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Foreword

The whole is more than the sum of its parts. — Aristotle
The sum of all sums is eternity. — Lucretius

To say that mass spectrometric analysis of drugs in biological media is similar to archeology may
be a bit of a stretch to some, but consider the parallels. The archeologist looks at fragments and sees
patterns suggesting whole structures. A pottery shard becomes the intact vessel that in turn reveals
cultural aspects of past generations. Likewise, when the forensic toxicologist is presented with a
biological specimen, they perform an archeological “dig” for evidence of drug residues. Instead of
a shovel or trowel, mass spectrometry becomes the tool for uncovering remains. Pattern analysis of
the evidence, a technique used in virtually all fields of scientific endeavor, becomes essential in drug
interpretation. Comparisons to standards of known purity are essential. Bodily processes frequently
alter pharmaceutical products and illicit drugs to metabolites more suitable for elimination. The
“remains” of biological analysis are the analytical report that identifies and provides quantitative
information on what was present in the specimen.

The first and foremost goal of the analyst is to provide accurate and precise drug identifications and
measurements. The power of chromatographic separation coupled with mass spectrometry allows
this modern miracle to occur on drug residues that cannot be seen with the naked eye. The analytical
report, thus, provides evidence of drug exposure based on what was present and identifiable and how
much was present in the specimen. In many cases, the outcome of drug analysis is not a trivial issue
and may be used in many circumstances such as guiding therapeutic outcome, accident, death and
criminal investigations, and as a requirement in securing or continuing employment. Consequently,
the analyst has to get it right! The results must be inconvertible. That is what this book is all about.
One of the authors (RHL) and I have discussed the need for documentation of mass spectrometric
data on drugs for many years. This work by the authors represents years of work compiling mass
spectra of the many forms and derivatives of drugs and their metabolites and their isotopically labeled
counterparts. This compilation should well serve those involved in drug analyses of biological
specimens and those involved in interpretation of results.

Edward J. Cone, Ph.D.
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Preface

The analysis of drugs and their metabolites in biological media are now expected to routinely
achieve +20% accuracy in the ng/mL concentration level. This is possible mainly because of the
incorporation of the internal standard method, using isotopically labeled analogs of the analytes as
the internal standards into the analytical protocols. The availability of various isotopically labeled
analogs for a wide variety of drug analytes from commercial sources is also a helpful contributing
factor.

Using isotopically labeled analogs of the analytes as the internal standards, the most important issue
affecting the accuracy of the quantitation results and the achievable linear calibration range is the
cross-contribution to the intensities of ions designating the analytes and their isotopically labeled
analogs serving as the internal standards. Thus, the availability and the selection of quality ion-pairs
designating the analytes and their isotopically labeled analogs (internal standards) are crucial
matters. Quality ion-pairs come from careful selections of the isotopically labeled analogs to serve
as the internal standards and the derivatization groups for the analyte/internal standard pairs that
require chemical derivatization and amenable to chromatography-mass spectrometry methods of
analysis.

With these understandings in mind, this book is prepared in three parts. Part One of this book
includes two descriptive chapters illustrating crucial issues related to quantitative analysis using
isotopically labeled analogs as the internal standards in the analytical protocols. Part Two of this
book is a systematic compilation of full-scan mass spectra of drugs and their isotopically labeled
analogs in various derivatization forms. Part Three of this book is a systematical compilation of cross-
contribution data for ion-pairs, derived from various combinations of isotopically labeled analogs
and chemical derivation groups that are potentially useful for designating the analytes and their
internal standards. One hundred and three drugs along with 134 isotopically labeled analogs
included in this study are grouped into 7 categories and accordingly presented in Parts Two and
Three. Information included in these three parts should be of routine reference value to individuals
and laboratories engaged in the analysis of drugs in biological media.

