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ABSTRACT

AUTOMATED METABOLIC PROFILING
OF ORGANIC ACIDS IN HUMAN URINE
BY GAS CHROMATOGRAPHY-MASS SPECTROMETRY

by

Stephen Carl Gates

The impetus for this research was the need to develop a
method capable of both identifying and quantitating the large number
of compounds typically present in biological fluids. The organic acid
fraction of human urine was selected to test the resolution of the
system, since at least 60 to 80 peaks, most of which are only
partially resolved, are visible in this fraction when it is separated by
gas chromatography.

The method chosen to measure the analyte pattern (‘‘metabolic
profile’’) of urinary organic acids was separation on DEAE-Sephadex,
followed by analysis of the derivatized acid fraction on a gas
chromatograph-mass spectrometer-computer system. Data are
collected with repetitive scanning of the magnetic field of the mass

spectrometer accompanied by temperature-programmed gas
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chromatography. The repetitive scanning data are then analyzed
off-line by the mass spectral metabolite program (MSSMET). This
program utilizes a reverse library search of the mass spectral data.
Gas chromatographic retention indices are used both to limit the
amount of data searched and to aid in identification of the
substances. The intensities of a small set of pre-selected ions are
used to judge the degree of match between each library spectrum
and the experimental spectra. Compounds are quantitated by
measuring the height and area of the peak of the ‘‘designate’’ ion,
which is the ion which has been selected as being most likely to be
differentiating for that compound. The relative concentration of each
compound is calculated from the ratio of the area (or height) of the
designate ion of the compound to the area (or height) of the
designate ion of the internal standard. This relative concentration
can be converted to absolute concentration by the application of an
appropriate correction factor determined experimentally for each
compound. For each substance positively identified as matching a
library spectrum, MSSMET prints out information including name,
concentration, degree of match to library spectrum, retention index,

and retention time.
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MSSMET was tested on spectra from a variety of pure
compounds and urinary organic acid samples. All samples were
analyzed as the trimethylsilyl derivatives on 10 ft 5% OV-17. These
tests indicated that the retention indices were extremely precise
(better than 0.2%) and that the compounds could be identified
accurately almost to the limit of detection of the compound (usually
to about 10 to 20 ng injected). Quantitation was linear over a 500 to
1000-fold range; this range was not extended by the use of isotope
dilution techniques. Precision of the repetitive scanning technique
was approximately 3% on isotope ratio determination, 5% on relative
area determination with pure compounds, and 8% on relative area
determination with urine samples.

Once MSSMET had been validated, the same techniques were
applied to a variety of urine samples. These included urines from 9
‘‘healthy’’ adults, 6 hospitalized children, and 5 children being
treated for neuroblastoma. An average of 100 + 30 compounds were
reliably identified and quantitated in each urine sample, with up to
32 more compounds found less reliably. Statistical analysis of the
reliably-found compounds indicated that the distribution of
compound concentrations in adults was generally log-normal.

Levels of twenty compounds were found to be significantly different
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(p <.10) between the adult and juvenile groups, while levels of 13
compounds were significantly different in the neuroblastoma urines
compared to the other two groups. Differences at each level of
significance tested (0.10, 0.05, 0.01, and 0.001) were found to
considerably exceed those expected by chance. The concentration
of one substance (caffeic acid) was also found to be related to the
prognosis for survival of the neuroblastoma patients, although this

finding is very tentative.
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INTRODUCTION

Man has long been interested in the possibility that his urine
might provide clues to the state of his health or even of the world
around him. From early recorded history, there are references
to the uses of urine, and by Roman times a whole body of
‘knowledge’’ had developed concerning its medical importance.

In medieval Europe the study of urine was viewed as a means of
determining the reason for a person’s ill health or forecasting his
fortunes, and professional roving ‘‘uroscopists’’ were often paid
for this service. In some modern-day primitive societies, urine
remains a fluid believed to have magical or beneficial properties.

While most of these early uses of urine are rather non-
sci?ntific by modern standards, urine also has had its place in the
devélopment of science. For example, some of the earliest dis-
coveries in analytical chemistry resulted from attempts to study
this easily available fluid. Beginning with ammonium salts and
elemental phosphorous, early chemists (and alchemists) isolated
or derived a great number of chemicals from urine that were used
extensively in early analytical and synthetic studies. A number of

organic compounds, including creatinine, allantoin, hippuric acid,
1
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leucine, cystine, xanthine, and uric acid were first discovered or
isolated from urine.

