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The objectives of this study were to confirm the non-absorbability and the reproducibility of
faecal excretion kinetics of orally administered rare earth elements, and to investigate the
excretion profiles of rare earth elements and stable isotopic tracers of Fe and Zn to establish the
extent to which rare earth element markers duplicate the behaviour of isotopic tracers. Two
investigations were performed: (1) six healthy subjects consumed a solution containing five rare
earth elements in amounts varying from 1 to 10 mg; (2) seven healthy subjects were given a
standard solution labelled with Sm marker and 57Fe tracer, and a meal labelled with Yb marker
and 58Fe and 70Zn tracers. Individual faecal samples were collected and analysed to determine
recoveries of rare earth elements and unabsorbed isotopic tracers. The mean values for
recoveries were 94´1 (SD 4´5) % for the five rare earth elements, and 103 (SD 3´0) % and
99´8 (SD 2´8) % for Sm and Yb respectively. For Fe consumed with the solution, excretion
kinetics of the rare earth element marker and unabsorbed tracers with cumulative collections of
the first two and three faecal samples were identical, but endogenous excretion of Fe was
significant �P , 0´05� in stools collected after the third. For Fe and Zn consumed with the meal,
the excretion kinetics for the first two individual faecal samples and composites of sequential
outputs were identical. Rare earth elements can be used as markers in studies of measurement of
absorption. The dose of tracer required for the measurement of absorption would be reduced
proportionally to the reduction of the period of faecal sampling, so that studies with stable
isotopes would be more economical, thus enabling epidemiological investigations.

Rare earth element markers: Iron absorption: Zinc absorption: Stable isotopes

Measurement of the absorption of trace elements has often
been determined by a chemical balance approach. The
difference between the element content of intake and faecal
output (disappearance) is considered to be the amount
absorbed. This approach does not take account of the
contribution of endogenously excreted elements to faecal
losses, and requires reliable cooperation of subjects, usually
involving confinement in a metabolic unit over an extended
period of at least 1 week (O'Dell, 1984; Mertz, 1987).

The accuracy of the chemical balance approach can be
improved by using radioactive or stable isotopic tracers.
Use of radioactive tracers is limited due to risks associated
with radiation exposure. Measurement of absorption of
isotopic tracers requires collection of all output until
excretion of unabsorbed tracer is completed, which takes
5±10 d (Solomons et al. 1982; Johnson et al. 1988). The

contribution of a re-excreted fraction of tracer, initially
absorbed, to the faecal pool during this period can be
significant (Charlton & Bothwell, 1983; Fairweather-Tait
et al. 1993), resulting in under-estimation of absorption.
Incomplete collection can result in over-estimation of
absorption. By the combined use of tracer and a suitable
non-absorbable marker the disappearance (net intestinal
uptake) can be determined with collection for a reduced
period of time by taking account of recovery of the marker.
Markers useful for such an approach should principally be
non-absorbable and their faecal excretion kinetics should
duplicate those of the unabsorbed fraction of the nutrient
tested (Kotb & Luckey, 1972). Polyethylene glycol and
radio-opaque pellets are commonly used markers in
measurements of absorption by the disappearance approach
(Turnlund et al. 1991; Fairweather-Tait et al. 1992), but
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these markers are only suitable for ensuring quantitative
faecal recovery of tracer (Morgan, 1986). CrCl3 and BaSO4

have been used as markers for measurement of Fe and Zn
absorption with reduced faecal collection (Jasani &
Fletcher, 1972; Payton et al. 1982), but the markers and
Fe or Zn were labelled with radioactive tracers.

The rare earth elements (rare earths) have been shown to
be potential markers with features appropriate for an ideal
marker. They have low natural abundance, low limits of
determination, suitable physico-chemical characteristics,
and are not absorbed by the gut (Venugopal & Luckey,
1975). Low accumulation of rare earths in plants, due to
their low solubility in natural water (Laul et al. 1988) is
evidence of low intake. Investigations with laboratory
animals have shown that no absorption occurs through the
gastrointestinal tracts of adult vertebrates and there is no
transfer of rare earths from mother to fetus (Hutcheson et al.
1975).

Investigations of faecal recoveries of orally administered
rare earths (not radioactive) from human subjects were first
described by Luckey et al. (1977) for five of the rare earths,
where the recoveries were not quantitative and inter-
element variations of the recoveries were significant (cv 5±
10 %). Although the concentrations of rare earths in
various human tissues have been determined (Pietra et al.
1985; Esposito et al. 1993), investigations of the inputs of
rare earths to human subjects via food and drink are rare,
since such evaluation is difficult due to the amounts of rare
earths in dietary intakes being very low or highly variable.

The objectives of this present investigation are to
confirm the non-absorbability (or high faecal recovery) of
orally administered rare earths and the reproducibility of
their excretion kinetics, and investigation of the excretion
profiles of rare earths and tracers to establish the extent to
which rare earth markers duplicate the behaviour of
isotopic tracers. To accomplish this, two investigations
were conducted. In the first, faecal recoveries of five
selected rare earths consumed in various amounts as single
doses were investigated with particular attention to their
background levels in faecal samples provided before
administration. In the second investigation, the excretion
kinetics of rare earths and fractions of isotopic tracers not
absorbed were compared, results being obtained from two
different standard inputs, each labelled with a rare earth
marker and isotopic tracer of Fe and Zn. Faecal recoveries
of rare earths with individual samples and composites of
sequential outputs are evaluated with reference to the

variables of the faecal excretion kinetics of rare earths. In
compilation of the results of the two investigations, they are
identified as the marker recovery and the marker±tracer
investigation.

Methods

Subjects and ethical approval

Six subjects (five male and one female) and seven subjects
(six male and one female) in good health and pursuing
normal daily activities participated in the marker recovery
and the marker±tracer investigation respectively. Five
subjects who participated in the first were also subjects in
the second investigation. The mean values and ranges of
physical characteristics of the subjects are provided in
Table 1. Ethical approval for the investigations was
provided by The Joint Ethical Committee of Grampian
Health Board and The University of Aberdeen, and The
Research Ethics Committee of Glasgow Royal Infirmary,
Greater Glasgow Health Board. Each subject gave
informed written consent.