The preparation of this book was conceptualized during the summer of 1990 when one of the authors
(RHL) was on an Intergovernmental Personnel Assignment serving as a visiting scientistat the U.S.
Addiction Research Center’s Laboratory of Chemistry and Drug Metabolism (Baltimore, Maryland),
where Dr. Edward J. Cone then served as the Chief of the Laboratory. A major portion of the
laboratory data was collected in 2004 under a contract (DTFAAC-04-C-00012) in the laboratory
of Aeromedical Research Division, Civil Aerospace Medical Institute, U.S. Federal Aviation
Administration (Oklahoma City, Oklahoma). Additional data collection, data preparation, and
writing were completed at Fooyin University (Kaohsiung Hsien, Taiwan) with the support of a 3-
year (2004-2007) grant from the Taiwanese National Science Council (NSC 93-2745-M-242-003-
URD, NSC 94-2745-M-242-003-URD, NSC 95-2745-M-242-002-URD).

In addition to the financial supports mentioned above, the following colleagues have also made
invaluable contributions to the completion of this book project: Chief Toxicologist Dr. Dong-Liang
Lin of the Institute of Forensic Medicine (Taipei, Taiwan), Professor Dr. Wei-Tun Chang of Central
Police University (Taoyuan Hsien, Taiwan), Principal Scientist Dr. Shiv Kumar of ISOTEC™



(Miamisburg, Ohio). We are also indebted to the skillful assistance provided by the following
undergraduate students from Fooyin University: Meng-Jie Sie (2009), Yu-Shin Lan (2009), Chiung-
Dan Chang (2007), Yi-Chun Chen (2007), and Chia-Ting Wang (2006).

Ray H. Liu, Ph.D.
Sheng-Meng Wang, Ph.D.
Dennis V. Canfield, Ph.D
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INTRODUCTION mentary “software” components help reach the full poten-

The detection of drugs and their metabolites (collec-
tively referred to as drugs hereafter) in biological tissues
and fluids (collectively referred to as biological media
hereafter) has always been an important component in
clinical diagnostic analysis, forensic testing, pharmaco-
logical research, and drug discovery study. Withadvances
in analytical instrumentation and a greater understanding
of metabolism, we can now analyze drugs ata much lower
concentration that was previously undetectable. Recent
emphasis on monitoring illegal drug use in the workplace
calls for massive testing of urine specimens, which has
inspired the development and significant advances in
specimen pretreatment technologies.

Newer instrumentation, such as GC-MS/MS or LC-
MS/MS, capable of providing greater specificity and
signal-to-noise ratio, are advantageous for identifying
unknown metabolites at low concentrations. On the other
hand, robust GC-MS methods are routinely used under
therapeutic drug monitoring, emergency room drug
screening, and workplace drug testing settings, in which
the drugs of interest have previously been well charac-
terized and often present at higher levels.

Analytical instrumentation and specimen pretreatment
technologies are “hardware” aspects of the analytical
sciences; the development and implementation of comple-

tial made possible by hardware advances. For example,
the development of the “internal standard” method [1,2],
especially the adaptation of isotopically labeled analogs
(ILAs) as the internal standards (ISs) [3,4], has greatly
improved the accuracy in the quantitation of drugs in
biological media. Developments related to the use of
ILAs as the ISs for accurate quantitation are based on GC-
MS technology and readily adapted into GC-MS/MS,
LC-MS, and LC-MS/MS applications. While many GC-
MS/MS, LC-MS, and LC-MS/MS studies utilize ILAs as
ISs, they do not generate better quantitative results than
GC-MS and we know none that was devoted to better
understanding the methodology itself.

Significance of Accurate Quantitation

Recent government regulations in workplace drug
testing activities include monitoring quantitative data [5];
thus, making quantitation an important aspect of quality
control practices in the analysis of drugs in biological
media. Furthermore, specific “cutoff” value has been
adapted as one of the essential criteria for defining whether
a specific test specimen is “positive” or “negative” for a tar-
geted drug. Accurate quantitation has now become an essen-
tial part of the routine testing protocol; it has, in addition
to being a scientific pursuit, evolved into a legal issue.

