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Reinhardt, Christopher, Seth Dalhberg, Mark A.
Tries, Robin Marcel, and Jeffery A. Leppo. Stable labeled microspheres to measure perfusion: validation of a
neutron activation assay technique. Am J Physiol Heart Circ
Physiol 280: H108–H116, 2001.—Neutron activation is an
accurate analytic method in which trace quantities of isotopes of interest in a sample are activated and the emitted
radiation is measured with high-resolution detection equipment. This study demonstrates the application of neutron
activation for the measurement of myocardial perfusion using stable isotopically labeled microspheres. Stable labeled
and standard radiolabeled microspheres (15 m) were coinjected in an in vivo rabbit model of myocardial ischemia and
reperfusion. Radiolabeled microspheres were detected with a
standard gamma-well counter, and stable labeled microspheres were detected with a high-resolution Ge detection
after neutron activation of the myocardial and reference
blood samples. Regional myocardial blood flow was calculated from the deposition of radiolabeled and stable labeled
microspheres. Both sets of microspheres gave similar measurements of regional myocardial blood flow over a wide
range of flow with a high linear correlation (r ⫽ 0.95–0.99).
Neutron activation is capable of detecting a single microsphere in an intact myocardial sample while providing simultaneous quantitative measurements of multiple isotope labels. This high sensitivity and capability for measuring
perfusion in intact tissue are advantages over other techniques, such as optical detection of microspheres. Neutron
activation also can provide an effective method for reducing
the production of low-level radioactive waste generated from
biomedical research. Further applications of neutron activation offer the potential for measuring other stable labeled
compounds, such as fatty acids and growth factors, in conjunction with microsphere measured flow, providing the capability for simultaneous measurement of regional metabolism and perfusion.
radioisotopes; stable isotopes; myocardium; ischemia; blood
flow

1967, the radioactive microsphere technique has been the standard method for the
measurement of regional tissue perfusion to organs
(24). However, a major limitation of radiolabeled miSINCE ITS INTRODUCTION IN
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crospheres is the high disposal and administrative cost
associated with generated low-level radioactive waste.
The development of substitutes for radioactive materials has thus become an active field of research (18, 22,
23, 25, 28). Overwhelmingly, the focus of this research
has been on optical-based detection technology. Because this detection technology cannot penetrate
deeply into tissue, the digestion of the tissue matrix is
required before the assay of optically labeled microspheres. This additional processing is expensive, time
consuming, and may introduce additional experimental error. Therefore, optical detection is best suited for
studies, such as tissue slide preparations, where the
optical tracer can more easily be detected. Alternative
nonradioactive methods that can directly measure
tracer content in intact tissue and biological fluid samples with accuracy similar to radiolabeled microspheres would be desirable for the measurement of
regional perfusion.
One potential approach is the use of stable isotopic
tracers that can be assayed by neutron activation.
Neutron activation is a well-known analytic technique
whereby neutrons penetrate the sample and activate
elements within the sample (1, 3, 7, 15, 20, 29, 31).
After activation, elements of interest within the sample are rendered radioactive and can be quantified
using high-resolution radiation counting equipment.
This paper is the first to describe and validate the use
of neutron activation for the assay of stable isotopically
labeled microspheres for measuring regional myocardial perfusion. This approach was directly compared
with the traditional radioactive microsphere method
using an in vivo rabbit model of myocardial ischemia
and reperfusion. Because only the samples of interest
are activated, this assay can significantly reduce occupational exposure to radiation and reduce the amount
of low-level radioactive waste generated. For example,
the contamination of gloves and protective clothing,
glass and plastic laboratory supplies, and waste products from animal housing and carcasses are avoided. In
addition, this approach eliminates the digestion and
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Fig. 1. Schematic of the experimental
protocol.

microsphere recovery procedures required by optically
based methods.
MATERIALS AND METHODS