Despite these early uses for and discoveries about urine,
however, the detailed study of urine did not really begin until the
invention of modern separation techniques. In particular, paper,
thin-layer and column chromatographic methods made it quite
clear that the compounds studied up to that time constituted only a
small minority of the constituents to be found in human urine.
With the application of gas chromatographic techniques to the
separation of the low molecular weight components of urine, the
number of known, albeit often unidentified, components grew even
further,

Despite the plethora of components to study and the lack of
techniques for studying more than a few closely-related compounds
at one time, certain substances were detected and identified as
being positively correlated with human disease states. This led
early investigators to hope that compounds could be found that
would be diagnostic of a wide variety of clinical abnormalities.
Unfortunately, looking for a small number of compounds assoc-
iated exclusively with each disease has proven to be an approach
with utility only for a relatively few, generally rare diseases,
notably the inherited metabolic disorders.

Beginning in the 1940’s, a number of laboratories therefore
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began to develop more general methods for measuring multi-
component biological mixtures, especially urine, with the explicit
goal of being able to apply these techniques to the diagnosis of human
diseases., To date, these efforts have been only minimally successful,

probably at least in part because only qualitative, rather than quant-

itative, extraction and analysis procedures have been utilized.

This problem of detecting a large number of components in
urine is well illustrated by the problem of examining the low
molecular weight organic acids by gas chromatography. Here,
typical low resolution packed column gas chromatographic analysis
of urine reveals approximately 30 to 50 clearly distinguishable peaks,
but mass spectrometry of these peaks reveals that the actual
number of components is over 125, Very few of these peaks are well
resolved from neighboring compounds by the gas chromatograph,
and it is almost impossible to quantitate more than a few of the most
intense peaks with reasonable accuracy. Capillary (high resolution)
gas chromatography, on the other hand, while adequately resolving
components, presents considerable difficulties in providing enough
sample over a long enough period to permit reliable identification
by mass spectrometric or other techniques.

Hence, the current research was undertaken, using organic
acids as the model substances, to determine whether a satisfactory

technique could be found which would have the ability to do the



following:
Utilize gas chromatographic-mass spectrometric data.
Reliably identify components of complex mixtures.
Resolve all components adequately.
Quantitate all components.
Detect a wide range of concentrations of components.
Be amenable to almost complete automation.
Be adaptable to a number of different types of urinary
constituents.

Provide results suitable for clinical studies.

The results of this research are described in the following

chapters and in the papers listed in Appendix K.






CHAPTER ONE: LITERATURE REVIEW

Development of the concept of metabolic profiling

The concept that individuals might have a ‘‘metabolic pattern’’
that would be reflected in the constituents of their biological fluids
was first developed and tested by Roger Williams and his associates
during the late 1940’s and early 1950’s (51W1). Utilizing data from
over 200,000 paper chromatograms, many run with techniques
developed in his own laboratory for this purpose, Williams was able
to show convincingly that the excretion patterns for a variety of
urinary components varied greatly from individual to individual,
but that these patterns were relatively constant for a given
individual. He summarized his findings in 1951 as follows (51W1):

‘“It appears that each individual we have studied has whenever

tested exhibited a characteristic pattern of measurements
which is distinctive for that individual alone. While there
are in every case day-to-day variations in saliva and urine
compositions and in taste thresholds, certain items, at
least, stand out as grossly distinctive and the patterns as a
whole remain nearly constant.’’

Williams went on to use his methods to examine samples from
5
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a variety of subjects, including alcoholics, schizophrenics and
residents of mental hospitals, and produced what he considered to be
very suggestive evidence that there were characteristic metabolic
patterns associated with each of these groups (51W1),

Williams’ work, however, was apparently not duplicated by
others, to whom his task must have seemed rather Herculean with
few promises of tangible results., Hence, his ideas about the utility
of metabolic pattern analysis remained essentially dormant until
the late 1960’s, when gas chromatography and liquid chromatography
had advanced sufficiently to permit such studies with considerably
less effort. Once these techniques became available, however, the
rate of progress became extremely rapid. Thus, for example, in
1970 at least three different groups published papers describing
multicomponent analyses of biological fluids and referred to the
possibility of ‘‘considerable differences in excretion patterns of
carbohydrates in disease’’ (70Y1), ‘‘personal blood ‘profiles’ ’’
(70W1) and a ‘‘characteristic excretion profile’’ of organic acids
in urine of patients with phenylketonuria (70B1).

