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1. INTRODUCTION 

One of the trends in modem biomedicine is the increasing understanding 
that many, if not all, disezses may be Iinked in some way with deviations 
from, or dterations in, one or more of the several thousand chemical reac- 
Cons that ~ormspiy t&e place inside the cells aad body. It does not seem WI- 
reasonable +A asame ‘+&at if one were able to identify and determine the COR- 
centrations of &l compoumis &aide the hum= body, including both high- and 
low--mokcul2r-weight sqktasces, one would probably find that almost every 
known disease would result in characteristic changes in the biochemical com- 
position of the ceHs and of the body Bu.ids_ Such 8 “to&d” asnalysis is, of 
course, impossible to carry out at present. However, the promising results 
achieved_during the last few years have substantiated the importance of multi- 
component analyses. Ckron&ogragkic profsing of the body fluids in particular 
has been useful botk for diagnastic purposes arrd for obtaining hew informs- 
tion about the biochemicd reactions t&at take pla.ce_inside the body in hedtky 
and diseased states. 

Most workers have favoured the use of gas chromatography fGC) for sep- 
aration purposes, combined with mass spectrometq (MS) to identify the in- 
dividual components in the body fluids. It is, however, important to bear in 
mind that GC and GC-MS CSB kindle otiy voh~tile corutituents and com- 
pounds that an be corrverfzd into voI&iIe derivatives. Estinzates have’indicated 
th& beeau~e of this bit&ion, gas-&zse an+yti@al met&& can only detect 
about 20% of the total nlrmber of s&&axes preset in complex bi&gic& 
materi& C&21. Tke needs for dtenratie an&yticd metkds an2 therefore 
obvious. ~-perfonxxmee liiquid cbromat~g~~@y (EEEXC) -is co&d& to 
be one a& alterwtive [3-G], izf.Mmu& its metkodology k& tiot -$et been 



tidvahaced ta t&g stage where, e.g.2_ mkterres of hrrndreds of different proteins, 
lipids, pulysaccharides, nucleic acids, etc., ca12 be .separ&%fzL Recent advances, 
however, such as the comp~ter-operated m&i-waveIengtb array spectrometer 
detector [7,8], the coupling of HPLC to mass spectrometers [*II] and new 
3rea.s of application [12-14] , indicate that HPLC will fimd its place beside 
GC-MS, where it is badly needed for multicomponent analyses of hi&- 
molecular-weight and/or temperature4abiEe compounds. Esotachophoresis [ I.51 
and high-performsnce thin-layer cbromatu~z&q~ (HPFLC) [I61 may also 
become of corzderable value in the a.zaly.sis of body Buids in the future, as 
these t%xhniques aIs have the potential of determining mangr of the widely 
different substances present in biological materials. Rapid-scanning fl~ores- 

cence spectroscopy [IT] and ion chromatography [X3] are two recent tech- 
niques that might prove to be useful for the a&y& of biofogical materi&. 

At present, however, it is dear that GC. and in pa&iculIar GC-MS, are the 
major techniqrres for multi~ompound analyses of the body fluids. Therefore, 
only these gas-p&se methods will be con.sidere$ here_ The profiling approach 
is applicable ti many different classes of biological compounds, from volatiles 
to complex carbohydrates, and several reviews have appeared recently. Voi- 
atiles were reviewed by Potitzer et d. [I91 and it is striking that&e meth- 
odology has ROW been advanced to the stage where only 50-KlO pE of body 
fluid is required for a complete recordi-I of all of the volatiles present [ZOf . 
The scope of MS in cticaI chemistry was reviewed by Boboz [‘2] and by 
Lawson [21], and the profilling approach in the study of microorganisms is 
considered in a recent book edited by Mitruka [22] - Comprehensive reviews 
on Gc 1231 and MS [24] discuss instrumentation, appfications and exper- 
hnentztl results. 

The analyses of amino acids by paper (PC) and Ion-exchange chromsto- 
graphy have proved over the last 25 years to be of great dinical value. In a 
similar manner, chromatographic profiling of organic acids in pzticuEar has 
become of diagnostic importance and has led to an improved under&,&ding 
of Mary human disorders. It is therefore the purpose of this paper to review 
recent advances in organic acid prc&Zi~g of human body fluids in healtby and 
diseased states. 

Many modern Gc instruments, available from over 50Q manacturers 1231, 
are suit&e for analyses of the widely different, often labile constituents of 
body &ids_ AU&ass systems seem to be preferred for thGs type of separation 
and packed GC cof= x&b some type of silicone oil as the stationary phase 
(e.g., S&30, OV-f7, OS-22) have so far predominated. However, when the 
pIEchase of 8 Llew inscntnent is consruemed, many workers in the field now 
agree that the Znsfnment of choice shot&% be designed ti handle glass capi&ry 
cdfu+ns a.@, as these coiumna are beqmxing increassgly tzsefixl for prof9ing 
werk. l&zce&nt thermostile, waE+zoated open-tubuIar @ass capillary coIumns 



&if&& for the .maIysis of body fhids me now commercial& available from 
s.mz& manufacturing companies. The glass tx.piElary column not only offers 
gre&ly improved separation, but as the peaks are very sharp and as adsorption 
on &e cohunn w&i is negligible, increased ~er&tivitg is actwHy obtained. 
However, as was proposed in a round-table discussion on biomedical appfica- 
ti0n.s of GC-MS held du&g the 7th International Conference on Mass Spec- 
tidmetry in FIorence in 1976 E25], one should not abvacde the view that 
packed cohm,ns me nbsokte for the analysis of body skids. Indeed, many 
problems, e.g., rouLC zlxe, of a given drug or of cerfxin metabolites, = be 
carried out equally xv& on packed cohmms. Recent resuks (e.g., refs. Z-31), 
on the other hand, show that when one is dealing witi rnuiti~~~o~@trt anal- 
yses, where the aim is to separate and identify as many constituents in tie 
body fluids as possible, the= capiJ.kry cohnnns are superior and give consider- 
ably more Gxformation. 

Computerized Gc has undergone major developments during the last 2-3 
years. On-tine mini- and microcomptiter systems, ranging from programmable 
cakulators +A advanced time-shared systems, now offer the analyst a number 
of possibilities, such as adaptive program interaction, int.egratxx/cakulator 
‘ftmctionality, instrument automation, autoomatic data acquisition and dab 
reduction, real-time control of the sampling system, digitsel Bow and tempe- 
rat+-e controllers, automatic peak detection, automatic baseline correction, 
calculation of retention &.iices, prediction of component resolution, detection 
and measurement of overlapping peaks and pattern recognition techniques 
(for references, seeref. 23). For example, a fully automated high-resoh&ion 
GC system suitable for chromatagraphic pro&g of the volatile constitients 
in body fluids was recently described [30]. It incorporates rep&tie sampling 
on to a glass capillary column and simreltaneous flame-ionization and nitrtigen- 
sensitive detection prior to data acquisition and computer handling. Other 
sophisticated, automated and computerized Gc systems have aJ.so been design- 
ed for studying volatiles (e.g., ref. 31) and for studying plasma lipid profiJes 
t321. Computerized CC has also proved useM for the chnxnatographic pro- 
filing of microorganisms 6221. 

