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The National Reference System for the Clinical Laboratory
(NRSCL) was established in 1978 under the aegis of the
National Committee for Clinical Laboratory Standards
(NCCLSB) to promote greater analytical accuracy of patient
results across the United States (UI). Metrologists at the
National Institutes of Standards and Technology {NIST) and
elsewhere (I72-1J15) etc. have utilized fsotope dilution mass
spectrometry (IDMS) as one of the primary technologies to
achieve more accurate (closest approach to frue value)
chemical measurements. NIST's application of IDMS to
standardization problems in clinical chemistry has clearly
helped toimprovethe accuracy of measurements for a number
of vital analytes present in human serum. This article gives
information on the use of IDMS, primarily for assigning
certified values to human serum reference materials within
the standard reference material (SRM) program at NIST.
These human serum SRMs provide for the National Reference
Systern (NRSCL/NCCLS) the accuracy base for about adozen
key analytes in human serum.

The task of improving the accuracy of patient test results
in thousands of warkin§ laboratories all across this country
requires a widespread voluntary consensus onstandardization.
Todothis NRSCL/NCCLS has defined an accuraey hierarchy
of interrelated reference materials and reference methods
that seek to promote the systematic fransfer of aceuracy from
this accuracy base. This process of accuracy fransfer was
outlined by Cali (UI6) and is now described in detail by
guideline documents of the NRSCL/NCCLS (U17-U2h). It
dependsonthe following: (A)arational, self-consistent system
of units of measurement {i.e., the 81 base units (7223}, (B)
materials to realize in daily practice the defined units and
their derivatives [Le., SRMs from NIST (1/23) or other
certified reference materials {CRMs) (U19)], (C) reference
methods of proven accuracy {i.e., definitive methods (DMs)
(U17) or reference methods (RMs) (U18)], (D) field or working
methods, and (£) means to assure the long-term intralabo-
ratory and interlaboratory integrity of the measurement
system [i.e., internal quality control testing ({/2¢) and external
interlaboratory comparison programs (U253].

NIST scientists have used the analytical power of IDMS
technology to quantitatively measure the concentration of
several analytes in human serum (L.e., SRMs 909, 9092, and
958). Thesecertified valuesdefine accuracy for the pragraatic
noeds of the NRSCL/NUCLS. For example, SRM 8004, a
Iyophilized human serum, carries IDMS/DM certified values
for calcium, chloride, cholesterol, creatinine, glucose, lithium,
magnesium, potassium, ures, and uricacid. Thus, SRM 909a
is the artifact that transfers the accuracy inherent in NIST's
IDMS measurements to other laboratories. These SRMs are
purchased primarily by standardization and calibration
Iaboratories in industrisl, professional, and governmental
organizations within the clinical laboratory community,
Secondarily, they are purchased by working clinical labo-
ratories that are seeking to independently improve and
maintain the accuracy on a continual basis of analytical resulis
on patient samples. SRM 808a purchases from October 1991
to October 1892 show that of the 731 units distributed 62%
went to 42 industrial organizations, 19% went to 22 com-
mercial (private) laboratories, 13% went to 44 clinical
(hospital/clinic/university) laboratories, and 6% went to 13
governmental or professional organizations. Units were
distributed to Austria, Canada, Denmark, England, France,
Germany, lceland, [reland, Italy, Japan, Kuwait, Mexico, The
Netherlands, Russia, South Africe, Spain, Sweden, Switzer-
land, Taiwan, and the United States (U26)1.
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ISOTOPE DILUTION MASS SPECTROMETRY
(IDMS)

IDMSB is accepted as a DM for both organic and inorganic
analytes because of its precision and accuracy. However, the
methodology and instrumentation for IDMS in the two fields
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differ considerably. The following sections summarize the
application of both organic and inorganic IDMS at NIST
with special emphasis on the issues of accuracy faced by both.

Inorganic IDMS. The staff of the Chemical Science and
Technology Laboratory at NIST have over thelast few decades
developed state-of-the-art IDMS technology to redetermine
(add additional significant figures to) the atomic weight of
calcium, potassium, chloride, and magnesium. The same
fastidious chemical grocessing and thermal ionization mass
spectrometric (TIMS) techniques were utilized for agsigning
DM values to these analytes in human serum SRMs. The
‘major potential sources of systematic error are controlled by
chemical purification of the analyte and by careful repro-
duction of instrumental ratio measurement conditions. The
details of DM development have been published in a series
of NBS Special Publications (U27-U30).

