^. Dilute to working solution of 200-500 ug/ml in 1% HNO^.
No adsorption.
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9.13. Tin

Dissolve pure Sn metal in a mixture of HNO-, + oxalic acid
to 0.5 mg/ml; use as such for short irradiations ( Sn , Sn)
As Sn solutions are notoriously unstable, we prefer to use small
pieces of pure Sn metal (about 1-2 mg) as irradiation stan-
dards (weighed on a microbalance after cutting with a razor
blade). After irradiation they can be rapidly dissolved in
a few ml of hot 18M H2SOu containing a few drops of H-Op in
a flask and diluted to the mark and an aliquot taken.
Note: the Sn metal should be free from traces of In which acti-
vates strongly, and is often present even in "spec-pure" Sn.

9.14. Uranium

Stock solution: p.a. UOp(NCU)p. 6HpO of natural isotopic
composition dissolved in 1% HNOo to 5 mg/g. Standardized gravi-
metrically by ignition to U-jOn on a Pt plate. Dilute to work-

239ing solution of 25-100 ug/g in 1% HNO^. No adsorption of U
(25 min) in short irradiations; strong adsorption of carrier-

239free Np on long irradiations. Better to use dried aliquot
on Al foil, & redissolve if necessary.

9.15. Vanadium

Stock solution: p.a. NHuNO-, dissolved in water, then di-
luted and acidified with HNO- to 1 mg/g and 1% HNO-, . Dilute to
working solution of 5-20 ug/g in 1% HNO.,. No adsorption (short
irradiation) .

9.16. Zinc

Stock solution: 99.9998% Zn metal dissolved in HNO^, di-
luted to 1 mg/g and 1% HNO,,. Dilute to working solution of 50
ug/g, 1% HNOo. No adsorption problems.
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10. MULTIELEMENT STANDARDS

In RNAA individual standards are often employed for each
element. Obviously, possible flux depressions in a cluster of
liquid standards plus sample must be checked. Because of space
limitations, standards are often used in capillary plastic or
quartz tubes (2-U mm i.d.). Again the effect of geometry must
be checked. When the number of elements to be determined incre-
ases and often when group separations are used, mixed standard
solutions, i.e. multielement solutions, are employed. A parti-
cular standard group can be mixed to match the separated group.
Points to watch are chemical compatibility and that the incre-
ased total concentration does not give rise to self-shielding.
These problems become more acute in INAA, often leading to the
adoption of secondary mixed standards, or the use of the mono-
or multi-comparator approach.

11. CONCLUSIONS - SOURCES OF ERROR AND THE NEED FOR CHECKING

It is difficult to be certain about the main sources of
error arising in the use of standards as described above, and
to what extent they are significant in relation bo other errors
in NAA. We must simply be on the watch for carelesness and
sloppy laboratory practice, and try to be systematic in reducing
all potential sources of error concerning standards.

It is likely one of the main sources of error, at least in
smaller reactors, is flux inhomogeneity in the irradiation cha-
nnels and sudden-shifts in flux gradients and energy spectra
caused (often unknown to the analyst) by the nearby presence
of materials, samples or experiments involving strong neutron
absorbers. More frequent checks using "dummy" samples consisting
of either liquid standards or labelled inert support materials
("secondary" standards) coula be helpful.

Another source of error lies in the preparation and use of chemical
solutions; errors are always possible when weighing stock solu-
tions and the aliquots dispensed. Dugain has described
some tests to check accuracy of dispensing, as well as of
flux depression effects. Often used working solutions can
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lose water by evaporation, especially when nearly exhausted,
and are also perhaps too infrequently replaced.

Control of some of these errors can be achieved by check-
ing the specific activity of standards, which can also be nor-
ma'.
59,
malized against a long-lived nuclide monitor such as Co or

Fe. When preparing new diluted working and stock solutions,
the specific activity of the old and new solutions should be
checked in a simultaneous irradiation. When standards which
adsorb on the walls are to be measured, it is important to
check that recovery is complete by measuring the leached empty
container.

Sotck solutions should be checked occasionally by making
up an independent solution, preferably by a different analyst,
using another compound. Exchange of standard solutions between
laboratories could be useful and revealing, especially when
"round-robin" exercises are being made. Thus one potential major
source of error could be eliminated.
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ERROR SOURCES INVOLVED IN PRE-IRRADIATION SEPARATIONS

J.J.M. DE GOEIJ
Interuniversity Reactor Institute,
Delft, The Netherlands

Abstract

Contamination and other error sources in pre-irradiation separations
in biomédical neutron activation analysis are discussed. These separationsmay be used for differentiation of the matrix as to cell types and cell
constituents, (bio)chemical speciation of the analyte, removal of inter-
fering elements, and/or concentration of the analyte.

1. INTRODUCTION
Pre-irradiation separations in biomédical neutron activation analysis

are used for various reasons, which may be classified into two categories.
The first category aims at differentiation of the matrix as to cell typesor cell constituents, and to (bio)chemical speciation of the analyte. The
second category aims at removal of interfering elements and/or concentra-
tion of the analyte.

Due to the introduction of pre-irradiation separations, NAA is
deprived of one of its main advantages, viz. the virtual absence of a
blank. Especially for solid samples it is rather difficult at low trace
element levels to prove that no losses and/or contamination have occurred
and, if so, to correct for them. Therefore, pre-irradiation separations
should be avoided as much as possible. While separations for the reasons
of the first category are unavoidable, this is not the case for thereasons of the second category. Below both categories are treated in more
detail.

2. (SUB)CELLULAR DIFFERENTIATION AND (BIO)CHEMICAL SPECIATION
In the analysis of trace elements in biological materials it is

sometimes of importance not only to determine their total concentration,
but also to learn more about their distribution at the cellular and sub-cellular level. This requires a biochemical fractionation of the sample
into the various types of cells being present or a fractionation into the
constituents of a particular type of cell. Furthermore, there is an in-creasing interest in obtaining more information on the chemical forms in
which trace elements are present, i.e. (bio)chemical speciation. Mosttrace elements in living matter are bound to organic molecules (mainly
proteins), which their biological effects and metabolic behaviour are
largely dependent on.

In the (sub)cellular differentiation procedure the first step is
often a homogenization of the (solid) biological sample, e.g. with a pottertube. Separation into cell types (e.g. leukocytes, erythrocytes, thrombocytesin blood) and separation into cell constituents (e.g. nuclei, mitochondria,lysosomes, microsomes) may be performed by ultracentrifugation. For the
(bio)chemical speciation a variety of separation methods with sufficient
preparative capability are available. Depending on the compound to beseparated, e.g. dialysis, gel-filtration, ion-exchange, electrophoresis,
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and immunoprecipiation may be used. In addition to the biochemical stepsjust mentioned, also steps may be inserted to get rid of elements (e.g.
Na, K), which give rise to interfering activity after irradiation. Thus,post-irradiation separation may be facilitated or even instrumental NAA
may be made feasible in particular cases.

The procedures required for (sub)cellular differentiation and (bio-)chemical speciation are liable to the usual errors in biochemical operations
(e.g. artefacts due to protein denaturation, hemolysis). In addition, in-
adequate procedures may change the chemical form of the trace elements of
interest (e.g. due to dissociation or oxidation of the metal!obiocomplex).Sometimes also trace elements may be lost due to adsorption or volatiliza-tion. The foremost source of errors, however, is contamination with trace
elements. Control of this effect is therefore one of the main criteria inselecting procedures, equipment and reagents. Commercially available
equipment with (metal) parts that may give rise to contamination may be
modified by replacement of these parts by other (non-metal) ones. Adequatereagents (e.g. for maintaining isotonicity, pH or density) may be obtained
commercially in pure form, may be purified in the laboratory (e.g. bysubboiling distillation) or may be prepared from the pure components at the
spot. Some information on trace element contamination due to equipment and
reagents is given by Behne e.a. [1], and Pietra e.a. [2].

In addition to the requirement of low trace element levels in reagents,
two other aspects may be of importance. It will sometimes be necessary to
remove a reagent from the separated fraction in a simple way. Otherwise,
the fractionated biological material to be analysed is mixed with a large
amount of reagent, so that its amount, and thus the element content cannotbe determined exactly. Further, even when the reagent is completely removed,
anions or cations may be kept as counterions of the fractionated sample.When irradiated with neutrons, these ions should not form radionuclides
disturbing the analysis of the trace elements of interest. A buffer whichmeets these requirements is ammonium acetate, which can be prepared withlow trace element levels by mixing gaseous ammonia, double distilled water
and acetic acid, purified by subboiling distillation [1], The removal ofbuffer from the fractionated sample can be performed via freeze-drying, in
which the ammonium acetate evaporates completely.

Due to the introduction of biochemical pretreatment steps NAA loosesone of its main advantages, viz. the low blank value. However, even with
pre-treatments NAA may still compete with other analytical techniques. The
multi-element character and the sensitivity of NAA are particularly usefulwhen subcellular fractionation and further purification lead to very small
samples to be analysed. For instance, Sabbioni e.a. [3] separated 0.8 mgof the terminal transferase enzyme from 0.5 kg of calf thymus gland using
a five-step separation procedure. Aliquots of 0.2 mg were analysedquantitatively with NAA for twenty trace elements, among which zinc being
considered as a constituent of the enzyme.

As may be obvious, cellular differentiation and (bio)chemical
speciation call for a rigid control of contamination sources. Information
on the degree of trace element contamination due to the use of particular
equipment and reagents may be obtained from blank runs. However, a caveat
should be given here, since the absence of particular compounds in blanks
may result in a distorted picture. For instance, when running an elutionbuffer through a gel-filtration column, there is a possibility that traceelements present in the gel are so firmly bound, that they cannot beremoved. In addition, also trace elements of the elution buffer may become
firmly bound to the gel. However, later on these trace elements may form
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stable complexes with proteins of the sample, and thus released from the
column during the separation process. This gives a blank, which is not
revealed in the blank run. Finally, some of the error sources other thancontamination may be investigated with the use of radiotracers, providedthat they are added in a relevant chemical form to the biochemical systemunder investigation (e.g. in experimental animals, cell cultures), andthat sufficient time is allowed for a proper metabolisation.

3. REMOVAL OF INTERFERING ELEMENTS AND CONCENTRATION OF THE ANALYTE
Various chemical separation steps may be performed prior to irradi-ation to improve selectivity, sensitivity, reproducibility and/or accuracy

of the NAA procedure to follow. The purpose of these steps - often desig-nated by the word "preseparation" - is the removal of elements that may
give rise to interferences and in addition sometimes a concentration of
the analyte, i.e. the trace elements of interest. For solid biologicalsamples generally a destruction/mineralization step is required prior to
application of preseparations.

The reasons for preseparations - other than for (sub)cellulardifferentiation or (biojchemical speciation - may be classified as follows:
- (i) In the NAA determination of trace elements via (n,y) reactions, otherelements may give rise to the same radionuclides via (n,p) or (n,a) re-
actions. For instance, in the determination of Mn and Cr in bipod, inter-
ferences may occur due to respectively the reactions 5°Fe(n,p)56Mn and54Fe(n,a)51Cr. In such cases the sensitivity and selectivity may be im-
proved by removal of the interfering element or by a selective separationof the trace elements of interest (e.g. for the determination of Mn a
preseparation via selective coprecipitation with thalliumsulfide has beensuggested).

- (ii) Post-irradiation chemistry is sometimes hindered by high levels ofradioactivity due to the matrix components of the sample, which neces-
sitates remote handling and complicated radiochemical separations. This
problem may be solved by a selective removal of the corresponding ele-
ments. A similar reason is removal of interfering elements in order tofacilitate instrumental NAA after irradiation (e.g. for human serumafter removal of Na, K and Cl via dialysis).- (iii) A special problem arises when trace elements have to be determinedvia rather short-lived radionuclides (e.g. 28A1 and 52V), which generallydo not allow sufficient time for radiochemical separations. In thesecases also a preseparation may be applied, reducing the amount of inter-fering activity and facilitating instrumental NAA after irradiation. Anexample is the determination of V in environmental biological samplesvia a preseparation of absorption of V on Fe (OH)3 prior to irradiation
[4].- (iv) An additional advantage of preseparations is that at the same time
the analyte may be concentrated, which is sometimes even the primary aimof a preseparation. Substantial improvements of the sensitivity may beobtained, especially for aqueous samples, where concentration factorsof 1Q3 by volume are feasible. Combination of the removal of interfering
elements and concentration of the analyte will sometimes considerablylower the trèshold at which may be switched from radiochemical NAA to
instrumental NAA. (Incidentally, a similar effect is also encountered
in washing procedures for hair as well as in (sub)cellular-fractionationand chemical-speciation steps, where alkali and halogen ions are removed
for the greater part.)
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Most error sources in the above-mentioned preseparation steps are
analogous to the error sources encountered in the previous section on (sub-)
cellular fractionation and (bio)chemical speciation. Again contamination
with trace elements of interest is the main problem and care should be given
in selecting and developing appropriate equipment and reagents, as well as
in running of representative blanks. Reproducibility, selectivity, and yield
may be checked in separate (dummy) experiments using radiotracers. When
carrier-free radionuclides - isotopic with the radionuclide to be induced
by activation are available, e.g. ̂ 8V in the determination of V via the
reaction 51V(n,y)52V - the radiotracers may also be applied in the pre-
separation of the actual sample.

The need for preseparations indicated above will increase at lower
trace element levels, and at the same time the risk of contamination will
do. NAA (without preseparations) has proven to be an excellent reference
method for other analytical techniques at low trace element levels, and
it has played an important role in establishing the real values of some
biologically active trace elements (e.g. Cr, Mn, V, Sn) in biological
materials. It is therefore the author's opinion that the advantages of
preseparations generally do not outweigh the risk of contamination, in-
validating one of the main advantages of NAA. Therefore, preseparations
should be avoided as much as possible, and this refers especially to solid
organic samples where a destruction is necessary prior to the preseparation
steps. This calls for thermalized irradiation facilities (for cases men-
tioned under i), for automated radiochemical processing (for cases men-
tioned under ii) and for fast radiochemical separations (for cases men-tioned under iii).
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SOURCES OF ERRORS IN REACTOR NEUTRON ACTIVATION
ANALYSIS OF BIOLOGICAL SAMPLES

M. SANKAR DAS
Analytical Chemistry Division,
Bhabha Atomic Research Centre,
Trombay, Bombay, India

Abstract

This paper focusses some of the sources of errors
in Neutron Activation Analysis of biological samples
arising from contamination of samples during irradiation,
flux variation during irradiation, threshold reaction
interferences ana -typical spectral interferences in
quantitation. Use of reference samples as comparators
in the preparation of new standards can lead to hereditary
transfer of errors. To assess the analytical data in
INAA use of ion-exchange resin loaded standards allow
the preparation of required compositions. The importance
of S/N ratio in quantitation by NAA is demonstrated.

1. INTRODUCTION
The subject of neutron activation analysis, (NAA), has

been discussed in some detail in several books(1-5), reviewed
in a report^) and the proceedings of a number of symposia'7,8)
In the general reviews emphasis has been on the intrinsic low
detection limits of the method, an important attribute of
methods of trace element analysis, even though on this count,
it is now being outstripped by ETAAS and ICP-AEs(9). In the
analysis of biological samples for critical trace element
contents the strength of NAA is not as a multielement instru-
mental method of analysis, but its proven capability to
provide dependable analytical results. In this review an
attempt is being made to identify the sources of errors in
the application of this technique in biological investigations.

Keywords :
Sources of errors, reactor activation analysis, biological
samples, contamination from containers, flux variation,
spatial distribution of flux, threshold reaction Inter-
ferences, spectral interferences, hereditary errors,
synthetic standards, S/N ratio and quality of analytical
data.
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2. PLACE OF NAA IN ANALYTICAL METHODOLOGY

Analytical methodology for biological samples can be
depicted by Fig. 1 which could be used to visualise some of
the sources of analytical errors, independent of the method
of determination. In this figure, the common steps of sample
pre-treatment have been related to the requirements of the
method of 'determination. Thus/ for example, the application
of Molecular Absorption Spectrometry (MAS), a technique of
poor selectivity, demands that the sample is brought into
solution and the analyte separated from a large number of
associated ions. Hence the imperative need for stringent
control of the laboratory environment and reagent purity(10-17)
in respect to the analyte so that one can hope to get an un-
biased signal. The other techniques of measurement, listed
in this figure, demand fewer steps of pre-treatment; the
minimal being for NAA.