Although autoomated high-resohxtion Gc methods combined with powerful 
computer ev&uation techniques are likeiy to find an increasing number of 
applications in the biomedical field, these methods cannot protide positive 
identification of individual GC peeks. Retention times done are unfortunately 
not sufficien++ for identiic~tion purposes tmd should be -used v&h caution 
when one is dealing v&h biological fluids. These materials, par&&&y urine, 
are so complex that even when bigbly efficient capillary columns with neargy 
100,000 theoretical plates are used, ms-rry, if not most, of the Gc peaks are 
still not resolved, but consist of 8 mixture of two &r -even more metabolites 
C251- MucEr of the diagnostic v&e of &romatogmp~c profifing ~ltima&ry 
depends on tie identification of 53isea8egpecS~~~ compounds and ik is the&. 
fore clear thaf, methods in additiok $o GC must be sought. If ia -2 rec~gn~ 
to-day that MS at present k the best &&ice for pmvind.& such in.fotition. 

I I 
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of value for characterizing multi~ompound mixtures such as bacteria [22,47j. 
During the Iasst few years, much attention has been focused oft the problem 

of mterfacing liquid chromatography (Ix;) with MS. Several different systems 
are now in use, e.g., the method developed in Horning’s laboratory [9], where 
a portion of the vaporized U: solvent is forced through an atmospheric-pres- 
sure ionization Source 1481. In the system used by McLafferty et al. [IS], 
about 1% of the LC efftuent is k&o&ced into tie ion source of a chemical- 
ionization mass spectrometer. The vaporized solvent serves as the reagent gas 
for the sample. A third system utilizes a moving-wire or, more recently, a 
moving-belt interface. The set-up consists of an auxiliary vacuum chamber 
through which the wire or belt continuaUy carries ahquots of the LC column 
effluent, and where the solvent is removed. The sample is further transported 
into the ion source of a quadrupole instrument where the find vaporization 
and ionization take place (e.g., ret 11). 

Apart from pattern recognition techniques that have been of great value in, 
for example, an&yses of volatiks (see p. 430) and for bacterial &ssification 
~221, most of the work on profiling ultinzately ends up with the problem of 
identifying certain peaks on the gas chromatogram. Manual interpretation of 
the corresponding mzss spectra is often diffkult and time consuming. The 
visual comparison of unknown qxctra with a catalogue of known mass spectra 
often gives valuable clues with regard to the strwture. The collection entitled 
“Mass Spectra of Compounds of Biological Interest”, compiled by Markey et 
al. 1491 and ava%bie through the National Technical Information Setice, U.S. 
Department of Commerce, Springfiek$ Va. 22161, U.S.A., is very useful. The 
“Registry of Mass Specgal. D&P E5.91, cantaining about 25,669 spectra, and 
‘&e “Eight Peak Index” [5f], v&i&h contains over 31,099 entries, are also 
vaInable although most of the spectra in these collections r&ate to non-bio- 
logica! compounds. Many sophisticated computer programs, including inter- 
active library searching, heuristic techniques and learning machine techniques, 
have been published [24, 52, 531. At lest two such search progmms are now 
available over ~hternational computer networks. One system,~McLafferty et 
al_‘s self-‘3ai4ling, irnterpretative and retrieval system for mzs spectra fSTIRS) 
[54j, including probability based matching [55f, is available througk 
TYMNET 1561. The second systenr, developed by He&r at 91. [57$ t is avail- 
able through the General Eleetries computer network, and in Scawbnavia is 
available tkrougk SCANNET 1581. Scud qskms p, 60~ are now ia a&m 
tion for the rapid computerized identification of compounds in complex bio- 
logical nrixtures by CC-MS. The system used in Biemann’s hrboratory has been 
widely used for drug anrzryseS [6kl and the system deveiopsd hy Smeedy et d. 
[SO] has been used, for example, for the rapid.ckaracterization of urinary or- 
ganic acids. Sj5vaB’s group (e.g., ref. S2) has been used advanced computer sys 
terns for sev& years far the interpretation. of &eroiO pmfilps. Tfte sy*m of 
Jellurn et aI. [SSj has been designed to recognize anomalies in m@Gzompound 
mirrtitres, and is in principle able to detect the presence Of abebrm& oom- 
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pounds as well as the lack of normal constitients. Although the first version 
of the program needs refinements, the approach has already proved useful 
[64]_ 

In mmy Instances t&e need for computer evaIuation of the chronratograpbic 
profiles may seem unnecessary. This may be tie when one is dealing with the 
diagnosis and detection of metabolic disorders that lead to gross metabolic 
changes. Outer &nica! conditions, however, may result in more subtle, yet 
perhaps important, changes in the me@boIic patterns. It seems reasonable 
to assume that the best way to detect these minor alterations will be by means 
of admnced computer methods. For further dtiussio;z 0~ computers and MS, 
see refs. 24,52 and 53. 

3. TREATME_NT OF THE HUMAN BODY FLUB3 PRIOR To CXROMATOGRAPHIC 
SEPARATIOPU 

A. ColCection, storage and trimsport of specimens 

Although increasing in number, there are still few clinical laboratories and 
hospitals that have at their disposal combined tX-&W-computer equipment. 
Many more laboratories, however, me equipped with simple gas chromato- 
graphs, and much useful screening of body firrids for abnormal metabolites 
can be carried out by GC alone. However, when a patient presents with an 
abnormal GC peak, the structure and identity of the substance concerned 
nom&y needs to be verified by MS and the sample cam be submitted to a 
specialized laboratorgv. Transport is also necessary wben clinicians have to 
rely OR spti&ed kbordories for cqirtg out the complete chromatographic 
profi&g. It is, of cou_rse, always important that, the samples should undergo 
as little change as possible from the time of collection until they reach the 
place where the m&i-component analyses are to be carried out. Recornmen- 
d&ions for co&&ion, storage and transport of physiologic& fItids for chro- 
matograpbic profiling have been made [65f_ Blood samples from fasting 
patients and tie eoEec’&d in the morning appear to be preferr&d, and no 
preservatives should be added. The urine and semm samples sborrfd be frozen 
and stored et -ZQ”C OE preferi2bEy at an even lower temperature so as to pre- 
vent decompasiti~n of ct?&ain meWofi&, e.g., peptic& [see 251. When 
morning rrrine samples are analyd quantitative rest&s are usually expressed 
tiative to the creetinine eontent. For more exact quantitative data, 24-h urine 
samples shduId be c~&&ed. Care nest be taken to obtain infomatiqn about 
drug intake and particular die- habiti [66-69j_ Wbenerer unrrsuaE peaks 
are noted on gas cbromat~grams, especiaEy in laboratories #at Eack GC-MS- 
compu&r fa&.Eties, it is a good rule to suspect tie peaks of being dnigs or drug 
x&i&o&es Et%]. This suspicion can sometines be eonfinned either by re- 
mting the fluid caflectian from the patient at B later date when drug therapy 
has ken c&mntiu&, OP by obf&ning sampIes of pbysioEogical fItids from 
suitable canti sub&&s who are receiving the same dmgs as tie patient. One 
should. a&u real&, however9 t.ha& may m&abolic disorders 81e of i&m&tent 