Chapter 1 — Isotopically Labeled Analog as Internal Standard



In many non-routine analytical settings, emphasis
may be placed on the detection of a drug at very low
concentrations and interpretation of quantitative data
with small inter-specimen drug concentration differences.
Furthermore, sample preparation approaches often result
in a final aliquot with hundred- or thousand-folds concen-
tration in drugs’ content; raw analytical result derived
from the measurement step are then multiplied by a factor
(of two or three orders of magnitude), thereby grossly
magnifying any inaccuracies embedded in the raw data.
Thus, proper interpretation and utilization of analytical
findings rely heavily on the accuracy of the raw analytical
data. This is especially critical in circumstances where
drugs are present at a very low concentration level and
interpretations are based on small inter-specimen
differences, e.g., in hair-related studies where the objec-
tives are on:

a. Differentiating drugs derived from external contamina-
tion from incorporation through active ingestion [6];

b. Determining racial bias due to the drug incorporation
process or drug recovery in the sample pretreatment
step [7]; or

c. Assessing variation in susceptibility to environmental
contaminations due to differences in race origin [8] or
hair treatments [9].

Preferred Calibration Method

Accurate quantitation requires a proper calibration
(standardization) procedure to fully account for artifacts
derived from variations in specimen matrix, specimen
preparation, and instrumental conditions. Three most
commonly used calibration techniques are the analytical
or working curve, standard additions, and internal standard
methods [1,2].

Mass spectrometric methods have proven to be one of
the most sensitive and specific methods for drug assay. In
particular, selected ion monitoring (SIM) approach has
been used for several decades to achieve better accuracy
and precision inion intensity measurements. This approach
isstillan integral part of the quantitation protocol involving
various forms of mass spectrometric methods in where an
internal standard method is used. A typical protocol
involves monitoring several selected corresponding ions
(referred to as "ion-pairs" hereafter) designating the tar-
geted drug and the ILA adapted as the IS. One or several
calibration standards, containing known amounts of the
drug, are processed in parallel with test specimens
throughout the entire analytical protocol. All calibration

standards and test specimens are spiked with the same
amount of the IS. Quantitation is achieved by comparing
a selected drug-to-IS ion-pair intensity ratio observed in
the test specimen with the same ratio observed in the
calibration standard(s).

With practically identical chemical property and mass
spectrometric fragmentation characteristics, an ILA is a
preferred IS because it offers the following advantages:

a. Errors derived from (i) incomplete recovery of the
drug in the sample preparation process or (ii) varying
gas chromatographic and mass spectrometric condi-
tions are compensated for; and

b. The presence of interfering materials (or mechanisms)
affecting the detection (or quantitation) of the drug
willresult in the absence of the IS in the final chromato-
gram [10] or altered response and ion intensity ratios
[11]; thus, alerting the analyst to conduct further inves-
tigation.

I. INTERNAL STANDARD AND
QUANTITATION IONS

Under low resolution measurement conditions, the
intensities of ions designating the drug and the IS are
representative of these compounds’ concentrations only
if the following conditions are met:

a. TheILA is isotopically pure (an extrinsic factor); and

b. An adequate number of the labeling isotopes are
positioned at appropriate locations in the molecular
framework, so that, after the fragmentation process,
ions meeting the following requirements are present
(an intrinsic factor): (i) with high-mass and significant
intensities; (ii) retaining at least three labeling isotopes;
and (iii) without (or with insignificant) cross-con-
tribution or CC (see Section II in Chapter 2 for full
description on this phenomenon) between the ions
designating the drug and the IS.

A. Inadequate Isotopic Purity — An Extrinsic Factor

Ifthe ILA is not manufactured with sufficient isotopic
purity, the addition of the IS, especially when a high
concentration of the ILA is used, will result in the
observation of a significant amount of the drug in a truly
negative specimen. For a truly positive specimen, the
resulting quantitative data will include systematic errors.

This problem has been well illustrated by a
benzoylecgonine (BZ) study [12] in which a high con-
centration of ILA IS (1,500 ng/mL BZ-d3) was adapted.