TIMSisnot a widely used technique in analytical chemistrfr,
although its applicability to elements of the periodic table
continues to broaden in terms of both sensitivity and number
(U31). The precision in ratio measurement achieved by the
technique is routinely 1 part in 103 and in some cases can be
controlled to better than 1 part in 10% From this high
precisicn is derived very accurate and reproducible mea-
surements of concentration byisotope dilution using enriched
stable isotopes of the element (U32).

The impaoct of potential systematic oxrors is minimal in the
application of ID-TIMS; this is its essential qualification as
a DM technique. Nevertheless, evaluation of a DM requires
the enumeration of potential systematic errors which in ID-
TIMS can arise from both chemistry, that is, sample
treatment, and mass spectrometry, that is, ratio measurement.

The two main sources of potential systematic error in the
chemical treatment arise (1) from lack of equilibration of the
sample analyte with the isotopic spike that is added and (2)
contamination, or chemical blank, that is incurred during
sample processinﬁ. Eckuilibration means the complete mixing
of spike and sample and the ultimate disposition of the analyte
in the same chemical state. Dissolution must be complete
and selective loss of either sample or spike cannot be tolerated.
Once equilibration is complete, total recovery of the analyte
is not required, since it is the isotopic ratio that defines the
concentration. This is one of the major advantages of isotope
dilution.

The chemical blank can arise from containers, reagents,
and the procedures used in the chemical Iarocessing of the
samples and from the environment including the mass
spectrometer, filament, etc. Ultrapure acids are used to
minimize contamination from reagents (U33). Chemical clean
rooms are used to control particulate contamination from
thelaboratory (U34). Thetypical blanks encountered depend
on the analyte; for Li, Mg, Cl, K, and Ca in serum, the blank
levels are smaller than 0.1% of the sample levels of those
elements.

The main sources of systematie error in ratio measurement
are (1) isobaric interferences (different elements with the
same mass to charge) and (2) isotopic fractionation. The
specificity of thermal ionization, coupled with the chemical
processing of the sample, and the relatively large signals
achievable for microgram amounts of material obviate serious
concerns ahout interferences, once the mass spectrometry
has been validated using standards. Fractionation, or the
chanfe inisotope ratios versus time during thermal ionization,
will limit the reproducibility of the technique. Internal
normalization is possible to minimize the effect of fraction-
ization for elements with more than two measurable isotopes
(e.g., Mg and Ca) (U35). Forelements with only twoisotopes,
fractionation is externally normalized to isotopic standards
determined insequence withsamples. Externalnormalization
requires careful attention to reproducing all details of sample
loading, instrumental heating, and data collection protocols.

The specific analytes for which ID-TIMS DM have been
developed at NIST are Li, Mg, Cl, K, and Ca, The procedures
used for each of these analytes are reviewed below. The mass
spectrometry procedure used originally for all of these analytes
was a triple-filament procedure. In a triple-filament proce-
dure, the sample is dried onto side filaments which are heated
independently of the ionization filament in the mass spec-
trometer. New mass spectrometry procedures have been
developed which are equally applicable to the analytes (U36).
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_Lithium. Liis characterized by a relatively large mass
difference between the two stable isotopes ®Li and "Li. This
difference results in difficulty controlling isotopic fraction-
ation and concern about fractionation of the two isotopes
during chemical processing (U30). With the large amounts
of isotopically separated Li that are found in commercial
samaﬁles, itis alsoimportant to verify the isotopic composition
of all Li samples, including reaients. The absolute abun-
dances of reference samples of lithium have only recently
been available although the isotoiic composition of lithium
reagents and a reference material had been compared (U/37).
New, higher precision mass spectrometry procedures for Li
ratio measurement have been reported. Two procedures
based on the evaporation of lithium metaborate have been
described: a single-filament procedure in which Li;BO,* is
measured (U38) and a multiple-filament procedure in which
Li* is measured (U39). These new procedures have not yet
been applied to serum DM analysis, but should provide a
significant improvement over the original work (UJ27) in future
development of the ID-TIMS/DM for Li.