Sensitivity measurements. To determine the linear range
for elemental tracer detection by neutron activation, the
following sensitivity study was undertaken using two of the
stable isotope labels, samarium and lanthanum. Atomic absorption standard solutions of each element (Sigma Chemical, St. Louis, MO) were used to produce samples that contained 0.02–50 g of each element. Each sample was placed
in a vial containing 0.1 g of bovine liver tissue. A metallic
monitor [20 l; BioPhysics Assay Laboratory (BioPAL),
Worcester, MA] was added to each vial to account for potential neutron flux density variations during activation analysis, as discussed in the APPENDIX. All vials were sent for
analysis (BioPAL), where they were activated by exposure to
a field of neutrons. Activated vials were stored for 48 h to
allow short-lived activation products to decay. After this
decay period, we performed spectrographic analysis to measure the concentration of the resultant radioactive nuclei in
each vial. The general principles used to determine the elemental mass in each sample after neutron activation are
outlined in the APPENDIX (3).
Microsphere preparation. Stable isotope-labeled microspheres (Sm, La, Sb, Yb, Eu, Re, Ir, and Au; 15 m; BioPAL)
were compared with standard radiolabeled microspheres
(95Nb and 103Ru; 15 m; NEN Research Products, North
Billerica, MA). A coinjection consisted of a mixture of ⬃1 ⫻
106 microspheres of each label, as described below in Experimental Protocols and shown in Fig. 1; therefore, the total
injection contained 2 ⫻ 106 microspheres. The coinjection
was suspended in 20% dextran with 0.01% polyoxyethylenesorbitan monooleate (Tween 80). The microspheres were
thoroughly mixed and vortexed before injection. Table 1
provides the radioactive half-lives and gamma-ray energies
for each of the stable isotope-labeled microspheres after neutron activation.
It is important to note that the stable isotope label is
cross-linked within the polystyrene microsphere matrix. In
vitro testing over a range of temperature and pH variations
has shown no isotope leakage from the microsphere. Therefore, stable isotope-labeled microspheres are assumed to be
stable for the duration of the in vivo experiment.

Calculation of microsphere injection. The accuracy of any
microsphere blood flow technique is dependent on having a
sufficient number of microspheres present within the sample.
Heymann et al. (10) states that a minimum of 400 microspheres are needed per sample for a 95% probability that the
blood flow measurement will be within 10% of the true value.
This microsphere estimate was later confirmed and refined
by others (4, 16, 21). In this study, each microsphere label
served as an independent flow marker. Assuming the heart
receives 4% of the cardiac output, the initial 1 ⫻ 106 microsphere injection of each label would result in 40,000 microspheres uniformly distributed in the myocardium. If the
myocardium is subdivided into 20 segments, each segment
will contain 2,000 microspheres under normal conditions.
However, because of the occlusion, we expect that some
segments will, at minimum, have an 80% reduction in normal blood flow. As a result, 400 microspheres would be
present in these low-flow segments, which is at the lower
limit of acceptance.
Surgical preparation. The surgical procedures were conducted under the guidelines of the University of Massachusetts Medical Center (UMMC). The UMMC is accredited by
the American Association of Laboratory Animal Care and
meets all standards prescribed by the Guide for the Care and
Use of Laboratory Animals [DHHS Publication No. (National
Institutes of Health) 85-23, Revised 1985].
New Zealand White male rabbits (n ⫽ 40, weight 1–1.8 kg;
Millbrook Farms, Amherst, MA) were sedated with intramuscular ketamine (35 mg/kg) and xylazine (5 mg/kg), intubated, and then anesthetized with 1–2% isoflurane administered through an anesthesia apparatus (Boyle model 50,

Table 1. Stable isotope labels
Element

Samarium
Lanthanum
Antimony
Ytterbium
Europium
Rhenium
Iridium
Gold

Isotope
153

Sm
140
La
122
Sb
175
Yb
154
Eu
186
Re
192
Ir
198
Au

Half-Life

Gamma-Ray, keV

1.929 days
1.678 days
2.70 days
4.19 days
8.59 yr
3.777 days
73.83 days
2.694 days