WE= WX - 



$3. k&ion of orgmic acids fmm urine 

Three principd for the isolation of the acidic constituents of urine 
prior to derivatizstion md Ge: am cwtiy in use. The firs0 is bat& on solvent 
extmction, usually with &ethyl ether and/or ethyl acetate. Batchwise extra& 
Cons using manud or mechanicd &&zing are normally carried out, althougfa 
these procedures are not cpmtiktie and polar COSII~OUE& =Ch s dli ancH 
tzicarbogylie acids and polyhydroxy tids are poorly extracted [7X]. Mare 
quanW&ive extza~tion is oldin& by continuous extraction overnight, e.g., 
Jo a SoxErlet apparatus. Improved exftxm%i~n is ako obtained by saturating the 
sample with s&s, e.g., sodium chloride before extxztion. This treatment, 
bowever, pvhxdes the use of the remaining aqueous phase for further and- 
yses of, e.g., csrbobydrates, amino acids and conjugates [I]. 

A good solvent should have a high volatility, a high solvent power with 
low water solubiliw and a high stabili~, andi it should be commercially avail- 
able in a higb-pxrity analytica or chromatographic grade. In a recent inves- 
tigation 1721, isopropyl chloride was proposed as the solvent of choice for the 
extraction of volatile compounds in bio:ogicd fluids. JZrom the physico- 
chemical characteristics (b-p. 35.7”, dkkctric constant 9.82 (diethyi ether 
4.3) and water solubility 1.3% (diethyl ether 6%), it appears that isopropyl 
cloride shouid also be suitabb for the extraction of orgsnic acids. 

The second method for the isolation of the acidic constituents is based on 
anion exchange, as first suggested by Homing and Horning [73] and since 
used in many laboratories. Ion-exchange methods give quantitative recoveries 
of the organic acids in urCne. Comparative studies on soiventextzaction and 
ion-exchange procedures have recently been carrid out [?I]. DEAESephadev 
sppea to be the most widely used ion-exchange material, akhough other 
resins, e.g., Doxvex 3, are also suitable [74]. Affxr capture on the resin, the 
acids are usually eMted v&b aqueous pyridireiun acetate (e.g., refs. 66. 73) 
before lyophilization. In order to avoid any toss of the more voiatire acids 
during the lyophilization step, it has been suggeskd that the column should 
be elui;ed with hydrochloric acid fdlomed by net&r&k&ion of the efu&e witi 
mdiarn hydrosn carbonate, before Iyophilization f75f. The direct silylation 
of the resuiting sodium s&s then follows [75, 76]. gtrompscm and Markey 
[7X] introduced a cfetwup step prior fm ion exchange on DEBSephafi~_ 
Their method involves removal of the interfering inorganic sulphafz and phos- 
&at-e ZLS in$oIuble barium s&s, -foEEovxd by oxime formation, ian exchange, 
silylation and GC. Lawson et aL [SS], however, .wamed that many organic 
acids are capreci&ated. in this method, and that several organic acids would 
decompose when the a&&ne barium hgdroxide is added. 

A third. more =qedd, method, h&-ed to the tifation of the more voIatite 
con&tie&, makes use of either steam distGh3ion [77-79f or t5mw.m d&t& 
l&ion [SOf to &ok&e the organic acids from the bio@ic& materials. 

The problem of choosing b&vzeea the soIve&xxtmctioa tid ankn+xcha&je 
methods often arks_ It hzs been &e exp+Gnce of ~LX$ grot& &t&if~t& 
problem concems~_gae&Gng for gross metabolic disorders; the dektioc:of 
M&h does n& reqtke quax%titat%e separation proced~~re~, then solvent e+~- 

z tian is a@ic~Ie. Even rnetabufid iSsod= that result in the &+&&on of 



435 

pofar compomds &h as pyrogIutamic acid [81] OF glutaric acid [82l are 
easily detected by solven~tition methods. On the other hand. very polar 
and highly water-soEuble compourrds such as tetronic ax2 deoxytemnic acids 
are poorEy ezdraded into organic sohentsand may remzinundetected unless 

ion-exehvlge methods me used. FOP qrrantitative work (e.g., refs. 66-68) and 
work involving subtle changes in the’ chromatugmphic profiles, the use of 
tionexchange procedures is not only mcommencied. but is essential. Some 
Msfx&aies therefore prefer &ways to use the quantitative me&hods, whereas 
others, p2rtie*ly those engaged in diagnosis 2nd studies of metabolic disor- 
ders, hawe found it convenient to be able fn use both &of&ion procedures. Sol- 
vent extraction is used in emergency ca5e5, e.g., on samples f2om severely 3 
acidotic ciddren, in order to obtain B qud.itative .znnver ss soorz as possible. 
&Gonexchange methods, which are more Iaborious and f5me consuming, m 
subsequently use& for qumtitatlee extraction and az5sqg of the pathoiogicd 
metaboEtes. 

Urine is the only human body &id tb& normsBy is devoid sfproteeins. AU 
other body fluids (ad tissue homogenates) contain smaEf (in amniotic fluid, 
spinal fluid) or i-e amounts of protein (in sem, semi& fitid, syrmtid 
fluid, etc_). Urine, spinal fluid [SS] and amniotic Etid [84I cm therefore 
be extracted dinzctiy as discussed above, whereas most other physiological 
samptes wudly are ham&d so as to maid inkferenee hy the proteins. If 
non~eskuctive methods (gel fdtzation, dialysis, membrane fiXration) are used 
to remove the proteins prior to the GC analyses, the tigbtiy protein-bound 
and/or water-insoluble low-molecular-weight mbstances (e.g., long-chain 
fatty acids) ~4 be last. Severed organic acids have a tendency to become more 
or fess protein bound, indicating that removal of protein by non-denafaring 
methods 6hould be used v&22 caution if the PLn; is ti obtain a total organic 
aid profile. Other classes of metabolftes, e.g., czzbobydmtes zxd -ino acids, 
are not protein bound, and membrane fSr&ion through a MiEpore PSAC 
filter, for example, yields 8 proteein-&ee f&ate that is ideaBy suit42d for, e.g., 
carbobydmte profii hy GC meffiods [%3] _ Pruteeirn precipitation with, e.g., 
strEpbos&cylic acid foliovzed by extraction of the organic acids by organic 
s.olven&s is sometinzes used, &bough certain organic acids may be coprecipi- 
tated titb the denakrred protein. EErect extraction of serum. e.g., with tbe 
ion-s&x+& pair sm.mmium carbona~tbyl acetate, is widely used for the 
extrztion of drugs, but this me’&od obviously does not extract the organic 
%ci& 