Study design, preparation and administration of markers
and tracers, and faecal collections

The marker recovery investigation. Non-absorbability,
reproducibility of faecal excretion profile, and variables
related to excretion kinetics were investigated for five
selected rare earths. The doses of rare earths given to the
subjects were calculated with reference to limits of
determination of rare earths by nuclear activation analysis
(NAA). Sm, La, Yb, Tb and Eu had the lowest limits of
determination in ascending order, when they were irra-
diated for 6 h in a flux of 4´2 � 1012 n=cm2 per s and
counted on a 130 cc HPGe detector (Tennelec Inc., Oak
Ridge, TN, USA) 2 d after the irradiation. The doses (for
which the minimum detectable amounts were required to be
0´1 % of the total input with 1±2 % precision for 1 h
count) were (mg): La 1, Sm 1, Eu 10, Tb 7´5 and Yb 5. The
inputs for the same rare earths used by Luckey et al. (1977)
were 60, 39, 15´5, 50, and 30 mg respectively.

Solutions of the rare earths were prepared from Specpure
oxides (Jonson Matthey, Material Technology, Royston,
Herts., UK) to contain 1 mg La/ml, 1 mg Sm/ml, 10 mg
Eu/ml, 7´5 mg Tb/ml, and 5 mg Yb/ml in 0´1 M-HCl. The
contents of the rare earth solutions were confirmed by

Table 1. Physical and haematological characteristics of the subjects participating in the marker recovery (five
male and one female) and the marker±tracer investigation (six male and one female)

(Mean values and standard deviations, and ranges)

Marker recovery investigation Marker±tracer investigation

Mean SD Range Mean SD Range

Age (years) 42 11 28±56 40 12 29±57
Weight (kg) 72 15 55±95 74 13 55±95
Height (m) 1´74 0´10 1´57±1´85 1´73 0´10 1´57±1´85
Hb (g/l) 151 13 135±168 150 12 135±168
RBC (� 1012/l) 4´8 0´4 4´5±5´3 4´9 0´4 4´5±5´3
Ferritin (mg/l) 94 31 49±131 96 40 47±152

Hb, haemoglobin; RBC, red blood cells.
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NAA. Subjects drank 1 ml of the solution diluted to 20 ml
with distilled water with their lunch. They took two further
water rinses of the container to ensure total consumption.

Subjects were provided with a faecal sample collection
system (a toilet ring and `biohazard' polyethylene bags) as
described by Hinton et al. (1969). All stools were collected
from the day before administration (for baseline samples)
and for the succeeding week. Times of bowel movements
were recorded with reference to the time of rare earths
administration.

The marker±tracer investigation. The investigation
was performed for two modes of intakes, a solution
(Magnusson et al. 1981) and a wheat-based Farina meal
(JD Cook, Kansas University Medical Center, Kansas City,
KS, USA) (Forbes et al. 1989), because wheat is consumed
worldwide. Both were suggested as reference inputs for
studies of measurement of absorption of Fe. Zn was also
included in the meal in anticipation of wider applicability
of the marker recovery approach. The standard solution
containing Fe labelled with 57Fe and containing the Sm
marker, and a Farina meal containing Fe labelled with 58Fe,
Zn labelled with 70Zn, and containing the Yb marker were
administered to the subjects with an interval of 3 d. The
amounts of the markers used were 1 mg of each. 57Fe tracer
(2 mg) for the standard solution, and 1 mg 58Fe and 70Zn
tracers for the meal were used. Fe, enriched 95´5 % in 57Fe
(natural abundance 2´2 %) and 91´90 % in 58Fe (natural
abundance 0´28 %), and Zn, enriched 74´1 % in 70Zn
(natural abundance 0´6 %), were obtained from Europa
Scientific Ltd (Crewe, Ches., UK) in metallic form.

For consumption of the standard solution, a solution of
Fe in 0´05 M-H2SO4 (50 ml) was prepared to contain
0´46 mg Fe/ml, including 0´29 mg 57Fe/ml. Sm marker
solutions were prepared to contain 1´0 mg Sm/ml in
0´01 M-H2SO4. For consumption with the Farina meal,
solutions of Fe and Zn in 0´01 M-HCl (15 ml) were
prepared to contain 1´55 mg Fe/ml, including 0´50 mg
58Fe/ml, and 1´54 mg Zn/ml, containing 0´50 mg 70Zn/ml.
Yb marker solution was prepared to contain 1´0 mg Yb/ml
in 0´01 M-HCl. The isotopic and marker contents of the
solutions were confirmed by NAA (Sm, Yb, 58Fe and 70Zn)
and inductively-coupled plasma (ICP)-MS (57Fe).

After an overnight fast, subjects consumed 7 ml 57Fe
solution (3´2 mg Fe including 2 mg 57Fe) diluted to 50 ml
with demineralised water, with addition of 1 ml Sm marker
solution (1 mg Sm) and 20 mg ascorbic acid to enhance
absorption of Fe, as suggested by Cook et al. 1991. After
complete consumption of the solution, two rinses of water
were also taken to ensure total consumption. The subjects
did not take any food or drink for the following 3 h.
Subjects were provided with a commode collection system
(Sage Products Inc., Crystal Lake, IL, USA) to collect stool
samples. Faecal samples were collected from the day
before the administration of solution and continued for
10 d. Urine samples were collected before (baseline) and
after the administration of the solution for a period of 24 h
to compare the levels of Sm with those of the baseline
samples.

After consumption of the standard solution (3 d), the
subjects, having fasted overnight, were given the Farina
meal. The Farina flour-based meal was prepared as

described by Forbes et al. (1989). Immediately after
preparation of the meal, 2 ml 58Fe (3 mg Fe including
1 mg 58Fe), 2 ml 70Zn (3 mg Zn including 1 mg 70Zn), and
1 ml Yb marker (1 mg Yb) solutions were added to each
portion; these were then stirred for 2 min. Butter (14 g) and
sugar (24 g) were then added to each portion of the meal.
Portions were mixed well, and served with whole milk
while they were hot. After complete consumption of the
meals, serving bowls were rinsed with milk which was then
drunk to ensure total consumption. No further food or drink
was taken for 3 h. Urine samples were also collected for
24 h after the meal consumption to compare the levels of
Yb with those of the baseline samples. Collection of stools
terminated 1 week after consumption of the meal. Times of
bowel movements were recorded with reference to the time
of administration of the test meal.

Individual faecal samples were stored at 2208C until
analysis. Samples collected for the marker recovery
investigation were autoclaved and those collected for the
marker±tracer investigation were irradiated with a 60Co g-
source, receiving 75 000 Sv to sterilise; each method of
sterilisation was appropriate for the collection system. The
samples were then oven-dried, ashed at 4508C for 16±24 h,
ground to provide homogeneity, and stored in plastic
containers for further use.

