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1. INTRODUCTION 

Mass spectrometry (MS) in its modem and advanced form has been rrsed for 

approximately ten years in clinical and clinicahy related laboratories. However, 
it should not remain unmentioned that MS techniques have been applied iu 
clinical research for more than twenty years in the analysis of respiratory end 
blood gases. It was employed in lung function tests to determine nitrogen, 
oxygen and carbon dioxide in expired air, sampled over a mouth piece, and to 
perform regional sualyses within the bronchial tree iu diagnostic bronchoscopy 
[I]. The technique is suitable for instantaneous and contiuuous gas messure- 
merits. -For continuous in viva determinations of 02- and CO2 -pressures in 
animals the- gases were sampled from .circuiatmg blood through a permeable 
membraue at the tip of en intravescukr caunula which-was connected to the 
mass spectrometer [Z]; In general, the instruments used for respiration gases 
are built for small mass ranges, eg. m/e 18-80 [Z] and have iow resolution. In 
spite of the potentials of the technique for gas analyses MS has not been widely 
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accept@ in this area. The reasons for this were summarized by the following 
comment in The Lancet in 1960: ~“Unfortunately a mass spectrometer is -a 
formidable instrument, only likely to be found in spe&liz@- lal?o~titi~s*’ 
131. ISen today miny cliriid chemists are reluctant to u&MS, . : 

The object of this paper is to attempt a brief survey of the potentials and the 
current situation of MS in chid chemistry and clinical biochemistry. To 
present a complete review of the subject would exceed the scope of the paper. 
Only the main aspects shall be outlined, and technical questior%cannotbe dis- 
cussed. A recent and detailed review has been written by Lawson [4]. Since 
the majority of the problems in clinical chemistry using MS apply to its coupling 
with gas chromatography (GC), GC44S combination will be emphasized. 

GC is a method used for separating volatile compounds and all substances 
which can be made volatile by derivatization. Because of its flexibility and 
broad applicability it has been, until now the most frequently used analytical 
separation method. No other method equals GC in.separating power apd ef- 
ficiency. Using calibration curves and internal standards, quantitative analys& 
with high precision are possible. 

MS is an analytical technique for: (i) identification of unknown substances; 
(ii) sensitive and highly specific detection of known substances. 

For the clinical chemist the combination of GC and MS can be an almost 
ideal analytical system for the following problems: 

(i) Identification of unknown s&stances of low concentration in complex 
mixtures of biological origin. Depending on the chemical properties of the 
substances Id-100 ng of injected material are sufficient for identification. 

(ii) Specific qualitative detection of known substances. The detection limit 
is l-100 pg. 

(iii) Specific quantitative determination of known substances. Depending 
on the chemical nature of the substance, the detection limit is approximately 
5-100 pg. 

(ii) and (iii) are achieved by mass fragmentography (MF), also called selec- 
tive ion monitoring (SIM), either by single ion detection (SID) or multiple 
ion detection (MID). 

Substances which cannot be made volatile are not amenable to analysis by 
GC-MS. For such substances the combination of liquid chromatography with 
MS would be a most valuable addition to GC-MS. 

Considering the efficiency of the GC-_MS system it appears undastandable 
that until now the following. attributes are still not completely eliminated 
from GC-MS: high costs, complexity, need for skilled personnel, frequent 
maintenancerequirements. s : . 

By attaching a computer to the GC-MS system (GC-MS-COM), the poten- 
tials are enhanced considerably, and the following operations become feasible: 

(i) Automatic repetitive scanning, -enabling a more. complete -and less 
tedious analysis of complex profiles.- _. 

(ii) Storage-and doc=umentation of the MS data, with the &sib& of ire- 
sentation on display or plotter. 

(iii) Spectrum- transformations,. background subtraction and further manip 
ulations to facilitate spectrum identification. : _ . . 

(iv) Elemental composition. analysis using. high MS resdving power, -to give 
additional information on unknown substances. 
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(v) Cotiputer matching .of recorded-spectra against files of reference spectra. 
(vi) Computer MF, enabling sekctive detection of various, not pme-selected 

compounds and classes of compounds~after a single GC-MS run. Spotting of 
known, and searching for predicted; sutices. 