A coavenieni mef&od for obtaining profiles of fat& orga%zic acids in protein- 
containing M fluids and tissue homogenates- ax&es u6e of ethanol 8s 8 pEe_ 
cipitzting wnt fe.g., r&T&_ I. 2, 85 and 86i. After removal of the proteins by 
cea&&gatioa and removaf of the etfmnol in vazo, tie res&i.ug aqueous 
s&utioacmbetre&edasifi&nereux=iae. 
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GC cohznms Eqrrid phases such as DEN, DE&%., EGSSX, 
sihz SC and lrpc OF thpofa UK, we used extensively for the separation of ht- 
t4'Z?.CidS,USldyaS~&l~~eS~.~~~~ fOFthf3~pSZtiO~CPfllllde~~ 
fatty acids have e&o_ been published [S7,88]. Highly efficient g&s capillary 
columns are used to separate cls and tmzs isomers ES9]. A review OR the 
analysis of lipids in general has recently appeared [90]. 

4. DEEU-VATEZATION OF TEEE OR&WEC ACIDS 

The “orgimic acid frxtion” of biological fluids contains mono- and poly- 
carboxylic acids, mono- and polyhydroxy acids, keto acids, phenols, phenolic 
acids and conjugates of the organic acids, pa&&xl&y with glycine. Numerous 
publications have dealt with methods for prepma volatile derivatives of the 
&&rent organic acids and ‘Jre most widely used approches are discussed below. 

‘I’riietbylsilyi (T&B) ethers and esters are piobably the most popu.lar detiv- 
aties used foF studying the o~gmic acids (e.g., ref. 85). ‘FMS derivatives are 
coaparatively easy to prepare, safe to handle and most of them have exceltent 
chromat~grapbic properties. Further, deuterium-labellIed TMS derivatives can 
readily be prepared with commerciaJ.ly available sirylating reagents. The latter 
approach is frequently of great value irl eEucid&ing the stpuc~s of unknown 
metabolites by GC-MS. The col.kctions of mass spectml data f%e p. 432) 
contzin snore information an TMS de+&ives than on any other type of deriv- 
dive. The most widely used silykdkg reageds are bis(trime~yldy~&riflmxo- 
acetamide (BSTFA) and b&(trimethyls~yl)acetzmide (ESA) (with or ~Stixxzt 
pyridine, trimethylchlorosilane or other ea+Aysts), which form derivatives 
with the cerboxyl groups, hydroxyl groups and phenol groups of orgaztic acids. 
Sodium s&s are generally mope difficdt to silyJ.&e than the f&e acids, aI- 
though recent investigations 175.76) have shown that ESA irr the presenca of 
trimethylchlorosilme and/or hydroxylamine cumrerts the sodiu~~~ s&a directly 
i&o volatile T&G derivatives of tke organic acids. Gee metaafiaU.es. partic- 
ularly k&o acids, have a tendency to yield mtdtiple derivatives, and there are 
problems also with tie silyiation of &ori;cbti dim&xzylic acids f74j and 
with o-hydroxyhippzric acid (s&cyhzric acid [9Ij ). In both im!zm%s the 
corresponcping methyl esters appear to be better. Previously it was observed 
that N-aqlglycioes also gsve ndtipte p&s after trimethylsilylation, but 
this effect cm ROW be avoided [%I. The CiC behaviour of 28 MacyI@ytin~ 
of clinical interest is described in refs. 92 and 93, #et0 acids we more readily 
determined if doable derivatives are pqsared, partic&azly a&me-+&B [94g, 
metho*mS ES51 zndk ethoximz+%S d&wativea [66J_ other Cl+&- 
utituted oxime-TE&S derivaties, e.g., ben~laximes, h&2 a& been ccxuidti 
b~ Lwmxz et al. [%I d&uW they pxefer etho~&e--T&C3 d&t&a fm the 
determinatioi of u&my orga& acids .~.Iz gad [SMSE : ww %%ti 
acids can also be detem&ed tit& cr-&&y&~~edis&& and-IZZTj?& yi&i~& 



O-TMS-puinQXaLZROE derivaths that are SKitaMe for Gc adysis [9;rj _ The 
separation of the many biologically occurring keta a&k is best acieved by 
using highly efficient @ass capillary columns [SSj. Combined siiplation and 
methylation also yields derivatives w&h exceUe& chmmatographic properties, 
aRdthisprocedurehasbeen.su we&&y for many years by Horning and co- 
vzorkers (e.g. re&_ 35 and 95). 

Combined silylation and ethyh&ion has been the preferred derivatization 
method in studies OR the skm&aneous determination by selected ion moni- 
toring of the levels of four acid metabolites of catechofamines in urine, serum 
and cerebwspinai fluid [SS]. 

The methyl esters of organi acids also have excellent chromatographic _ 
properties and can readily be prepared. The mass spectra of methyl esters ze 
usutdy simple, and are often easier to interpret than those of the corresponding 
TMS derivatives. UsuaUy it is therefore easier to predict the fragmentation 
pattern of a me&&y1 ester than that of a si&I ester/ether. This is frequently verJi 
useful in profiling work, because on the basis of 8 predicti mass spectrum 
one is often able, using mass chromatography, to seazh for the presence in a 
body fluid of a given meWAite, even if the authentic compound and/or in- 
formation on its W-MS behaviour are facking. 

En sevesal Laboratories, therefore, (e.g., r&s. f, $5, LW--E02) methylation 
techniques are frequently used. Despite tie hazards associated ti!& diazo- 
methane, it still appears to be the prefe,-red methylating agent, the method 
being smooth, simple and rapid. This method, like sirylating procedures, may 
&so lead to c&z&n by-products, aMfacts and um3zp&ed rem&s. For example, 
more than one derivative is usually formed by the action of diazomethane on 
keto efids; pyrazolnes are formed as by-products during the methyfation of 
fumaric and aconitic acids; and an art&ct resembling 3-hydroxypropionie 
acid is formed if water is present d&g the methylation [B24j. Diakometh- 
ane reacts not otiy with ca.rbuxyE groups, but also methyktes f&he hydrosy! 
groups of phenols and t&e thiol gmup of thioIs. Thus, a number of important 
phenolic acids, e.g., p-hyd.msyphenyEactie acid, may yield one or two deriv- 
atties depending on the temperature and Eengtfr of treatment ~32th di.azo- 
methane. For %%rfhep discussion on this tipic and on other arfzifacts and pit- 
fafls asxockked with f%re chromatogmphic profiling of body fhlids, see p. 439 
and Eefk. x03, X.04. 

: 
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methgd of treating the organic acids tith alcohol in the presence of an acidic 
c&aIy&. Subsequent remov& of excess of alcohol and acid before Injection 
into the gas cbromat~graph often pestllts in EGSS of the more voIatile f&as. 