In principle, all analytical signals can be corrected
for the process-blanks, but the real problem in trace analysis
is the variable, or non-reproducible blank, which has been
focussed by Murphy(15)y hence the advantage of techniques
of minimum sample pre-treatment. In fact, one unique
feature of NAA, as a reference method of Trace Element
Analysis, is its 'freedom from blank1 subsequent to irra-
diation.

ANALYTICAL METHODOLOGY
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If pre-concentration of sample is needed, for
example, concentration even by evaporation, or lyophili-
sation, then even NAA is subject to 'blank1 problem. This
has been focussed by Heydorn in his critical study^).
The possibility of surface cleaning after neutron irradia-
tion by appropriate etching is not feasible on most of
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the biological samples. Exemption could be the analysis of
large-size autopsy samples, where cleaning by slicing off
the surface afcer irradiation could be practiced.
The necessity of using *clean laboratories' with laminar
flow benches to avoid environmental contamination during
sample pre-treatment is obvious (10-12, 16,17).

Another major source of error in Trace Element
Analysis is caused by the unexpected inter-element inter-
ference in spectrochemical methods of analysis(13). That
such errors in NAA are minimal, is best reflected from the
better precision and the comparatively 'lower magnitudes
for the contents1 reported on intercomparison samples
In Figure 2, the NAA results reported on Bowen's Kale
are plotted against the preferred means by the other
techniques. The fact that the preferred means by the other
techniques are mostly above the fortyfive degree line is
indicative that they are prone to be positively biassed in
relation to the NAA data. The use of Youden's two sample
plots (20) could be employed to reveal the biassed analyti-
cal data. This aspect should be considered in intercompari-
son work.

3. SOURCES OF ERRORS IN NAA
The results by NAA are influenced by those in-

troduced during sampling, pre-treatment and measurements,
problems common to all the methods of Trace Analysis.

VALUES ON BOWEN'S KALE

Pij.2
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3.1 General»
Sampling/ storage and handling
The sources of errors in sampling and pre-treatment

of samples have been discussed in the special symposium held
at the National Bureau of Standards, Washington D.C. .
As applied to the analysis of biological samples they
were reviewed at an earlier IAEA Panel^22'. The subject
is also being discussed by the other participants of this
meeting,
3.2 Specific for NAA
3.2.1 Contamination from containers for irradiation

In the scheme of neutron activation analysis there
are sources of errors, which are rather peculiar to this
technique. Some of these are to be controlled during the
irradiation of the samples and the others during the quanti-
tation of the induced activity.

Contamination throuah the sample container used for
irradiation needs attention. Polyethylene(23-25) and silica
ampules are the common containers used for sample irradia-tion upto a fluence of 10l6n.cm~2? t>ut it is also known that
polyethylene is permeable to elements like mercury(26'.
Long irradiations are made normally in silica vials. Bruene'2̂ '
and Maziere et al (28) have presented convincing evidence
that counting the sample in the silica container used for
irradiation is an acceptable practice for non-destructive
activation analysis because of their high intrinsic contents
of several impurities. They have also demonstrated that
surface etching of the containers with HF-HNC>3 mixture could
reduce recoil contamination of the samples.
3.2.2 Flux variation during irradiation

In comparative NAA, the sample and standard are
irradiated together for a pre-determined period, the time
of irradiation being dictated by the half-life of the active
isotope of the analyte and those of the associated elements.
The subject of optimisation of time of irradiation to reduce
errors in NAA has been discussed by De Soete et al'-*' an<3
Heydorn' '. Simultaneous irradiation of sample and standard
for flux normalisation is feasible for comparatively long-
lived nuclides; but not for short-lived nuclides. The general
practice in such studies is to irradiate the sample and
standard sequentially, but with a flux monitor with each.
The co-workers of Meinke(29', in their pioneering studies
using short-lived nuclides, used thin gold foils or cobalt-
aluminium alloys as flux normalisers along with the samples
and standards irradiated sequentially.

Sankar Das et al * found that commercial iron
wire samples having 0«4 per cent manganese is a homoge-
neous, convenient and inexpensive monitor. A working
group constituted by the IAEA on Neutron Fluence Measure-
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ments(3l) has listed the following detectors, in decreasing
sensitivity, for thermal fluence measurements! dysprosium,
indium, manganese, copper and gold, to be used as thin
foils or as suitable alloys. In recommending these monitors,
the nuclear characteristics of the product nuclides, mode
of preparation and some guidelines on their use have been
described in their report. For the measurement of high
fluences, they recommended the use of 1-0.1 per cent Co-Al
alloys. The Central Bureau of Nuclear Measurements at
Geel had made, through the Seibersdorf Laboratory of the
IAEA, a 1 per cent cobalt alloy with a guaranteed homoge-
neity of 4; 1 per cent for flux monitoring«
3.2.2.1 Spatial distribution of flux

(32)Plumb and Lewis, as early as 1955 showed that
in their facility the variation of flux near the reflectors
was as high as 2-3% cm~l; hence if the sample and standard
are separated by a few centimeters this could be a major
source of error. This subject.has also been discussed by
De Soete, Gijbels and Hoste^). Lyon(33> has shown that
in small core, water moderated reactors the gradient could
be as high as 10% cm~l. Heydorn(6) found that the vertical
flux factor as between the top and bottom vials in the
pneumatic facility of the Riso Swimming Pool reactors,DR-2
and DR-3, varies from 0.969 to 0.945 in the R2 and R4
facilities. The vials used for this study are about 1 cm^.
The horizontal variation was exponential with a <5~.
variation of about 2 per cent. og

In an extensive study of the ,N3S reactor activation
analysis system, Becker and LaFleur'34) have reported the
flux variation along the length and circumference of their
pneumatic rabbits.

Use of the Lazy Susan of the Popular Triga reactors (3)
for sample irradiation reduces the problem of inhomogeneous
irradiation of the samples and standards. But few publica-
tions appear in the literature on the use of this rotating
rack.

Irradiation of large size samples and standards
pose serious flux normalisation problem. Desai and
Iyer'35) suggested a very useful approach, described in
Fig. 3, and used it for the analysis of high purity water
and large-size prawn samples(36),
3.2.3 Threshold reaction interference

Interference from threshold reactions in the
analysis of biological samples needs attention. Table 1
lists the important ones, while Table 2 gives an estimate
of such interference in some typical samples when irradia-
ted in the swimming pool reactor of Trombay, India.

A set of nuclear reactions recommended by the Agency
for mapping the spectra(31) in reactors along with the
necessary nuclear data are listed in Table 3. At Trombay,
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the use of a broad-band-threshold detector has been
examined '37)m The useful parameters of this detector arelisted in Table 4.
3.3 Errors in Quantitation inlNAA
3.3.1 Direct spectral interferences

Direct spectral interferences in high resolution
Ge(Li) gamma-ray spectrometric analysis of biological samples
are few. The more important ones are listed in Table 5.
3.3.2 Non-specific spectral interference

The non-specific spectral interferences are
38- the swamping of the sample spectra by Cl which

makes it nearly impossible the determination of very short
lived nuclidej;for example/ those of vanadium or iodine
(very important analyses) in samples like serum without pre-
or post-separation(6),

- the swamping of sample spectra by Na and Br
which reduces the confidence in the analysis of elements
like Cu, even by gamma-gamma coincidence methods(37)n it
prevents the use of 69m£n for the determination of Zn.

- general swamping of the low energy end of the
spectrum by bremsstrahlung caused by 32P, which makes it
difficult measurements even through a low Z absorber,This
reduces the practical sensitivity of determination of
elements like Hg and Se'̂ 9', Because of such effects
the limit-of-detection (LOD) values for Hg by INAA is
raised to 100 ppb compared to an absolute detection

Sample I Standard

Standard I Sample

SAMPLE-STANDARD CONFIGURATION FOR FLUX
NORMALISATION

FIG. 3
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limit of 10~2 ng. The corresponding figures for selenium
are 0.1 ppm and 10"*2 ug. Many laboratories have reported
LOD of 0.04 - 0.4 ppm for the determination of chromium
in the Animal Muscle, H4 sample ̂ 9) f while the absolutedetection limit is 7 x 10~3 Ug. it. is also interesting
to note that the few INAA values for this analysis are
outliers.
4. SYSTEMATIC ERRORS IN NAA

4.1 Hereditary transfer of errors from the reference
standard values
It may be shocking to realise that systematic errors

(should one call it as a case of hereditary/cumulative
propagation of errors ! ) can arise from the use of reference
samples as comparators in NAA as well as in other methods
of analysis.

An example from the laboratory of this author is
illustrative. The Andésite Sample AGV-1, belonging to
to the second group of standards from the USGS, had
different 'average/recommended/usable1 values for its
chromium content/ the magnitude of this value changing
with time is as shown in Table 6, In 1977, we reported the
content of chromium in the Soil-5 sample at 37 ppm using
the 'usable value1 of 12 ppm for the AGV standard. While
this value was not an outlier, it was high. If one were
to normalise this result with respect to the changing
'recommended (?) values', for the AGV standard, our result
would settle down around 29 pDm. Not that our high value
has, or would have changed the recommended value for the
Soil-5 standard, but it won't be surprising if several
other values reported by the contributing laboratories also
arose from such systematic errors. What about the next
standard using Soil-5 ?

The case of As in Orchard Leave sample is too well
known ̂6'. The 1973 compilation of Bowen for Kale'19) gave
the As content at 0.129 pom. Two subsequent compilations,
Bowen 140) an<3 lUPAC^4^ (covering the primary data upto
1975) have recommended 0.141 and 0.14 ppm for the Kale.
One wonders how many of the results since 1973 on the Kale,
or for that matter the values on Animal Muscle or Fish
Soluble, have been influenced by the NBS value of 14 + 2,
directly, or indirectly»

4.2 Use of synthetic standards
In our laboratory we have tried to develop the

concept of element loaded ion exchange resins to be used
as multielement standards(42-43). This approach allows
one to prepare an infinitely large number of standard
compositions needed for INAA. Thus one can prepare stable
standards with acceptable geometry for counting, uniformity
in distribution and all the confidence one has in the use
of elemental standards. The weakness of this approach,
that we have noticed so far, is the impurity contents of
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the resin. A comparable but a more difficult approach is
the work of Kolomitsev^*^ et al on the use of phenol
formaldehyde loaded résinâtes. In our experiments with
mercury loaded resins we noticed that this element has a
tendency to migrate during irradiation from the resin to
the container. But this could be prevented by keeping the
resin moist ̂ ith 0.1N nitric acid during irradiation»
4.3 Systematic errors in RNAA

The major source of error in this approach is from
the incomplete chemical exchange between the carrier and
the tracer before radiochemicai separation. The need for
using closed system for wet digestion has been recommended
in an earlier publication by the Society of Analytical
Chemists, U.K.(45). Use of Bethge's apparatus is a simple
and satisfactory method of sample decomposition without
loss of volatiles like mercury, arsenic and selenium(46).

Some authors recommend the use of Schoninger's flask
using a platinum or quartz loop for holding the irradiated
sample (46-48) . in our study on tb.3 analysis of standard
samples, isotopes of several elements were found to be
fused with the platinum loop(49) indicating a possible
separation of the tracers from sample before chemical
exchange with the carriers.
5. ACCURACY AND PRECISION OF MEASUREMENTS IN INAA

The subject of precision of determination of the
photopeak intensities in gamma-ray spectrometry, has been
reviewed in great detail in several publications(50,51).
Recently Yellin 2̂' has shown a systematic error in a
computer programmed computation of count-rate caused by
the broadening of the Ge(Li) spectra due to the high total
activity of samples. The error could be as high as 10% in
the low energy end of the spectra.
5.1 The importance of siqnal-to-noise ratios, S/N/ in

quantitation
The propagation of random errors arising from the

subtraction of the compton background counts (BLC) from the
gross photopeak (GPPC) counts has been discussed by Guinn
and Hoste(53) pointing out that the standard deviation of
the net photopeak, NPPC, is represented by

<5NPPC = + (GPPC + BLC)1'2

Since radioactive decay process follows a Poisson Distri-
bution, there is a tendency amongst workers to increase the
time of counting, thus raising the magnitude of GPPC and
3LC, leading to an improved NPPC. Of course, the computed
'improved precision1 gives a greater confidence on the number
that is being measured, but it does not necessarily tell
the quality of the result that the number represents.
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The signal to noise ratio, S/N, is an important
criterion which decides the quality of the data and hence
the accuracy. In Fig. 4 is plotted the relative standard
deviation of the NPPC values at two magnitude levels of
counting, one at 103 and the other at 104 counts, as a
function of the 3/N ratios. The improvement of precision
on the high quality signals is worth the time spent in
counting but not on the poor signals; worse/ any apparent
improvement represents a false security of large numbers.

5.2
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S/N of standard and sample
One should now consider the compounding of errors

on the final results attendant from the use of the measure-
ments on the standard and sample(54'. The relevant relation
in this case is

where and <5~2 the measured NPPCs
related standard deviations involving the sample and
standard respectively. If one expresses the above error
terms in units of per cent relative standard deviation.
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the relation is expressed by

Net RSD CTV {%) = x 100

/ 2 \1/2

f(RSDv )* * (RSD )) x 100
V Xl X2/\

Typical values computed from the data used in the prepara-
tion of curves I and II of Fig» 4 are plotted in curves III
and IV of the same figure which reiterates the fact that
unless the quality of the comparator and standards are good
or comparable, the net result is not improved. Some practical
examples from our laboratory in the analysis of the Animal
Muscle (H-4) and Soil-5 samples are listed in Tables 7-9.

6. CONCLUSIONS/COMMENTS
The quality of NAA data in some analyses in the

Intercomparison studies has shown some improvement with
time. An example is the change in the quality of data for
mercury. In 1972, the content of mercury in the untreated
flour sample could be reported only at 42.5 + 14.7 ppb,
while in 1981 the Animal Muscle standard has been certified
at 13.7 ppb with an error of 27 per cent at the 95 per cent
confidence level. This could not be said for a few other
elements like arsenic and chromium for which the technique
has excellent intrinsic sensitivity.

For the development of good biological reference
samples there seems to be a need for recommending to the
participating laboratories some guidelines.
6.1 If INAA is adopted as a scanning method, the follo-
wing information be provided along with the results.

a) the signal-to-noise ratio (S/N) for the sample
and the standard.

b) the primary counting data.

c) an error estimate propagated through the standard
and sample for the counting statistics, and

d) the reference value, in case a reference standard
is used as a comparator.
The above will allow pre-screening of data before the deri-
vation of the recommended value.
6.2 If the derived analytical concentration is near the
detection limit by INAA, as defined by IUPAC, namely,
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spectral background 4- 3S of background, then RNAA is re-
commended. For eg. in a sample like animal muscle, H4, 5 out
of 6 laboratories indicated that their INAA LOD was 200 ppb.
6.3 If RNAA is adopted, use of elemental standards is
recommended. However, a specified reference sample with a
recommended value for the analyte, is used as a control
sample.
6.4 If such results by INAA or RNAA lead to acceptable
value, with a relative standard deviation of 30 per cent,
at concentration less than 20 ppb, the value could be re-
commended without demanding for results by another method.
Apparently the other techniques have no established claim.
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TABLE 1

NUCLEAR DATA'a'b'FOR A FEW THRESHOLD REACTIONS OF INTEREST
IN BIOLOGICAL MATERIALS ANALYSIS

NO.

1.

2.

3.

4.

5.

6.

Reaction

27Al(n,oC)24Na

3 5Cl(n,<C)3 2P

32S(n,p)32P

56Fe(n,p)56Mn

64Zn(n,p)64Cu

63Cu(n, oc)60co

Eef f(MeV)

7.49

4.1

2.68

6.42

4.4

9.2

creff(rnb)

74

178

265

50

220

-

<<3T> (mb)

0.61

6.1

66

0.953

33

0.72

(a) W.L. Zijp, Report RCN-37, 1965.
(b) W.L. Zijp et al. Report RCN-196, 1973.
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TABLE 2
TYPIC/LL INTERFERENCES FOR THRESHOLD REACTI01ÏS

Analyte Indicator Interference (n, Y )equiva- Estimated error in J/a
(n, "#)nuclide lent (m^) * Kale Animal Muscle

Al 28A1
60nCo Co

Cr 5 Cr

Cu Cu

F 2°P

P P

Ml Mi

3 P(n,oc) Al 120
3Cu(n,o?) Co 500

54Fe(n,<c)5lCr

Zn(nyp) Cu 4.05

23Ba(n,cC)2(V 15.2

35Cl(n,dC)32P 0.06

32S(n,p)32P 0.07

5 Fe(n,p)5 Mn 6.5

Analyte

(ppm)

37.9

0.06

4.9

5.511

4490

4490

14.9

Interf e- Error \ Analyto Inter- Error
rent J ferent
(ppm) « (ppm) (ppm)

i

4450

4.9

31

2300

3419

15950

120

0.1

0.016 0.008 3.96 0.1

0.16 3-96 86.3 0.5

3.4

1.3 (9.5) 1890 0.3

5 (9.5) 8000 1.2

0.13 0.52 49 1.5

* Amount (mg) of interfèrent to produce 1 ug equivalent of (ntt ) activity of the an̂ lyte.
12 -2 -1Viermal flux = 2.7 x 10 n.cra. sec. .