In Fig. 1 the Gc-MS+ZOM syst.enCof our laboratory is schematically re- 
presented. Sixhikr configuhions are used elsewhere. An example of a GC- 
MS-COM analysis of volatile metabolites in urine using automatic repetitive 
scanning is given in Fig. 2. 
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Fig. 1. Confiiation of a GC-M!+COM system. 

n 
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Fig. 2. GC-MS analysis of volatile rretabolites in urine. 1 = Acetone, 3 = etharrol, 5 = 2- 
per&none, .6 = n-propanol, 7 = 
pyrrole, 11 = 

dimethyl disulftde, 9 = 3-pentem2one, 10 = N-methyl- 
n-butanol, 12 = Q-heptanone, 1s = isopentanol, 14 = 2-heptmone, 15 = cyclo- 

hexanone, 16 = ally1 isothiacyamte, 17 = pyrrole, 18 = benzaldehyde. From J. Chromatogr., 
112 (1975)539. 



188 . 
: 

. 

The ekmnous number of applications of GC-MS.and GC-MS-COM shall 
be classified in four areas: 

I. Structural identification of substances; 
II. Profile analyses and pattern recognition. ;_. -I ._ : 
III, MF determinations and reference methods. 
IV. In .vivo experiments with substances labeled with stable isotopes. 

2. STRUCTURAS, IDENTIFICATION OF SUBSTk!ES 

More than any other analytical technique MS is suited to the identification 
of substances_ In simple compounds the molecular ion and fragmentation 
pattern enable the analyst to identify the substance. As an example (Fig. 3), 
the molecular ion m/e 114, the fragment ions m/e 43 and m/e 71, and the McLaf- 
ferty rearrangement ion m/e 86, together with the GC retention time suggest 
peak number 12 to be 4heptanone. Computer matching against files of ref- 
erence spectra and elemental composition analysis are aids in identifying more 
complicated molecules. 

To a large extent structural identifications by GC-MS or GC--MS--COM 
have been performed on urine, plasma and tissue steroids in normal newborns, 
infants and adults [5-131 and in patients e.g. with adrenal malfunctions and 
enzyme defects [ 14-161. The steroids are analyzed as derivatives such as 
trimethylsilyl ethers or methoximes-trimethylsilyl ethers. Packed glass columns 
originally 'used for steroid analyses, have been almost completely replaced by 

glass capillary columus, introduced for instance by Grab [17], as having much 
higher separation efficiency [ll, 18, 191. Not only for steroids but f6r prac- 
tically all other complex biological mixtures, capillary columns should be used 
instead of packed columns. 

A great multitude of organic acids end amino acids have b&n identified in 
body fluids and tissues [26-241. Many of these studies are connected with 
investigations of metabolic abnormalities and inborn errors of metabolism, 

PO 

Fig.3.Mass spt&rum of peak number 12 in Fig. 2, identified as 4-heptanone. 
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sneh as congeniti lactic acidosis [25, 261, ketoacidosis [27], propionic and 
tiethyhmhic acidemia [28] ; &methylcrotonylglycinuria [ZS] , dicarboxylic 
aciduria 1301 and the corresponding enzyme d&iciencies. Due to the great 
amonnt of GC and MS data on acids and other metabolites, it has been sug- 
gested by Jellum [IO71 and by Macek [3f], that the!data may be coordinated 
on an international basis. 

Metabolites which are volatile without derivatiation, such as ketones, al- 
cohols, sulphur compounds and furans are especially amenable to GC-MS 
analysis, and were identified in urine and blood [33-361. 

Considerable achievements were made in’ the stru&ural identification of the 
different types of prostaglandms and their metabolites. Methyl estee- 
methylsilyl ethemethoxine derivatives enabled the determination of the 
hydroxyl- and keto- groups and of the double bond positions 1371. 