Analytical techniques

NAA was the principal analytical technique for determina-
tion of rare earths and isotopic tracers used. The
introduction of ICP-MS arose since 57Fe produces a stable
activation product. ICP-MS was also employed to deter-
mine baseline levels of rare earths in faecal and urine
samples because the levels were very low and their
determination by NAA was not feasible at the neutron
flux availability of the reactor.

Total Fe and Zn contents of faecal samples were
determined by atomic absorption spectrometry, to account
for the isotopic contribution of Fe and Zn of natural
composition to enrichment in faecal pool.

All chemicals used in sample preparation and analyses
were of high purity and suitable for trace metal analysis.
Acids, all Aristar (BDH, Poole, Dorset UK), rare earth
oxides and metal standard solutions, all Specpure (Jonson
Matthey), and ion-exchange resins (Bio-Rad, Hemel
Hempstead, Herts, UK) were used.

Determination of rare earth elements

The rare earths contents of ashed faecal samples were
determined by NAA after a pre-irradiation separation.
Fractions of each of the ashed faecal samples (200 mg)
were dissolved in 10 ml aqua regia (concentrated HNO3±
concentrated HCl) by heating with addition of 200 mg Pr
added as a separation yield tracer. The solutions were
evaporated to near dryness and diluted to 50 ml with 1 M-
HNO3. They were then passed through cation-exchange
columns (100±200 mesh Bio-Rad AG 50W-X8; Bio-Rad).
The rare earth contents of the columns were eluted by
modification of a procedure previously applied to geolo-
gical samples (Crock & Lichte, 1982). The eluents
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containing rare earths were evaporated to reduce the final
volumes to 10 ml. The rare earth contents of the eluents
were determined by NAA (Ulusoy, 1996).

The rare earth contents of the baseline faecal samples
and urine samples were determined by ICP-MS. Ashed
faecal samples (0´1 g) were dissolved and evaporated as
described above and diluted with addition of 0´25 M-HNO3

to provide a sample concentration of 1 g/l. Fractions of
collected urine samples (100 ml) were heated to allow
digestion with gradual addition of 16 M-HNO3 and 30 %
H2O2 until clear colourless solutions were obtained. The
solutions were then made up to 100 ml. Acid digested
samples (5 ml) were diluted to 20 ml with 0´25 M-HNO3.
A PlasmaQuad STE11 (Fisons Instruments Elemental
Analysis, Crawley, Sussex, UK) was used for analysis of
the samples. The rare earth contents of the samples were
determined by triplicate measurements.

Determination of 57Fe, 58Fe and 70Zn tracers

Fractions of ashed faecal samples (0´2 g) were dissolved
and evaporated to near dryness as described earlier. The
residues were dissolved in 9 M-HCl and passed through
anion-exchange columns (100±200 mesh Bio-Rad AG 1X-
8; Bio-Rad), previously equilibrated with 9 M-HCl. The
columns were washed with 5 ml 4 M-HCl; Fe and Zn
contents of the columns were then eluted with 50 ml 0´5 M

and 70 ml 0´005 M-HCl. The isotopic contents of the
column-separated samples were determined by NAA (58Fe
and 70Zn) or ICP-MS (57Fe) (Ulusoy, 1996). Post-irradia-
tion separation procedure was also required for removal of
residual 56Mn activity by precipitation of MnO2 (Janghor-
bani et al. 1980) for determination of 70Zn.

Determination of iron and zinc by atomic absorption
spectroscopy

Ashed faecal samples (0´1 g) were dissolved in 5 ml aqua
regia and evaporated to dryness. The residues were
redissolved in 5 ml 11 M-HCl and diluted to 100 ml. The
Fe and Zn contents of the samples were determined with a
Philips (Model PU9100) flame atomic absorption spectro-
photometer (Philips, Cambridge, Cambs., UK).

Accuracy of all measurements of the isotopic tracers and
elemental analysis of Fe and Zn was confirmed by
determination of the contents of bovine liver standard
(NBS 1577a; National Bureau of Standards, Gaithersburg,
FL, USA) which had been subjected to the same chemical
treatment as the samples. Fe and Zn concentrations in the
NBS 1577a were found to be respectively (n 4, mg/g): 187
(SD 4) and 124 (SD 3) by NAA; 190 (SD 2) (for Fe only) by
ICP-MS; and 189 (SD 7) and 122 (SD 8) mg/g dry sample by
AAS. These values agreed with the certified content of this
standard (194 (SD 10) and 123 (SD 8) mg/g dry sample for
Fe and Zn respectively).

Results

Calculations and statistical analysis

Recovery of the rare earths from individual samples (Mi)

were calculated as fractions of the doses administered,
taking account of the concentrations found in faecal
samples provided before the administration. Recoveries
from sequential individual samples were summed to obtain
cumulative values. Total recoveries were obtained by
summation of the fractional recoveries with the first to
last of sequential individual samples. Fractional faecal
recoveries of non-absorbed tracers with individual samples
(Ii) were calculated from:

Ii � �If 2 EfRe�=�Id�1 2 Re��;
where If is the amount of isotope consisting of enriched
isotopic tracer excreted and endogenous contribution of
enriching isotope determined by ICP-MS or NAA, Ef is
amount of trace element of interest determined by atomic
absorption spectrometry, Re is natural abundance of
enriching isotope, and Id is amount of enriched isotopic
tracer provided with the dose. Cumulative and total
recoveries of the tracers in the sequential individual
samples and total outputs were also obtained by summation
of the recoveries as calculated from markers. Fractional
absorption of the tracers (Ai) were derived from Ai �
1 2 �Ii=Mi� (see Appendix). The same formula was applied
to calculate absorption for the cumulative or total
collections by considering the relevant recoveries of marker
and tracer. The recoveries of unabsorbed tracers (cumula-
tive percentage of dose excreted):recoveries of markers
ratios were evaluated to examine whether excretion kinetics
of markers and tracers were identical.

Statistical significance of the differences between sample
mean values was evaluated using two-tailed t test.