However, the phrase most often used to describe the
chromatographic patterns observed in biological fluids has been
‘“‘metabolic profile.’”’ This concept was introduced by the Hornings
in 1971 (71H2, 71H3). As originally defined, this term meant

“multicomponent GC analyses that define or describe metabolic



~——



7
patterns for a group of metabolically or analytically related

metabolites’’ (71H3). Commenting on the potential usefulness of
this type of technique, the Hornings continue by suggesting,

“Profiles may prove to be useful for characterizing both
normal and pathologic states, for studies of drug
metabolism, and for human developmental studies.’’

This definition of metabolic profile has been adopted by some
workers essentially unchanged (73W3). Other workers have
preferred just the term ‘‘profile’’ to mean the same thing (76M1).
Johnson (72G3) has taken a more statistical approach by
defining a profile as,

“... a vector of numerical values corresponding to measured
characteristics or attributes of a given subject. In addition
to clinical chemistry measurements, the profile may include
measurements on demographic or physical variables such
as age, Weight, sex, exercise status, etc. Profile analysis
is the study of several profiles for the purpose of
characterizing the profiles of a given group of subjects
or comparing the profiles of a different group.’’

A number of hospital laboratories have experimented with

a related technique, ‘‘multiphasic screening,’”” (reviewed in 71M1)
designed to measure multiple components of a single serum or

urine sample. The principal difference between multiphasic and
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profile techniques has been one of technology: multiphasic testing

has utilized single tests for each of the components, while profiling
has used a single chromatographic run to analyze for multiple
components. The underlying similarity of the two techniques is
reflected in the recent literature; thus, for example, multiphasic
testing was used to develop a ‘‘profile’’ that could differentiate drug-
abuse and hospital-staff populations (74M4). Reece (74R1) has
used an additional term, ‘‘uniphasic synthesis,’’ for multiphasic
screening when the test results are analyzed utilizing multivariate
statistical techniques.

In general, then, interest in this type of approach is recent
enough so that the terminology is in a rapid state of flux.
H;)wever, in the material that follows, I will use a combination of
the Horning and Johnson definitions: metabolic profiling is a
means of obtaining, by chromatographic, physical examination, and
demographic survey methods, a set of numerical values that can
be used to estimate the chemical and health status of a given
individual. In discussing metabolic profiling in the following
sections, I will arbitrarily limit this definition to exclude studies
of small numbers of components (e.g., less than 5 compounds),
high molecular weight components (greater than 1000 amu) and

all inorganic compounds.
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Techniques for separating low-molecular-weight components

of biological fluids

Although the terminology used to describe multicomponent
analysis of biological mixtures is new, the techniques used are old.
These have included paper chromatography, thin-layer chroma-
tography, gas chromatography, liquid chromatography, mass
spectrometry and a variety of more specialized techniques for
unusual types of compounds; in short, almost all of the tools of the
modern analytical biochemist have been used in this type of research.

Paper and thin-layer chromatography. Certainly the principal

profiling effort utilizing paper chromatographic techniques was that
of Williams, as described previously. While a great many other
groups were successful in devising means of separating various
fractions of urine and other biological fluids, these methods were
not generally applied to producing human health profiles. However,
paper and thin-layer chromatography have been, and continue to be,
important tools in rapid screening procedures for gross excesses
or deficiencies of individual components in biological samples

(see, for example, the review by Scriver, Clow and Lamm (73S3)
on screening procedures for aminoacidopathies).

Column chromatography. In contrast, column chroma-

tography, particularly high-pressure liquid chromatography,
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has proven to be a quite effective means for obtaining human
health profiles. Thus, Young (70Y1l) and Jolley and Freeman
(68J1) reported one of the early attempts to use a high-resolution
chromatographic apparatus to evaluate the health status of several
types of individuals based on the profile of urinary carbohydrates.
Young showed that considerable differences in the carbohydrate
profile were apparent for several disease states, but that the
pattern for a given individual was reasonably constant from day to
day.

Similarly, Pitt et al. (70P1) and Scott et al. (70B1, 71M2),
both groups from the same lab at Oak Ridge, described a system
for analyzing as many as 150 ultraviolet-absorbing substances in
body fluids. A minicomputer was used to resolve peaks and store
data (70S1). Many of the compounds detected by this system were
identified by gas chromatography-mass spectrometry (GC-MS) as
aromatic organic acids and amino acids (71M2). Later work
expanded this system to multiple column operation (72P2), use of
a fluorometric detector for indolic compounds (72C5), sequential
use of different column types to achieve more rapid separations
(73S2), and more sensitive detection systems (73S1), including
fluorescence monitoring of organic acids (73K1).