Jh the analysis of very complex molecules, such as free ceramides in human 
platelets 1381, ceramides from plasma sphingomyelin 1391, oligosaccharides 
in urine 140, 411 and glycosphingolipids with blood group specificity [42- 
44] MS is indispensable. Sequence and bond positions in oligosaccharides and 
glycosphingolipids could be established. Mass spectrometric sequencing was 
also used in peptides [45] by analyzing di-, tri- and tetrapeptides obtained by 
partial hydrolysis. The primary structure of ovine hypothalamic luteinizing 
hormone-releasing factor (LRF), a decapeptide, was established using GC-MS 
C461- 

3. PROFILE ANALYSES AMI PATTERN RECOGNITION 

GC-MS is most powerful for profile analyses and recognition of normsi 
and abnormal patterns of biological substances in body fluids and tissues. 
Whereas conventional clinical chemical tests determine individual substrates, 
hormones or groups of hormones which are known to be present, profile 
analyses offer the opportunity to: 

(a) detect and characterize a large number of substances simultaneously; 
(b) find new and unexpected substances; 
(c) determine changes in the ratios of different cons&rents; 
(d) give much more precise information, e.g. on steroid hormones, than a 

group test. 
Abnormalities in urinary or blood steroids may be overlooked by a group 

. test or by radioimmunological determination of one or a few steroids, but are 
more likely. to be detected by promg. Profile analyses must be expected to 
add to the understanding of metabolic abnormalities and diseases. 

Analysis of metabolic profiles was introduced approximately seven years 
ago for urinary steroids, sugars, sugar alcohols, aromatic acids, plasma sugars 
and serum acids of the Krebs cycle [47] . Especially after the introduction of 
glass capillary columns, steroid profiles were studied with respect to establishing 
normal profiles and aberrations due to disease or stress 16, 7,11,18,19, 48, 
491. 

Multicomponent piofile analysis with special emphasis on organic urinary 
acids and the detection of inborn errors of metabolism, has been develtiped to 
a very advauccd state by- workers. in Oslo [X+54]. Together with other 
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workers investigating abnormaiities in urinary acids [25, 551 r more than 
twenty new inborn errors of metabolism were discovered by GC or GC-MS, 
many of which were caused by. enzyme deficiencies in amino acid metabolism. 
In add&ion to new disorders, substential new. information was obtained about 
metabolism in known defects. 

A broad study on abnormal organic acidurias in mentally retarded patients 
was described by Watts et al. [56]. From 1778 mentally retarded patients,-5% 
had an abnormal organic aciduria. As expected, the most frequently observed 
abnormalities were those of phenylalanine metabolites in cases of phenylketo- 
nuria. An excellent review on profiles of organic acids has been .given by 
Jellum [ 571. 

Low-molecular-weight and volatile metabolites in blood 135, 36, 58-601 
and urine .[32-34, 61-653, and to a lesser extent also in cerebrospinal fluid 
C61], breath, saliva and tissue, have been profiled with the-object of establish- 
ing normal patterns, on the basis of which pathological abnorn@ities can be 
recognized. The topic has been reviewed by Politzer et al. [66]. 

Detailed studies have been made in our laboratory on the volatile compduncls 
in urine of patients with diabetes mellitus. In comparison with normal indi- 
viduals, diabetic patients develop distinct changes in the ketone and alcohol 
excretion 1631. High total 4heptanone (4heptanone plus its precursor, a fi- 
ketocarboxylic acid) was found in urine of approximately 75% of the diabetic 
patients with balanced glucose levels [65] _ During hypoglycemic periods the 
total 4-heptanone excretion increases, in severe hyperglycemic periods it 
decreases. Increased ethanol excretion is found in 80% of the urines, whereas 
higher-molecular-weight alcohols were detected mainly in the urine of patients 
with diabetic complications. 

4. MASS FRAGMENTOGRAPHIC DEXERMINATIONS AND REFERENCE METHODS 

4.1. Dir&t mass fragmentogmphy 

Selective ion monitoring was first introduced by Sweeley et al. [67] and by 
Hatnmar et al. [SS] , who applied the technique to the identification of chlor- 
promazine and its metabolites in human blood and ca&d it MF. Since then the 
potentials. of this highly sensitive and specific method have been used for 
qualitative detection and quantitative assays. The detection limits are in the 
low picogram range (e.g. 4_heptanone, 2-5 pg). In order to interfere in an 
assy, a compound must have the same GC retention behaviour and the same 
specific ions, which is not very likely to occur. In quantitative analyses, cal- 
culations are based.on calibration curves. To correct for losses in the sample 
preparation procedure as wel3 as for uncontrolled variation of the instrumental 
conditions, internal standards should be used from the beginning of the pro- 
cedure.. They are either compounds with s&n&r chemical properties, isomers 
or homologous substances, or substances labeled with stable or radioactive 
isotopes (isotope dilution method). 