Isotopically Labeled Analog as Internal Standard for Drug Quantitation — Methodology



At the time of the study, a high concentration of IS (BZ-
d;) was commonly used by laboratories engaged in testing
workplace specimens. Since the concentration of BZ
encountered in positive samples are typically high (>5,000
ng/mL), adapting a high IS concentration can minimize
the following problems:

a. To reduce the intensities of the ions designating the
analyte (BZ), solvent volume used to reconstitute the
extract may be so large that the resulting IS become too
dilute to generate adequate ion intensity for reliable
quantitative determination; and

b. The contribution of the isotopic ions, derived from the
naturally abundant '3C-atoms in the analyte, to the
intensity of ions designating the IS may become very
significant when the concentration of the latter is
disproportionally low.

This study [12] examined two lots of 0.1 mg/mL BZ-
d; in methanol. With the addition of 4.5 ug BZ-d; IS into
3 mL of urine samples (corresponding to 1,500 ng/mL),
followed by solid-phase extraction, derivatization, and
concentration down to 100 uL for GC/MS analysis, ions
designating BZ (m/z 331,272, and 210) were observed in
truly negative test specimens. For a negative specimen,
the concentration (X) of the observed BZ caused by the
addition of these two lots of IS were 7.080 and 28.99 ng/
mL as calculated by Equation 1-1.

X /(1,500 — X) = (Ion intensity of m/z 210) /
(Ion intensity of m/z 213) (1-1)

(where ions m/z 210 and 213 were used to designate BZ
and the IS.) These concentrations correspond to 0.472%
and 1.87% impurity of BZ in these two lots of BZ-d; IS
provided by that specific manufacturer in 1988.

Isotopically impure ISs also introduced systematic
errors embedded in the quantitative data derived from
positive specimens. Data shown in Table 1-1 demonstrate
the systematic errors exhibiting the following characte-
ristics:

a. Noerroris introduced if the concentration of the BZ in
the test specimen is at the exact level of the BZ in the
calibration standard.

b. A higher apparent result will be observed if the
concentration of the BZ in the test specimen is lower
than the concentration of the BZ in the calibration
standard, and vice versa.

c. The degree of the above deviations increases as the
isotopic impurity in the adapted IS increases.

Table 1-1. Quantitation error as a function of the isotopic
impurity level of the internal standard and the difference
between the analyte concentration in the calibration standard
and the test sample

Isotopic Apparent True
impurity4 concentration®¢ concentration®¢ % Error
83.82 80.70 +3.87
141.1 140.7 +0.284
146.0 145.7 +0.206
7.080 147.1 147.0 +0.0680
147.3 147.2 +0.0679
148.1 148.0 +0.0676
252.1 256.9 -1.87
84.19 72.28 +16.5
154.1 154.8 -0.453
27.99 155.5 156.6 -0.702
156.8 158.0 -0.759
161.7 163.9 -1.34
273.5 296.6 -1.79
288.9 314.6 -8.17
292.5 319.1 -8.34
293.9 320.7 -8.36
298.3 326.0 -8.50

@ Concentration in ng/mL. The concentration of the IS is 1,500 ng/
mL. The analyte’s (benzoylecgonine) concentration in the calibration
standard is 150 ng/mL.

b7.080 and 27.99 ng/mL of benzoylecgonine are included in the
1,500 ng/mL of benzoylecgonine-ds IS.

€ See the original reference [12] for the calculation of the apparent
and true analyte concentrations.

B. Cross-Contribution Derived from Ion Fragmenta-
tion Mechanism — An Intrinsic Factor

Under typical GC-MS analytical conditions, the drug
and the IS are chromatographically inadequately resolved;
thus, a proposed ILA IS must generate at least one
(preferably two or three) ions relatively free from CC by
the drug. There must also be at least one ion designating
the drug that is relatively free from CC by the proposed
ILA IS. (Current practice requires at least three
“interference-free” ions derived from the drug allowing
monitoring two ion-intensity ratios as an important
criterion for drug confirmation.)

To make this possible, the labeling isotopes in the
ILA must be positioned at appropriate locations in the
molecular framework, allowing the fragmentation process
to generate a sufficient number of high-mass ions (with
significantintensities) that (a) retain the labeling isotopes;
and (b) will not interfere with the intensity measurement
of'ions derived from the drug. Otherwise, the [M + n] ion
(derived from the drug) may, because of the naturally
occurring isotope abundance, make a significant contribu-
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tion to the intensity of the ion designating the ILA that
corresponds to the [M] ion of the drug. (“M” is the mass
of the ion derived from the drug and selected for moni-
toring; “n” is the nominal mass difference of the ions desig-
nating the drug and the ILA serving as the IS.)