103.2
1,596.5
564.1
396.3
123.1
137.1
316.5
411.8
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Harris-Lake, Cleveland, OH). The carotid artery was catheterized, and arterial pressure continuously monitored. Both
femoral arteries were catheterized. One line was used to
draw reference blood samples for microsphere determination
of regional blood flow. The other line was used to measure
arterial pH, PCO2, and PO2. Ventilatory parameters and supplemental oxygen were adjusted to maintain physiological
arterial blood gases. The heart was exposed in a pericardial
cradle through a left thoracotomy. A catheter was inserted
into the left atrium for injection of microspheres to document
regional flow patterns.
A major branch of the left circumflex artery was ligated for
15 min. This duration of coronary occlusion in rabbits has
been shown to consistently produce regional ischemia with
no infarction (6, 16). During the occlusion period, microspheres with two differing labels were coinjected through a
left atrial catheter to measure hypoperfused myocardial
blood flow. Simultaneously, a reference blood sample was
drawn from a femoral arterial catheter using an withdrawal
pump (model 94, Harvard Apparatus, Millis, MA) to calculate
absolute myocardial blood flow. The withdrawal rate was set
at 2 ml/min and collected over a 2-min interval, resulting in
a 4-ml reference blood collection. After 15 min, the occluder
was released, and the ischemic tissue was reperfused. After
30 min of reperfusion, a second coinjection of microspheres
with two differing labels was given through the left atrial
catheter to measure the extent of myocardial reperfusion. To
eliminate potential sampling bias, animals were randomly
placed into one of eight groups (Fig. 1).
Experimental protocols. Groups 1–4 were used to compare
directly each of the eight different stable labeled microsphere
sets to a coinjected set of radiolabeled microspheres. In
groups 5–8, several combinations of four stable labeled microsphere sets were tested to characterize the sensitivity of
measuring multiple labels and to demonstrate that there
were no interfering reactions during analysis.
Tissue preparation. Hearts were harvested under increased anesthesia. The left ventricle was surgically isolated
and cut into transmural slices, which were further subdivided into transmural segments. Each segment contained
approximately equal concentrations of the endocardium and
epicardium. Each segment was placed in a preweighed sample vial (BioPAL) and then reweighed. The average myocardial sample weighed ⬃0.154 ⫾ 0.051 g. A metallic monitor
(20 l; BioPAL) was added to each vial to account for potential neutron flux density variations during neutron activation
(3). The vials were then sealed.
In addition to the myocardium, representative samples
from the brain, spleen, pancreas, stomach, small and large
intestines, and right and left kidneys and lungs were collected from each subject. During sample dissection, careful
consideration was given to organs having nonhomogeneous
blood flow, such as the kidney, to ensure valid comparisons
within each group. Like the myocardium segments, each
sample was placed in a preweighed sample vial and then
reweighed. A metallic monitor was also added to each vial
and sealed. After the experimental protocol, livers were donated and therefore not available for sampling.
Absolute regional blood flow. Radiolabeled microsphere
activity within each sealed vial was measured in a NaI (Tl)
gamma-well counter (Auto-Gamma 5530, Packard Instruments, Downers Grove, IL). All samples were counted for 2
min and corrected for tracer decay during the counting period. The methodology used to obtain absolute blood flow (in
ml 䡠 min⫺1 䡠 g⫺1) has been previously described (10). Briefly,
the microsphere concentration of each segment [in disintegrations per minute (dpm)/g] was normalized to the micro-

sphere concentration measured in the 2-min reference blood
collection (in dpm 䡠 min 䡠 ml⫺1).
Neutron irradiation and analysis. All tissue and blood
samples were sent for analysis (BioPAL), where they were
exposed to a field of neutrons. The vials were stored for 48 h
to allow short-lived activation products to decay. After this
decay period, spectroscopic analysis was performed on each
sample, and corrections were made to account for interradionuclide crossover and tracer decay during the counting period (9, 13). In addition, instruments were calibrated to
account for differences in sample volume and geometry. The
results of the assay were reported as the number of disintegrations per minute measured for each stable labeled microsphere set, and the results were obtained within 4 days of
sample submission. Absolute tissue blood flow measured by
stable labeled microspheres was calculated as described
above for the radiolabeled microspheres.
Although ultratrace amounts of rare earth elements, like
samarium, may be present naturally in some tissue types,
their concentration is very low, on the order of ⬎0.001 g/g of
wet tissue (30). This amount represents ⬍0.5% of the total
mass of the label on just one microsphere. Therefore, this
background concentration will clearly have no effect on the
blood flow measurement and therefore was ignored.
Data analysis. All data are presented as means ⫾ SD. A
repeated measure ANOVA and Bonferroni t-test were used
when multiple comparisons were made as a function of time.
Statistical calculations were performed with the use of a
commercially available computer program (SigmaStat, Jandel). Elemental mass measured by neutron activation was
compared directly with the predetermined elemental mass
using the analysis of Bland and Altman (2), where the difference in the measurement is plotted against the average
elemental mass. Likewise, blood flow values measured by
radiolabeled microspheres were directly compared with their
corresponding values obtained from the coinjected stable
labeled microspheres measurements. The data also were
compared using the analysis of Bland and Altman (2), where
the difference between the two methods are plotted against
the average blood flow determined for each labeled microsphere.
RESULTS