Cadmium ratio =19

Equivalent fission flux (58Ni(n,p)58Co) * 1.5 x 1011
n.cm71sec."1.



TABLE 3

THRESHOLD DETECTORS FOR MONITORING NEUTRON SPECTRA (a, b, c)

Detector

Ni

S

Al

Fe

Ti

Cu
U

Reaction

58Ni(n,p)58Co
32S(n,p)32P
27A1 (n,oC ) 24Na
54Fe(n,p)54Mn
46Ti(n,p)46Sc
63Cu(n,oc)6°Co
238U(n,f )

Product
Tl/2

70.8 d

14.3 d

14.9 h

312.2 d

83.8 d

5.2 y

-

E „ <̂ êffeff
(MeV) (mb)

2.79 493

2.68 265

7.49 74

5.10 1160

5.5

9.2
1.48 580

<CT>
(mb)

100

66

0.61

53

8.0

0.72
312

(a) Technical Reports Series, 107, IAEA, STI/DOC/10/107, 1970.
(b) W.L. Zijp, Report RCN-37, 1965;
(c) EANDC 95 'U1 Compilation, 1974.



TABLE 4
PbTi03 AS A BROAD-BAND THRESHOLD MONITOR (a)

Reaction

204Pb(n,n')204mPb
47Ti(n,p)47Sc
46Ti(n,p)46Sc
48Ti(n,p)48Sc
204Pb(n,2n)203Pb
50Ti(n,cC)47Ca
46Ti(n,2n)45Ti

•Qf (MeV)

«*

0.18

- 1.6

- 3.2

- 8.24

- 3.44

-13.2

W->

2.5

3.7

5.5

7.2

> 8.9

12.2

> 13.6

Product
Tl/2

67 m

3.4 d

84 d

3.4 d

52 h

4.7 d

21 d

E y (keV)

374.7, 898.9

159.4

889.3, 1120.5

983.3, 1037.4

279.2

1297

511

(a) S. Yegnasubramanian, Ph.D. Thesis, University of Bombay (1982).



Zn

Pe

TABLE 5
DIRECT .SPECTRAL INTERFERENCES IN INAA OF BIOLOGICAL SAMPLES

Analyte

Hg

Monitor nuclide
(T 1/2)

197Hg (64.1 h)

Ey/X-ray
keV

67-77

Interfering
nuclide (T 1/2 )
198Au (64.8 h)

E y /X-ray
keV

69
71

R e m a

1. Needs high
system for

r k s

resolution
counting

203Hg (46.6 d)

65Zn (243.8 d)

59Fe (44.6 d)

76,As/Br/Sb As (26.3 h)
QO0<iBr (35.4 h)
122Sb(2.7 d)

279

1115

1292

559
554.3
564

75Se (120 d) 279

46Sc (83.9 d) 1120

41Ar (1.83 h) 1294

Mutual interference

(Guinn, 1972).
2. RNAA also needs special

attention to avoid gold.
Westermark & Ljunggren,
(1972).

*Kosta & Bryne, (1979),
Needs confirmation of lack
of interference from 75se
through 136 or 264 keV.
* Rook et al, NBS, 492 (1972)
Important in soil sample
analysis. Confirmation of
lack of interference through
889 keV of 46Sc.

41Stack release Ar. Hence
preferred E y is 1099 keV.
Relative amounts decide the
extent of interference. Con-
firmation through alternate
energies.
76'As » 657 keV

619, 776 keV
124Sb » 693 keV or sb

82Br
122



TABLE 5 (Contd.)

Analyte Monitor
(T 1/2

nuclide
)

Et /X-ray
keV

Interfering
nuclide (T 1/2)

Ey A- raykeV
R e m a r k s

Cr

Cu

Sr

51Cr (27.8 d)

64Cu (12.8 h)

85Sr (64.5 d)

320

511

514

233Pa (27.4 d) 311.9

Positron emitters;
other high energy
tf -emitters(ex. 24Na)
Long-lived positron
emitters (ex. 65zn)

Not serious in biological
samples of low Th content.
Could be serious in soil
samples. An unconfirmed
volatility of Cr in RNAA

*** Udas and Desai
Gamma-gamma coincidence can
reduce interference if Na
content is low.

Guinn, V.P., p.90-91, IAEA Tech. Report 137 (1972),
Westermark & Ljunggren, K., p.105, IAEA Tech.
Report 105 (1972).

* Alternate RNAA Methods.
Kosta, L., & Byrne, A.R., Talanta, 16,
1297(1969).

** Rook, H.L., et al.. Anal. Chem., 44,
1114 (1972).

*** Udas, G.G., and Desai, H.B.
Radiochem. Radioanal. Letters, 45/2/153-
156 (1980).



TABLE 6
CHROMIUM CONTENT(PPM) OP AGV(STD.) AND SOIL-5(SAMPLE)

Flanagan 69
Planagan 73
Abbey 74
Govindaraju 77
Abbey 80

AGV-1 Sol 1-5

12.9
12.2
12 37
9.3 29
10 31

Remarks on the reference value

Average
Average
Usable value
Preferred value
Usable value

Flanagan 69 Geochim.Cosmochim. Acta, 33, 81 (1969).
Flanagan 73 Geochim.Cosmochim. Acta, 37, 1189 (1973).
Abbey, S. 74 Geological Survey of Canada Paper 74-41 (1974).
Govindaraju,K., Geostandards Newsletter, 1 No.2, 163 (1977).
& Roelands, I.

77
Abbey, S. 80 Geological Survey of Canada Paper 80-14 (1980).



o\ TABLE 7
EXPERIMENTAL DATA ON A PRACTICAL SAMPLE :(H-4)

Element

Mn

Br

Co

Cr

Cs

Cu

Fe

K

Rb

Se

Sample/
comparator

H-4
Kale
H-4
Kale
H-4
Bovine liver
H-4
Kale
H-4
Kale
H-4
Bovine liver
H-4
Bovine liver
H-4
Kale
H-4
Bovine liver
H-4
Kale

GPPC

1478
3373
2169
6400
243
1507
13190
12333
4093
4304
6565
20644
1707
7588
8165
9832
6816
6648
25046
23135

BLC

1215
780

1960
4620
160
690

12200
8320
1960
2880
3375
5600
780
2200
1060
220
630
1720

21200
20100

NPPC

263
2593
209
1780
83
817
990
4013
2133
1424
3190
15044
927
5388
7005
9612
6186
4928
3846
3035

ENPPC

52
64
64
105
20
47
160
144
78
85
100
162
50
99
96
100
86
91

215
208

RSD %

19.7
2.5

30.7
5.9

24
5.8

16
3.6
3.66
6
3.1
1.1
5.4
1.8
1.37
1.04
1.4
1.9
5.6
6.9

S/N

0.22
3.3
0.11
0.38
0.52
1.18
0.08
0.48
1.1
0.5
0.95
2.7
1.19
2.45
6.6
43.7
9.8
2.86
0.18
0.15

Net RSD %

20.3

31.3

24.7

17

7

3.3

5.7

1.72

2.4

8.9

7 GPPC + BLC



TABLE 8

PROPAGATION OF ERRORS AND SIGNAL TO NOISE RATIO
ANIMAL MUSCLE H-4

Element Comparator Concentra- / S\
used tion in V NJ

comparator ^^
(ppm)

Br
Cr
Cu
Fe
Rb
Se

Kale
Kale
Bovine liver
Bovine liver
Bovine liver
Kale

25.6
0.33
193
270
18.3
0.12

0.4
0.48
2.7
2.45
2.86
0.15

®„ 4

0.1
0.08
0.95

1.19
9.8
0.18

Error due to counting statistics
Sample
RSD %

30.7
16
3.1
5.4
1.4
5.6

Comparator Concn.
RSD % ppm

5.9
3.6
1.1
1.8
1.9
6.9

5.3
0.08
4.35
47.3
16.4
0.43

Net % RSD

31.3
17
3.3
5.7
2.4
8.9(?)



00

TABLE 9

PROPAGATION OF ERRORS AND SIGNAL TO NOISE RATIO, SOIL-5

Element

Ce
Co
Cr
Dy
Fe
Rb
Sb
Zn

Comparator
used

BCR
AGV
»

BCR

AGV
«i
n

M

Concn. in
comparator
(ppm)

63
17
12(?)
6.3
47880
67
4.3
84

IN)N ' compara-
tor

1.5
40
0.16
0.1
52
0.3
5,5
0.5

Îsoil

0.8
28
0.3
0.1
48
0.7
23
1.4

Sample
RSD %

1.7
2.4
8
13
1.5
8
4.3
6.3

Comparator
RSD %

1.6
2.5
18
11
1.7
17
10.0
15

Concn.
ppm

66
14
37
3.6
48500
125
15
360

Net %

2.4
3.5
20
17

2.3
19
11
16

RSD Remarks

Th:11.3 ppm

1 hour
counting



OPTIMIZATION OF REACTOR NEUTRON ACTIVATION
ANALYSIS CONDITIONS

V.P. GUINN
Department of Chemistry,
University of California,
Irvine, California,
United States of America

Abstract

Analyses of the maximum precision attainable, under given neutron
flux and other conditions, can be achieved, possible errors avoided, and
much time saved by using an INAA Advance Prediction Computer Program
prior to actual analyses. Such an APCP is described, and its avail-
ability indicated.

1. INTRODUCTION

The optimization of neutron activation analysis conditions, for the
measurement of a particular element or various elements of interest in a
certain kind of sample matrix, is not directly a factor in quality
assurance - but it is an important indirect factor. If one is
interested, for example, in determining zinc, via reactor thermal neutron
NAA (TNAA) in specimens of, for example, human liver, it makes good sense
to choose conditions that will provide the best measurement precisions
possible for zinc in such a matrix, and to know in advance of any likely
or possible complications. In purely instrumental NAA measurements
(INAA), a good rough rule of thumb for approximately optimum measurement
is to employ an irradiation time (tj), a decay time (t̂ ), and a
counting time (tc) each equal to the half life of the induced radio-
nuclide to be measured by Y-ray spectrometry. However, the true
optimum set of conditions may instead involve times appreciably shorter,
or appreciably longer, than those estimated by this rough rule of thumb -
depending upon the natures, half lives, and levels of all the other
activated elements in such samples. Furthermore, for medium and long-
lived induced activities of interest, practical considerations may
restrict one to irradiation periods of only some hours, at most, to decay
periods of at most several weeks, and to counting periods of a maximum
duration of perhaps an hour.

2. DESCRIPTION OF PROGRAM

Traditionally, the optimization of INAA conditions has been achieved
by the time-consuming experimental trial-and-error approach. Where many
elements are of interest, this becomes extremely tedious and time-
consuming. At the university of California at Irvine, we have developed
an INAA "Advance Prediction Computer Program" (APCP) [1,2] that rapidly
and easily provides such optimization information, with remarkable
accuracy. The thermal neutron program, written in BASIC-PLUS (used at
UCI with a PDP-11/45 computer) has already been distributed to some 45
laboratories that have requested copies. A newer version in BASIC-PLUS
that also includes epithermal neutrons (of interest in assessing the
usefulness, for given cases, of irradiations inside cadmium) will be
distributed shortly. In addition, a larger program, written in FORTRAN-4
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(used at UCI with a DEC-10 computer), includes thermal, epithermal, and
reactor fast neutron (fission spectrum neutron) products, and will be
distributed shortly to interested groups who request copies. With
reference to biological samples, this APCP will be particularly useful to
indicate possible fast neutron interferences in TNAA, such as formation
of 28A1 not only from 27A1, but also from 28Si and 31P.

Input to the APCP consists of an approximate elemental composition
of the sample matrix material (e.g., human liver). Such approximate,
average, or typical elemental composition information is surprisingly
abundant in the NAA and non-NAA literature, and can be obtained fairly
rapidly in even a short survey of the literature. To save others the
effort of even doing such surveys, we are compiling such typical
elemental composition data for a wide variety of biological and non-
biological matrix types that are of interest to many groups. In the case
of Standard Reference Materials, and many other widely used non-certified
reference materials, more exact elemental compositions can be used as
input to the APCP.

After inputting such matrix approximate (or exact) elemental
composition data, one then inputs (I) the values for the thermal, epi-
thermal, and reactor fast neutron fluxes at the irradiation position, (2)
parameters on the maximum allowable sample size, (3) the particular
detector and counting geometry to be used, and (4) those combinations of
t^, t<j, and tc to be calculated. The maximum allowable sample size
is either some specified maximum available or desirable amount of sample
(e.g., one gram) or that amount that will give a high, but acceptable,
total counting rate at start of count (SOC) - whichever is smaller. At
UCI, we usually specify a maximum counting rate at SOC of 5000 cps, as
with our system this typically produces an analyzer deadtime of about
10%, above which spectrum distortion due to pulse pile-up rapidly becomes
appreciable. Any combinations of t^, t<j, and tc can be input. In
order to cover induced activities with half lives ranging from seconds to
even years, our normal procedure involves calculations for 12 sets of
conditions of increasing values for these items. For the first seven
sets, tj = t^ = tc (first, each 0.1 minute, then 0.3 minute, then
1, 3, 10, 30, and 100), after which tc is held constant at 100
minutes. In set 8, tj = 300 minutes, t<j = 300 minutes, and tc =
100 minutes, after which t^ is held constant at 300 minutes. In sets
9, 10, 11, and 12, tj = 300, but t^ increases from 1000 minutes to
3000, to 104 (one week), to 3 x 104 (3 weeks).

Permanently-stored input data include (1) all relevant nuclear data
(for each element: atomic weight, isotopic abundances, thermal,
epithermal, and fission spectrum neutron cross sections, and (dps)§
(disintegrations per second at saturation and zero decay time) per gram
of element for each radionuclide product at a lO 2̂ flux; for each
radio-nuclide product: its half life and its percentage emission of
Y-rays of each energy that it emits), and (2) equations based on
experimental calibrations, each versus Y-ray energy, for two of our
coaxial Ge(Li) detectors (a 5% and a 15% detector) at a given distance,
of detection efficiency, photofraction, resolution, and for high energy
y-rays the ratios of photopeak/first escape peak, photopeak/second
escape peak, and photopeak/511 keV peak contribution. Also included is
an experimentally determined equation, for each detector, of counting
efficiency versus sample-to-detector distance. Other users of the
program can insert their own detector response functions, as needed.
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Using a simplified (but quite adequate) model for Y~ray pulse
height spectra, the APCP rapidly makes the following calculations, for
each set of t^, t<j and tc conditions. It first calculates the
total cps at SOC of each Y-ray from each radionuclide formed from each
of the input elements (for the designated flux, detector, and counting
geometry), per gram of sample. It then eliminates from further
consideration any product that contributes less than 0.01% to the total
counting rate at SOC for that set of conditions. Next, it calculates the
maximum allowable sample size (discussed earlier). After that, for the
indicated sample size, it calculates the number of counts (integrated
over the counting period) in the Compton region and in the photopeak
(and, for high energy y-rays, the escape peaks and 511 keV peak
contribution) for each Y~r&y from each radionuclide. It then sums all
of the contributions to the Compton continuum (from one Compton edge to
the next), in counts per keV. Then it calculates the standard deviation,
and % relative standard deviation, of each peak - taking into account the
height of the Compton continuum underlying the peak and the FWHM of the
peak. The resulting printout then lists the level of the cumulative
Compton continuum from one Compton edge (energy indicated) to the next,
and, in descending order of energy, the radionuclide origin, energy, net
photopeak counts, standard deviation, and % relative S.D. of each peak
whose % relative S.D. is less than 100%. Peaks that overlap with one or
more other photopeaks are noted, as well as peaks that fall on a Compton
edge. All significant peaks down to as low as 50 keV are printed out.
The present programs also calculate and print out the five largest
contributors (each identified) to the total activity of the sample (in
V-Ci) at decay times of 10 minutes, 100 minutes, 1000 minutes, and at
SOC; and the Y^R/hr level at 10 cm from the sample, at these same decay
times, for the five major contributors to the Y-dose rate of the
sample. These numbers are of value in assessing in advance any health
physics/radiation exposure problems that may be encountered in the
handling of activated samples at decay times much shorter than the decay
time at SOC (at SOC, of course, the YroR/hr levels will be negligibly
low, so far as radiation exposure hazard is concerned). Also available
at present is a computer plotting routine that will rapidly provide a
semilog plot of log counts versus Y-ray energy for any or all of the
sets of conditions calculated for which a plot is desired. Each plot
shows the cumulative Compton levels, superimposed upon which are all of
the significant peaks.