Rare earth element recoveries

The mean values and ranges of concentrations of rare earths
determined in baseline faecal samples obtained from the
marker recovery and marker±tracer investigations, which
were performed with an interval of 1 year (1992 and 1993)

Table 2. Natural (baseline) levels of rare earth elements in ashed
faecal samples*

(Mean values and standard deviations, and ranges for thirteen
samples)

REE

Mean REE concentrations in
faecal samples (mg/g ash)

Mean SD Range

La 1´35 0´52 0´81±2´16
Ce 1´76 0´68 1´15±3´18
Pr 0´31 0´11 0´19±0´49
Nd 1´04 0´33 0´69±1´55
Sm 0´18 0´03 0´15±0´22
Eu 0´09 0´07 0´04±0´23
Gd 0´19 0´06 0´11±0´27
Tb 0´06 0´05 0´02±0´11
Dy 0´16 0´04 0´09±0´21
Ho 0´03 0´01 0´02±0´04
Er 0´08 0´03 0´01±0´12
Tm 0´02 0´003 0´01±0´02
Yb 0´29 0´26 0´10±0´86
Lu 0´02 0´004 0´01±0´02

REE, rare earth element.
* For details of analytical procedures see p. 607.
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are provided in Table 2. The level of baseline concentra-
tions is evidence for the usefulness of rare earths as
markers. The mean of rare earth concentrations, normalised
to abundance in chondritic meteorites as a function of the
atomic numbers (Laul & Gosselin, 1989), is provided in
Fig. 1. The descending trend for the normalised concentra-
tions is characteristic of rare earths in natural materials and
can also be taken as a supporting evidence for the accuracy
of analyses.

The recoveries of the rare earths obtained from both
investigations are provided in Table 3. For the marker
recovery investigation, the contributions of baseline levels

to recoveries were not significant, except for La. However,
the difference between the recoveries of La and Sm, Eu,
Tb, and Yb was not significant when account was taken of
the natural level of La. For Sm, Eu, Tb, and Yb, baseline
levels were always less than 1 % of the dose administered.
Table 3 also provides the recoveries of Sm marker
consumed with a solution and Yb marker consumed with
a Farina meal.

The mean of recoveries for the five rare earths obtained
in the marker recovery investigation was 94´1 (SD 4´2) %.
The CV for the mean of total recoveries of the five rare
earths (being similar to those of recoveries with individual

Fig. 1. Chondrite-normalised rare earth element (REE) pattern in faecal samples (rare earth element concentrations in natural samples are
usually normalised to a common reference standard, which most commonly comprises the values for chondritic meteorites. Chondritic meteorites
were chosen because they were thought to be relatively unfractionated sample of solar system dating from the original nucleosynthesis). Values
are means for thirteen samples with standard deviations represented by vertical bars.

Table 3. Faecal recoveries of the rare earth elements obtained from the recovery investigation and its reproducibility, and the recoveries of Sm
and Yb from the marker±tracer investigation*

Recovery of the rare earth elements (% dose consumed)

Recovery investigation Marker±tracer investigation

Subject no. Sex Lab² Laa² Sm Eu Tb Yb Mean SD Sm Yb

1 M 101 98´1 96´9 95´4 97´1 95´9 96´9 0´4 105 100
2 M 104 99´9 101 101 101 98´6 100 0´4 98´9 105
3 M 97´0 90´5 92´7 92´7 91´4 90´5 91´1 0´4 102 98´4
4 M 100 93´9 93´2 94´4 94´6 94´5 94´2 0´2 108 101
5 F 89´4 86´1 89´7 88´9 87´9 87´8 88´1 0´4 101 101
6 M 101 97´6 92´0 94´0 94´9 93´9 94´5 0´4 100 97´2
7 M 103 96´1
Mean 98´7 94´3 94´3 94´4 94´5 93´5 94´1 103 99´8
SD 5´1 5´3 4´0 3´9 4´5 3´9 4´2 3´1 2´9

M, male; F, female.
*For details of subjects see Table 1; for details of procedures see p. 607.
² Recoveries of La are provided before (Lab) and after (Laa) subtraction of its baseline level (see Table 2; the mean of the five rare earth elements includes baseline-

corrected La recoveries).
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samples, i.e. showing an identical recovery profile specific
to each subject) were less than 1 (SD 0´2±0´4) % for all
subjects, compared with 5 (SD 3´9±8´4) % as obtained by
Luckey et al. (1977). Quantitative recovery was obtained
for only one subject. Non-quantitative recoveries were
attributable to incomplete sample collection (e.g. exclusion
of toilet paper), losses during processing associated with
the sample collection system, and procedure followed for
sample preparation, particularly autoclave sterilisation. The
identifiable effect of baseline of La on its recoveries
implies that the fraction of the doses administered absorbed
by the intestine could not be more than a fraction that is
comparable with the contribution of baseline concentra-
tions of the rare earths to its recoveries.

The recoveries obtained in the marker±tracer investiga-
tion were quantitative, providing a mean of 103 (SD 3´1) %
for Sm and 99´8 (SD 2´9) % for Yb (Table 3). This was
achieved with strict subject cooperation, use of an
improved collection system, and sterilisation by g-irradia-
tion. The design of commode collection system (Sage
Products) was more convenient for the nature of sample
collection and the procedure for sample processing
(sterilisation, drying, and complete sample transfer for
ashing) than the toilet ring±bag method (Hinton et al.
1969), so the possible losses due to collection system used
was minimal. The toilet ring±bag method was used for
studies with radio-opaque markers that were determined by
x-ray, for which sample transfer was unnecessary.

The mean concentrations of Sm in 24 h urine collections
provided before any administration (baseline), after con-
sumption of Sm with the standard solution of Fe with
ascorbic acid, and after consumption of the standard meal
(3 d after the drink) were found to be 0´15 (SD 0´04) mg/l,
1´25 (SD 0´4) mg/l, and 0´16 (SD 0´08) mg/l respectively.
The level of Sm in samples provided after its consumption
was significantly different from that found for baseline
samples �P , 0´001�; whilst there was no significant
difference between the level of Sm in baseline samples
and that in samples provided after the meal �P . 0´05�:
This showed that the fraction of Sm initially absorbed was
excreted from the body during the time between the
administrations (3 d). In this context, it is worth noting that
the results obtained by Kramsch et al. (1980), which
indicated that when monkeys were fed a meal containing
40 mg La/kg body weight, the level of La in circulating
blood returned to natural levels after 12 h. With assumption
of a steady state between Sm in blood and urine, and a total
blood volume of 5 litres, the level found in urine is
equivalent to absorption of less than 1 % of the dose
administered. The slight absorption of Sm found in this
investigation might be explained by the composition of the
test drink onto which Sm is adsorbed within the intestine
(Venugopal & Luckey, 1975), or by ascorbic acid forming
an absorbable complex with Sm (Hasegawa et al. 1988).