We have chosen the &omer 3-heptanone for MF det&mination of total 4- 
heptaxione by SID using molecular ion m/e 114 [36,69 1. very low background 
noise is observed for this ion, and the determination can be .performed in a 
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non-concenftated e&a& obtained by a single-step &&a&ion of ur@e with 
cyclohexane. The calibration curve is linear over more than thnze orders of 
magnitude- [SS] . The excretion of total Pheptanone in norm& ranges between 
50. and 450 pg/24 h, in diabetics it is increased up to several mg/24 h. Using 
overlapping injections, the analysis time is approximately 8 min. 

One of the obstacles for a wide use of GC-MS in clinical chemical rokine 
laboratories ‘is the fact that sample preparation prior to GC-MS analysis is 
often. laborious. In general, aqueous samples should not be introduced into 

-the mass spectrometer. For the ME’ determination‘ of ethanol in urine and 
serum of diabetic patients we have overcome this problem by by-passing the 
water between the outlet of the GC-column and the interface to the mass spec- 
trometer- In this way we analyze ethanol in a true micromethod by directly 

injecting 1~1 of urine or serum (Fig. 4). 
A large numbs of publications has appeared on MF determination of bio- 

genie amines and their metabolizes in urine, plasma, cerebrospinal fluid or 
brain tissue. Some of the authors use internal standards of type 1 170-733, 
others deuterium-IabeIed species [ 74-771. 

Ethanol detcnninatian 

m/e 31 

Direct injection. lpi 

Fig. 4. MF determination of ethanol in urine. SID with m/g 31, KC = &H. direct injeckioxtof 
1 bl of urine. Internal staadard: diethyl ether. 
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Direct ‘MF for steroids was used -very early by Siekmann et al 1781. and by 
Adlercmutz and Kunneman [ 79 1. 

Using MF together with isotope dih~tion, reference and definitive methods 
were established for clinical chemistry. The MS determination of calcium with 
44Ca es the added isoto_pe [SO] gives results within a few. tenths of one per 
cent of the true or absolute value. 

For substrates and steroids, MF methods with isotope dilution have been 
developed mainly by workers led by Breuer and Bjorkhem, respectively. 
Methods are available for steroid hormones such aS oestrogens 181, 82, 901, 
testosterone [Sl, 82, 84-871, 5o&hydrotestosterone 1841, progesterone 
[89], aldoaterone [81-831 and cortisol [Sl, 82, 881, for cholesterol 191, 
921, triglycerides [93], urea [ 941 and for glucose 1951. Deuterium-, tritium- 
and 14C-labeled internal standards were used for the steroids,. deuterated 
glycerol trioleate and glucose for the triglyceride and glucose determinations, 
respectively, and L5N-labelling for urea. Mass differences between unlabeled 
and labeled compound should be small, otherwise partial chromatographic 
separation may occur. Variation coefficients were mostly between 1.3 and 4% 
for the various parameters, whereby pipetting errors are perhaps the most 
important source of variation. Special attention was also directed toward the 
type of derivative, heptafluorobutyric esters giving higher sensitivity than 
trimethylsilyl ethers. 

Correlations between MF and radioimmunological or chemical methods 
showed either good agreement or lower values measured by MF (progesterone, 
cortisol), most probably as a result of the higher specificity of MF. The use of 
MF with isotope dilution has been reviewed by Bjiirkhem et al. [96]. 

Using the advantage of a quadrupole mass spectrometer to simultaneously 
detect many specific ions over a broad m/e range, twelve ammo acids from 
50 ~1 of plasma or urine were determined with deuterated standard amino 
acids 1971. 