The APCP is also very useful for rapidly calculating the proper
amount of each element (in v-6) to be used in each standard, when actual
analyses are to be then carried out on samples of that matrix type - for
the condition set, or for each of the condition sets to be employed.
This insures good counting statistics, without spectrum distortion, for
each activated element standard.

In some cases, the APCP will indicate, for a given condition set and
flux, an inordinately small sample size (e.g., a milligram or less) - a
size too small to be representative and difficult to manipulate or weigh
accurately. In such cases, the APCP printout still applies, as is, if
one merely, for example, uses a 100-fold larger sample than was
indicated, at a 100-fold lower flux.

For elements of interest that cannot be included in the input
approximate compositional data (for lack of available literature
information), or for input elements that do not appear in the output
because their levels are too low, a sub-program is available that
calculates, for each such element of interest, for each condition set,
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the minimum ppm concentration of that element, in that matrix, that would
have to be present to be measurable to any designated relative precision
(e.g., to ± 20%). This lower limit-of-detection (LOD) program is very
useful in INAA, where the instrumental LOD's may sometimes be one, two,
or even three orders of magnitude higher than the LOD's in the absence of
other activities (i.e., if each was radiochemically separated prior to
counting). Also, a reverse APCP has been written, for matrices for which
inadequate literature data are available and hence a few exploratory
analyses are necessary (without standards); it then back-calculates an
approximate elemental composition, for input into the regular APCP.

Finally, it should be noted that the APCP is useful not only for
INAA, but also for NAA involving either pre-irradiation chemical
separations or post-irradiation radiochemical separations. In such
cases, one merely eliminates from the input composition those elements
that have been removed from the sample matrix either before irradiation,
or after irradiation (prior to counting) . It can also be used for the
various groups of elements separated in group separations.

At the present time, work is in progress to improve the present
treatment of radioactive daughters, to include the effect of sample
bremsstrahlung, to include the effect of thermal neutron sample self
shielding, to include the effect of sample Y-ray self attenuation, to
include fission products (for samples containing significant
concentrations of uranium) , and to include coincidence sum peaks and
backscatter peaks. A FORTRAN-4 APCP for 14 MeV FNAA has now been
completed, and effort has been initiated on the development of APCP's for
thermal neutron prompt y NAA, and for electron linear accelerator
bremsstrahlung photon activation analysis.

By manual scanning of the whole suite of program outputs (e.g., for
the usual 12 sets of stepped t^, t<j, tc conditions), one can
readily note which set provides the best measurement precision for any
given element of interest in that matrix. For elements that form more
than one y-emitting product, the product radionuclide that provides the
best measurement precision for that element, in that matrix, can be
readily seen. For radionuclides that emit y-rays of more than one
energy, the y-ray energy that provides the best measurement precision
for that radionuclide, in that matrix, can also be readily seen. The
same is true for the output of the LOD program: the best Y-ray of the
best radionuclide for a given element, in that matrix, is the one for the
condition set that provides the lowest LOD. It is also planned to
computerize the elucidation of the optimum conditions for each detected
element (or undetected elements of interest, in the LOD program), to
replace the present manual scanning for optimization information.
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ERROR SOURCES INVOLVED IN RADIOCHEMICAL PROCESSING

J.J.M. DE GOEIJ
Interuniversity Reactor Institute,
Delft, The Netherlands

Abstract

Error sources typical for radiochemical processing in destructive
neutron activation analysis of biomédical samples are discussed. Main
asoects considered are: transfer of the irradiated samole from the
irradiation container, addition of carrier, mineralization, chemical
separation, determination of the chemical yield, calibration standards,
blank correction, and contamination control.

1. INTRODUCTION
In radiochemical NAA of biological materials the radiochemical

processing may be a source of errors, both random and systematic.
However, compared with the chemical processing required for other methods
of trace element determination, it has some specific characteristics that
facilitate error control. These are: (1) that contamination with stable
isotopes of the elements of interest does not interfere after the irra-
diation, (2) that the chemical separations can be performed with the
optimum amount of material for a practical separation method due to the
possibility of carrier addition, (3) that the yield of the chemical
separation does not need to be quantitative or reproducible, since it
can be determined for each sample, thus allowing flexibility in the
selection of a separation method with the desired characteristics, and
(4) that it is a tracer technique in itself; thus, the induced radio-
activity, as well as additional tracers, may give information on various
phenomena such as tailing, decontamination, adsorption and volatility
losses. On the other hand, some constraints may arise in radiochemical
processing, that are absent in non-radiochemical work, and these may make
operations more prone to error. For instance, handling of irradiated
biological material may involve high radiation levels (e.g. due to the
presence of 24^a), especially when short cooling times are allowed. In
order to keep the radiation exposure to operating personel acceptable,
sometimes remote handling or a certain degree of mechanization will be
necessary. Furthermore, determination of trace elements via short-lived
radionuclides (e.g. I via 128j or V via 52y) demand very rapid operations.

A large number of radiochemical separations have been designed for
radiochemical NAA of biological materials to meet specific conditions
and criteria. To these the type of matrix involved and trace elements
of interest belong, and further factors such as sensitivity, accuracy,
precision, yield, speed, and possibilities for mechanization or auto-
mation. The various radiochemical separations reported in literature
range from "excellent" to "of little practical value", and many can only
be used for the specific purpose for which they were designed.
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2. ERROR SOURCES IN THE VARIOUS STEPS OF RADIOCHEMICAL PROCESSING
All operations between the end of irradiation and start of the

counting may be characterized as radiochemical processing. The following
operations may be distinguished: transfer of the irradiated sample from
the irradiation container; addition of carrier; mineralization of the
sample; removal of the main interfering activities and/or separation of
the radionuclides of interest; preparation of the counting fraction; and
determination of the chemical yield. In practice, each step in the radio-
chemical processing may cover an operation, a part of an operation, or
combinations of operations or parts of them. Sometimes, a particularstage (e.g. chemical-yield determination) may be omitted. The most
extreme situation is that all but the first step are omitted, e.g. to
get rid of the background activity of the irradiation container used.

delow possible errors in the above-mentioned operations will be
treated for both samples and calibration standards. The subjects discussed
for samples implicitly refer also to standards, unless indicated otherwise.
The attention will be focussed primarily on problems and error sources
more or less characteristic for radiochemical NAA.
2.1. Transfer of the irradiated sample from the irradiation container

Irradiation containers with clean outer surfaces may become contami-
nated with radionuclides during irradiation or afterwards, e.g. from
package material (e.g. wrapped aluminium foil) or handling tools. To avoid
contamination of the sample later on during opening of the container and
sample transfer, these radionuclides should be removed by a washing proce-
dure. For sealed silica ampoules rinsing in hot aqua regia is a proper
procedure.

Radiolysis of organic material during irradiation may lead to a pres-
sure build-up in the container. Depending on the amount and type of sample
as well as on the neutron and gamma dose received, the pressure build-up
may be so high, that appreciable losses of sample material will occur at
the opening of the container. In addition, some radionuclides (e.g.
halogens, Hg) may escape due to their chemical physical state with enhanced
volatility as a result of recoil after the nuclear reaction. Minimization
of both types of losses is possible by cooling the irradiation container
in liquid nitrogen prior to opening, thus strongly reducing the internal
pressure and condensing volatile radionuclides onto the wall. In the
laboratory of the author this procedure is routinely used for biological
samples up to 1 gram wet material and up to 0.3 gram dry material, which
have been irradiated in a neutron flux of 10*3 cm~2 s~* up to 9 hrs and up
to 24 hrs respectively, using silica ampoules with3cm3 internal volume.

Due to irradiation - again depending on the type of material and on
the neutron and gamma dose received - samples may char to tarry substances.
They stick to the container wall and mostly cannot be removed entirely by
mechanical means, but require some kind of dissolution. This dissolution -
which may be the first step in the mineralisation of the entire sample -
leads to the problem that also radionuclides from the container wall may be
leached out, resulting in a positive systematic error. This error (blank
value) may be reduced by thoroughly cleaning of the inner container sur-
face before irradiation, but one has still to take account of radionu-
clides recoiling from the inside of the container material to the surface.
Moreover, using silica ampoules, opening leads to fresh fractures. These
fractures do not only involve higher trace element concentrations compared
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to the well-cleaned outer surfaces, but also vary in area. Thus, anadditional and variable blank is introduced. Also without the occurrence
of sticky material, some kind of leaching of the container is necessaryfor radionuclides which escape from the sample and are deposited on the
container wall. The leaching of the container should be performed at low
temperature, since elevated temperature may involve losses of volatile
elements (e.g. Hg).

In the author's laboratory irradiated silica ampoules are crushed with
an automated pneumatic press, adjusted to ensure a minimum and reproduc-
ible area of fresh fractures. Loss of radionuclides during sample transfer
is prevented by processing the broken silica ampoules together with thesamples in a closed system for a number of steps in the chemical separation
Ll]. The use of high-purity silica ampoules (e.g. Suprasil, Heraeus Quartz-
schmelze, Hanau, FRG) minimizes the trace element contribution. This
contribution is always determined with empty ampoules (blanks), made from
the same batch as the sample ampoules, since ultra-pure silica may be
rather inhomogeneous in trace element composition.
2.2. Stable element carriers

The recoil ("Szilard-Chalmers") effect in nuclear reactions may give
rise to a variety of chemical states of the radionuclide formed, partially
also depending on the chemical composition of the sample. The variouschemical forms sometimes show a slow exchange rate, both mutually and
with the stable element carrier. The recoil effect is of importance for
irradiation of organic molecules, stable complexes, oxygenated anions
(especially for elements with a high electronnegativity, such as the
"metalloids"), noble elements or polyvalent elements in high oxidation
states (e.g. Cr04, MnO|). Often a valency change (predominantly a lowering)is involved, e.g. Au (III) to Au and Cl (VII) to Cl~. Difficulties may
also occur when carrier-free radionuclides are formed, e.g. via thereactions 32S(n,p)32P and 130Te(n,y)131Te ——> 131I. Another effect ofrecoil may be that some radionuclides - especially halogens - may end up
for a (small) fraction as label of organic molecules. Further, as men-
tioned above, due to recoil some radionuclides (e.g. halogens, Hg) mayshow enhanced volatility.

Where radiochemical processing is involved, it is necessary to ensure
that the carrier element and the radionuclide originating from the trace
element of interest are in the same chemical form, so that they behaveidentically in the ensuring separation. Therefore, the radiochemical
separation should include as first step an oxidation-reduction cycle when
the radionuclide to be separated has more than one valence. In many radio-chemical processing procedures this cycle is already built in, since the
mineralization of organic material generally involves reductive conditions
at the beginning and oxidative ones at the end.

It is important to add the carrier as early as possible in the radio-chemical processing, preferably during transfer of the irradiated sample
from the container. The amount of carrier has to be optimized in respect
to the chemical separation involved, and may range from micrograms (e.g.
in Chromatographie separations) to tenths of grams (e.g. in precipitation
separations). In using low amounts of carriers and applying a chemical
yield determination, it should be checked whether the amount of trace
elements in the sample (and also in the standard) is negligible compared
to the amounts of corresponding carrier added. If not, a simple iterative
correction is possible.
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Normally the carrier added is isotopic with the element to be
determined. However, when (n,p), (n,a)5 or (n,f) reactions are involved(e.g. in the determination of Ni via the reaction ^^Ni(n,p)50Co, or of U
via fission products) the carrier should be isotopic with the radionu-
clide to be separated, and not with the element to be determined. The
same applies to separation of daughter products (e.g. in the determination
of Pt via the reaction 198Pt(n,y)I99Pt ——*• 199Au). Finally, also non-
isotopic, but chemically related elements may be applied, e.g. the use
of La in the separation of the lanthanides.
2.3. Mineralization of the sample

The mineralization of organic matrixes is certainly one of the most
critical points in the entire radiochemical processing. Often it is not
easy to demonstrate that the solution obtained is really representative
for the sample and that the radionuclides are present in ionic form
requested for the separation steps to follow. The use of radiotracer in
dummy studies may be helpful to track down error sources. However, this
is only a partial solution, since some of the effects leading to errors
may already have occurred before a complete exchange of the radiotracer
and the compound to be tracered takes place. Otherwise, the same applies
to the carrier added in the actual trace element determination.

Volatilization can be avoided by using closed mineralization systems
(e.g. "teflon bombs", Schöniger combustion flasks, reflux coolers and
traps). It may also be possible to use the volatility of some radionuclides
during destruction as the first onset of a separation by distillation [1].

Exchange or absorption of activity - being present in minute amounts
of atoms - on walls and precipitates is generally not a problem, since
this effect can be reduced by early addition of proper amounts of carriers,
or adjustment of experimental conditions (e.g. low pH, addition of com-
plexing agents and choice of appropriate materials for the mineralization
vessels). However, errors may arise when radionuclides are strongly
absorbed or even diffused into material of the mineralization vessel, e.g.
platinum metal radioisotopes into the platinum holder of the Schöniger
combustion flask.

Residues and colloids - both of inorganic and organic nature - maybe present due to incomplete mineralization. Sometimes they will retain a
substantial part of the radionuclides induced, withholding them from ex-
change with the carrier and thus leading to erroneous results. Moreover,
due to interaction of the mineralization reagents and sample constituents,
new precipitates may be formed (e.g. when using ^04 for calcium rich
samples), co-precipitating other elements. Also in this case a complete
exchange between radionuclide and corresponding carrier may be absent.

Obviously, the inorganic constituents of an organic sample is an
important factor in the selection of the mineralization procedure. However,
one has to reckon with unnoticed errors for samples which are apparentlytotally organic. For instance, in a routine chromium determination in a
sample of brewer's yeast only 30 percent of the induced 51Cr activity
could be dissolved by a rather severe destruction procedure with
and HC104. This effect - which was shown to be due to the presence ofsilica and alumina later on - was detected, since the sample was a
reference material and the certified value for chromium could not bereached [2].
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Since colloids and precipitates generally mess up chemical separations,
it is recommended to trap them beforehand, e.g. by f i l t ra t ion or centrifu-
gation. If present, their content of radionuclides of interest has to be
checked, either by direct measurement with a Ge(Li)-detector or after
dissolution ( a l k a l i n e fus ion, treatment with HF or HC1) followed by a
chemical separation. If necessary, the solution result ing from the dis-
solut ion of the separated solid material should be added to the mineral-
izat ion of the organic sample. Insertion of such an operation may become
a routine step after the minera l iza t ion for part icular samples (e.g. bone
m a t e r i a l ) .

2.4. Chemical separations
Once sample transfer, equilibration of the carrier and mineralization

of the sample have been properly performed, there are a few error sources
in the chemical separations. Variation in the chemical yield - an old
problem in analytical chemistry - is not necessarily an error source,
since the yield of the separation can be determined afterwards and cor-rected for.

Separation techniques frequently used in NAA are among others
precipitation, extraction, ion-exchange, selective adsorption and dis-tillation. The chemical separations may be performed in various ways,
ranging from only removal of one or a few main interfering radionuclides
(e.g. Na with the use of Hydrated Antimony Pentoxide) via a separation
of a group of radionuclides of interest, to production of a variety of
fractions each with one or two radionuclides. The proper design of a radio-
chemical separation procedure requires information on the sample compo-
sition, but elemental make-ups of many biological materials have so much
in common that general procedures can be worked out. The design is also
dependent on the counting conditions, particularly whether a Ge(Li)-
detector or a NaI(Tl)-detector will be used for counting.