Magnesium. Mg has three stable isotopes, 2#Mg, 2Mg,
and #¥Mg; Mg is the spike isotope used in our laboratory.
The triple-filament procedure developed for Mg (U/40) suffers
from significant fractionation (about 1%). This fractionation
is corrected by normalizing the 25Mg/Mg ratio to its absolute
natural value. More problems were reported for determi-
nation of Mg in serum than for other electrolytes (U/41). These
problems in all probability stem from the relatively low
ionization efficiency for magnesium using the triple-filament
technique. A single-filament techni%ue has been reported
for Mg with significantly improved efficiency (greater than
1000X) for Mg ionization (U42).

Chloride. The determination of chloride in serum (U29)
was the first determination of chlorine using IDMS (U41),
and probably the first analytical use of negative thermal
ionization. In contrast to the determination of metals, wet
ashing was not done for the chloride determination. The
samples were spiked, diluted with HNO; (0.1 mol/L), and
heated for several hours. The ]protein was precipitated by
the addition of ammonium molybdate, and the chloride in
the protein-free filtrate was precipitated as AgCl. The AgCl
was removed by centrifugation and repurified through a
second crystallization. Samples were dissolved inammonium
hydroxide for mass spectrometry loading. TIMS of chlorine

. was hindered somewhat by instrumental memory. This

?roblem was addressed by using different mass spectrometers
or samples with vastly different ratios and by cleaning the
instrument source more frequently. .

Potassium. The measurement of K in serum showed a
precision 0f0.03% relative standard deviation using ID-TIMS
(U28). Potassium is readily thermally ionized; thespike is
41K. The reproducibility is achieved by careful control of
fractionation, since internal normalization is not possible.
Thevital factor in control of fractionation is the relative purity
of the dried analyte on the filament (U43).

Calcium. The determination of calcium is accomplished
by using “Ca as the spike isoto;:e and measurement of the
#Ca igotope in addition to 4Ca and #Ca for internal
normalization of fractionation. The use of internal normal-
ization avoids the imprecision caused by fractionation which
was encountered in the original development of the DM for
Ca in serum (U27, U44). #Ca has a potential interference
from a very minor isotope of potassium. This potential
%n“gglif%il;ce is checked by monitoring #K (¥K/4K =

Improvements and modifications to TIMS methodology
have been developed. Expansion of the methodology to other
important analytes has also occurred, as evidenced by the
i‘&csel'(zb tf;)tiﬁcation of Pb in blood, SRM 955a, using ID-ICP-

ORGANIC IDMS

The technique and application of IDMS to the accurate
measurement of clinically significant analytes has been
reviewed (U46-U48). In principle, the method is simple and
allows for knowledge or control of all of the variables which
can lead to error. In practice, achieving accurate results
requires careful design of the experiment and considerable
attention todetail. Thestaff at NIST has developed a number
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Table U-I. Characteristics of the ID GC/MS Definitive Methods in Use at NIST for Six Organic Analytes in Serum

internal
analyte (refs) standard® workup procedure®
cholesterol (total)  cholesterol-18Cy hydrolysis with
(U50, Us4) (cholesterol-5-en- KOH in ethanol;
25,26,27-13C4-830l) extraction with
hexane
creatinine (U59) creatinine-13Cy chromatography
(2-amino-1,5- on weakly
dihydro-1- acidic ion
(methyl-1#C)- exchange resin
4H-imidazole-
4-one-5-13C)
glucose (U49, glucose-13Cqg deproteinization;
Us3) (uniformly deionization
labeled
[©¥C]glucose,
50% 13Cq)
triglycerides glycerol-13Cg total glycerides;
(U60) hydrolysis with
KOH in ethanol;
deionization.
triglycerides:
extraction,
then as for
total triglycerides
urea (U51) urea-180 sublimation
uric acid (U61) [1,3-16N,]uric anion exchange