AR altem&ive method for the selective derivatidion of tie cazboxyl 

grmp involves addition of siIver nitrate f~ an aqsreous exkact of the orgmic 
acids, followed by lyophilization and treatment of ‘&e dry silver s&s with 
ethyl iodide (or methyl iodide) dissolved in pen-e {IQ& 1091. The ethyl 
(or methyl) esters wi.U be formed in the pentane soh&iGn, wbicb can be in- 
jected directly on to, e.g., 8 capitkry Gc column. 

The rektive merits of the various approaches considered in this chapter zre 
frequently discussed. There is no simpIe amwer to the problem, as alI methods. 
including solvent extra&ion, ion exchange, trknethylsilytation and methyl&ion. 
have their advantages md disadvantages. Most workers, however, will agree 
with what &M&e [1X0] pointed out in .z recent editorial, namely that the 
main point is to become familiar with one metbGd, and to learn its pitfalls 
and to be able to use akmative procedures when required. 

Shortchain (C&-C,) monacarboxylic acids are volatile and therefore re- 
quke no derivatization. Special methods for handling these acids, several of 
which are associated with met&&c disorders, have been perblisbed. Pn one 
of these f77-791 the Vdide acids are Separz&d affzer steam disti&tion (on 
a column con-g neopentyp glycol adipate-orthophosphotic acid), or affer 
vacuum c&t*atiGn- [SO). Other methods (e.g.,-refs. Ill-113) t&i&e solvent 
ex?za&ion folio ed by sepSJ&ion on cGhm~nS containing, e.g., Porapak [nrl] 
or FFAJ? (Car d wax 20M-nitEoterephtbabie acid [1X3] ). In another method 
[114], the urine is mixed v&h Dowex 50-W and the free acids reI& are 
separated on the porous polymer Chxomosorb UE. Im the meffid of Remesy 
and Demigne [U_5], as used by tVysocb;i et af_ [1X6], the acids are separated 
on a column pzcked v&b 10% SP-1200 conkxining 1% of o&bGphosphoric 
acid on Chromosorb W. Special GG methods have been deviSed for the de- 
termination of acetate [Xl?] and for propionic a& methylmaionic acids 
[IIs]. 

The GC determination of the latter two acids in the presence of each other 
requireS special care, as a po_tion of the free methyhnalorric acid may become 
decarboxylated t0 yield propionic acid in the injxtion port of the gas chmma- 

tograph (e.g., ref. 119). The finding of large amounb of propionic ac2d in, e.g., 
the urine of patients with metfryhx&orric acid& may tierfore be misfeading. 
PoAbly the simphst meazs of overcoming this p&b&n is to use &zo different 
temperat~~ on the inlet block of the gas d~~matograph, as-suggested by 
E’renkel and Kitchens EIXS]. ‘Their method is based on the spontieo~ and 
q(u;mtit&ive dec&m&&ion of methy~onk scid at-225:. to give pmpianic 
~d.~ydISxganoth~~st&sti~timd~& wid @&ylm&o@~acid)ss 

ink?rd~~,~ quentkition is pos&le. -Endogeenorrs- psapionic 
acid is then +?aszqd at X30”.. a temperature: at m metbyfm&ni~ a&i 

. does not decarbo~late @IS]. The use of ethyhnakmk acid as BL~ internal 
&Ud#d may he qU&ion.+x& as it he -M c$zsu&d BS 8 -.noztm$ : ~0s .._ 

._:’ 



stitumt of hum212 urim (2Ithough presezkt in sm& amounts) [12QI and may 
occur in consicierabb arnaunts LIZ, for exampfe, patients v&h Jamaican vom- 
iti.n~ sickness (p. 450) or with g&t&c acidtia, tVpe H (see ‘Fable I). An alter- 
native procedure WE used by Stukke et al. [12X1 in t&&r inv~tion of a 
patient with combined methylmrrlanic acidemia zmd &bydrclxy-n-vakric acid- 
emia. Propionic 2nd methykn&_nic zcids were first separated on buffered ‘FLC 
pl&e.s so as to avoid ks. of the volatile acids. The bands containing the two 
acids fss sac&m s&s) were subsequentiy an&ysed separate& by Gf= fpropi- 
onic acid as the free acid, methylmdonie acid as the methyl ester). 

The sppEc&ion of 6(= and GC-M§-compater methods TV the ar&ysis of 
body fiuids is associakd with many difEc&ies &FI~ pitf&. There are pra&Iems 
of 8 kchnologi& nature (instrument breakdown), of a &em&A nati (e-g_, 
conkiminated solvents, contamin&ion from eofumn bfeeding uld environ- 
men&l ea~&~&~tion such zs pfsstieizers), and problems r&at& +a- the hand- 
kg of the bioEogicaE samples. Spite&r and Spite&z discusss sever& of these 
aspects in their book [122I, which a&o contains the mass spectra sf numerous 
comm<sdy 0ccUrring contaminants_ PEssticizers in bi&Jgic& m&eriaIs hme dso 
been studied by other workers (e.g.* refs. 123 aad 124). Perry and Hansen 
[103] and more recent& JeEum et aE. [IO41 have rwiewed the most usual 
pi- associated wEtI2 the cbroma’o5pbic profSng of bioEogi4 m&Xials 
using GC and GCe methods. Firstly. there are problems witi coLlection 
and storage of the samples. Dependtig OR the conM.ner used, con~tination 
may wcxz fram chemicals not or@ fmm pksticizers but also from mbber 
stoppers [lQ4, 1251, added preservatives and added anticoagulants [X)3, 
1041 (e.g.. hep& contzG.xs benzyl akohol as a sfzbiker; see also ref. 126). 
Secondly, numerous probfems exist with sample worIEup and with the deriv- 
atkzation methods, e.g., forma&n of srti%cfz and multiple derivatives. The 
praductiarr of arfiif~h (e.g., crotmic acid formed from &hydroxybutyric 
scid EP2Tf) and the fannation of unexpected com~&~~~ds in the GC column 
(e.g., 5-hy&osycoumapan frem homogeMisic acid [IQ41 and 3-methylcro- 
taorric acid from 3-bydr~@e.ric acid [X28]) may kad to serious enors. De- 
carboxyktion w&ions (e.g., of metkylm~anic atid QJ yield propionic acid 
*. 438) and of phenyl~c a&E to yiek3 phenytacetic acid [X29] ) during 
sampie workup & GC may I& ta emnews resuks. New compounds 
form& by Satiurr nmcesses [E3Ol and artifscts produced by 
bacteria (e.g., benzoic zcid [13X. X321) a~ potential scwxces of error. fn 
methods vzhere the bi&@d mate_M is made alkaline to prevent loss of voEa- 
tile .acidq omz shwid realize that part of the giwose magr be converted into 
acetate fI331 D Perfrape tie must serious probIems arise from z&i%cfs due to 
dietazy f&ct~rs and i&&e sf &zu.g.s [e.g., refs, lcF3 and 104). Pz&icukr atten- 
tion. &o&Id be paii ti drugs f&a&az~ met&&i& TV give organic acids that me 
nQpa3an4F 2smei&s xvi#& met&&c disurders. -An example is &he anticon- 
&s& sacii& d&m.qxyIzzrzehh,. ;vfiiclr leads ts imreasecf urinary excretion 
.of mj@n& -z&d EZ$$&~ t Z-~xadiprwpy~tic acid acd 2-@-propyt)glutaric 



acid ,[235] _ In gtzm.raL msrrg problem can be avoided if comet am% complete 
info&&ion about drug lneake alway& accompanies the samples submitted for 
c~omatograpbic prom. (See &so 8 recent review on difficrrEies aIld pit- 
falls in the interpret&ion of screening tests for the de’&zction of inborn errors 
of metibolisxn [ 2.363 .) 