Sensitivity curves. There was a strong linear relationship when the masses of samarium and lanthanum, determined by neutron activation analysis, were
plotted as a function of their predetermined masses in
dilutions of standard solutions (Fig. 2A). Neutron activation analysis accurately assessed trace quantities of
both elements as low as 0.02 g with good precision
(Fig. 2B). The average mass of label per microsphere is
⬃0.030 ⫾ 0.002 g for each of the eight labels. The
sensitivity study illustrates that neutron activation
can accurately measure the presence of one microsphere in an intact tissue or blood sample.
Hemodynamics. Heart rate and peak systolic pressure data during baseline, occlusion, and reperfusion
periods are contained in Table 2. All groups showed
stability in heart rate during the experimental protocol. Blood pressure fell slightly during occlusion in all
groups, although the difference did not reach statistical significance.
Absolute regional blood flow. Groups 1–4 directly
compared each of the eight different stable labeled
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Fig. 2. E, Samarium; 䊐, lanthanum. A:
predetermined elemental mass (in g)
is compared with neutron activation
analysis (NAA) measurements (in g)
(Sm: y ⫽ 0.02 ⫹ 1.00x, r ⫽ 1.0; La: y ⫽
0.03 ⫹ 0.92x, r ⫽ 0.98). B: difference
against mean for neutron activation
data.

microsphere sets to a coinjected set of radiolabeled
microspheres. Fig. 3, A and C, illustrates a strong
linear relationship when absolute blood flow measured
with stable isotope-labeled microspheres was plotted
as a function of blood flow measured by radiolabeled
microspheres. Fig. 3, B and D, illustrates the precision
of the blood flow measurement over a range of flows.
Table 3 contains similar results for groups 2–4.
In groups 5–8, several combinations of four stable
labeled microsphere sets were tested to characterize
the sensitivity of measuring multiple labels and to
demonstrate that there are no interfering reactions
during analysis. For group 5, absolute blood flow measurements obtained from each stable labeled microsphere set plotted as a function of values obtained from
its coinjected set of microspheres showed a strong linear relationship (Fig. 4, A and C) and good precision
(Fig. 4, B and D). Table 3 contains similar results for
groups 6–8. During spectrographic analyses, no major
intraisotope interference was observed.
Absolute organ blood flow. Groups 1–4 directly compares each of the eight different stable isotope-labeled
microsphere sets to a coinjected set of radiolabeled
microspheres. For group 1, the blood flow measured by
the stable isotope-labeled microsphere injection for
each organ sample showed no statistical difference to
its coinjected set of radioactive microspheres (Table 4).
Similar results were also found for groups 2–4 (data
not shown). In groups 5–8, several combinations of four

stable labeled microsphere sets were tested to characterize the sensitivity of measuring multiple labels. For
group 5, the blood flow measured by the stable labeled
microsphere injection for each organ sample showed no
statistical difference to its coinjected set of stable labeled microspheres (Table 4). Like groups 1–4, similar
results were also found for groups 6–8 (data not
shown).
DISCUSSION

The results of this study demonstrate the feasibility
of using neutron activation to assay stable labeled
microspheres in intact myocardial samples. The sensitivity of neutron activation analysis was shown to be
linear over a wide detection range and, therefore, can
theoretically measure the presence of one microsphere
within a tissue segment. Data from this in vivo study
show that stable labeled microspheres compare favorably with values obtained from radiolabeled microspheres. The turnover time for the assay was 4 days
after submission of the samples, which is comparable
to the 2- to 3-day delay associated with the digestion
and recovery procedures of optically labeled microsphere techniques. Neutron activation analysis can
also provide a cost-effective method for reducing the
production of low-level radioactive waste generated
from biomedical research.