acid

derivative for precision®
GC/MSe CV (%) applications (refs)
cholesterol, 0.22 SRMs 909 (U50),
trimethylsilyl 909a (U64), 1563
ether (U55), 1961 (Us4),
1952 (Us4); CDC
serum pools (U56);
comparison with
another ID/MS
method (U57);
comparison with CDC
reference method
(U56); effect of
lyophilization
(Us8)
N-(4,6-dimethyl- 0.15-0.27 SRMz= 909, 909a;
2-pyrimidinyl)-N- CAP survey materials
methylglycine,
ethyl ester .
a-D-glucofuranose 0.29 SRMs 909, 909a;
cyclic 1,2:3,5-bis- CDC serum pools
(butylboronate)-6- (U53); CAP survey
acetate materials; WHO serum
glycerol cyclic in progress
1,2-butylboronate-
3-trimethylsilyl
ether
6-methyl-2,4-bis- 0.19 SRMs 909 (U51),
(trimethylsilyl)oxyl- 909a; CDC serum
pyrimidine pools (U51); evaluation
of AACC reference
method (U62); CAP
survey materials;
WHO serum
uric acid tetrakis- 0.34-042  SRM 909 (U61),
(tert-butyl. 909a (I61); CAP
dimethylsilyl) survey materials;
derivative WHO serum

a Internal standard, workup procedure, and precision are given for the most recently published method. ® Typical coefficient of variation
for a single measurement, ¢ Applications with earlier versions of the method and with closely related methoda are included.

of IDMS DMs for organic analytes in serum heginning with
studies on glucose by Schaffer et al. in the mid-1970s (U49).
These were modeled on the methods for the inorganic analytes
discussed above. The organic analytes for which methods
have been developed at NIST are listed in Table U-I.

The methods share some common steps: addition of stable
isotope-labeled internal standard to serum samples; equili-
bration of the labeled and native analyte; isolation and at

‘least partial purification of the analyte (labeled and unla-
beled); formation of a derivative suitable for GC/MS; mea-
surement, in accordance with a strict protocol of ion abun-
dance ratios for the analyte/labeled analyte, bracketed in
both time and ion abundance ratio by calibration standards.
Multiple sets of independently prepared samples and cali-
brationstandards are prepared and measured. Measurements
are made by combined GC/MS with the principal measure-
ments by electronionization. Testsforinterferencesaremade
by chemicalionization, electron ionization onions of different
masses, or by using different GCcolumns. Some of thefactors
considered In desx%xli]ng these methods are discussed below.

The Analyte. The choice of target analytes is made on
the basis of a combination of perceived usefulness to the
clinical commuunity and the feasibility of developing a DM.
Serum uric acid and urea, for example, are defined species,
but “total” cholesterol is the sum of free cholesterol and
cholesterol esters, the exact proportions of which vary from
serum to serum. Thus a method for “total® cholesterol
includes a well-characterized step to convert the esters to
free cholesterol. In contrast, a method for glucose must free

no glucose from oligosaccharides or glycosylated compounds.
Someanalytes arenot,at ]preeent, suitable for the development
of a DM, Thus the bilirubin of clinical interest includes
ﬂucur.onide conjugates and protein-bound bilirubin. The

tter is a chemically undefined species and therefore cannot
be measured by IDMS.

The Unlaheled Standard dnd the Labeled Internal
Standard. IDMS is a technique which measures the con-
centration of an analyte relative to a standard of known
concentration, At NIST these unlabeled standards have been
SRMs, materials which are homogeneous and have well-
established and documented purities. An internal standard
for IDMS should ideally be indistinguishable from the analyte
except for the mass difference, but it is a fact that the
unlabeled and labeled molecules donot have identical physical
properties or reaction rates. The labeled internal standard
must, however, mimicthe natural analyte well enough to avoid
introducing unacceptable errors. For example, a cholesterol
labeled with seven deuterium atoms was a satisfactory internal
standard in our original method for cholesterol where packed
GC columns were used (U50), but was unsatisfactory when
capillary columns of much greater resolution were used (U51).
Cholesterol, labeled with three carbon-18 atoms, as shown in
Table U-I, avoided the substantial separation of the analyte
from the internal standard.

The Sample. The methods described here, and summa-
rized in Table U-I, are all for serum. The s)recisicm of the
values assigned to samples in a pool may be limited by a lack
of uniformity of vial fill weight or by instability of the analyte.
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For example, very precise concentration values were assigned
for all vials of SRM 909, human serum, and were applicable
if a vial was reconstituted only after weighing its dry content.
However, if the user skipped the weighing, the uncertainty
of each assigned value was much greater. Refractive index
measurements showed vial to vial differences in the weight
of dried serum per vial. Over the 10 years that SRM 909 was
studied some analytes, like creatinine and uric acid, were
found to be very stable, and others, like cholesterol, showed
a steady decline of about 0.1% per year. Glucose, however,
declined about 0.7% per year with considerable vial to vial
variation over time.