Other laboratories have also developed this type of system,

but with computerized data processing (72C1) and other types of
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detectors (74K2, 75K2). A highly sophisticated system of this type

has also been developed for computerized analysis of clinical amino
acid data (7681, 76S2); this system will be discussed in more
detail in the section on statistical analysis of data.

Gas chromatography. Although proposed as a possible tech-

nique in 1941 in a pioneering paper on liquid-liquid partition
chromatograptiy (41M1), gas chromatography (GC) was not success-
fully applied to complex biological mixtures on a practical basis until
the introduction of lightly-loaded liquid phases by VandenHeuvel,
Sweeley and Horning in 1960 (60V1). When coupled with the flame
ionization or electron capture detectors developed at the same

time, and suitable derivatization methods (see reference 73C3 for

a history of GC), the number of uses of GC for the analysis of
complex organic mixtures rapidly surpassed those of liquid
chromatography, for which no comparable ‘‘universal’’ detector

was then available and for which the speed of analysis was much
slower than that of GC.

Early workers were quick to utilize the GC to aid in the
diagnosis of disease. Thus, for example, by 1964 Williams and
Sweeley (64W2) had published a general procedure for analyzing
urinary aromatic acids, gross excesses of which could often be
associated with specific diseases. Similar procedures were

published in the same volume for other low molecular weight
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substances (64S1).

Unfortunately, as numerous workers were quick to discover,
the gas chromatograph by itself provided neither sufficient
specificity of detector response nor adequate chromatographic
resolution to permit unequivocal identification of most peaks in
complex mixtures, and quantitative analysis of small to medium-
sized peaks proved to be difficult at best. As a result, there were
no reported Roger Williams-scale attempts to find the more subtle
metabolic pattqrns present in biological fluids.

Gas chromatograph-mass spectrometer-computer systems.

Since the mid-1960’s, two fairly distinct approaches have been de-
veloped to overcome the shortcomings of using low-resolution GC
for metabolic profiling: combined gas chromatograph-mass
spectrometer-computer systems (GC-MS-COM) and capillary GC-
computer systems. The GC-MS-COM approach will be discussed
first.

Although individual GC eluates had been transferred manually
to mass spectrometers for analysis for some time, and direct
coupling of a GC and MS had been demonstrated in 1959 by Gohlke
(59G1) and in 1961 by Henneberg (61H1), the introduction of the
molecular separator by Ryhage (64R1) and Watson and Biemann
(64W1), both in 1964, as a means of direct transfer of chromato-

graphic material to the mass spectrometer allowed rapid
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qualitative analysis of complex mixtures on a relatively routine
basis. Thus, for example, Ryhage’s first published use of the
molecular separator was to obtain a profile of fatty acid methyl
esters in butterfat (64R1). This was quickly followed by a study
analyzing neutral fecal steroids in human subjects (64E1), and then
a virtual flood of papers utilizing GC-MS systems for the analysis
of a wide variety of biological, environmental and geophysical
samples. Most of these early papers described uses of the GC-MS
that were limited to qualitative analysis of a few peaks in a very
small number of samples; researchers were limited principally by
the lack of automated data processing equipment.

An alternative approach, this time emphasizing quantitative
analysis of a very small number of peaks, was developed first by
Henneberg in 1961 (61H1) and later, independently, in Ryhage’s
laboratory by Sweeley et al. (66S1) in 1966. ‘‘Selected ion
monitoring,’’ originally used for monitoring one and two ions,
respectively, provides a means of obtaining highly precise measure-
ments on a small number of GC peaks, including those unresolved
from neighboring components in a mixture. However, even when
expanded to include on-line computer control, more ions, com-
puterized data reduction, and multiple-ion set-selected ion
monitoring (see, for example, 73H2, 73H3, 73J1, 73W1, 75Y2) this

general technique has been limited to measuring a very small
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number of components of any one mixture, and hence, while extreme-
ly useful for other types of studies, has not seen particularly wide
use for metabolic profiling. A notable exception to this has been
Maume’s group in France (73M1, 73M2) who have successfully
examined mixtures of closely related steroids, catecholamines or
amino acids by monitoring ions common to whole classes of these
compounds.