The mean of Yb concentrations for baseline samples and
that for samples provided after consumption of the meal
containing Yb were 0´14 (SD 0´07) mg/l and 0´10 (SD 0´02)
mg/l. There was no significant difference between the
means �P . 0´05�; suggesting that absorption of Yb is very
low when it is administered with food, as found in previous
investigations (Hutcheson et al. 1975; Luckey et al. 1975).

The mean cumulative recoveries of the five rare earths
and Yb (both consumed with a meal) in the first two, three,
and four faecal collections were 75 %, 95 % and 98 %
respectively, when expressed as percentage of the total
excreted marker. The means of recoveries with composites
of the first two and three samples were 90 % and 98 % for
Sm consumed without food. In both investigations,
recoveries with the fourth or fifth samples were less than
1 %, and the concentrations of the rare earths and
accompanying tracers in the following samples (6 or 7 d
after the administration) had returned to baseline levels. An
example of faecal recovery profiles of Sm and Yb together
with accompanying tracers is provided in Fig. 2 for one
subject. The recovery of Sm with the first sample in which
a fraction of the Yb was recovered was only a few percent
of the dose administered. This shows that Sm marker and
unabsorbed tracer (consumed with solution) had been
almost totally excreted when Yb and tracer administered
with a Farina meal entered the intestine.

The kinetics of digesta can be estimated from retention
patterns and mean transit time of nutritional markers as
described by Kotb & Luckey (1972), Luckey (1979) and
Metcalf et al. (1987). Retention patterns of the rare earths
for each subject were evaluated to determine first
appearance time (duration required for digesta to enter
the excretion compartment) by extrapolating to 100 %
retained in the body, the gastrointestinal half-life of the rare
earths, and time for quantitative excretion (Fig. 3). The
means of the intestinal kinetic variables derived from the
retention approach and the mean of mean transit times were
compared to evaluate if there were any significant
differences between the intestinal kinetic variables related
to the mode of consumption (Table 4). The rare earths and
Yb consumed with food show different kinetic variables
than Sm consumed without food �P , 0´01�; except for the
mean transit time �P . 0´05�:

Comparison of the intestinal kinetics of unabsorbed tracers
and rare earth element markers and the absorption

(intestinal uptake) of iron and zinc

The fractional recoveries of unabsorbed tracer (57Fe, and
58Fe and 70Zn):fractional recoveries of the accompanying
markers (Sm and Yb) ratios, as percentages of their
cumulative recoveries from the first two to five faecal
samples provided after each administration, were calcu-
lated for individual stools and their sequential composites
to establish the extent to which the markers duplicated the
excretion profiles of the tracers. The ratios should not be
significantly different from unity if the excretion kinetics of
the markers and tracers are identical. The means of the
ratios of recoveries and those of the absorptions calculated
for 57Fe tracer and Sm marker, and 58Fe and 70Zn tracers
and Yb marker are provided in Table 5, Table 6 and Table 7
for all subjects.

For 57Fe tracer and Sm marker consumed with the
solution, the tracer:marker ratios calculated with reference
to total recoveries from five faecal samples were sig-
nificantly different from unity for individual samples and
cumulative collection of the first two and three samples
(Table 5). The deviations from unity were more significant
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Fig. 3. Linearity of retention pattern for Sm consumed with a standard solution (W; r2 0´999), and Yb consumed with a Farina meal JD Cook,
Kansas University Medical Center, Kansas City, KS, USA) (X;r2 0´936), for one subject. For details of the composition of the meal see p. 607. A,
time of first appearance; B, gastrointestinal half-life; and C, time for quantitative excretion.

Fig. 2. Faecal profiles from one subject of recoveries of rare earth elements (REE) for individual faecal samples (as percentage of ingested dose:
W, Sm; f, 57Fe; A, Yb; e, 58Fe; S, 70Zn) and cumulative collection of faecal samples (as cumulative percentage of the dose excreted: X, SM; P,
57Fe; B, Yb; O, 58Fe; V, 70Zn) obtained from the marker±tracer investigation, where Sm±57Fe, and Yb±58Fe and 70Zn, were administered at a time
interval of 3 d. Data for cumulative recoveries illustrate the nearly identical excretion pattern of Yb and 58Fe and 70Zn, unlike that of Sm and 57Fe.
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for the third, fourth, and fifth individual samples, in which
the recoveries of marker were only a few percent, or
negligible. This shows the effect of endogenous excretion
of the tracer initially taken up by the intestine. The closest
value to unity was only obtained for the cumulative
collection of the first four samples, which indicates that the
endogenous excretion of the tracer is not significant after
the fourth sample. A similar effect was also seen when the
ratios of recoveries were evaluated with reference to the
total recoveries from the first four, three, and two faecal
samples. Deviations from unity for the first stools in any
calculation implies that some time is required to attain a
steady state between excretion kinetics of marker and
tracer. Significant changes in favour of unity in the ratios
for the second sample, and for cumulative collection of the
first two and three samples are evidence for identical
excretion kinetics of the marker and tracer. As found for the
ratio of recoveries, the absorption of Fe obtained for the
first two individual and the composites of the first two and
three outputs were not significantly different from each

other �P . 0´05�; but were significantly different from
those obtained for composites of the first four and five
outputs �P , 0´05� (Table 7). The non-significant differ-
ence for the mean value of absorptions obtained from the
first faecal samples was due to high standard deviation of
the mean. The significant difference for the composites of
four and five samples was evidence for endogenous
excretion of Fe initially taken up by the intestine, which
implies that initial uptake of Fe consumed in a solution
could be determined from the second individual sample or
more reliably from the cumulative collection of the first
two or three samples.

For 58Fe and 70Zn tracers, and Yb marker consumed with
the Farina meal, the mean values of ratios of recoveries
from the first two individual stools are very close to unity
(Table 6). Deviations from unity appeared for the
individual samples provided after the second and became
more significant for the fourth and fifth samples, in which
recoveries of tracers and marker were only a few percent or
negligible. The insignificant difference from unity for the

Table 4. Comparison of the mean values for intestinal kinetic variables: time of first appearance (t0), gastrointestinal half-life (t1/2), time for
quantitative excretion (tq), and mean transit time (tm) obtained from the marker recovery and marker±tracer investigation*

(Mean values and standard deviations)

Kinetic variables for n subjects (h)

Marker recovery investigation (n 6)³ Marker±tracer investigation (n 7)§

Sm Yb Five REE Yb Sm

Mean SD Mean SD Mean SD Mean SD Mean SD

t0 12 1´3 13 2´0 12** 1´5 12** 3´6 5 1´9
t1/2 23 3 23 3´3 23** 3´2 21** 3´6 14 3´0
tq 80 19 82 25 82** 22 72** 9´6 55 6´3
tm 39 4´1 39 4´0 38² 4´0 38² 14 35 8´0

REE, rare earth elements.
* For details of subjects see Table 1; for details of procedures see p. 607.
The mean values of variables for the five rare earth elements (marker recovery investigation) and Yb (marker±tracer investigation) both consumed with food were

significantly different from those obtained for Sm (marker±tracer investigation) consumed with a solution, except the mean transit time: **P,0´01, ²P.0´05.
³ The variables obtained for Sm, Yb, and the mean values of the five rare earth elements showed no significant difference for any comparison.
§ For Yb, one of seven subjects had a recovery higher than 50 % in the first faecal sample provided after the administration, so the variables could not be evaluated.