Chemical Manipulations, Theresultsof anidealisotope
dilution method are independent of the extent of recovery of
an analyte. Procedures are therefore tailored to eliminate
Fosaihle sources of interference and obtain the analyte in the

orm best suited for analysis, Losses of either analyte or
labeled material before equilibration, or fractionation after
equilibration, will bias the results. Thus, during the devel-
opment of a method for uric acid, several sets of calibration
standards were prepared. Inconsistent results among sets
were traced to decomposition of uric acid in ammonium
hydroxide. Careful control of the ratio of ammonium
hydroxide to uric acid solved the problem (U52). The
procedures used at NIST to isolate an analyte from serum
and to prepare it for GC/MS have ranged from very simple
to extremely complex. For example the chemical manipu-
lations for cholesterol (U50) include only hydrolysis, extrac-
tion, and formation of a derivative, while those for one of the
two methods for glucose (U53) required a labor-intensive
process, a condensation reaction followed by sublimation and
three thin-layer chromatography steps.

Instrumentation. The GC/MS instrument used for all
of the NIST organic DMs is a 1974-vintage single-focusing
megnetic mass spectrometer which has been modified to
improve the precision of the measurements (U5, U54).
Attempts totransfer these methodsto commercial quadrupole
instruments, one a research-grade instrument, and another,
much less expensive, gave results that were 3-10 times less
precise. The GC columns used have included packed, support-
coated open tubular (SCOT), and fused-silica capillary
columns. Memory effects resulting from material remaining
in the injector or on the column may occur and these lead to
errar since a portion of a I‘Pteviou‘s sample remains to
contaminate the next stage. For example the trimethylsilyl

derivative of uric acid showed an unacceptable large memory -

effect, but the tert-butyldimethylsilyl derivative showed no
detectable memory effect.

Measurements. Allmeasurements of amount whichmust
be quantitative are made by gravimetriec rather than by
volumetrictechniques, a procedure necessary when volumetric
measurements would contribute significantly to imprecision
of the assigned value. A calibration method referred to as
bracketing 18 used for the ion abundance ratio measurements.
In this technique each measurement of a sample is imme-
diately preceded and followed by measurements of calibration
standards whose ion abundance ratios closely surround the
ion abundance ratio of the sample. Approximately 10
calibration standards with ratios from about 0.8 to 1.2 are
used. The measurements are repeated in reverse order on a
different day to show that there 1s no statistically significant
memory effect or any time-dependent changes. A strict
protocol governs the acceptance, rejection, or repetition of
measurements.

SUMMARY

 The clinical laboratory community of the United States,
which ig well represented by the NRSCL/NCCLS, has
endorsed the IDMS/DMs developed at NIST. These DMs
Rrovide the accuracy (true value) base for the U.S. National
eference System for a number of specific analytes in human
serum. Fortunately,the U.S. government through (a) actions
of NIST administrators and scientists, (b) financial support
from NIH (NIGMS) and FDA, and (c¢) interagency agreements
with CDC has accespted the responsibility for developing and
maintaining IDMS/DM:s for clinically important analytes as
an essential part of this national measurement system
infrastructure. Furthermore, it is important to note that
several professional organizations, particularly, The American
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Association for Clinical Chemistry (AACC) and The College
of American Pathologists (CAP), have interacted heavily with
NIST in full support of these national standardization
activities. CAP supports three full-time Research Associates
at NIST so that target values on serum samples used in its
Interlaboratory Comparison Survey Programs may be traced
toDMs, Thisremarkable cooperation and teamwork between
government agencies and private sector organizations, as well
as numerous individual scientists and physicians, which
promotes greater accuracy of patient results, depends heavily
upon the continued timely availability of IDMS/DM mea-
surements. In short, NIST’s value assignments on human
serum samples (e.g.,, SRMs and materials for CLIA ’88
proficiency testing programs) by this critical IDMS/DM
metrology provide the pragmatic base for assuring accurate
test results in medicine,

The resources required to support IDMS/DM technology
at NIST over many decades are not trivial and from time to
time require renewed R&D efforts to upgrade methodology
and recapitalization in mass spectrometry instrumentation.
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