A table of the urimzy organic acids identified prior to 1973 was compiled 
by Markey et al. [X37]. Since then, many next met&otites have been identified 
by GS-MS methods. More receat Lists of the prevailing urinq zeidic mdab- 
elites in: nod aduEI [SS, 1381 and in newborns I2391 have been reparted. 
The list of BjBrknan et al. 81391, skotig the qualitative and quantitative 
pattern of organic &ds in urine frown newborns, t&o contains the character- 
istic mzss spectr& fragments of each compound. Comparison of tie organic 
acids in adults and newborns shows that the I&&r urine contains large a;noernt.s 
of succinic, fumarie, Z-ketogiutxtric and 3-hydro~y-3-metby&Waric acids. 
These acids are present in only sm& amounti in adults. Hippuric acid, on the 
other hand, is a minor component in mine from newborns and a meor con- 
stituent of adult urine_ ECr@xts et al. E1381, using g&s capilkiq coffmms 
zmd MS, identif?ed over 38 of the peaks imz tie cbromat;ogmm. They emmined 
pooled urine specimens from core&ols and post_Partmn subjectx; no major 
differences were obsemnxl. 



seleetecl km monitoring with staable isotopelabefkd compounds as internal 
st.zu&rds. Several tryptophan met&Mites in CSF have been determined by 
single-ion monitoring 11431. Lactate, sxccinate, citrate and maleate are norrnziE 
constituents in CSF from newborns. Variations in the ehromatugrqhic profile 
.of neutral and acidic met&&W in C-SF from newborns and infants s&h dif- 
ferent neurological disorders have been reporkd [144]. Farther work, how- 
ever, is required in drder to determine whether the &.erations seen ;tce suffi- 
ciently specific to be used as major c&gnostic criteria El.441. 

Capillary GC-MS metids have been atSized to evuatuat-e the organic acid 
profile in AUTFUR Cal& 11451. Lactic, %hydroxyisocap_mic, succinic and 
phenylacetic acids, 2,6dibutylcrescl (an antioxidant present in food), phenyl- 
lactic, p-hydroxyphenylacetic and p-hydroxyphenylprapionic acids, several 
f&Q acids and chofesteroi were identified in unstimuk&ed saliva. 

Seminczf fluiCr z&o contains several organic acids of the type found &I urine, 
witi cifxic acid and fatty acids as dominating compounds (Jeilum, unpublished 
results). Synooial flrtid has been examined tith both packed [I461 arrd capil- 
lsry coiumns [ 147 1. 

Plasma from haemadialysis patients has been profied v&h respect to vol- 
atiles [148). D&&sis fluid from nephrectalk33d patients [I491 contains 
organic zids of the s;Eme type as normsBy found in urine, plus addiGon~ 
compounds associ&& with uremia. 

Littfe information on orgzmic acid profiles of tissues exists, whereas certain 
o&er classes of compounds have been- deteermined by GC methods: Thus, the 
voletife constituents of Img, brain and liver from pats have been assessed. 
There were marked differences, and it appem that certain volatile constituents 
may be characteristic of a pzutictiar tissue [15Qa _ The vofatiles thmat produce 
the odours of the human vagina [Xl], the amino acid composition of human 
nails [152] a& the conteent of polyok and aldoses In ca~bus human lens 
tissue [I531 have recently been messed by GC end MS meeods. Snedden 
zmd Parker [I545 investigated the presence of dtered purine metabolites in 
skeletzz! muscle of normal and gouty inditidu& before and &er dlopirrinol 
therztpy. 

with the advent of &ss capSary cobnns, increased setittiQ of the in- 
struments and improved eomputzr htmdfing of the data. it is to be expeeM 
t&& f&e zxn&rsis of szrti (l-3 mg) tissue biopsies wiH become feasible and 
irnpor&nt in the frrtire. 

ti%v#rt et z& [%I have identifieb some new polyhydroxy (atclonic and 
daxyaldonic) acids in addition to those previously reporfzd by Horning and 
Horning f73g. TRompson et ~9. [E&f &so reported on the ffcmxrenee of 
po&hydmxy cospamds in urine and identified 4_cfeoxyerythrorzic,- 4-c& 
axy&eanic and 2-methylg&cetic acids Cl551 as new norm& metabotites. 
Fe% et al_ [15Gl determined 2-deozytetronic zid in blood, 

Many dic&~~~yiic acids heve been identiied as constituer& .of normeJ 
urin& F&W&E CD& Stokke [I571 found tit a series of &methyl branched 
s?+-&a& (42, T-C,) Dick scidg are excreed in SIEZU aqm~~~ts, except 
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few years ago, Young and co-workers [h69, l?[rf reported on the effects of a 
chemically defixed diet on a wide range of winary and se.rwn metahoIites_ 
Witten et aI. [I711 also Used a palatabfe standard diet and mewed the means 
and standa& deviations of the excretion rates of individual urinary organic 
acids, using GC-MS methods. In the latest and most comprehensive stidies 
carrid out by Cheers and co-workers f66-68], both the effects of in- 
dividual variations and of diet we= studied, A.U three research groups observed 
that the coefficient of vari&~n for the excretion of the major and consistently 
excreted metabolites were large for alI of the subjects studied. Extreme gietary 
alterations produced reiatiwely smash changes in the patterns or amow& of 
met&o&es excreted, but large &~%vidud within-subject variations were ob- 
served 167%. The data of Chalmers et al. 1671 therefore indicate ffiat variations 
in the ranges of excretion depend mainly on individw~I metabolic alterations 
rather than on diefzry factors. In a survey of 420 normal srrbjects on ~II un- 
restricted diet, qwntitative ranges and &quency d&&rib&ion patterned of the 
urinary organic acids were assessed [&3]. E3’istu~ of excretion u&es were 
prepared for alI met&o&es and co&d be allocated to four groups: (a) uni- 
modal distribrrtions with detectable v&es in almost alI objects (examples: 
tetronic, 2- and 44eoxyt&ronic, citric and cis-aconitic acids); (b) apparently 
wimodal distributions with a number of values beiow the level of detect- 
abiD@ (examples: p-hyd.roxyphenry&.&ic~ g.luctic and ZMeoxytetianic acids); 
(c) clearly bimodal distributions, a unimodal sub-group + a block of undetec& 
able values (examples: 3hydroxyisova.&rie, hipptic and glucuronic acids); 
and (cl) &egrAar distribrrtions witb a majority of undetectaabtevs.lues (examples: 
benzoic,~ccinicand 2-ket@utaric acids). 