Much more useful for profiling purposes is the computer-
based technique called ‘‘mass chromatography,’’ first described by
Hites and Biemann in 1970 (70H1). In this technique, complete mass
spectra are taken at frequent intervals and the entire data set stored
in a computer. After the mass spectral data collection is finished
for a given sample, the data are displayed by plotting the intensities
of certain key ions for each of the scans during the run. These
intensity versus time plots (‘‘mass chromatograms’’) can be dis-
played for any ion of interest within the entire mass range of the
mass spectrometer. Thus, the mass chromatograms are equivalent
to the traces generated during selected ion monitoring, except that
there is a much lower sampling frequency for any one ion in mass
chromatography. This results in a much lower quantitative pre-
cision, but a much more generalized quantitative ability for mass
chromatography compared to selected ion monitoring, and hence a

higher degree of usefulness for profiling studies.
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An approach that is intermediate between selected ion

monitoring and mass chromatography was suggested by Axelson et al.

(74Al) and Baczynskyj et al. (73B1). In this method, spectra are
taken repetitively, but over a much shorter mass range. This tech-
nique, however, has been far surpassed in popularity by the select-
ed ion monitoring type methods. In instruments with electrostatic
mass filters (quadrupoles, dodecapoles), this technique, selected
jon monitoring and repetitive scanning can often all be accomplished
with essentially the same data algorithms and hardware, so for these
types of instruments the distinction among techniques is more custom-
ary than meaningful. However, while any one of the three techniques
can be, and has been, used for metabolic profiling in its broadest
sense, the procedure of performing repetitive scanning of the full
mass range, followed by analysis of selected mass chromatograms,
has proven the most generally useful for analysis of mixtures con-
taining a large number of unidentified components. For this reason,
a large number of laboratories has developed GC-MS-COM systems
utilizing repetitive scanning-mass chromatography techniques for
performing metabolic profiling.

Principal advocates of this approach have been the Hornings
at Baylor University and Eldjarn, Jellum and Stokke at the Uni-
versity of Oslo. The Hornings described their first studies on

metabolic profiling in a pair of now-classic papers published in
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1971 (71H2, 71H3). These papers not only defined metabolic pro-

filing but also advocated use of methylene units (a measure of GC
retention time that is virtually identical to retention indices, discuss-
ed below) for assisting peak identification and further proposed a
series of techniques for sample isolation which are still followed

in many laboratories.

In a similar fashion Jellum and his coworkers have utilized
a GC-MS-COM system in the repetitive scanning mode for meta-
polic profiling studies. However, in contrast to the Hornings,
Jellum’s group has used this system as the final stage of a rather
complete screening system for metabolic disorders (72J1, 72P1,
74E1). Hence, they have primarily relied on their system to ident-
ify major unknown peaks, rather than to spot abnormal profiles;
only samples which have passed through the entire screening pro-
cedure and still found to be medically interesting are submitted for
GC-MS analysis.

Common to both the Baylor and Oslo systems is an interest
in identifying abnormal compounds or compounds present at
abnormal levels. Little or no quantitative data has been published
by either of these groups of workers. This same pattern of interest
in qualitative, rather than quantitative, results has been followed by
a number of other laboratories (70Al1, 71H4, 71L1, 73W3, 74B1,

74D2, 74M2, 74M3).
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Recently, more sophisticated systems have begun to appear.

Sjovall, for example, has developed a method for location of steroid
spectra and partial structure determination based on repetitive
scanning data (73R1). This has been expanded to include some
quantitation (74A1). McLafferty et al. (74M1) have described a
microprocessor-based system for automated identification of
compounds in mixtures, and Dromey et al. (76D3) have developed

a method of resolving GC-MS data into contributions from separately
identifiable peaks. These papers are all particularly germane to

the present work and will be discussed in more detail in the

section on computer techniques.

High resolution GC and GC-MS. Two other alternatives to

the use of low resolution (packed column) GC-low resolution MS

for metabolic profiling have been developed which still use GC or
GC-MS, but with a greater resolution of either the m;ss spectrometer
or the GC separation. Burlingame (74K1) has developed a high
resolution MS-COM system which he has used to analyze major
components of urine samples. He has also published a preliminary
report on a system using high resolution GC-high resolution MS
(HRGC-HRMS). However, most other researchers have concen-
trated on the less formidable task of coupling high resolution GC
columns to either a computer or a low resolution MS-COM system.

Pauling’s group (71Al), for example has advocated use of capillary
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columns with on-line data analysis using pattern recognition
techniques and mass spectral identification of individual peaks
when necessary.

Other groups, frequently using capillary GC-low resolution
MS-COM systems, have been more interested in qualitative analysis.
Zlatkis in particular has emphasized this approach in a series of
papers describing the analysis of ether extracts of urine (71Z1),
urine headspace samples (73Z1), organic volatiles in air (74B2)

and serum and plasma headspace volatiles (74Z1). Politzer et al.