4.2. Computerized mass fragmen tography 

Whereas in direct MF one specific ion, or a small number of specific ions, 
has to be pre-selected prior to analysis, computerized MF allows the use of 
any recorded ion after the GC-MS run for specific detection or determina- 
tion of a substance. This is especially suited to profile analyses. However, the 
advantage of the greater flexibility of this method must be weighed against 
the disadvantage of considerably lower sensitivity, because a larger mass range 
is scanned and fewer ions of one type reach the multiplier. If not prohibited 
by too low sample concentration, the method has a very wide use. From complex 
profiles, selective patterns can be obtained by computerized MF, giving informa- 
tion on the presence of a single compound or groups of compounds 134,361. 
Computer MF has proved very valuable for steroid [9,12,13,98], amino acid 
[ 991 and bile acid [ 100, IOl] analyses. 

5. IN VIVO EXPERIMENTS WITH SUBSTANCES LABELED WITH STABLE ISOTOPES 

With the increased use of MS in clinical laboratories it became possible to 
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use a-table isotope labeling for in vivo experiments and diagnosis, and to corn-’ 
plement or replace experiments with radioactive kacers, thus eliminating pok 
sible radiation- hazards connected with radioactive substances; Compounds 
labeled with stable isotopes can be easily detected and quantitated in blood, 
urine or tissue by MS and MF. 

By admUstering deuterium-labeled homovanillic a&d (HVA), the tum- 
over of WA in man was determined [102] . Very detailed studies on phenyl- 
alanine and tyrosine metabolism were published by Curtius and coworkers. 
Patients with phenylketonuria and hyperphenylalaninemia were loaded with 
deuterated phenylalsnine and the aromatic acids were determined in urine. 
No tyrosine metabolites were found 11031, expressing a deficiency in the 
enzyme phenylslsnine-hydroxylase. Administmtion of deuterated L-tyrosine 
to patients with phenylketonuria and determination of the excretion of Dopa 
metabolites, suggested that the tyrosine-3-hydroxylase activity and the forma- 
tion of catecholamines depend on the phenylahmine ccncentrated in plasma 
[ 1041. 

Deuterated ethanol has been extensively used by Cronholm et al. in studies 
of biosynthetic pathways, eg. the biosynthesis of cholesterol and bile acids 
[ 1051 or Krebs cycle acids [106] . 

6. CONCLUSION 

Since MS, especially in the form of GC-MS, is the most flexible and most 
powerfuI analytical technique available today for organic substances th.at sre 
volatile or can be made volatile, and that are present in complex mixtures of 
biological origin, it is indispensable for biochemical and clinical research. Its 
potentials would be enhanced even more by combination with other techniques, 
particularly high-pressure liquid chromatography, thus eliminating to a large 
extent the requirement of volatility. 

A mass spectrometer is no longer the formidable instrument, if it is operated 
by well trained personnel. However, because of its great potential a GC-MS 
system should not be hindered by analyses that can be performed by simpler and 
more economical methods. Only when the separating power, the sensitivity 
and the specificity of GC-MS are needed or when no other method-is avail- 
able for the analysis, CC--MS should be used. Often CC alone wili‘suffice. 

Instrument manufacturers are beginning,_ and sho_uld be encoursged to 
continue, to develop smaller, more economical, less flexible instnrmentation, 
which still offers the optimal efficiency for a given m of analysis. In clinical 
chemistry;today’s mass spectrometers are used in the first place in research and 
in ckgnostic centers specializing in detailed metabolic investigation for diag- 
nostic purposes. 

7. SIJMMARY 

In clinical chemistry and clinical biochemistry mass spectrometry is used 
mainly in combination with gas chromatography, in some cases supported by 
a computer. The combination is distinguished by its-separating efficiency for 
complex mixtures of substances and by its high sensitivi~ together with very 
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high specificitg. An amount of 10-100 ng is sufficient for the identification 
of an unknown substance, and. even L-100 pg can be adequate for qualitative 
detection or quantitative determination by mass fragmentography. The prin- 
cipal areas of application are: (a) structural identification of substances; (b) 
profile analyses aud pattern recognition; (c) mass fragmentographic determina- 
tions and reference methods; (d) in vivo experiments with substances labeled 
with stabIe isotopes. 
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