Table 5. Recoveries of unabsorbed 57Fe tracer:samarium marker ratios (consumed with a solution) obtained for sequential individual and
cumulative collection of n faecal samples*

(Mean values and standard deviations for seven subjects)

Sequential individual faecal samples Cumulative collection of n samples

1 2 3 4 5 2 3 4 5

Ratio of recoveries with reference to cumulative recoveries from five samples²
Mean 1´02 0´89 1´84 12´8 17´2 0´90 0´93 0´98 1´00
SD 0´29 0´17 1´06 17´9 20´9 0´05 0´05 0´02

Ratio of recoveries with reference to cumulative recoveries from four samples²
Mean 1´04 0´92 1´88 13´1 0´92 0´94 1´00
SD 0´28 0´18 1´07 18´2 0´06 0´04

Ratio of recoveries with reference to cumulative recoveries from three samples²
Mean 1´10 0´96 1´97 0´97 1´00
SD 0´28 0´17 1´09 0´05

Ratio of recoveries with reference to cumulative recoveries from two samples²
Mean 1´14 0´99 1´00
SD 0´32 0´17

* For details of subjects see Table 1; for details of procedures see p. 607.
² The recoveries (as a percentage of the dose excreted with cumulative collection of five samples) of unabsorbed tracer (57Fe):Sm marker ratios for sequential

individual and cumulative collection of the first two to five faecal samples. `Ratio of recoveries with reference to cumulative collection of four, three and two samples'
refers to the ratios of recoveries evaluated with reference to the percentage of dose excreted in the cumulative collection of the first four, three, and two faecal
samples respectively. Tracer:marker ratio for the corresponding cumulative collection is 1´00. The ratio closer to unity for any evaluation defines the closer
excretion kinetics of the marker and tracer.
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Table 6. Recoveries of unabsorbed 58Fe and 70Zn tracers:Yb marker ratios (consumed with a meal) obtained for sequential individual and
cumulative collection n faecal samples*

(Mean values and standard deviations for seven subjects)

Individual faecal samples Cumulative collection of n samples

1 2 3 4 5 2 3 4 5

For 58Fe tracer and Yb marker
Ratio of recoveries, % total unabsorbed tracer:% total marker recovery from five samples²

Mean 0´98 1´00 1´08 2´24 4´43 0´98 0´98 0´99 1´00
SD 0´03 0´05 0´16 1´10 3´65 0´02 0´01 0´01

Ratio of recoveries with reference to total recoveries from four samples²
Mean 0´98 1´01 1´09 2´26 0´99 0´99 1´00
SD 0´03 0´05 0´16 1´10 0´02 0´01

Ratio of recoveries with reference to total recoveries from three samples²
Mean 0´99 1´02 1´10 0´99 1´00
SD 0´02 0´06 0´17 0´01

Ratio of recoveries with reference to total recoveries from two samples²
Mean 1´00 1´03 1´00
SD 0´02 0´05

For 70Zn tracer and Yb marker
Ratio of recoveries, % total unabsorbed tracer:% total marker recovery from five samples²

Mean 0´99 1´01 0´92 1´30 0´08 1´01 1´01 1´00 1´00
SD 0´04 0´05 0´17 1´45 0´19 0´02 0´02 0´00

Ratio of recoveries with reference to total recoveries from four samples²
Mean 0´98 1´00 0´91 1´29 1´00 1´00 1´00
SD 0´05 0´04 0´16 1´45 0´01 0´01

Ratio of recoveries with reference to total recoveries from three samples²
Mean 0´98 1´00 0´91 1´00 1´00
SD 0´05 0´03 0´16 0´01

Ratio of recoveries with reference to total recoveries from two samples²
Mean 0´98 1´00 1´00
SD 0´05 0´04

* For details of subjects see Table 1; for details of procedures see p. 607.
² The ratios of recoveries (as a percentage of the dose excreted with cumulative collection of five samples) of unabsorbed tracer (57Fe):Sm marker for sequential

individual and cumulative collection of the first two to five faecal samples. `Ratio of recoveries with reference to total recoveries with four, three and two samples'
refers to the ratio of recoveries evaluated with reference to the percentage of dose excreted with cumulative collection of the first four, three, and two faecal
samples respectively. Tracer:marker ratio for the corresponding cumulative collection is 1´00. The ratio closer to unity for any evaluation defines the closer
excretion kinetics of the marker and tracer.

Table 7. Apparent absorption of iron determined with 57Fe tracer and samarium marker consumed with a standard solution, and absorption of
iron and zinc determined with 58Fe and 70Zn tracers and ytterbium marker consumed with a Farina meal²³

(Mean values and standard deviations, ranges, and medians for seven subjects)

Absorption (% dose consumed)§

Individual samples Cumulative collection of n samples

First Second 2 3 4 5

Results for 57Fe
Mean 24´0* 30´7* 32´4* 30´4* 24´8 22´9
SD 16´8 16´4 15´3 13´8 16´3 17´2
Range 6´1±54´9 6´8±55´1 9´3±49´6 9´5±48´0 7´9±46´5 4´9±45´5
Median 23´7 33´3 36´0 31´9 23´3 19´4

Results for 58Fe
Mean 23´5 21´6 23´7 23´1 22´6 22´3
SD 7´1 6´2 6´2 6´2 5´9 6´4
Range 13´3±33´6 13´8±30´6 13´7±32´2 14´9±32´2 14´0±32´0 14´0±32´0
Median 23´4 21´0 25´7 24´8 23´0 23´0

Results for 70Zn
Mean 40´3 38´6 38´9 39´0 39´4 39´4
SD 5´8 9´1 7´8 7´7 7´5 7´5
Range 31´2±49´6 29´9±56´5 31´6±53´1 31´6±52´9 31´0±52´9 31´1±53´0
Median 39´3 34´2 35´2 34´7 36´6 36´8

The mean values for absorption obtained from the first two individual and the cumulative collection of the first two and three samples were significantly different from
those of the cumulative collection of the first four and five samples: *P , 0´05. The differences for 58Fe and 70Zn were not significant for any comparison: P . 0´05.