(75P2) have even expanded this approach to examining volatile
fractions of lung, brain and liver tissues; they have also published
a review of GC-MS studies of underivatized volatile compounds in
biological fluids (76P1). Maume and Luyten (73M2) have utilized
a similar system in analyzing derivatized and underivatized steroids
down to 10 ng injected, and down to picomole amounts when selected
ion monitoring techniques were used. Horning et al. (74H2)

have developed a method for the preparation of extremely high
resolution (100,000 theoretical plates) thermostable capillary
columns which they used for the analysis of a variety of biological
fluid extracts. Luyten and Rutten (74L2) have used retention
indices on the capillary columns to aid in compound identificati?n.
Novotny et al. have compared stationary phases of different polarity

for their suitability in profiling studies (74N3), and have also
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developed a method for concentrating samples prior to analysis
(75N1). Recently, Knights et al. (75K4) have used a direct-

coupled capillary GC-low resolution MS-COM system for the
qualitative analysis of acidic urinary metabolites obtained by ether
extraction. Hedfjall and Ryhage (75H2) have also published a
method for obtaining much more rapid scans (1.4 second cycle time)
from the mass spectrometer to accommodate the need for faster

data collection rates when utilizing capillary columns.
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Computer processing of GC-MS data for metabolic profiling

Forward library search methods. Despite the recent successes
in utilizing capillary and high pressure liquid chromatography sys-
tems, most attemﬁts at metabolic profiling to date have involved low
resolution GC, repetitive scanning of the mass spectrometer and
on-line data processing. This has typically been followed by either
manual identification of spectra or computerized library search
procedures, or a combination of both (see, for example, 71H4,
73W3, 75H3, 76L1). Whether manual or computerized, these
spectrum identification procedures have typically been of the
‘““forward’’ type: that is, comparing each sample spectrum of
interest to a large library of reference spectra to find the best
match. These forward searches have often utilized mammoth data
bases and sophisticated pattern analysis algorithms (73H1, 73K2).
While pre-ordering the library file can decrease the amount of time
need for such library searches -- Dromey (76D2), for example,
has proposed a method for identification of functional groups as an
aid to such a search -- the forward library search method has
proven to be very time-consuming and costly.

Reverse search methods. Beginning in 1974, several papers
appeared which suggested an alternative approach for library

search procedures. This approach, called the ‘‘reverse search’’
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by Abramson (75A1), has also been developed by McLafferty

(74M1) and this author (74S2). The principal feature of this method
is that spectra from the sample are searched for a match to a given
library spectrum, rather than searching a library for a spectrum
similar to the one of interest in the sample.
As noted by Abramson (74M1), in a forward library search,
“... the presence of significant levels of interference may
artificially suppress the relative intensity of relevant masses
and produce a bad fit. Even more importantly, when data
are compressed (e.g., saving only the two largest peaks in a
14 amu region), interferences of any nature may cause
relevant masses to be excluded.’’
These disadvantages are then presumably avoided by a reverse
search procedure.

" There are several published variations of the reverse library
search. Abramson’s procedure (74M1l) compares all spectra in a
GC-MS run to each library spectrum, and then sums intensities for
each positive match, so that an area is calculated. It makes
decisions about a ‘‘match’’ based on a comparison of normalized
intensities; for a match to be declared, the average match of
normalized intensities between library and sample spectra must be
within plus or minus 16%. His criterion for the selection of masses

to be compared is generally peak intensity, so that he usually
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selects the ten most intense masses of the library spectrum for
comparison purposes.

McLafferty, however, has provided a more systematic method
for the selection of comparison masses; as he points out, ‘‘the most
abundant mass spectral peaks are not necessarily the most character-
istic’’ (74M1). McLafferty has developed and commercially
marketed a system employing ‘‘probability based matching of mass
spectra,’’ which examines the following factors: the uniqueness of
a particular ion (m/e) relative to all of the m/e values in several
thousand reference library spectra; the abundance of the ion in the
reference spectrum; the degree of ‘‘dilution’’ of the spectrum by
other spectra; and the ‘‘window tolerance,’’ or degree of variability
permitted compared to the reference spectrum. These criteria are
used to compute a ‘‘confidence index,’’ which must be above a
certain value for a sample spectrum to be declared a match
against a reference spectrum (74M1). McLafferty has also
published a study of the uniqueness of various masses (75P1).
Recently, deJong et al. (76D1) have applied information theory to
the development of a somewhat different coding and library search
algorithm, but their method has not been as thoroughly tested as
that of McLafferty.