Et is important to bear in mind results such as those refed to above when 
discUssing “pathoiogicd amoUntS” of normal metabolizes present in heakby 
and diseased persons. 

Widespread amino acid screening programmes in the 1950s and early 1960s 
using paper and ion-exchange chromatography resulted in the discovery of 
numerous amlarcp a&de&as znd amino aciduris In 1963, KM& and EC&z&e 
[I721 used GG and MS methods to sepw& and ide&ify an unkaownmetab- 
OEite (phytanic acid) present i_n a patient who had died of Rem’s disease 
[X73). Since then, gas-phase an&_ytical methods have become increasingly 
imporfznt for diagnosis and -&&es of metabolic disorders. Chromatographic 
pro- in general is a compEeX, timeconsuming, highly specialized azd ex- 
pensive technique that is not &table for mass screening. Apart from research 
tasks, these met&& are themfore us-u&y applied TV patienk who are partic- 
u&r& szzspecu of having a metabolic disease, rather than to large poprrla- 
.tiG!l @Gups,-. h gmZZd, the S&S aad ~PfXloins f22 lOOk fGr in&de PeCtiiCir 
sme&~from ffre body and body fluids of the patients* a hereditary hisfzry of 
similar d&eases-in the family% lasting metabolic acidoses, mental retardation, 
faihsre ti. thrive, diskwbanees in pigment development, severe vomiting in 
e&y Iife and lavoi~~ movements [X74+‘76l. Major deviations in the ex- 



cretion of e~d-products (e.g., urea) of the variuus metahdic pathway&, and 
disagreement between the sums _$ the amorrnts of cations (I%+, K’, Mg”, 
CV’, et&) a& anions (Cl-, 5x342 , Pf3.+3-, ete.)LR.a body fhid (e.g.,2n“ti~n 
gap"), are s&x& to be G-z- of. 

C~m~to~~hicpm~usingGf:~~GC~Sha~ere~~~, rrptoealy 
ZW?, in the dkovery of 23 dlfierent, new diseases. In addition, about 50-60 
previously desctibed inborn emus CBR also conveniently be diagnosed by means 
of GC-MS fxzhniques. En Table 1 the new metabolic disorders are listed, to- 
gether with the ctit.eMi~ (disesse+pecLfic) compounds that occur in each 
hlstanc9. 

In general &ediseases&o~LnT&Ee 1 vzererecagnid because of the 
occurrence of pathological metaboli~s, identifiable by means of GC-MS. 
Subsequent biochemical investigations, such as emzyme studies on biopsies, 
on cells grown in tissue cuitrrre, metabolic studies using stable and/or radio- 
active isotupes, diefzy studies and ioading experiments, are required in order 
to pin-poinlt stnd, if possible, to treat the metabolic defect. Studies of this 
character, and f&e Cm- of additicnaI cases with the same disorders as listed 
in Table I, have been destibeg in numerous publications. In many of these 
studies, Gc and MS were utilized, e.g., to follow changes in ffie profiles after 
a loading fxzst. In 1974, Gompertz [X77] reviewed inborn errors of organic 
acid metabolism, and a year later TantPkrt gl78] prep& an even more cam- 
preherzsive chapter (with 264 references) on the same topic (dkoiders of 
or@nic acid metabolism). These two escellent publications review in detail 
what is known about the biochemistry of mzy of the &orders listed in Table 
1, #and consider both the fin& patienti and the additional cases that have been 
reported. Therefore, no attempt is made in this review to go into detzk3.s about 
the biochemicaLdefects behind the diseases shown in Table 1. 

Profiling tedmiques using GC and MS have been used extensively not only 
to study the new disorders shhoxvn in Table I (see also refs. 1’79, ITS), but C&O 
to diagnase and to abtdn more biochemical i&omatioa on sevem.l other 
pnvio~~Iy known me+taboEc errors and other de&-& cE.nicd conditions. In 
books edited by Stanbury et al. [7Oj, Nyhan [205], Hormnes and Van den 
Berg [ZOr;] and part&My iEB refs. I, 1% and 20’1 are tabulated mmemus 
in’oom errors that can ix ciragnosed by means of gas-phase analytical m&h&s. 
Approsimately half of the 200 metabolic disorders that sze recognkzd k&y 
can be studied by such me&&s. These kchniqu~s are of cousiderahEe v&e 
for co - _ Q the .diagnosis of patients sufferiug from any or,e of these 
diszases. The GCFMS methods are f&e&ore -used rcutinely in seveIirE_qe- 
ciakad hospital Iaboraturies aud other iustitutio~ for the ezzunination of 
specimens from pat&&s suspected of s&&kg from meM3oEc disease. . 

SOme of the disezses am% c~S&%d columns that hm recent& Ken sti&& 
by means of GG--d/6S 1543SGques me CY&CU~ b&m. 
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A. lCetuam&xs& i 

This clinical condition has many causes 2nd his been subjected to numerous 
inuestig~tions by meam 03 chromatographic p~mfii techniques. The volatiles 
in the-tie and Great& fmm patients tit&z diabetic ketisis h-e been sepm&d 
end identified, e.g., by Ztatkis et d. [20&J and Liebich and Al-Babbili [209j 
(for 8 review of volatlles, see ref. 19). ZMbxsen and co-workers [X57, 21th 
2x21 and Lancfaas [213-215y foeused their af;teention on the orgmic acids. 
it was found thhat ketozcidosis ieads to increased excretion of &pie and 
suberic acids [2X0] 9 v&ertxs ffie levels of several 3methyl brznched&&n 
dicarboxylic zids, previorrsly not recognized as norrml eorstikuerrts of human 
tie [157], were not raised sigdficantiy d&g ketosis. In tzncorrected ju- 
venile diabetics there were considerable amounts of adipic and suberie acids, 
which dimppeared on insulin thempy [2X1]. The formation of the C, and CS 
dicarboxylic acids involved an initial ornegaaxidation of longchain f&y acids 
folIowed by beta-oxidation [2l.2]_ I,a.mks has shown that ketoacidosis also 
results in enhanced ezctetion of 3_hydro~yisovaleric acid [213] and of 3&y-. 
droxyisobutyric end 2-methyE3-hydroxybutyric acids [214]. These new 
metabolites stern from the degradation of leucine, v&he and isoleucke and 
accumdate in ketoacidosis because acetoacetate and 3-hydroxybutyrate impair 
their further metabolic breakdown [215] _ 