Table 2. Hemodynamic measurements
Heart Rate, beats/min

Peak Systolic Pressure, mmHg

Group

Baseline

Occlusion

Reflow

Baseline

Occlusion

Reflow

1
2
3
4
5
6
7
8

155 ⫾ 8
164 ⫾ 22
124 ⫾ 29
175 ⫾ 22
109 ⫾ 33
161 ⫾ 26
112 ⫾ 14
128 ⫾ 16

138 ⫾ 36
154 ⫾ 20
141 ⫾ 24
168 ⫾ 11
117 ⫾ 40
130 ⫾ 24
109 ⫾ 29
138 ⫾ 25

150 ⫾ 22
151 ⫾ 16
124 ⫾ 10
156 ⫾ 16
118 ⫾ 40
131 ⫾ 19
126 ⫾ 16
137 ⫾ 20

65 ⫾ 5
69 ⫾ 7
40 ⫾ 27
81 ⫾ 14
62 ⫾ 14
68 ⫾ 10
64 ⫾ 24
55 ⫾ 1

54 ⫾ 14
58 ⫾ 6
37 ⫾ 27
70 ⫾ 20
58 ⫾ 18
63 ⫾ 8
55 ⫾ 26
54 ⫾ 36

52 ⫾ 9
60 ⫾ 14
38 ⫾ 34
74 ⫾ 14
54 ⫾ 19
62 ⫾ 10
55 ⫾ 24
50 ⫾ 15

Values are means ⫾ SD. P ⫽ not significant (NS) vs. baseline; P ⫽ NS vs. groups for all values listed in Table 1.
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Fig. 3. Myocardial segments from group 1. A: absolute blood flow measured during occlusion by samarium-labeled
microspheres is compared with values measured by radioactive microspheres (95Nb). B: the difference between the 2
methods is plotted against the average blood flow determined for each labeled microsphere. C: absolute blood flow
measured during reperfusion by lanthanum-labeled microspheres is compared with values measured by radioactive
microspheres (103Ru). D: the difference between the 2 methods is plotted against the average blood flow determined for
each labeled microsphere.

Evaluation of fluorescent microsphere methods. The
assay of stable labeled microspheres by neutron activation has several major advantages over current, nonradioactive fluorescent microsphere techniques. Fluorescent detection technology cannot penetrate deeply
into tissue (22, 23). Therefore, the assay of fluorescent
microspheres requires the digestion of the tissue matrix, thus destroying the sample in the process (18, 23,
25, 28). The digestion process frequently requires multiple separation and filtration steps that are expensive,
time consuming, and may introduce sources of error.
Therefore, a known concentration of “processing” microspheres are added to each sample to account for
sample loss. Error estimates of 5–20% for chemical
extraction techniques of this nature are not uncommon

(22, 23). These tissue preparation procedures eliminate
the possibility of tracking other fluorescently labeled
compounds in conjunction with the microsphere assay.
In addition, the digestion process requires the use of
hazardous reagents. Like radioactivity, these reagents
pose their own environmental and health risks.
In contrast, neutrons are highly penetrating (3).
Therefore, neutron activation can be applied directly to
the sample without additional processing. As a result,
the potential for sample contamination and sample
loss is eliminated. Activation of the sample results in a
specific signal for each stable isotopically labeled microsphere. This signal is not compromised by the type
of tissue being assayed, such as muscle versus fat, nor
is the signal significantly affected by the presence of
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Table 3. Linear regression data
Occlussion
Group

1
2
3
4
5
6
7
8

n

119
101
90
97
90
90
91
91

Comparison
95

Nb vs. Sm
Nb vs. Sb
Nb vs. Re
95
Nb vs. Ir
Sm vs. La
Re vs. Eu
Sm vs. La
Re vs. Eu
95
95

Linear regression

y ⫽ 0.01 ⫹ 0.95x
y ⫽ 0.001 ⫹ 0.99x
y ⫽ ⫺0.03 ⫹ 1.02x
y ⫽ ⫺0.003 ⫹ 0.94x
y ⫽ 0.01 ⫹ 0.97x
y ⫽ 0.11 ⫹ 0.94x
y ⫽ 0.05 ⫹ 0.97x
y ⫽ 0.01 ⫹ 0.97x

Reperfusion
r

0.97
0.99
0.99
0.96
0.99
0.93
0.95
0.99

histochemical stains and dyes, which are both problematic during fluorescent detection.
Neutron activation. Neutron activation analysis can
provide researchers with capabilities not readily avail-

SD

0.09
0.14
0.10
0.10
0.01
0.27
0.11
0.08

Comparison
103

Ru vs. La
Ru vs. Yb
Ru vs. Eu
103
Ru vs. Au
Sb vs. Yb
Ir vs. Au
Ir vs. Au
Sb vs. Yb
103
103

Linear regression

r

SD

y ⫽ 0.01 ⫹ 1.02x
y ⫽ ⫺0.08 ⫹ 1.06x
y ⫽ 0.03 ⫹ 0.98x
y ⫽ 0.05 ⫹ 0.92x
y ⫽ ⫺0.002 ⫹ 1.00x
y ⫽ 0.05 ⫹ 1.02x
y ⫽ 0.04 ⫹ 0.98x
y ⫽ 0.04 ⫹ 0.97x