² For details of subjects see Table 1; for details of procedures see p. 607.
³ Farina meal: JD Cook, Kansas University Medical Center, Kansas City, KS, USA.
§ Apparent absorption was calculated from the fractional recoveries of tracer and marker from the first and second individual and cumulative collection of n sequential

faecal samples.
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mean value of ratios derived from the first two individual
samples and cumulative collection of the first two to four
outputs clearly shows that endogenous excretion was not
significant. As obtained for the ratios of recoveries, the
mean values for absorption obtained from the first two
individual stools and cumulative collections of the first two
to five samples were not significantly different �P . 0´05�
(Table 7). This indicates that the intestinal uptake of Fe and
Zn could be determined from the recoveries of tracer and
marker contents of the first or second individual stools or
their composites.

Discussion

Investigations performed to confirm non-absorbability of
rare earths demonstrate that they can be recovered
quantitatively with total subject cooperation and attention
to sample processing. Good agreement between recoveries
of five selected rare earths confirms reproducibility of
results when any member of this group of elements is used.
When considering the use of light rare earths (e.g. La and
Ce) as markers, baseline levels should be taken into
account.

Quantitative recoveries have been obtained for the two
rare earths (Sm and Yb) used to investigate reproducibility
of recovery patterns of rare earths and unabsorbed isotopic
tracers. Such recoveries suggest that rare earths could be
used as markers in preference to polyethylene glycol,
which is commonly used to confirm quantitative collections
of faecal samples and for which losses due to hydrolysis,
fermentation and absorption prevent reliable measurements
(Allen et al. 1979). In the use of radio-opaque pellets as
markers, their determination in stool samples requires x-ray
of whole samples (Cummings & Wiggins, 1976). Rare
earth markers have an advantage over radio-opaque pellets
in that they can be determined in fractions of homogenised
samples.

The significant difference between the time of first
appearance derived from the recoveries of Sm consumed
with a solution and those of Yb consumed with a meal
suggest that rare earths could be used to determine the
intestinal transit time of various types of dietary intakes.
Recovery profiles and intestinal kinetics of rare earths
could also provide information on time-dependent biologi-
cal variations in studies of intestinal physiology (Luckey,
1974, 1979). Measurement of mean transit times by the use
of radio-opaque pellets is an accepted method for studies of
excretion kinetics with markers (Hinton et al. 1969;
Metcalf et al. 1987). Cummings & Wiggins (1976)
developed a method for measurement of mean transit
time by analysis of single stool. The method offered a
useful experimental approach for both epidemiological
studies and as an outpatient procedure to reveal frequency
of colon symptoms and irritable bowel syndrome (Talley
et al. 1991). For such an approach, rare earths provide
fourteen different elements possessing similar physico-
chemical characteristics, with advantages over radio-
opaque pellets in ease of determination and in having an
homogeneous diffusion space in the intestine (unlike radio-
opaque pellets, where diffusion is determined by size and
shape (Morgan, 1986)).

For 57Fe tracer and Sm marker consumed with a drink,
the recovery profiles were not identical. The mean values
for intestinal uptakes of Fe obtained from the second
individual and cumulative collection of the first two and
three faecal samples provided after the consumption were
significantly different �P , 0´05� from those obtained from
composites of the first four and five samples. This was
evidence for endogenous excretion of Fe initially taken up
by the intestine. A similar effect has been observed in
earlier studies using radioactive markers for Cr (Powell
et al. 1970) and Ba (Jasani et al. 1971) where the marker
and radioactive 59Fe tracer were consumed in a drink. It
was concluded that the intestinal uptake of Fe could be
measured accurately only after ingestion of a test dose. In
normal subjects when the tracer retained is measured 72 h
after ingestion the values are lower than the initial
measurement due to excretion of Fe initially retained
(Marx, 1979). The results of this investigation agree with
these conclusions. The mean of differences between the
uptakes obtained from cumulative collection of the first two
and five samples was 9´5 %, whereas the mean uptakes
were 32´4 % and 22´9 % of the dose for the corresponding
composites.

Unlike Fe consumed without food, the recovery profiles
of 58Fe and 70Zn tracers and Yb marker consumed with
food were closely parallel.

The uptake of Fe from the meal was consistent. The
difference from the uptake of Fe consumed with the
solution should be related to the composition of the mode
of intake or chemical form of Fe. The effect of the mode of
intake has been reported in previous studies where the
absorption was determined by the aid of non-absorbable
BaSO4 marker labelled with radioactive 131Ba (Jasani et al.
1971; Jasani & Fletcher, 1972). There was no temporary
retention of Fe when it was given with a food, as FeCl3 or
citrate labelled with radioactive 59Fe. The fraction of Fe
temporarily retained when the retention of the marker was
less than 1 % was below the detection limit for nine
subjects (Jasani et al. 1971). Jasani & Fletcher (1972)
showed that Fe absorption from a meal measured by
monitoring composites of 3 d faecal collection was not
significantly different from that determined by whole-body
counting 10 d after administration. The results of this
investigation confirm these conclusions. The mean of
uptakes obtained from cumulative collection of the initial
outputs was not significantly different from that obtained
from complete collection �P . 0´05�; where the mean
uptakes were 23´7 % and 22´3 % of dose for the
corresponding composites. The mean value for absorption
from the Farina meal containing 3 mg Fe as Fe PO4

labelled with radioactive 59Fe tracer has been reported to be
1´75 % for twelve subjects (Forbes et al. 1989), where the
measurement of absorption was based on red blood cell
incorporation. The mean value for intestinal uptakes of
Fe3+ for the same meal obtained from this investigation was
much higher than that measured by Forbes et al. (1989).
This should be related to solubility of chemical form of Fe
(Fe PO4 has a very low solubility compared with FeCl3 at
pH 2). It is worth noting that the mean value for absorption
of Fe obtained from this study (23 (SD 6) %) agrees with
that obtained (27´2 (SD 11) %) by BjoÈrn-Rasmussen et al.
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(1972), where the dietary intake was wheat-based bread
containing 0´3 mg Fe (labelled with radioactive 59Fe as
FeCl3 form) with tap water, and the absorption was
determined by whole-body and blood counting.