Since the introduction of Ge(Li)-detectors and computer programs with
peak-shape checks, insufficient radiochemical decontamination will general-
ly not remain undetected in the gamma spectrum, especially when also half-
lives are checked (although this is not so popular in routine work). Thus,
adequate measures can be designed to improve radiochemical purity of the
counting fractions. Interfering radionuclides may be present in minute
amounts, making their behaviour rather unpredictable and irreproducible.
They are liable to get adsorbed onto walls and suspended matter, or may
show enhanced volatility (e.g. Au, Pt). Addition of ("hold-back") carrier
will help in controlling their behaviour, facilitating their selective and
complete removal. The good sorption properties of trace amounts of inter-fering radionuclides may be used for their removal by "scavenging" oper-
ations, e.g. removal of traces of Mn by precipitation with Fe(OH)3.

Compared to instrumental NAA, radiochemical NAA has the advantage
that the counting geometry will be the same for all samples and standards,
thus improving the precision and accuracy of the method. However, some
fractions to be counted (e.g. taken from ion-exchange resin columns) may
be inhomogeneous in radionuclide content and have to be homogenised to
avoid decreased precision. In extraction separations, changes of the
volume of the organic phase due to penetration of the solvent (especially
CHC13, CCl^) through the walls of polyethylene vials may cause errors,
particularly upon long standing prior to counting.
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2.5. Determination of the chemical yield
flost modern separation procedures - either manual or mechanised - are

designed for a high and reproducible chemical yield of the carrier added,
so that a yield determination becomes unnecessary. A coefficient of
variation in the yield of a few percent is generally quite acceptable in
view of other variations in the NAA procedure (e.g. due to flux gradients,
counting statistics) as well as of the biological variation present in
the majority of biological samples. However5 when accuracy and precisionare a conditio sine qua non - e.g. in case of certification of reference
materials - individual yield determinations may become necessary. Another
need for yield determinations is in speedy work with short-lived radio-
nuclides or in complicated separations to achieve ultimate sensitivity,
which both have the risk of unacceptable large variations in the yield.

For the yield determination one may use various analytical methods
with good accuracy and precision available in the average laboratory,
e.g. titrimetry, gravimetry and spectrophotometry. Since the counting
fractions are radiochemically rather pure, the same applies largely to
non-radioactive elements, thus minimizing interferences in the yield
determination. The analytical technique - together with the amount ofcarrier and the chemical separation procedure - has to be matched withthe matrix composition. For instance, in a Sr determination gravimetric
measurement of Sr yields via a SrSCty precipitate may give too high results
for calcium-rich samples by co-precipitation of CaSCty. Otherwise, the
yield determination is susceptible to the normal hazards for the variousanalytical techniques used.

The yield determination may also be performed via two radiochemical
methods, though not being frequently used. The first method is re-activation
of the counting fractions, preferably after some decay of the activity.
The second one is application of a carrier labelled with a known amount of
a radionuclide isotopic with the radionuclide of interest, and measurement
of both radionuclides in the gamma spectrum (e.g. addition of ^As in the
As determination via the reaction 7̂ As(n,y) As) [3]. The second method
involves a compromise between good measurability of the added radiotracer
radionuclides and no deterioration of the gamma spectrum. The precision
mainly involves counting statistics of the tracer radionuclide. On the
other hand, errors in counting - such as differences in counting geometry
and dead-time losses - are automatically compensated for. The aspects of
precision and accuracy of both methods are dealt with by Heydorn [4].

Finally, a substoichiometric approach of the chemical separations may
make a yield determination superfluous, sometimes with the possibility of
improving the radiochemical purity, and thus enhancing the accuracy. For
instance, in the determination of traces of I, the carrier I may be pre-
cipitated by equal but substoichiometric amounts of Ag, leading to equal
amounts of Agi, and leaving some I unprecipitated. Since the compounds AgCl
and AgBr have a larger solubility product than Agi, radioisotopes of Cl and Br
will not easily coprecipitate with Agi, since they have to compete with excess
I in solution [51. If excess of Ag was added - as is normal in analytical chem-
istry-Cl and Br radioisotopes would have been precipitated.
2.6. Calibration standards

Calibration in NAA may be performed in two ways, viz. directly via
irradiation standards (prepared in the laboratory with one or more ele-
ments) and indirectly via a "single-element comparator"; in the latter
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approach the comparator is calibrated against a standard i'n a separate
experiment. It is of importance that the treatment of the standard (eitheras direct irradiation standard or for calibration of the comparator)
follow as much as possible the same procedure as the sample.

When feasible, the standard should approach the sample in matrix
composition. However, quite often acidified solutions are used - in liquid
or evaporated form - without any organic material. In the processing of
the irradiated standards it may be advantageous to add inactive sample
material prior to mineralization to minimize possible differences with
the sample during the radiochemical processing. For instance, without
addition of organic material the reductive conditions - being a part of
the reduction-oxidation cycle - will be absent during charring as a first
step in mineralization.

Solvents used for preparation of standards - usually mineral acids
like nitric acid or hydrochloric acid - may introduce systematic errorswhen they are present in substantial amounts, due to e.g. enhanced vola-
tility (e.g. chlorides of Hg, As, Sb, Se and Sn) or to formation of
precipitates (e.g. AgCl).

The amounts of elements in the standard should be preferably of the
same order of magnitude as in the sample to be analysed, or higher when
required for a correct dosage or an accurate peak measurement for the
corresponding radionuclide in the gamma spectrum. However, the amounts of
elements in the standard should not be larger than the amounts of the
corresponding carriers to be used later, which are sometimes small forparticular types of chemical separations.
2.7. Contamination

A serious source of errors may be contamination with the radionuclides
of interest during the chemical separations, especially when samples with
low levels of induced radioactivity are involved.

Mutual ("cross") contamination of standards and samples can be
avoided by keeping standards and samples apart in the chemical processing.
However, strong differences in induced activity may exist also between
samples, without being known beforehand. For instance, in a study of
mercury in marine material by the author, the highest and lowest levels
observed within one run differed by a factor of 2*1C)6.

Another source of contamination is residual activity from previous
separations. Therefore, adequate cleaning operations have to be selected
and tested, as far as non-disposable laboratory ware is concerned. Further,
the use of such cleaning operations should be strictly enforced. The
required decontamination will depend on the allowable error and on the
variability of the levels of activity of interest. For instance, a residual
activity of 10~4 percent (which will appear rather good at the first glance)
of the above mentioned high-mercury sample ending up in the low-mercury
sample will still result in a two-fold increase in the latter. Some radio-
nuclides may show tenacity; they do not only adsorb on the walls, but also
penetrate into them, e.g. Br, I and Hg in polyethylene, and Ag in glass at
elevated temperatures (for evaporation of sulfuric acid). In the laboratory
of the author cleaning of glassware in an ultrasonic bath with hot alkaline
detergent proved to be adequate for routine use.

A special problem may arise in cleaning parts of automated or strongly
mechanised equipment, which cannot be dismounted for cleaning. This problem
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may be solved by running one or more blank runs between the samples to be
separated. In the blank run the chemical procedure is repeated after
addition of carriers. As a check of the decontamination one may (insert an
additional blank run from time to time, and) measure the resulting frac-
tions for their radioactivity.

The risks of contamination, especially by longer-lived radionuclides
(e.g. 60Co, 6$Zn) can be minimized by using small amounts of activity in
tracer experiments and by keeping the amount of trace elements in the
standards low. When only short-lived radionuclides are involved (e.g.
with half-lives up to a few days) the level of residual activity may be
reduced by allowing the equipment to cool for some time. However, thiswill be at the expense of larger number of equipment pieces being in
circulation.

3. CONCLUDING REMARKS
As outlined above, radiochemical processing in NAA may be a source

of various errors, some of which are additional to the usual errors
encountered in analytical chemistry. In contrary to other error sources
in NAA (e.g. flux variations, self-shielding, gamma-ray attenuation, and
counting statistics) those in the radiochemical processing do not lend
themselves well to an a priori estimate with the help of a physical model,in which the error can be mathematically expressed. However, an a priori
estimate of the magnitude of random errors is possible as demonstrated by
Heydorn [6].

On the other hand, many error sources are readily accessible for
practical investigations, where the use of radiotracers is very helpful.
Most of the errors may be kept to a minimum by design of an appropriate
radiochemical processing procedure and maintaining high laboratory
standards in performing all required steps. The latter also encloses
prevention of trivial errors in the measurement of the basic physical
quantities of weight and volume, as well as errors due to faulty operations
(e.g. incorrect adjustment of pH, incomplete centrifugation, overheating,
decayed reagents and spills).

Insertion of blanks and certified reference materials as well as
incidental use of radiotracers in dummy studies are useful measures for
error control. In addition, one may use the ETZR-method [71, being
routinely used in the author's laboratory for analytical quality control.
ETZR (element-to-zinc-ratio) values are derived from the activity of a
piece of zinc metal irradiated together with multi-element standards and
samples, and is defined as "the decay-corrected activity per microgram ofelement divided by the decay-corrected activity of 65Zn per milligram of
zinc". ETZR-values for a given element should be nearly constant, and
their coefficient of variation is indicative for the overall precisionof the radiochemical NAA method (except that in trace element determina-
tions due to low activities larger imprécisions may be present). Any
sudden of gradual change in ETZR-values indicate a change in the ex-
perimental conditions with the possibility of decreased accuracy or
precision. Examination of ETZR-values for a particular element with time(over various runs) and comparison of ETZR-values for the elements
mutually within one run may reveal defects in the radiochemical processing
procedures. A practical example: addition of decayed \\2®2 in a particular
step of a multi-element determination caused a reduced yield for Cu (with
the risk of a larger coefficient of variation). This reduction would not
have been so evident from the Cu value obtained for the reference
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materials involved, since this material and the standard were processed
in the same run and thus both were subject to the yield reduction.
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GAMMA-RAY SPECTROSCOPY IN NEUTRON ACTIVATION ANALYSIS
SOURCES OF ERROR

M. DE BRUIN
Interuniversity Reactor Institute,
Delft, The Netherlands

Abstract

The errors resulting from the gamma-ray spectrometric part of a
neutron activation analysis may contribute considerably to the total
analytical error. The major sources of these errors are discussed,
including those associated with geometry, dead-time, summation and
pile-up, detection and calculation of spectrum peaks and their assignment
to specific radionuclides.

1. INTRODUCTION

The IAEA has through its Analytical Quality Control Program made
available a considerable amount of information which gives insight into the
real capabilities of trace element analytical procedures. Like the results
from many other intercomparisons, they reveal the limited reliability of the
commonly used analysis techniques. The conclusions from various IAEA inter-
comparisons for the trace element analysis of biological materials have
recently been summarized by Parr ^.

The results of two recent IAEA intercomparisons with Animal Muscle
(H-4) ' and Animal Bone (H-5) ' indicate no significant quality difference
between the results obtained by neutron activation analysis and those
obtained by other analytical techniques. This is surprising since neutron
activation analysis has some important advantages when compared to other
methods: few matrix effects, low contamination risk and the possibility of
adding carriers prior to chemical separations. The lack of reliability even
applies to instrumental neutron activation analysis (INAA), which can be
considered as the most straightforward mode of NAA. This is clearly
demonstrated by the results reported by laboratories using INAA in the inter-
comparison runs of the reference materials H-4 and H-5. Table 1 summarizes
the results reported for some selected elements which are generally con-
sidered as very suitable for determination by INAA. The table lists for each
of these elements the number (N) of laboratories which submitted results
obtained by INAA, and ratio (R) between the highest and lowest value
reported. It can easily been seen from this table that in practice the
accuracy of INAA (and all other trace element analytical techniques) is
still far from the i 10%, which figure is often quoted when analytical
data are provided. Even when restricting ourselves to the data supplied by
laboratories which are regarded by the IAEA as "highly experienced", the
performance is only slightly improved. Apparently, important sources of
errors associated with INAA are still overlooked or underestimated by many
analysts. The aim of the present contribution is to highlight some of these
sources of errors. Thereby, most attention will be payed to problems
associated with the use of semiconductor detectors. Because scintillation
detector spectrometers are less sensitive to errors related with i.e.
count rate, dead-time, pile-up and geometry, the problems adhering to the
use of scintillation detectors are limited mainly to the spectrum inter-
pretation step.
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In a Y~ray spectrometry procedure applied to (I)NAA, three basic steps
can be distinguished:
a. a measurement yielding a pulse-height distribution which reflects the

energy spectrum and intensity of the radiation emitted by the activated
sample;

b. the spectrum analysis, comprising the conversion of the pulse-height
distribution into sets of y-ray energies and related intensities;

c. the spectrum interpretation, which is the assignment of the sets of
energies and intensities to the associated radionuclides and their
quantities.

Some of the errors possibly introduced in these steps will be discussed in
the next paragraphs.

2. MEASUREMENT

2.1. Introduction
The measurement of a radioactive sample as part of an activation

analysis should result in a pulse-height distribution reflecting quantita-
tively both energies and intensities of the radiations emitted by the sample.
This can only be achieved if the spectrometer energy response and efficiency
are sufficiently stable under the expected measuring conditions.

The components of the spectrometer have to be interconnected according
to the instructions in the manuals and the spectrometer settings optimized
for the relevant energy region and count rate regime. Tests of the stability
of the spectrometer characteristics should be carried out prior to its use
in analyses. During actual use care has to be taken that the limits of
acceptable operating conditions of the spectrometer (count rate, ambient
temperature, etc.) are not exceeded. If this occurs, the spectra must be
disregarded because they might be inaccurate. Moreover, regular tests
should be carried out to verify spectrometer performance. Thereby, peak
shape deterioration can be regarded as an early warning for spectrometer
malfunctioning.

In the next paragraph some potential sources of errors in gamma-ray
measurements will be discussed. It is thereby assumed that the spectrometer
components are free of technical failures and that they are set carefully,
according to the manufacturers recommendations.

2.2. Geometrical errors
In order to optimize the detection efficiency, samples are often

counted very close to the detector. But at short sample-detector distances,
the efficiency strongly depends on this distance (fig. la). When a sample
is placed directly on the cap of a Ge(Li)-detector, a 1 mm change in
distance results in a (slightly energy dependent) change in the efficiency
of the order of 5%. A 1 mm change in sample height leads to an efficiency
change of appr. 2%. Therefore, measurements with the samples close to the
detector are allowed only when both sample position and sample dimensions
are precisely reproducible and identical for samples and standards. Other-
wise, the measurements have to be carried out with larger sample-detector
distances, i.e. larger than the detector diameter, where the geometrical
errors are substantially lower. The use of a well-type detector will also
limit the extend of geometrical errors '. This detector type allows for
measurements with a high detection efficiency, which is within certain
limits independent of sample height and position (fig. Ib).
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2.3. Sample self-attenuation
When measuring samples of finite size, part of the radiation will be

absorbed in the sample itself and thus be prevented from reaching the
detector. This effect leads to a change in counting efficiency, depending
on sample size, density and composition and on photon energy. It will be
clear that this may result in appreciable analytical errors when sample
and standard are not identical in both dimensions and matrix composition.

When analyzing one hundred mg samples of low Z materials such as
biological specimens or silicates, the effects of self-absorption can be
neglected for photon energies above 100 keV. But for larger samples, for
high Z materials and when measuring low energy photons, certain measures
have to be taken in order to avoid inaccuracies in the analysis results,
such as:
a. use of samples and standards with identical dimensions, density and

matrix composition^';
b. calculation of the sample self-absorption from the known sample dimen-

sions, density and composition;
c. experimental determination of the sample self-absorption from trans-

mission or backscatter measurements^);
d. calculation of the self-absorption from changes in the actual sample

spectrum ' .
The first two methods require a priori knowledge of the sample composition.
Application of the last two methods implies a complication of either measure-
ment or spectrum analysis procedure. If no such special measures are taken,
the sample size has to be so small that errors due to self-absorption stay
within the limits set by the required analytical precision.
2.4. Correction for dead-time and pile-up losses

Dead-time and pile-up are the basis of what seems to be one of the
most pertinent problems associated with quantitative gamma-ray spectrometry.
Both effects lead to a lowering of the counting efficiency, depending on
event rate, pulse-height distribution and instrument settings. The most
commonly used methods for correcting for dead-time and pile-up losses are:
a. use of a time reference peak in the spectrum originating from a pulse

generator connected to the spectrometer or from a fixed radioactive
source;

b. use of the dead-time correction circuit in a multi-channel pulse-height
analyser, eventually combined with a pile-up rejector.