0.95
0.96
0.96
0.95
0.97
0.97
0.97
0.97

0.13
0.14
0.13
0.08
0.13
0.11
0.09
0.15

able with other assay technologies. Neutron activation
is well known for its high sensitivity and elemental
specificity for the simultaneous measurement of trace
elements (1, 3, 7, 15, 20, 29, 31). This offers the poten-

Fig. 4. Myocardial segments from group 5. A: absolute blood flow measured during occlusion by samarium-labeled
microspheres is compared with values measured by lanthanum-labeled microspheres. B: the difference between the 2
methods is plotted against the average blood flow determined for each labeled microsphere. C: absolute blood flow
measured during reperfusion by antimony-labeled microspheres is compared with values measured by ytterbiumlabeled microspheres. D: the difference between the 2 methods is plotted against the average blood flow determined for
each labeled microsphere.
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Table 4. Summary of blood flow values obtained from groups 1 and 5
Group 1

Group 5

Occlusion
Organ

Sm

Brain
Spleen
Pancreas
Stomach
Small Intestine
Large Intestine
Right Kidney
Left Kidney
Right Lung
Left Lung

0.16 ⫾ 0.05
0.64 ⫾ 0.37
0.66 ⫾ 0.55
1.10 ⫾ 0.55
0.33 ⫾ 0.08
0.26 ⫾ 0.11
2.65 ⫾ 0.37
2.70 ⫾ 0.64
0.15 ⫾ 0.05
0.18 ⫾ 0.09

95

Reperfusion
95

Nb

0.18 ⫾ 0.07
0.68 ⫾ 0.44
0.71 ⫾ 0.56
1.10 ⫾ 0.67
0.35 ⫾ 0.12
0.26 ⫾ 0.10
2.56 ⫾ 0.42
2.75 ⫾ 0.57
0.16 ⫾ 0.04
0.18 ⫾ 0.10

0.16 ⫾ 0.11
0.61 ⫾ 0.28
0.56 ⫾ 0.49
0.98 ⫾ 0.38
0.29 ⫾ 0.08
0.27 ⫾ 0.09
1.49 ⫾ 0.37
1.53 ⫾ 0.48
0.16 ⫾ 0.13
0.18 ⫾ 0.15

Occlusion

103

La

Ru

0.14 ⫾ 0.05
0.65 ⫾ 0.37
0.55 ⫾ 0.40
0.74 ⫾ 0.22
0.27 ⫾ 0.07
0.23 ⫾ 0.13
1.50 ⫾ 0.35
1.81 ⫾ 0.49
0.13 ⫾ 0.03
0.15 ⫾ 0.10

Reperfusion

Sm

La

Sb

Yb

0.34 ⫾ 0.12
0.44 ⫾ 0.09
0.40 ⫾ 0.13
1.27 ⫾ 0.26
0.50 ⫾ 0.26
0.26 ⫾ 0.12
1.53 ⫾ 0.75
1.41 ⫾ 0.73
0.36 ⫾ 0.32
0.32 ⫾ 0.24

0.32 ⫾ 0.13
0.45 ⫾ 0.08
0.39 ⫾ 0.12
1.24 ⫾ 0.31
0.41 ⫾ 0.16
0.27 ⫾ 0.13
1.51 ⫾ 0.71
1.51 ⫾ 0.75
0.38 ⫾ 0.32
0.24 ⫾ 0.13

0.42 ⫾ 0.24
0.85 ⫾ 0.62
0.53 ⫾ 0.40
0.98 ⫾ 0.43
0.59 ⫾ 0.44
0.33 ⫾ 0.15
1.47 ⫾ 0.94
1.43 ⫾ 1.05
0.26 ⫾ 0.17
0.26 ⫾ 0.09

0.48 ⫾ 0.32
0.82 ⫾ 0.66
0.52 ⫾ 0.36
1.02 ⫾ 0.52
0.59 ⫾ 0.45
0.30 ⫾ 0.11
1.44 ⫾ 1.01
1.33 ⫾ 1.01
0.23 ⫾ 0.08
0.28 ⫾ 0.11

Values are means ⫾ SD; n ⫽ 5 for each group. Blood flow values were measured as milliliters per minute per gram. P ⫽ NS for Sm vs.
Nb and La vs. 103Ru for group 1; P ⫽ NS for Sm vs. La and La vs. Sb for group 5.