The uptake of Zn from the meal was also consistent.
Payton et al. (1982) determined the absorption of Zn,
administered as a solution, from the first three consecutive
faecal samples. The authors used radioactive 65Zn as tracer
and 51Cr as non-absorbable marker. Flanagan et al. (1985)
used the same tracer and marker to investigate Zn uptake
from a solution and a test meal. Results of both studies
showed that intestinal uptake of Zn could reliably be
determined by faecal monitoring and results were con-
firmed by whole-body counting. However, the associated
exposure to radiation was a continuing limitation (Flanagan
et al. (1985) estimated the radiation dose to be 500 mSv
when 50 % of 65Zn was absorbed). The current inves-
tigation, involving no radioactivity, also showed that
the intestinal excretion kinetics of Yb marker and the
unabsorbed fraction of Zn tracer were identical, and the
absorption of Zn from a meal could be determined
accurately by analysis of the first two individual faecal
samples or its composites. The questions related to the
physiological process of intestinal uptake of Zn when
determined with isotopic tracers are the amount of the
endogenous contribution to total faecal output during the
sample collection period, and the degree of uptake of
the dietary mineral from the lumen, which is temporarily
trapped in the mucosal cells and subsequently excreted in
faeces. The endogenous contribution to total faecal output
is considerable, ranging from 2´2 mg to 5´4 mg, which is
approximately equivalent to daily Zn absorption (Turnlund
et al. 1986). The mean of absorption from the meal was
approximately 40 % which was equivalent to 1´2 mg for
this present investigation. If the same test meal was
consumed three times over the course of a day, then the
endogenous secretion would be 3´6 mg/d. This is within
the range given by Turnlund et al. (1986). A fraction of Zn
taken up might be trapped in the intestinal mucosa,
depending on regulatory factors of Zn absorption, such as
vitamin B6, as suggested by Turnlund et al. (1991).
Considering these factors, the effects of both endogenous
contribution and temporary retention would be minimised
by the rare earth marker approach, where the uptake of Zn
is measured in the first two faecal samples or their
composites.

The use of rare earth markers in studies of absorption
using stable isotopic tracers should enable measurement of
absorption with single or reduced faecal sampling, provid-
ing several advantages in practical applications of the
absorption measurement studies with stable isotopic
tracers. With the rare earth marker approach, confinement
of subjects in a hospital or a nutrition unit would be short or
unnecessary. The dose of tracer required for measurement
of absorption would reduce proportionally to the reduction
of the period of faecal sampling, so studies with stable
isotopes would be more economical, thus enabling
epidemiological investigations.

The rare earth marker approach has been validated for Fe
and Zn using enriched stable isotopic tracers. Similar
investigations could be applied to the other essential

minerals as depending on its isotopic availability, and
subject to similar verification of the comparable behaviour
of marker and unabsorbed tracer. In this present investiga-
tion, the recoveries of markers with the first or second
individual faecal samples were always higher than 10 % of
the dose administered and the least absorption determined
in this investigation was 13 % (5 % for only one subject for
Fe consumed with the solution). The problems arising from
the applicability of the rare earth marker approach for low
Fe absorption have been discussed by Fairweather-Tait
et al. (1997) when investigating the effect of Ca intake on
absorption of Fe; this was initiated as a result of this
investigation.
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Appendix

Notation for derivation of the equations:
Ef, amount of element in faeces, including unabsorbed

(enriched) isotopic tracer; En, amount of element in faeces
which consists of the fraction of total element of natural
composition; If, total isotopic content of faeces, including
endogenous contribution of the enriching isotope and
unabsorbed isotopic tracer; Iu, amount of unabsorbed
isotopic tracer in faeces; Ie, endogenous contribution of
the enriching isotope to the total isotopic contents of
faeces; Re, natural abundance of the enriching isotope; M,
fractional recovery of marker; Id, amount of enriched
isotopic tracer provided with the dose; A, fractional
absorption.

The total amount of the element of natural composition
in a faecal sample:

En � Ef 2 Iu: �1a�
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The amount of unabsorbed isotopic tracer in a faecal
sample:

Iu � If 2 Ie: �1b�
The endogenous isotopic contribution of a faecal sample in
natural composition:

Ie � ReEn: �1c�
If the faecal excretion kinetics of marker and unabsorbed
tracer are identical, then for a recovery M (as indicated by
marker), at a fractional absorption of A, Iu is given by:

Iu � M�1 2 A�Id; �2a�
so A can be calculated from:

A � MId 2 Iu

MId

: �2b�
Combining equations 1a and 2a gives:

En � Ef 2 M�1 2 A�Id: �3a�
From equations 3a and 1c, Ie is given by:

Ie � Re�Ef 2 M�1 2 A�Id�: �3b�
Substituting Ie from equation 3b in equation 1b gives:

Iu � If 2 Re�Ef 2 M�1 2 A�Id�: �3c�
Substituting Iu from equation 3c in equation 2b gives:

A � MId 2 �If 2 Re�Ef 2 M�1 2 A�Id��
MId

: �4�
Rearranging equation 4 gives:

A � MId�1 2 Re� � ReEf 2 If

MId�1 2 Re� ; �5a�

which can be written as:

A � 1 2
If 2 ReEf

MId�1 2 Re� : �5b�

In equation 5b, the term �If 2 ReEf� is the amount of
enriched isotopic tracer in the faecal sample which arises
from feeding, the endogenous contribution being elimi-
nated. The quantity of the enriched isotopic tracer provided
with the dose, before isotopic dilution is �Id�1 2 Re��;
taking into account the contribution of the enriched source
and the amount of natural tracer arising from its natural
abundance. Since the isotopic content of dose and stool can
be determined by NAA or MS, total element contents
determined usually by atomic absorption spectrometry, and
M by measuring their marker (rare earth) contents by NAA
or MS, fractional absorption can be calculated by using
equation 5b.

Equation 5b can also be rearranged for calculation of the
fractional absorption from the marker recoveries in
individual faecal samples, Ai:

Ai � 1 2
Ii

Mi

;

where Ii and Mi are the fractional recovery of tracer given
by Ii � �If 2 EfRe�=�Id�1 2 Re�� and marker with indivi-
dual faecal samples. The equation for Ai can be used for
calculation of the fractional absorption with any composites
of individual samples by summation of the recoveries of the
isotope and marker (Ii and Mi) with the corresponding
individual outputs.
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