The results of the IAEA Intercomparison of "High Precision Gamma-Ray Spectro-
metry" allow for the comparison of the performance of these two techniques.
The report concerning this intercomparison^) lists for different dead-time
correcting methods a parameter "Average Ratio" which is a measure for
count-rate dependent errors in the measurements, due to e.g. inadequate
correction for dead-time and pile-up. This "Average Ratio" has a value of 1
in cases where such errors are absent. Fig. 2 shows the frequency distri-
butions of the "Average Ratios" of the results reported by laboratories
using the pulses/source method for dead-time and pile-up correction (a) or
a dead-time correction circuit, sometimes in combination with a pile-up
rejector (b). These results underline once more the observation made in
many previous publications that the pulser or source method gives a much
better correction for dead-time and pile-up losses than correction by
electronic means with a dead-time circuit, even when it is used in combina-
tion with a pile-up rejector.

It is advisable, that for each gamma-ray spectrometer, the performance
at increasing count rates is tested prior to its use in quantitative gamma-
ray spectrometry. Such a test can be carried out conveniently by measuring
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a fixed source of high-energy radiation (e.g. bCo) in the presence of an
increasing amount of radiation of lower energy (e.g. from '-*'Cs). An
example of the sometimes rather surprising results from such tests is shown
in fig. 3. This figure refers to the count rate performance of a gamma-ray
spectrometer consisting of a commercially available detector, amplifier and
multi-channel analyzer. The spectrometer was tested for use with the built-
in dead-time circuit or the pulser method, both with and without an addition-
al pile-up rejector. The results obtained with the pulser method without
pile-up rejector and with the dead-time correction circuit in combination
with the pile-up rejector are comparable, the first one being slightly
better. But the use of the pulser method in combination with a pile-up rejec-
tor is apparently forbidden, likely because of differences in the shapes of
detector and generator pulses.

Additional problems occur when measuring mixtures of radionuclides with
strongly differing half lives, which decay considerably during measurement.
This is often the case when using short half life nuclides in an activation
analysis procedure. Even when the overalll correction for dead-time and
pile-up is correct, the correction of the count rates of the individual
nuclides can be wrong due to overcompensation for nuclides with longer and
undercompensation for nuclides with shorter half lives^/. Proper correction
for this effect requires the use of dedicated electronic units'"»'*' or
additional computer processing of the measured spectra '.

2.5. Event rate dependent changes of the spectrometer response
Individual gamma-ray spectrometer components such as (pre-)amplifiers

and ADC's operate properly only within specified pulse rate limits. Exceeding
these limits will result in detoration of the spectrometer characteristics.
Loss of energy resolution or peak symmetry are easily observable. Less
apparent but not less severe are energy dependent changes in counting
efficiency sometimes occurring before any peak shape detoriation is observed.
In general, the major part of the radiations to which the detector is
exposed, is recorded, so that the total event rate easily can be monitored.
But in specific spectrometers, such as used when measuring X-rays and low
energy gamma-rays, only a limited part of the spectrum is processed. Than
the actual event rate can be appreciably higher than the count rate as
estimated from the recorded spectrum. In such situations pulse rate limits
for proper equipment performance may be exceeded without notice. Event rate
dependent changes of the counting efficiency can easily be monitored by
measuring the area ratios of peaks from a single isotope with increasing
levels of high-energy radiation. Table 2 lists the relative peak area
(normalized to 100 for the 122 keV peak) in spectra of ^Co measured on
increasing backgrounds of radiation from "̂ Co. These data clearly show the
lowering of the effective counting efficiency at low energies and the
considerable differences between spectrum count rate and actual event rate.
It should be noticed however, that low energy photon spectrometers are
especially sensitive to event rate effects, because of the long amplifier
time constants required for optimal energy resolution.

2.6. BremsStrahlung
o OHigh energy ß-radiation emitted in the sample by e.g. J P may give

rise to the formation of Bremsstrahlung. This shows up in the spectrum as
a continuous background and affects the precision of peaks at lower energies.
The formation of Bremsstrahlung can be reduced considerably by surrounding
the sample with an appr. l g cm~2 thick absorber of low Z material (plastic).
Such an absorber is not required when measuring aqueous or organic solutions
of several cc since than the solvent acts as absorber.
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3. SPECTRUM ANALYSIS

3.1. Introduction
The spectrum analysis in gamma-ray spectrometry comprises the detection

of the peaks in the recorded spectrum, calculation of peak positions and
peak'areas, and the conversion of these data into peak energies and (rela-
tive) intensities. It is assumed to be clear that the statistical errors
inherent to all radioactivity measurements have to be accounted for, using
the well-known error propagation laws. Therefore no attention will be paid
to this subject in the further discussions.
3.2. Peak detection

Overlooking peaks in the peak detection procedure leads not necessarily
to errors in the final analysis results. If an isolated peak remains un-
noticed, which easily may occur with small peaks just above the background
noise, the consequences are in general limited to the missing of a concentra-
tion value which otherwise should be just above the detection limit and of
bad precision.

The situation is different for sets of closely spaced peaks (multiplets).
Handling multiplets is a difficult task for most spectrum analysis proce-
dures and often only part of the peaks in a multiplet is detected. This
may seriously affect the reliability of the analysis results, unless it is
kept in mind during spectrum interpretation that all observed peaks
potentially consist of more than one single peak.

When peaks are detected which are in fact non-existent, these peaks
are generally unmasked and skipped in the peak area calculation procedure.
3.3. Calculation of peak position and peak area

Errors in the estimation of peak positions turn out to be small. They
appear proportionally in the peak energy but will not propagate into the
final result provided that the uncertainty in the peak positions is kept
in mind during spectrum interpretation.

For the peak area calculation the situation is comparable to that
observed for the peak detection. Most methods yield sufficiently accurate
and precise results for isolated peaks. But for peaks forming parts of
multiplets, the errors in the calculated peak areas may be large. For
elements which are determined on basis of one radionuclide with only a few
peaks in the gamma-ray spectrum, such an error in the area of one peak may
lead to an equally large error in the finally calculated concentration.

For elements which presence gives rise to multiple peaks in the spectrum,
checking of the ratios of the calculated peak areas allows for the detection
of peak areas determined with excessive error, so that such wrong data can be
omitted in the final concentration calculations.

Many methods are in use for the calculation of peak areas, ranging from
straightforward peak integration and background substraction to rather
intricate peak fitting routines. The results of the IAEA Intercomparison
of "Methods for Processing Ge(Li) Gamma-Ray Spectra"'-*) give some insight
in the performance of these various methods in practically applied gamma-ray
spectroscopy. For isolated peaks, all methods yield acceptable results. But
for multiplets, fitting routines are remarkably better than other procedures.
These latter methods, not based on the use of peak fitting routines, must be
regarded as inadequate for the handling of multiplets in gamma-ray spectra.
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This implies that when applied in NAA, these methods yield reliable results
only for those elements which can be determined on basis of free standing
peaks. This situation seldom occurs when measuring an activated sample
without any chemical pre-treatment.

In most fitting procedures the peaks are fitted with a Gaussian or a
modified Gaussian as peak shape function, thereby neglecting the contribu-
tion from the natural line shape to the overall peak shape. This approach
is correct for gamma-ray peaks. But when measuring X-rays with the presently
available high resolution X-ray detectors, peak shape deviations become
apparent which are associated with the natural X-ray line shape. Fitting
of such peaks may require the use of a specially adapted peak shape func-
tion'̂ ). The same applies to annihilation peaks, which are appreciably
broader than a gamma-ray peak at corresponding energy. The applicability
of various peak shape functions has been discussed recently by Prussin'̂ ).
3.4, Calculation of peak energies and intensities

Errors in the conversion of peak positions into energies mainly origi-
nate form gain instabilities of the spectrometer. To obtain sufficient
long-term gain stability, changes of the ambient temperature in the counting
room have to be avoided. Short-term gain instabilities due to count rate
changes can be reduced for a great deal by carefully selecting amplifier
and DC-restorer settings which give optimal stability under the relevant
count rate regime. Any remaining count rate shifts can be corrected for
by internal recalibration of the individual spectra on basis of easily
recognized and well determined peaks in the spectrum.

For sufficient precision, the energy calibration curve has to be based
on 10-15 points, well spread over the relevant energy interval. Deviations
from linearity in the spectrometer response can be compensated for by fitting
the calibration points with a 3rd of 4th degree polynomial.

The conversion of peak areas into (relative) intensities is only rele-
vant for those methods of NAA which are not based on direct comparison of
samples and standards. The problems encountered in the area - intensity
conversion depend on the detection efficiency of the spectrometer. For
spectra measured with low efficiency, where summation effects can be
neglected, no difficulties arise in the estimation of the (relative)
efficiency curve and the calculation of (relative) intensities. But when
measuring with high efficiency, peak areas are influenced by summation
effects in a hardly predictable way, leading to large systematic errors
in the conversion of peak areas into gamma-ray intensities'**). It is there-
fore advisable for spectra measured with the sample close to the detector
or in a well-type detector, to use the peak areas as such without conversion,
and compare them directly with spectra of standards measured under identical
conditions. The most significant problems in efficiency calibratons were
summarized recently by Helmer'?).

4. SPECTRUM INTERPRETATION

4.1. Introduction
In the gamma-ray spectrum interpretation procedure, the peaks observed

in the gamma-ray spectrum are assigned to specific nuclides on basis of
their energies and intensity or peak area ratios, with additional restrictions
connected with half lives and possible activation processes. Most of the
potential sources of errors in the spectrum interpretation can be regarded
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as common knowledge. Major points to be kept in mind are:
a. a sufficiently large energy window around the calculated peak energy

should be used, in order to account for the possible error in the peak
position calculation and for the occurrence of spectrum shifts;

b. every peak should be regarded as possible multiplet;
c. in case of multiple assignments of a peak, unique assignment to a nuclide

is possible only when it can be proven that contributions from other
nuclides are absent;

d. it should be noticed that in addition to gamma-ray photopeaks a spectrum
may contain additional peaks such as annihilation and escape peaks,
X-ray peaks, X-ray escape peaks, sum peaks and pile-up peaks;

e. the possibilities of checking peak assignments when multiple radionuclides
are formed from one element or when a radionuclide has been observed in
different spectra of the same sample, should fully be exploited;

f. adequate correction should be applied for the background radiation com-
ponent in a spectrum;

g. the effects of summation should be taken into account properly.
The further discussion will be limited to the errors specifically associated
with impure peaks, additional peaks, summation effects and contributions from
background radiation.
4.2. Impure peaks

Every peak should be treated as a potential multiplet, unless it can
be proven that contributions from other nuclides are absent. This is
particularly important for the broad peaks in spectra obtained with
scintillation detectors. When using such a detector, it is recommended to
carry out an additional qualitative measurement with a semiconductor detec-
tor spectrometer to verify spectral purity. If the sample activity is too
low for a meaningful additional measurement, one has to rely on a careful
inspection of the scintillation spectrum and, if applicable, on the efficien-
cy and reproducibility of chemical separatons.
4.3. Additional peaks

It should be noticed that in addition to gamma-ray photopeaks a spec-
trum may contain additional peaks such as annihilation and escape peaks,
X-ray peaks, X-ray escape peaks, sum peaks and pile-up peaks.

The annihilation peak originating from positrons emitted by radionu-
clides present in the sample can be used to quantify these radionuclides.
But one has to make sure that all positrons are stopped and annihilated in
or very close to the sample. The annihilation radiation from positrons
resulting after pair-formation during absorption of high energy gamma-rays
in the sample and its surroundings does not reflect quantitatively any of
the activities present in the sample. Its intensity depends on the energies
of the emitted gamma-radiations, size and composition of the sample and on
dimension and composition of any objects near sample or detector. Therefore,
special care should be taken when correcting for this parasitary contribu-
tion to the annihilation peak due to positron emitting nuclides in the
sample.

For the sum peaks and escape peaks it should be kept in mind that their
relative intensities do not reflect a nuclear property, but detector
properties and the detection efficiency. These peaks may only be used in
a quantitative evaluation of a gamma-ray spectra by comparing them with
peaks in spectra measured under identical conditions (see also the next
section).
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4.4. Summation effects
The detection efficiency of the currently available Ge-detectors is so

high that considerable summation effects occur when counting a sample close
to the detector. These effects may give rise to appreciable deviations of
peak area ratios from what can be expected on basis of gamma-ray emission
probabilities. In some cases new peaks can be observed, due to summation
of gamma- and/or X-rays, which are not indicated in any catalogue.

Changes of the peak area ratios may lead to large errors when sub-
stracting the contributions of nuclides to mixed peaks on basis of peak
area ratios. Such a situation occurs in practice when determining Hg on
203Hg in a sample also containing ̂ ŝe. Normally, the ̂ ^Se-contribution
to the 279 keV peak of 203jjg can j,e substracted on basis of the ̂ ^Se peaks
at 264 or 400 keV and the known intensity ratios of the 264, 279 and 400
keV gamma-radiations. But as is shown in table 3, these ratios become
dependent on the sample-detector distance due to summation effects when
measuring close to the detector. As illustration, from these data one can
easily calculate, for a 279 keV peak with equal contributions from '->Se and
20->Hg, the error which is introduced in the resulting Hg-concentration
figure when substracting using wrong peak area ratios. For a sample
measured at 1 cm from the detector, substraction on basis of peak area
ratios established at 0.5 or 2 cm distance leads to errors of ± 2% and
± 25% when using the 264 or 400 keV peak as reference respectively.

Another possible error due to summation effects is the wrong assignment
of pure sum peaks. Figures 4a and 4b show spectra obtained from neutron
activation products of Hg (197Hg, 197mHg and 201Hg) as measured at dis-
tances of 10 and 0.5 cm form a 15% Ge(Li)-detector respectively. In the
second spectrum "new" peaks of appreciable height appear, mainly due to
summation of X- and gamma-rays, which are not listed for these isotopes
in any currently used gamma-ray table. When such peaks are not recognized
as sum peaks, they are easily assigned to not related isotopes.

The two examples of consequences of summation effects illustrate that
with the currently available highly efficient Ge-detectors summation may
affect considerably measurements of gamma-ray spectra. The most effective
way to avoid excessive errors resulting from these effects appears to be
the use of spectrum parameters (energies and peak area ratios) as measured
under exactly the same geometrical conditions as to be used in the measure-
ments as part of the analytical procedure. If this solution is regarded to
be too laborious, the only alternative is to carry out all measurements with
such large sample-detector distances that summation effects become negligible.
However, the lower counting efficiency will lead to loss of analytical
sensitivity, unless compensated by increased counting times.

When using a well-type detector, additional complicating effects may
occur, associated with its extremely high detection efficiency'"'.
4.5. Background radiation

The spectrum resulting from the measurement of a radioactive sample
represents not only the radiation emitted by that sample, but also radiation
from other origins. This radiation, commonly referred to as background
radiation, may include contributions from cosmic rays, natural activities
present in construction materials of counting room and equipment, samples
present in the counting room and radioactive contaminations of the detector.
When using an unshielded detector, the most prominent peaks in the back-
ground spectrum are due to the natural radioactivity associated with the
presence of K, Th and U in the building materials. Insufficiently shielded
sample storages may also contribute considerably to the background spectrum.
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The height of the background spectrum can strongly be reduced by using a
lead shield surrounding the detector. When the detector is not contaminated,
the major peaks in the background spectrum are the annihilation peak,
resulting from interactions of high energy (cosmic) radiation in the lead
shield, and peaks from natural and artificial radionuclides present inside
detector and shield (40K, 137Cs).

When discussing actions to be taken in order to avoid errors caused by
the background radiation, distinction has to be made between the part of the
background spectrum which can be considered as constant for a given spectro-
meter set-up, and the part that varies in time.

Constant part of the background spectrum. This concerns contributions
from cosmic radiation and (natural) activities present in construction
materials of counting room and equipment. Once this constant background has
been measured, each actual sample spectrum can be corrected for it. It should
however be kept in mind that slight variations in this background component
may occur since the diffusion of the gaseous intermediates in the radio-
active series from e.g. concrete is influenced by temperature and ventilation
in the counting room.

Varying part of the background. Contributions to the background form
samples present in the counting room, or from activity present as contamina-
tion on the detector, may strongly change in time and therefore need regular
monitoring. Daily background measurements will reveal the presence of time
dependent background contributions so that proper action can be taken. It
should be noticed that even for heavily shielded detectors, contributions
from samples present in the counting room may be observable, when many of
the samples have the same radionuclide as major component. This often applies
to nuclides used as comparator or for flux monitoring purposes.