tial of being able to measure multiple isotopic tracers
per assay. Unlike optical lasers, neutrons can penetrate solid tissue and opaque-liquid samples, thereby
providing an assay that is completely self-contained
and requires minimal sample preparation. Unlike
other element detection methods, such as atomic absorption spectrophotometry, neutron activation is not
chemically or physically destructive (3, 9). Therefore,
samples can be archived, reassayed, and/or undergo
additional analysis after neutron activation. Because
only the samples of interest are activated, this assay
can significantly reduce occupational exposure to radiation and reduce the amount of low-level radioactive
waste generated. For example, the contamination of
gloves and protective clothing, glass and plastic laboratory supplies, and waste products from research animal housing and carcasses are avoided. Stable isotopes do not undergo radioactive decay or cause
radiokinistics (27), and, unlike optical probes, they do
not lose their fluorescence over time. Therefore, stable
isotope-labeled research products, such as microspheres, will have a significantly longer shelf life compared with alternative labeling methods.
Several researchers have proposed using neutron
activation in conjunction with enriched or biologically
rare isotopes as substitutes for radioactive isotopes in
laboratory experiments (12, 26) and in clinical applications (5, 11, 19). Kitchin et al. (12), for example, successfully used neutron activation to measure iodine
and bromine for the assay of 5-iodo-2⬘-deoxyuridine
and 5-bromo-2⬘-deoxyuridine as DNA precursors for
the determination of cell mitosis and death rates. Compared with both immunocytochemistry and fluorescent-activated cell sorting, they found that neutron
activation-based studies of DNA synthesis were able to
evaluate more cells per assay (up to 105 more) due to
the elimination of signal quenching errors associated
with both ␤-radiation and fluorescent counting, and
the neutron activation method required less labor and
in-house laboratory equipment. In addition, this technique offered improved accuracy and precision (coefficient of variation as low as 3–5%) compared with both
immunocytochemistry and flow-activated cell sorting.

Recently, Chou et al. (5) refined a neutron activation
technique for the clinical assay of protein-bound iodine
in blood serum samples. The measurement of proteinbound iodine, as well as the assay of tetra-iodothyronine (T4) and tri-iodothyronine (T3), is one of the
conventional clinical tests of thyroid function. This
refined neutron activation technique provided a simple
and highly sensitive assay (down to a few parts per
billion are theoretically achievable) while avoiding systematic and temperature-dependent errors associated
with traditional clinical analytical techniques.
Despite the many advantages of neutron activation
for biomedical research, this analytical method has not
achieved widespread use due to a lack of familiarity
within the biomedical community and the lack of
readily available stable labeled materials specifically
designed for biomedical research. This paper is the first
to describe and validate stable labeled microspheres
specifically developed for measurement by neutron activation analysis. Microspheres were developed with
eight different isotopic labels, and the simultaneous
measurement of four labels per sample was validated.
The stable labeled microspheres were used in a similar
manner as radioactive and optically based microspheres. However, only the samples of interest were
sent for analysis of tracer(s) content, and the results of
the assay were available within a few days. In addition
to tissue measurements of blood flow, neutron activation analysis offers the potential of measuring other
stable labeled compounds, such as fatty acids, antibodies, growth factors, etc., which may permit the comparison of regional metabolism and perfusion.
Economic comparisons of microsphere techniques.
There are three principal technologies for measuring
blood flow. Each has advantages and disadvantages,
which can be express in an economic analysis. The cost
of optically labeled microspheres and stable isotopelabeled microspheres are essentially identical (Triton
Technologies, San Diego, CA). The cost of radiolabeled
microspheres are 5 to 10 times more expensive per
injection than microspheres for the other two methods.
The experimental protocol from the injection of the
subject animal to its death and tissue biopsy are iden-
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tical. Cost differentials occur in the work up of the
tissue. Radiolabeled microspheres produce large
amounts of low-level radioactive waste disposal, which
will mount rapidly in expense in the near term. Balancing this is the rapidity of obtaining an answer with
little hands-on time for the technologist. Optically labeled microspheres require considerable technologist
time (up to 3 days) to process samples (18, 23, 25, 28).
In addition, training of the technologist before starting
the first experiment may take up to several months
before reliable results are obtained. Finally, this technology requires considerable capital expenditure in the
purchase of fluorescent instrumentation and centrifuges (8, 14, 17). This method is thus suited to large
laboratories with long and established programs in
blood flow measurements. The workup using stable
isotope labeling and neutron activation has no start-up
costs, no requirement for training technologists, and no
capital equipment requirements. The investigator
need only mail samples to central processing laboratory (BioPAL) for quantitation. The technique is ideally suited for laboratories interested in using blood
flow analysis for short periods of time and for small
numbers of animals. The technique also avoids all
associated expenses of chemical disposal found with
optical methods and radioactive waste disposal. The
current cost of this method is $10 per sample. However,
as new applications for this technology are developed
and additional assay service laboratories are formed,
the cost of the assay may significantly reduce as it
improves and gains popularity.
APPENDIX