If deuterium, as in most currently available commercial
products, is used as the labeling isotope, a difference in
three mass units (n = 3) between the drug and the ILA is
sufficient under normal circumstances. (If the concentra-
tion of the analyte is disproportionally higher than the
concentration of the IS included in the assay process, the
intensity of the [M + 3] ion originated from the analyte
may become significant enough to require an additional
analysis using a diluted aliquot.)

Secobarbital/!3C4-secobarbital (SB/!3C4-SB) data
shown in Figure 1-1 [13] illustrate how CC (of the
intensities of ions designating SB and the IS) affects the
accuracy in quantitation. In this example, CCs between
the first pair of ions (m/z 196/200) are so insignificant (see
CC data shown in the legend of the figure) that the
linearity of the “SB/IS ion-pair intensity ratio” versus
“SB concentration” plot (Figure 1-1-a) extends through a
wide analyte concentration range. On the other hand, CCs
between the two ions in the second ion-pair (m/z 181/185)
are much more significant. In this latter case, significant
errors can occur if the ion-pair intensity ratio generated
from the test specimen is used directly to determine the
analyte’s concentration using a linear calibration model.
The error can become very serious if the drug’s
concentration in the test specimen is significantly higher
orlower (Figure 1-1-b) than the drug concentration adapted
in the calibration standard (see further discussion in the
next section — Fitting Calibration Data).

II. FITTING CALIBRATION DATA

Series of ions, [M — H,], are typically seen in the EI
fragmentation process [14,15]. The [M — H,] processes,
the presence of the naturally abundant >H-atoms in the
drug and the 'H-atoms in the ?H-labeled IS, the isotopic
effect of the [M — H,] processes [16,17], and varying
conditions in each sample (test specimen or standard)
prohibit quantitations based on direct comparison of
intensities of ions derived from the drug and the
correspondingionoftheIS. The effects of these phenomena
are minimized by comparing the drug/ILA IS ion-pair
intensity ratio observed in the test sample against those
observed in one or a set of calibration standards.
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Figure 1-1. Fitting calibration data adapting linear (a) and
hyperbolic (b) models using ion-pairs with different degrees of
cross-contribution from the secobarbital/secobarbital-!3C,
system. (a) m/z 196/200: 0.23% of the measured intensity of m/z
196 (designating secobarbital) is contributed by secobarbital-
13C4; while 0.017% of the measured intensity of m/z 200
(designating secobarbital-'3C,) is contributed by secobarbital.
(b) m/z 181/185: 1.6% of the measured intensity of m/z 181
(designating secobarbital) is contributed by secobarbital-'3Cy,
while 0.29% of the measured intensity of m/z 185 (designating
secobarbital-'3C,) is contributed by secobarbital [13].

A typical quantitative GC-MS protocol usually
involves monitoring several selected ions from the drug
and the ILA IS. Quantitation is achieved by comparing a
selected drug-to-ILA ion-pair intensity ratio observed
from the test sample against the same ratio observed from
the calibration standard. The calibration standard contains
the same amount of the IS (as those added to the test speci-
mens) and a known amount of the drug, and is processed
in parallel with the test specimens. The drug’s concen-
tration in the test specimen can be calculated using a one-
point calibration approach as shown Equation 1-2.

The one-point calibration approach, in fact, is a two-
point linear calibration method using only one empirical
data point with the assumption that:

a. The drug-to-ILA ion-pair intensity ratio is zero when
the drug’s concentration in the test specimens or the
standards is zero, i.e., the ILA IS will not contribute to
the intensity of the ion monitored for the drug; and

b. The drug-to-ILA ion-pair intensity ratio will truly
reflect the drug/ILA IS concentration ratio in the test
specimens (and the standards), i.e., the drug will not
contribute to the intensity of the ion monitored for the
IS, and vice versa.
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