5. CONCLUDING REMARKS

In the foregoing discussion on errors in activation analysis, no attempt
has been made to give a complete survey of all errors which might be intro-
duced in a gamma-ray spectrometric procedure. The few examples discussed
are meant to illustrate that gamma-ray spectrometry well may account for an
appreciable part of the inaccuracies mentioned in Ch. I, and therefore has
to be considered as carefully as all other steps in an activation analysis
procedure. Moreover, these examples represent sources of errors which are
in the authors opinion often overlooked by activation analysts.

The author wishes to thank P. Bode for his contributions to this publication.
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Table 1. Results Intercomparisons H-4 and H-5 obtained by INAA
(see text).

element

Ca
Cl
Cr
Fe
Mg
Mn
Na
Zn

H-4

all labs
N R
3
14
6
18
8
13
16
19

2.1
1.8

40
2.3
1.8
5
1.9
1.6

H-5

all labs
N R
12
12
9
13
10
7
15
15

4
2.5*
40
12**
4
7
1.8
1.7

highly ex-
perienced labs
N R
7
5
5
7
4
3
6
8

4
2.5*
10
2.0**
4
3
1.8
1.7

**two extreme values omitted in the calculation of Rone extreme value omitted in the calculation of R

Table 2. Peak areas (relative to peak at 122 keV) for 57Co when
counted with increasing activities of

spectrum
count rate

c.p.s .

400
600
1000
1600
2300
3900
4900

total
event rate
p. p.s.

450
860
1800
3100
5300
8600

11000

peak areas
14 keV

10.8
10.2
9.8
9.6
9.2
8.3
8.7

1 pulser
eq. 20 keV

24.4
23.2
22.1
21.5
20.5
19.8
19.9

122 keV

100
100
100
100
100
100
100

136 keV

13.5
13.4
12.9
13.3
13.5
14.2
13.3
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Table 3, Peak area ratios for '->Se measured at
different distances from a 15% Ge(Li)-
detector.

source-detector
distance (cm)

0.5
1.0
2.0

peak area ratio

279 keV
400 keV

1.44
1.69
2.11

279 keV
264 keV
0.425
0.422
0.415
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Fig. 1. Photopeak officiency of a solid (a) and a well-type (b)
Ge(Li)-detector for 1330 keV gamma-rays from a point
source at varying distances from the detector and from
a line source of varying length.
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INTERNAL QUALITY ASSURANCE IN
BIOMEDICAL NEUTRON ACTIVATION ANALYSIS

K. HEYDORN
Isotope Division,
Ris0 National Laboratory,
Roskilde, Denmark

Abstract

In neutron activation analysis standard deviations of individual re-
sults are estimated from a priori precision and counting statistics, and
sample heterogeneity is taken into account by a sampling constant. Stat-
istical control means agreement between observed and estimated variability;
additional sources of variation, including contamination during sampling,
are detected by stepwise application of the Analysis of Precision.

1. INTRODUCTION

Perhaps the most important characteristic of a measurement is its un-
certainty, and a result whose uncertainty is unknown is worthless. It cannot
be used to draw valid conclusions; worse, it is dangerous because it may be
misused and lead to false conclusions [l ].

The statement of uncertainties has been the subject of many discussions
in the past, but in 1981 the Comité Internationale des Poids et Mesures
adopted a recommendation at its 70th session [2 J that all uncertainties be
expressed as standard deviations. This is completely in line with the recom-
mendations of the International Federation of Clinical Chemistry for internal
quality control [3~J-

Quality assurance programmes serve to operate a measurement system in
such a manner that results are obtained with a predictable uncertainty, and
internal quality control refers to procedures for monitoring the success of
these efforts. The IFCC recommendations mainly apply to clinical laborato-
ries routinely producing large numbers of results; they are not directly
applicable to the control of the modest numbers of results characteristic
of laboratories doing neutron activation analysis of biomédical samples.

For this purpose the Analysis of Precision has been shown to be more
efficient [4].

2. STATISTICAL CONSIDERATIONS

The quality of analytical results is often described by terms such as
acceptable, very good, or excellent; agreement among writers with respect to
the proper use of these terms [5,6 J is better characterised as unacceptable,
very poor, or nonexistent.

The use of statistical methods opens the possibility of stating objec-
tively different levels of significance, not only when evaluating the qual-
ity of large numbers of results, but - even more important - for small num-
bers as well. The term statistical quality control is sometimes used as a
synonym for internal quality control.
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2.1. Statistical control

The standard deviation of an analytical result represents the overall
effect of a number of uncertainties, associated with the different stages
of the analysis. It is calculated by the usual method for the combination
of variances associated with independent sources of variation

o2 = o2 + o| + o| ...... cj2 (1)

The different components depend on the design of the analytical method,
on the type and quantity of material analysed, as well as on the result it-
self; the individual contributions are determined by the actual experimental
conditions under which a particular result is obtained.

When the observed variability among replicate results is in full agree-
ment with the standard deviation predicted according to Eq. (1), the analy-
tical method is said to be in a state of statistical control [?]. In this
case the a priori precision of a single analytical result may be stated
before the analysis has been carried out [s].

In a rigidly standardized procedure for routine analysis within a limitei
range of concentrations, the a priori precision may be expressed simply as a
constant absolute or relative standard deviation. In the more general case
the a priori precision must take into account that different components of
the total variance in Eq. (1) will dominate at different levels of concentra-
tion [9,10].

In neutron activation analysis the useful range of a method may extend
over many orders of magnitude, and in addition the statistics of the count-
ing process introduce another variance component in Eq. (1), which may well
be different even for identical samples and therefore cannot be stated a
priori [l 1 ].

2.2. Sources of variation

The contributions to the overall uncertainty of the analytical result
may be classified into

a) absolute, and
b) relative sources of variation.

These uncertainties apply to all analytical methods, and typical con-
tributions to the first category are associated with variations in blank
value, while the second category may be exemplified by variations in cali-
bration factors.

In neutron activation analysis and other methods involving counting of
radionuclides, X-rays, etc. the uncertainty of the counting process is
usually referred to as

c) counting statistics.

This contribution can be determined only after the analysis, but the
Poisson statistic characteristic of radioactive decay makes possible the
calculation of a standard deviation for a single measurement.

Quality control may now be based on the replicate analysis of typical
samples, representative of the matrix and concentration levels under study
[12J. Agreement between duplicate results, y. and y„, with their estimated
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standard deviations
Ô2 « a| + og + a2 (2)

for m different samples, is tested by the statistic

m (y-.-y,)2
T - I 2 (3)

which is approximated by a x^^listribution with m degrees of freedom [11J.

As long as the value of T is within accepted control limits the analy-
tical method is in a state of statistical control/ and no unexpected sources
of variation are likely to influence the results.

It is important to note that some components in Eg. (1) may not be rep-
resented in Eq. (2) and are therefore not tested by the statistic T. If for
example the same calibration factor is used for all replicates, its uncer-
tainty should not be included in Eq. (2), whereas it should be included in
the uncertainty of the final analytical result according to Eq. (1).

Failure to include all proper sources of variation in Eq. (2) is re-
vealed by the absence of statistical control, as revealed by the test stat-
istic T in Eq. (3); results are therefore not of the expected quality and
should be rejected [13J. By applying this test to separate stages of the
analysis, identification of unknown or unsuspected sources of error is
facilitated. This Analysis of Precision is a useful supplement to the skill
and intuition of the analytical chemist.

When all sources of variation have been identified and their contribu-
tions properly taken into account, the analytical method may be used to
detect actual differences between samples.

2.3. Excess variability

Actual differences among a set of n samples, assumed to be identical,
will be detected by the statistic T, where y^ are the results and ̂  their
estimated standard deviations from Eq. (2),

T = ______ (4)
*ï

With y equal to the weighted mean of n replicate results, the stat-
istic T is well approximated by a x2-aist*-ibution with n-1 degrees of
freedom [il], provided the analytical method is in statistical control.

If the value of T exceeds the accepted control limits, the samples
analysed were not identical, and reasons for the excess variability must be
found. In the absence of mistakes, and if the influence of storage condi-
tions etc. can be disregarded, it may be concluded that the material is not
homogeneous .

In a uniform material the degree of heterogeneity is conveniently ex-
pressed by its sampling constant, Ks, which is the minimum sample size, w,
needed to keep the variability from lack of homogeneity at less than 1%

Ks = R2w (5)
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where R is the relative standard deviation in per cent and w is measured in
grams [14].

The sampling constant usually has to be determined experimentally, al-
though it can be estimated from a detailed knowledge of the composition of
a material.

From a set of n replicate results the sampling constant may be calcu-
lated from

2 = 14 —————— - 2•H—M^KS = 1014 w j l ————— - az (6)
n-1 -l

where ö2 is the harmonic mean of variances from Eq. (2).

Materials used for analytical quality control should have sampling con-
stants of about 1 gram. Fresh tissue samples of organs like liver, kidney, or
placenta have sampling constants of several hundred grams, [l5J but these
may be reduced, for instance, by cryogenic homogenization of the material. [16

Excess variability in materials which are inherently homogeneous or
have negligible sampling constants, indicates contamination problems, [il]

When all excess variability has been eliminated or accounted for, only
strictly additive or multiplicative errors remain. These are controlled by
the analysis of certified reference materials. [l7j

3. PRACTICAL APPLICATION

Neutron activation analysis is particularly suited for control by the
Analysis of Precision, because the individual contributions to the overall
standard deviation can be determined separately with excellent accuracy.

The absence of reagent blanks, characteristic of neutron activation
analysis, may permit neglecting absolute uncertainties, and the addition of
a constant amount of carrier to the sample before radiochemical separation,
makes the a priori precision independent of the concentration of determi-
nand.

Statistical control may therefore be ascertained by the analysis of
homogeneous materials at the trace concentration level; additional variabil-
ity at the ultratrace level is attributable only to inferior counting stat-
istics.

3.1. Counting statistics

In neutron activation analysis the contribution to the overall standard
deviation of Eq. (2) from the counting process is determined by the Poisson
statistic [18J and the general law of error propagation. Most computer pro-
grams for the evaluation of y-spectra do in fact give not only peak areas or
y-ray intensities, but their standard deviations as well. However, many of
these programs have not been tested to see whether they yield results in
statistical control, and some have been shown not to. [4 ]

A convenient way to test computer programs for y-ray spectroscopy is
to use the standard reference spectra (G1) distributed as a data set by the
International Atomic Energy Agency since 1976. [19J This set has 2048
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channels and contains a comparator spectrum and 6 replicate spectra with
22 photopeaks differing only with respect to counting statistics.

If a computer program yields unbiased results with correctly estimated
standard deviations, the statistic

m 6 (y. --P-)2

T - II 13 3 (7)

approximately follows a chi-square distribution with 5 m degrees of
freedom/ where m is the number of photopeaks detected by the program, maxi-
mum 22. In an investigation of 4 programs one failed this test. [20 ]

The underestimation of the standard deviation of some results might,
however, be compensated by overestimating others. The m individual terms in
Eq. (7) should therefore be tested to ascertain that they are random samples
from a chi-square distribution with 5 degrees of freedom. This is done by
means of the Kolmogorof f-Smirnov test [21j based on the maximum deviation
between the observed cumulative frequencies of T and the cumulative chi-
square distribution curve for 5 degrees of freedom. The result of such a
test is illustrated in Fig. 1 for three different programs [20 ], of which
one failed to pass.

Programs based on linear combinations of channel contents, such as
those relying on the method of Covell [22], are not difficult to bring under
statistical control; both programs above that failed the tests, are based on
fitting Gaussians to all peaks. To bring this type of programs under stat-
istical control is much more difficult, but has now been achieved [23 J.

3.2. Relative sources of variation

Verification of the relative part of the a priori precision is carried
out by the Analysis of Precision of results from the analysis of homogeneous
materials with concentrations so high that the absolute part of the a priori
precision can be disregarded.

These materials need not be absolutely identical with the actual samples
to be analysed, because the influence of matrix composition on results by
radiochemical neutron activation analysis is usually negligible. Botanical
reference materials may therefore well be used in biomédical analysis, and
their concentrations of many trace elements are adequate for the present
purpose.

The certified botanical reference material SRM 1571, Orchard Leaves,
from the National Bureau of Standards has been widely used, not only for
external quality control purposes, but also for internal control by the
present method [4J. However, the presence of lead-arsenate and other inor-
ganic material makes this material less appropriate for some trace elements
L 24 J . At the same time there is no need for a certified material, when only
the sampling constant is sufficiently small.

As an example, results and estimated standard deviations are given in
Table 1 for a local reference material of dried leeks, which was made
available in 1981 by the Danish National Food Institute, and analysed by
multi-element radiochemical neutron activation analysis [25J.

Here an a priori relative standard deviation of 3.5% caused by random
variations in neutron fluence between samples and comparators is compounded
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Program 1
—— Program 2
—- Program 3

5 10
UNITS OF T
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with counting statistics according to Eq. (2). A weighted mean and a value
of T is calculated according to Eq. (4) for each element based on 6 repli-
cates.

The five values of T should now be random samples from a chi-square
distribution with 5 degrees of freedom, and this may be tested by the Kol-
mogoroff-Smirnov test, exactly as illustrated in Fig. 1. Neither this test,
nor the total value of T for all five elements, equal to 33.9 for 25 degrees
of freedom, indicates any significant contribution from unexpected sources
of variability.

This analytical method may therefore be assumed to be in statistical
control at high concentrations of the determinands.

3.3. Additional sources of variation

The absolute part of the a priori precision should be tested by the
analysis of blanks, i.e. samples containing no determinand, but otherwise
identical with the samples under study. In practical biomédical trace element
studies samples from healthy individuals may often serve as blanks.

In neutron activation analysis the presence of significant sources of
variation in a blank value, which cannot be attributed to counting stat-
istics, indicates the presence of systematic errors. In the analysis of
human serum for arsenic the successive application of the Analysis of Preci-
sion to a series of duplicate results led to the apprehension of two unex-
pected sources of absolute error [26j. Both these sources of variability
were subsequently brought under control, and the analytical method could
then be used to demonstrate significant changes in human serum arsenic con-
centration after the intake of fillet of plaice [2?].

For elements like copper and zinc with concentrations at the parts per
milion level, additional sources of variation can normally be disregarded,
and statistical control is easily achieved. For manganese in serum, blank
variability cannot be eliminated, and as yet statistical control of the
sampling process has not been achieved [27J; the systematic contribution
to the actual results for the concentration of manganese has, however, been
reduced to insignificance [11 ]•
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An excellent test of the quality of sample handling in the laboratory
may be based on the analysis of lyophilized serum samples, prepared in 1982
by J. Versieck at the University of Ghent in accordance with the strictest
precautions to avoid contamination during sampling [28 J.

Results by radiochemical neutron activation analysis [29], as well as
their estimated standard deviations, based on counting statistics and a re-
lative a priori precision of 3.5%, are presented in Table 2. The Analysis
of Precision confirms statistical control among the four samples with re-
spect to arsenic and selenium, but not including manganese. Whether the four
samples are true replicates - or duplicates of two different samples - is
not known at the time of writing.

Either way, no absolute sources of variation need be taken into ac-
count in the a priori precision for arsenic and selenium.

3.4. Sample size

The influence of sample size on the variability of results is con-
veniently expressed by an extra term in Eq. (2)

9W = ft2 + Ks/w(ti/100)2 (8)

where w is the weight of the sample in grams. If this extra contribution is
significant, ow should be used instead of "o in the interpretation of
results.

This was done in the investigation of trace elements in placental tissue
from normal pregnancies and from pregnancies of carriers of Menkes' disease
[30J. A sampling constant, Kg, was determined according to Eq. (6) from 25
replicate determinations of manganese by a method known to be in statistical
control. A value of Ks = 263 g was found and used in Eq. (8) for the estima-
tion of ow of individual results.

Some results are presented in Table 3 for normal placental tissue and
placental tissue from male foetuses of known carriers of Menkes' disease.
Test statistics according to Eq. (4) are calculated for each element, assum-
ing all subjects to be identical (i) and all elements to have the same sam-
pling constant (ii). The pooled test statistic shows that on the whole this
is a reasonable assumption; however, individual values show that (i) is not
fulfilled for arsenic, and (ii) probably not for copper, thus indicating a
smaller sampling constant.

Test statistics according to Eq. (3) are presented in the last column
of the table and serve to detect significant differences in trace element
composition. In the paper [30J it is found that diagnosed cases of Menkes1
disease exhibit copper concentrations in placenta, which are an order of
magnitude above normal. When these cases are left out, trace element con-
centrations from at risk pregnancies are indistinguishable from normal, as
shown in the lower right of Table 3.