Retention indices. The reverse library search procedures

described by Abramson and McLafferty necessitate searching an
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entire GC-MS run for matches to each library spectrum. However,
an alternative method to provide a more selective search was
described by Nau and Biemann (73N1, 74N2). In their approach, GC
retention indices (developed originally by Kovats, 58K1) are used to
help further identify compounds located by a forward library search
procedure. These retention indices, usually calculated by measuring
GC retention times relative to a series of straight-chain hydro-
carbons co-injected with the sample (see the methods section of
this thesis for details), have also been used by Biemann’s group to
aid in identification of related compounds by correlating shifts in
retention indices with addition of specific functional groups (74C4).
Other workers have used retention indices in combination with mass
spectral correlations to compute a combined match score; this
approach has been used both for reverse library searches by this
author (7452, 76G1, 77Gl) and for forward library searches by
Blaisdell (77B1l).

Other GC-MS-COM techniques for profiling. Three other

approaches to the computerized analysis of GC-MS data are
particularly pertinent to the work described in this thesis. The first
of these is the system developed by Sjovall (73R1, 74Al), in which
mass chromatograms are searched for locations where a number

of ions are peaking. At each such location, a search is performed

to identify potential molecular ions, and the general type of
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compound (type of steroid skeleton in their usual case) identified
where possible. A spectrum may then be compared to library
spectra by a forward search procedure, or not, as desired. In
addition, a compound amount is calculated by comparison of ion
intensities to those of an internal standard. The printout from this
system includes the retention time relative to cholestane as an aid
in identification.

A related technique is that of Biller and Biemann (74B3).

In an attempt to obtain spectra free from contributions of closely
eluting compounds, their computer program examines all mass
chromatograms for peaks. A new data file is then created which
consists of the intensities of each peak found; these data are stored
at the two scans corresponding to the apex and the immediately
preceding scan of each mass chromatogram peak. They term this
technique the production of ‘‘reconstructed mass spectra,’’ and
indicate that it improves the reliability of forward library search
procedures.

Dromey et al. (76D3) have recently proposed a more
sophisticated method for obtaining reconstructed mass spectra.
This approach uses well-resolved peaks in mass chromatograms
to resolve peaks of other masses occuring at approximately the
same location in the GC-MS run, and hence it is able to obtain

spectra free from background and neighboring peak contributions.
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This approach, however, requires a much larger amount of time
and computer memory to accomplish than does the Biller and

Biemann technique.
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Disease diagnosis by metabolic profiling

Regardless of the methodology used for metabolic profiling,
the same problems must be confronted once the data are collected:
how are the data to be analyzed and of what clinical significance are
the data. In the case of some diseases, particularly metabolic dis-
orders, where a few compounds are in gross excess, the data
analysis need not involve statistics and the clinical significance is
usually .easy to discern. However, in the more common case, where
the disturbance of metabolism is more subtle, complex statistiqal
approaches may be necessary and the interpretation of the results

may be correspondingly more difficult.

Non-statistical methods. A whole body of literature has

developed concerning the detection of human disease based on the
analysis of levels of one or a few compounds in urine or blood. Much
of this literature has been listed in two recent bibliographies (68K1,
7101). A more specialized sampling of such work is summarized

in Table 1, which shows diseases detected by GC-MS methods
because of excesses in one or more acidic metabolites in urine.
While not truly ‘‘metabolic profiling,’’ these early studies at least
have given confidence to later workers that metabolic profiles will

have some meaning in terms of specific disease states.
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Statistical treatment of data. Because only a few studies have

been done with metabolic profiling, little has been published that deals
specifically w1th statistical analysis of this type of data, and hence
most of the liliérature in this area has developed from related studies
in hospitafyls. |

Mdst laboratories, especially hospital laboratories, have report-
ed only mean values, or at best, means and standard deviations for
individual compounds. Thus, for example, Young has reported ‘‘norm-
al laboratory values’’ for over 200 blood, serum and urine constituents
(75Y1). A growing body of literature suggests, however, that under
some circumstances means and standard deviations may be mislead-
ing. Burnett (75B2) has suggested listing means and standard devi-
ations with “‘outlier’’ values (those further than some predetermined
number of standard deviations from the mean) removed, at least when
reporting quality control data. He then recommends reporting an ad-
ditional value, the ‘‘outlier frequency,’’ to indicate the number of such
outlying values removed. Reed et al. (72R1, 72R2) have suggested
using estixpates of normality which do not assume Gaussian distri-
butions (i.é., using nonparametric estimates) and have provided tables
for doing so. Gindler has similarly recommended several rapid non-
parametric tests for method comparison and quality control studies

(75G1). Westgard and Hunt (73W2) have evaluated several common

least-squares methods for method-comparison studies.