The general principle underlying neutron activation is
that an incident neutron is captured by an atomic nucleus
forming a radioactive nucleus. An ideal radioactive nucleus
would be short-lived and emit a gamma-ray during the decay
process (9). The energy of the gamma-ray is discrete and
distinct for each stable atom. Specialized, high-resolution
detection equipment can than be used to identify and measure the emitted gamma-ray. The number of emitted gammarays is directly proportional to the total mass of the parent
isotope. In practice, a sample is exposed to a flux of neutrons
(, in m2/s) for a given time (t). The specific activity (S, in
s/kg) induced in any parent nuclide can be approximated
from the formula (3)
S ⫽ 6.02 ⫻ 1026共兲 共兲 共 f 兲 共A⫺1兲 共0.5兲t1/t1/2关1 ⫺ 共0.5兲t/t1/2兴

tron exposure will result in an increase in sensitivity of this
assay. In addition, using an enriched isotope as the tracer
will also increase sensitivity. For example, recalculating the
specific activity for “enriched” samarium increases the estimated specific activity to 5.7 ⫻ 1013 s/kg (f ⫽ 1 rather than
f ⫽ 0.26). Equation 1a also demonstrates that this assay only
activates a minute population of the stable parent element
present. Therefore, this assay can be repeated to retrieve
results from expensive experiments that might otherwise be
lost with competing technology.
The activation process will also activate other isotopes
present in the sample, adding background noise to the signal,
and thereby potentially decreasing the sensitivity of the
assay. For biological samples, sodium and chloride pose the
greatest concern. However, given their short activated halflives (24Na t1/2 ⫽ 15 h; 38Cl t1/2 ⫽ 37 min) compared with
isotopically labeled microspheres, this background activity
will be low after the 2-day decay period.
If a standard containing a known mass (m0) of the element
of interest is exposed to the same flux of neutrons, then
determination of the unknown mass (m) within the sample is
given by
m⫽

m 0R
R0

(2a)

where R and R0 are the count rates of the resultant radioactive nucleus from the sample and standard, respectively.
However, it is difficult to achieve a uniform neutron flux rate.
Therefore, a monitor is used to gauge and correct for neutron
flux nonuniformity. A monitor is an element that is not
expected to be within the sample itself. A known concentration of this monitor is placed into both the standard and
samples before neutron irradiation. Therefore, the flux rate
can be “monitored” by measuring and then correcting differences in the generated specific activity of the monitor. As a
result, the accuracy and precision of measuring the unknown
mass is further enhanced, as follows
m⫽R

冉 冊冉 冊冉 冊
m0
R0

R 0,m
m 0,m

mm
Rm

(3a)

where Rm and R0,m are the count rates of the monitor in the
sample and standard, respectively, and mm and m0,m are
their respective masses.
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(1a)

where  is the cross section for neutron interaction with the
parent nuclide (in m2), f is the fractional abundance of the
parent nuclide, A is the atomic weight of the parent nuclide,
t1 is the time between activation and counting (in h), t is the
activation period (in h), and t1/2 is the half-life of the daughter nuclide (in h).
The sensitivity of any reaction can be estimated using
Eq. 1a. For samarium, the potential reaction is 152Sm(n,␥)
153
Sm; t1/2 ⫽ 1.93 days. Therefore, using a flux of 2.0 ⫻ 1017
m2/s and an irradiation time of 30 min followed by a decay
period of 2 days, a specific activity of 1.5 ⫻ 1013 s/kg is
obtained for 153Sm. Conservatively, this technique can determine ⬍10⫺14 kg (0.01 ng) of samarium using standard counting equipment. It is important to recognize that increasing
the neutron flux and/or increasing the duration of the neu-
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