Thus, heterogeneous material can be investigated by the Analysis of
Precision, when the sampling constant is known and the differences in sample
weights are taken into account in the estimation of known variability.
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4. CONCLUSION

Neutron activation analysis can be brought in statistical control by
careful evaluation of all sources of variation. By the replicate analysis of
homogeneous samples, unexpected errors/ random as well as systematic, may be
detected by the Analysis of Precision.

The need for external measurement compatibility requires the analysis
of certified reference materials, such as Bowen's Kale or more recent pro-
ducts described by Parr [31J. Such materials are not necessarily homogeneous
[24 ], and in order to account for this factor in the interpretation of ana-
lytical results their sampling constant should be included in the certifi-
cate [32].

A suitable combination of internal and external quality assurance in-
creases the burden of analytical work only slightly, while greatly increas-
ing the weight of the analytical results.
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Table 1

Replicate determinations of some trace elements in dried leeks

Replicate
No.

1
2
3
4
5
6

Mean

T

Arsenic
ygAg

145±5
158 ±6
159 ±6
140±5
153 ±6
148 i5

149 ±2

9.36

Copper
mg/kg

4.04±0.14
3.97±0.14
4.27±0.16
4.08±0.17
4.50±0.16
4.08±0.15

4.14±0.06

7.99

Manganese
mg/kg

13. 7 ±0.5
15.2±0.6
14.5±0.5
14.3±0.5
15.0 ±0.6
15.4+0.6

14.6±0.2

6.86

Selenium
pgAg

35+17
26+18
54±20
19+12
25±16
31±13

29+6

2.50

Zinc
mg/kg

21.8±1.1
19.7+1.1
21.1±1.2
23.9+1.2
21.0+1.0
21.0+1.2

21.4+0.5

7.18

Table 2

Determinations of arsenic/ manganese, and selenium in
samples* of lyophilized serum

Sample No.

123
125
126
128

Arsenic
ugAg

8.1±2.8
11.3±1.8
14.9+2.8
12.6±2.3

Manganese
ugAg

8.2+0.5
7.0+0.3
8.5+0.4
6.1±0.4

Selenium
mg/kg

1.21+0.08
1.16±0.07
1.01±0.07
1.13+0.08

T 3.10

0.38

23.6

« 0.01

3.82

0.28

*J. Versieck, University of Gent, 1982.
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Table 3

Concentrations of some trace elements in placental tissue assuming a sampling
constant of 263 g

Element
cone

Arsenic
ygAg
Copper
mgAg

Manganese
pg/kg

Selenium

Zinc
mgAg

Pooled test

Normal pregnancy
Mean Subjects T d.f.

2.2±0.4 4 14.2** 3

0.82±0.02 7 1.9*(*} 8

71 ±5 4 3.8 5

163±15 4 3.0 3

10.5±1.0 3 1.7 2

statistic 24.6 21

Sampling constant = 263 P( x2 > T) = 0.26

At risk pregnancy
Mean Subjects

1.9±0.2 9

0.90±0.08** 8+

68±7*(*) 7+

162±9 9

9.9±0.6 7

All 5 elements

Identical means P( x2 •* T)

T

0.45

0.94

0.12

0.00

0.26

1.78

= 0.88

** Significant at the 1% level
* (^Significant at the 2.5% level

+Excl. of cases of diagnosed
Menkes' disease



EXTERNAL QUALITY CONTROL

H.J.M. BOWEN
Chemistry Department,
Reading University,
Whiteknights,
Reading, United Kingdom

Abstract

Quality control of chemical analyses of biological
materials is discussed, with especial reference to tests
using certified biological reference materials.

1. INTRODUCTION

The term "Quality Control" (QC) dates back to work
at the Bell telephone Laboratories in 1924 and became
of industrial importance in the second World War. The
American Society of Quality Control had eighteen thousand
members in 1964 and at least eleven British government

2departments have sections responsible for QC . However,
the meaning of the term depends on the audience. In
the business world, QC is said to mean the degree to which

2
a product meets the customers requirements . In
analytical chemistry, QC has been described as the study3of errors which are the responsibility of the laboratory4or the mechanism established to control those errors .
Quality assessment is the mechanism which shows that the
system is working within acceptable limits, while quality
assurance is the program to reduce errors of measurement4so that the measurements are of acceptable quality .

We are all familiar with the imprecise and inaccurate
values reported to organisers of round-robin tests,
e'.g. for elemental analysis of biological materials
Typical conclusions are that systematic errors are so
large in some cases that reported values are meaningless
and that matrix-dependent errors occur in all analytical

o
methods . Systematic errors in analyses of clinical

11 12interest have been reviewed ' . Such errors include
aging and microbial attack on samples and reagents,
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dissolution of containers, contamination, instrumental
problems, human bias and unsuspected interferences or
CRUD (Compounds Reacting Unfortunately for the
Determination). Because of the poor agreement in
round-robin tests, all reputable clinical laboratories
now employ internal QC and in some states of the U.S.A.
they are required by law to use external QC as well

2. INTERNAL AND EXTERNAL QC

Internal QC refers to QC practiced within a laboratory
in order to keep a day to day check on results. For
example, most clinical laboratories, which may have to
analyse a million or more serum samples a year, prepare a
"control material" of pooled waste serum every three months.
Material contaminated with pathogenic bacteria or hepatitis
B antigen has to be excluded from such a pool. Determinations
of each anlyte of interest are made every day for at
least 20 days by including the control material with each
run of real samples. Control charts, sometimes called
Shewhart charts, are plots of measured values against time,
usually including the mean value x with ±0,±20 and ±3a
limits, where a is the standard deviation. Various
criteria can be used in deciding whether to accept or
reject further daily runs, that is, to test whether the

13laboratory QC is adequate . For example, Westgard et
14al. suggested the following criteria for rejecting a

run on day i. , when the concentration of analyte in the
control material was found to be x..̂

1) When x. is outside X ±30i
2) When x. and x. e 1 are outside x ±20^
3) If any \x.-x.\ is > 40t- 3
4) If any four consecutive x. are outside x ±0

Is

5) If any ten consecutive x. are >x or <x,
Lf

Internal QC is a useful rapid check on the quality
of a batch of determinations but is not a test of absolute
accuracy.
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External QC refers to QC using reference materials
(RMs) or certified reference materials (CRMs) supplied by
an outside body. It is widely used in round-robin tests
and can be used to check both precision and accuracy.
Its main disadvantage is that the period between obtaining
results and learning how they compare with others is
often a long one, up to two years in some international
intercomparisons .

All types of analysis involve comparison of some
property of a sample with that of a standard. Booth et
al. have shown that commercial standards for Ca,Fe,K,Na
and P have high variances, often exceeding the variances
between laboratories found in round-robin tests. It is,
therefore, recommended that in external QC, a central
institute should despatch both RMs or (CRMs), and in some
cases standards, from homogeneous sources of each.

3. TERMINOLOGY

According to the International Federation of Clinical
Chemistry , the terms precision and accuracy should
only be used in a qualitative sense. They recommend
two quantitative terms as measures of precision and
accuracy.

Imprécis ion is either the standard deviation or the
relative standard deviation (sometimes called coefficient
of variation) of a set of results.

Inaccuracy is the difference between the mean of a
set of results and the true value; this has been
called the bias.

The true value x can be obtained either by circulating~c~
synthetic CRMs of known composition, or less satisfactorily
by relying on determinations made by a reliable laboratory
using a reference technique, such as NAA or mass
spectrometry + isotope dilution.
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4. BLIND OR OPEN TESTING IN QC

Most pundits agree that both open and blind testing
are useful in QC. Control materials or RMs often get
special attention from the analyst, which is not desirable
Even blind test samplescan often be recognized by their
appearance or unusual documentation. A useful plan in
external QC is to send out a large number of RM samples
numbered in a random way but including at least four
samples of each RM despatched. The reported values will
give useful information on the imprecision of each
laboratory at a number of different concentrations of
analyte, as in the round-robin tests by Lauwerys et al,
and Uldall7.

5. FREQUENCY of QC

In internal QC each batch of unknowns should include
at least one control material, implying at least one QC

3 11determination per working day ' . However, there is no
agreed basis for the frequency of QC determinations either
from an absolute standpoint nor from a cost-benefit or
economic standpoint. In some clinical laboratories,
which have most experience of QC work, one determination
in five is said to be used to ensure QC: this seems
excessive. However, where auto-analyzers are used such
intensive QC need not strain laboratory personnnel and the
same remarks would apply to automated instrumental NAA
used routinely, as for uranium determinations by delayed
neutron emission.

External QC is used much less frequently. CRMs from
the National Bureau of standards cost about $10/g which
may discourage some users, while commercial control sera
are less expensive. External QC is used to standardise
control materials and also to prove the reliability of a
new technique. Future legislation may require much
more extensive use of external QC, especially in fields
where medical or commercial decisions depend on analytical
inf orma t ion.
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6. ACCEPTABLE LIMITS

Criteria based on precision or accuracy can be used
to compare the performance of analysts or laboratories.
For internal QC the precision is of dominant importance
and many analysts reject all determinations outside x ±3(7.
Alternatively they can use extra criteria such as those of

14Westgard et al. , which reject values affected by
instrumental drift. Cumulative sum techniques are
widely used to detect when significant changes in mean

13values have occurred in a regular series of determinations
There are no agreed criteria for accepting or rejecting
individual results of external QC. Using a single SRM,
whose value of x, is known, circulated to many~c
laboratories, an assessor can calculate the percentage
of results within different ranges of inaccuracy. This
Nield circulated a water sample containing 60mg Ca/1,
6mg Mg/1, 6rag K/l and 18mg Na/1 to 87 laboratories and
obtained the following distribution of reported values
for the concentrations

100\x-x,\/x 1% 5% 10% 20% 50%

37
13
12
7

83
45
55
33

90
63
74
58

95
80
91
82

100
96
100
96

Ca
Mg
K
Na

Which results should be rejected remains an arbitrary
decision.

McFarren et al. recommend calculating the total
relative error (TRE), which includes inaccuracy and
imprecision, as follows:-

TRE = 100 (\x-xt\ + 2d)/xt
The criteria recommended for acceptance of results
in round-robin tests were:

TRE < 25% excellent
TRE < 50% acceptable
TRE > 50% unacceptable
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As analytical methods improve, one would hope to
subdivide the "excellent" class into categories with
still lower TREs. Using the above criteria for
round-robin tests of methods of determining trace metals
in natural waters by atomic absorption, McFarren et al.
found that methods for Cu.Mg and Zn were 'excellent',
those for Ag,Cr,Fe and Mn 'acceptable' and those for
Cd and Pb 'unacceptable'. I agree with their comment
that "Most chemists like to think that their trace
analyses are not in error by more than 10% but in
practice the error is usually greater". I consider
that McFarren's criteria are still realistic given the
current state of the art of determining trace elements,
though clinical laboratories now claim relative standard
deviations of < 5% for Ca,Cl,K and Na in serum, or
< 15% for Fe,T,i and Mg8.

l RBoone et al. used twelve CRMs in an external QC
check of 113 clinical laboratories determining lead in
blood. They accepted results that were either ± 15% of
the true value determined by mass spectrometry + isotope
dilution, or those that were ± 60 pg Pb/1 of the true
value. Both criteria are arbitrary and the mass
spectrometry method (like other techniques) can give very

19different results in different laboratories

Criteria for rejecting outlying results in round-
robin tests of an uncertified RM have been discussed by

20Dybczynski . He shows that students t-test is fairly
good at significance 0.01 but that it rejects too many
values at significance 0.05. He recommends a combination
of Dixon's test, Grubbs test, Coefficient of Skewness test
and Coefficient of Kurtosis test at significance 0.05;
although complicated, a computer can be programmed to
accept or reject values on this basis. These criteria
have been used in recent I.A.E.A. intercalibration
tests

If a series of determinations on CRMs with a range
of analyte concentrations are made, one can calculate a
regression line of reported values against true values
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for each laboratory. Maximum allowable deviation
limits, or MAD-lines can be plotted on either side of
the regression lines, though these have to be chosen in

19an arbitrary way. For example, in a recent QC exercise ,
MAD-lines were chosen as follows:-

x = x ± (O.lo:+20) yg Pb/1 serum
£

x = x ± (O.lœ+1) yg Cd/1 serum
~tf

x = x ± 0.15 yg Cd/g kidney
(s

It would be a good thing for a panel of experts on
both QC and statistics to make recommendations regarding
acceptance limits a little more objectively than those
reported in recent literature.

The production of a CRM involves so many problems,
such as homogeneity testing, contamination control on
vials, storage, documentation and assessment of analytical
data, that it is best performed by a central co-ordinating
body which need not, itself, perform any analytical work.
There seems little doubt that many practising analysts
would welcome the advent of CRMs in their field but are
not prepared to produce them on their own. Experience
shows that the quality of analyses improves dramatically
in laboratories using CRMs for external QC , especially
if the rate of feedback of performance assessment is
rapid.

7. ADEQUACY OF CURRENT BIOLOGICAL CRMs
23Parr lists 27 biological CRMs, 9 from National

Bureau of Standards (but two are believed to be exhausted),
8 from I.A.E.A. and ten others including "Bowen's Kale'.

23To these must be added Human Hair HH-1 and a small
indefinite number of CRMs in the pipeline from the above
bodies and the European Community Bureau of Reference.
The status of RMs prepared by Fuwa and coworkers in

O / O £iJapan is not yet clear . Finally there are a number
of commercial sera used for external QC for autoanalysers
in Clinical Chemistry. These CRMs can be subdivided into
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three groups at present:

A) Vegetable CRMs such as orchard leaves, kale etc.
12 available, + 6-8 in the pipeline.

B) Non-mammalian, Animal CRMs such as oyster, fish
etc. 3 available + 1 in the pipeline

C) Mammalian tissus CRMs such as bovine liver, serum
etc. 10 available + 3-4 in the pipeline.

As far as NAA is concerned, the number and type of
CRMs available is probably adequate. However, since
several CRMs have been almost or completely exhausted,
their replacement should be a continuing process at a rate
of 1-2 per year. What is inadequate is the number of

22elements for which certified values are available. Parr
has shown that the numbers of certified values fall into
following ranges:-

No. of CRMs Elements certified

10-16 As,Ca,Cd,Cu,Fe,Hg,K,Mn,Pb,Zn
5-9 Cl,Co,Cr,Mg,Na,Ni,P,Rb,Se,Sr
2-4 Ag,Ba,Br,Cs,F,I,Mo,Th,U

1 Al,Au,B,La,Sb,Sc,Sn,V,W
0 Si + other elements

Hence a real effort should be made to increase the
number of certified elements in those CRMs whose stocks
are substantial.

8. FUTURE NEEDS FOR CRMs
o

Approximately 3x10 elemental determinations on
biological samples are estimated to be carried out each
year in Britain. The world total may be of the order

9 -1of 6x10 yr . If 1% of analytical effort were to be
devoted to QC, using O.lg sample per determination, the
world consumption rate of control materials and CRMs
would be 6 tonnes yr . Current demand appears to be
less than 1% of this figure.

The continuing replacement of CRMs has been mentioned
but in view of the immense effort needed for certification,
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a better plan is to produce really large sample of each
new CRM. At present 50-100 kg batches are regarded as
adequate but it should not be impossible to scale this up
5 or 10 fold. The present low demand for CRMs reflects
poor publicity among practical analysts as much as the
high costs of some CRMs.

Future demands are likely to include data for other
analytes than trace elements e.g. protein, lipid, amino
acid and carbohydrate contents, but these will not be
obtained by NAA, The increasing use of microprobe
methods, some of which may involve activation analysis
or prompt gamma spectrometry, will impose tighter
constraints on the homogeneity of CRMs, as well as a
need to keep them free from particles of dust and
inorganic matter. Finally there is a great need for
methods capable of revealing the environment of the
metal atoms present in biological samples and the
chemical species present. Future CRMs should be
selected with some of these factors in mind.
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SURVEY OF CURRENTLY AVAILABLE REFERENCE MATERIALS
FOR USE IN CONNECTION WITH THE DETERMINATION OF
TRACE ELEMENTS IN BIOLOGICAL MATERIALS

R.M. PARR
International Atomic Energy Agency,
Vienna

Editor's note

This working paper, containing a review of biological reference
materials from six international suppliers, has been published by the
IAEA as a separate report under the number IAEA/RL/103, September 1983.
Copies are available cost free on request by writing to the editor (see
list of contributors).
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