31

A more general review of the statistical treatment of clinical
laboratory data has recently been provided by Sunderman (75S1).
This review carefully distinguishes between ‘‘normal values’’ and
‘“reference values,’’ favoring the latter term for most uses. He
summarizes the types of information that should accompany refer-
ence values, and then provides a very useful review of the require-
ments for establishing a ‘‘discrimination value,’’ or statistical
cutoff point for distinguishing individuals in two different categories
(e.g., healthy versus diabetic). Young has published a review of the
computerized interpretation of clinical chemical data that discusses
this and other problems of data treatment (76Y2). Werner and
Marsh (75W2) have also provided a review of practical
considerations when establishing normal values.

However, Harris (75H1) has recently suggested that the use
of reference standards, even when 'stratiﬁed by age and sex, may
frequently lead to an inability to detect other than extremely gross
deviations from ‘‘normal.’’ He has suggested criteria for deciding
when use of such standards is inappropriate (74H1) and has
recommended that, where possible, previous values from the same
individual be used instead (75H1). This requires a different type
of statistical approach (76H1).

A few workers have begun to apply more complex statistical

methods to clinical labortory data; these methods have been fairly
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widely applied to multiphasic screening data, but only in a very
limited sense to metabolic profiling data. A pioneer in this area has
been Winkel (72W1), who has suggested that multivariate statistical
approaches could be used successfully to relate various test results.
Winkel points out that it is possible to have values for a single
variable that are univariate normal but abnormal in multivariate
space, and conversely, that some univariate abnormal values, when
taken in combination with other variables, can be shown to be
normal. Johnson (72G3) has related the concept of the metabolic
profile to multivariafe statistics by suggesting that,

‘“The profile could be thought of as a point in N space.

Several profiles provide several points in the same N space.
The statistical problem is to describe the cluster of points.’’
Mayron et al. have used multivariate statistics to develop a profile
of drug-abuse populations based on routine hospital tests (74M3),
and Reece (74R1) has predicted the use of this type of statistic as
a principal feature distinguishing the hospital screening process of
the 1980’s.

Only a few, usually rather preliminary, studies have been
completed with quantitative metabolic profiling. Young et al. (71Y1)
reported a study of the effects of patients being given an artificial
diet. This study, which measured levels of approximately 300

ninhydrin-positive, ultraviolet-absorbing or carbohydrate
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components of urine and serum, led Young to conclude that many of

the compounds in the volunteers’ samples were of dietary, rather
than endogenous, origin. He also noted that at least 4 days of the
artificial diet were required to reach a stable set of values for many
of the compounds. Interestingly, a few of the compounds, including
creatinine, were excreted at the same rate regardless of the diet.
Harris and DeMets (71H1) extensively studied a smaller number of
compounds; they found serum ionized calcium to be constant, within
their analytical precision, for single individuals over a period of 10
to 12 weeks even when there were considerable inter-individual
variations. Witten et al, (73W3, 73W4) reported normal organic
acid levels in young adults on a standard diet, and then determined
the effect of ethanol ingestion on the profile. They found that levels
of 2- and 3-hydroxybutyric, adipic, 3-methyladipic, p-hydroxyphenyl-
acetic and 2,5-furandicarboxylic acids were affected by the intake of
ethanol. However, it should be noted that these results were at best
semi-quantitative, since an ethyl acetate-ether extraction procedure
was used and quantitation was by peak area on low resolution GC.
Bjorkman et al. (76B2) similarly determined levels of a number of
major acidic metabolites in the urine from newborn humans, and
Chalmers and Watts (74C3) have examined unconjugated aromatic
acids in phenylketonuria, followed by a study of volatile fatty acids

in several metabolic disorders (74Cl). Liebich et al. (75L3) have
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used a similar semi-quantitative method for measuring levels of low
molecular weight aliphatic alcohols in normma 1l and diabetic individuals,
Ina .more quantitative study, Yamamoto et al. (76Y1) have found a
seasonal variation in levels of urinary metanephrine, and a minor
seasonal variation of vanilmandelic acid when these compounds were
studied over a 5-year period.
| Routh and Paul (76R1) found an effect of aspirin therapy

on tl?e levels of several serum constituents. Lawson et al.

(761;1, 76C1, 76C2) reported qualitatively different excretion
patterns of several organic acids in man, and qualitatively
significant variations that depended upon the type of diet

consumed by their subjects. Many of the compounds reported <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>