23. Acactic acidosis 

TEris condition is kmxm ta accoinpany anaerobic metab&sm and is also 
knovm to be associated with many diseases (e.g., ghcose-6~phosphatase de- 
ficiency, fmctose-diphoq&@se deficiency, metthyimalonic acidemia and 
pymvate carboxylase and dehydrogenase deficiencies (see review by Tanaka 
f178] and a recent article [2X6] describing k&k acidosis in three siblings 
due to a double enzyme defect). GC-MS hzs been used to investigate many 
cases of lactic xidos@ and Lmdaas and Pettersen [217, 2181 showed that 
there i.s 8 dose Et&&b&p between ffie rvinary excr&ffn of Z-hydroxybutyr- 
ic acid a& the occtizence of lactic tzcidosis. The main factor respotibte for 
tie ineressed formation sf Z-hydroxybu@-ic acid appears to be an increased 
NMlH,jNMJ ratio [2E3l &%hydroxqrbrr~yrate. incidently, is a metabolite 
also seen in ozsst-house disease or metionine malabsorption syndrome, and is 
a nomaI constituent of amniotic buid [14X] )_ 
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xet&olites [98] were exeeted by MSUD patients during attacks. A glass 
capiITary column was xxxphxd in order to sepaate these closely similar com- 
pounds. The roles of. the newly recognized additional meWmEtes in MSUD 
and their possible contribution to the clinic&! picture are not yet known. 

Many of the known inherited metabolic diseases lead to mental retardation 
and a likely place to start a systematic search for new inborn errors might 
therefore be in institutions for menMy retarded children. Jelluum et al. [IIll 
reported the initiation of such studies in 197 L using a comprehensive GC- 
MS system capable of detecting orgmic acids. aldehydes, ketones. amino acids 
carbohydrates and conjugates. The system was designed ptiasily for qud- 
it&be and semi-quantitative analyses. Zn 1972, they briefly reported 111 
that 2fter malysing urine from more than 450 me&ally retarded children 
no indication of unknown metabolic diseases had been found. 

In 1975, Watts et at. [207] reported on a comprehensive study of urinary 
organic acids in specimens from l’i78 mentally retarded patients in comparison 
with 420 age- aad sex-matched controls. Quantitative extrzction and deter- 
mination of the various organic acids were carried out. Approxinmtely 5% of 
the patients had zn abnormal organic aciduria, of which 1% was due to phenyl- 
&mine metabolites i.o cases of phenylketanuria, about 1% was due to in- 
erased excretion of benzoic acid and about 1% of the patients showed raked 
urinary excretion of Z-ketogh&ric and citric acids. Gompertz 12201 pointed 
out that excretion of benzoie acid may be due to bacteriaI infwtion of the 
urine, as Perry and Hmsen [I031 had shown earlier. If the benzoic acid ex- 
creters znd the phenylketinuria cases were excluded from the results de- 
scribed by W&s et al. 12071, the incidence of orgmic aciduria in the ment;rffy 
rekcied patients fell to 1.95% [220]. In a reply TV Gompertz’s letter [220], 
Chalmers et al. 12211. who were aware of exeretion of benzoic acid in urinary 
tract infections, discussed the occurrence of benzoic aciduria father and the 
potential effects of drug therapy on the organic scid profiles. 

The main conclusion to be drawn fkom the studies disssed above is that 
the known organic zcidurias do not account for a, significant proportion of tie 
children who hme smvived long enough to ~CZ adn.&kI to Institutions for 
mentally retarded patiects. On the other bend, it is not unreasonabfe ts assume 
that rnarq cases of mental retardgtion patients must be due to an underlying 
biochemical defect. The problem is the f&km of CX-MS to d&e& these bio- 
chemical ~bmmml%es. Gas-phase andyticd metho& are probable not the 
most suitable, aad the ms&isf&my ree& ob+&ed by syk;emstic chrome- 
mographic profiling emphsize the need for &emative methods, e.g., procedrws 
for detecting chmges in the patterns of nediuzn- a~$/or high-azolecti weight 
body con.sWuents. 



using @ass c2pilkry cdeunns. Their method ~2s appEied to 2 study of pksxna 
samples front stroke patients znd the remits f223] indicat& the‘existence of 
al- lipid ntefz2bolism 2nd dtere43 phosph&idyLzkollne structures. -The 
changes may he due ta depletion of oc-tocopheror znd fix&en&z z&d. 

The ciinicd vaIue of these profiling techniqiles is not yet knom but, as Lin 
znd Hornkg suggest [223], ii; may he passWe ta defme conditions of I&I&I& 
biochemicd risk and high risk of thronbotie disorders by use of these GC 
2ll2lyses. 

F. Glycogen shmge diseases 

Samples from patients with this disease hme been examined by GC-MS 
methds, and ekwakd fevels of f&-Cl0 dicarkmxylic acids were found in the 
urine 12241. 

Further studies using CC-MS on patients with hyperprofinemia, type 11, 
showed the presence of considerable amounts of 2 new metabolfte, the glycine 
conjugate of pyrrole4czrboxy2ic acid 12251. The o_T.znic acid profrle also 
coartained an additi0na.l mkmxvn derivative of the pyrro~eczrbfxyiic acid and 
very large vnounts of stxeinic z&d. 

This previowiy recognized met&&c disorder has been subjected to further 
studies, and GC-MS proved useM for the identification of the abnormal 

ruin- meta5oEt.e (formimino@ftttamic acid) [226] and for its determination 
using mrrltiple ion de&e&ion [22+7]. Analyses showed that this disorder also 
leads to increased urinary excretion of hydantoin-5propionic acid [228]. 

Ekrther studies [l&3] on samp&s kom 2 child who had died from a new 

disorder, pass&& Acyi-CbA dehydmgenae deficiency, showed thaf impaired 
&oxid&ian result& in the praductim sot arxly of Ezctic xzid md satmat& 
dicarbosyEic acids, b& also of a series of msatrrraW dicarboxylic acids. Their 
metabalic origin, mz~ficbs for their chemical synt;hes% and GC-MS data have 
been dem-&ed II.601 _ This immtigation ah Szrmwd that normaI urine 
contains srnatf amounts of the same dicsrbosytic aci+. 



This condition has been extensively investigated by W-MS, particularly by 
Tanaka [178]. Tke disease is caused by a plant toxin, bypoglycin A. Urine 
from intoxicated patienti contains metfiylenecyclopropy~~~~, 2ethyhalonic 
2-methylsm&ic and &her dieapboxykie acids [229-23X]. 

L_ Pkenylketm.wia 

The classical metiboiic disorder phenyiketinurizt (PKU) continues to _be 
studied, now by advanced GC+MS--romputer methods. Cbahners and Watts 
f232] carried out quantitative studies on the urinarr excretion of phenyl- 
giycoliic, 2&yc?roxyphenylacetic, phenylkictic, phenylpyrwic. 4-hydroxy- 
phenyllactic and 4hydroxyphenylpyruvic acids in over 40 cases of PKU. Pol- 
lit% [233] found unusual amounts of phenyipropionic acid in the urine of a 
PKU patient. This acid appzentiy arose from the action of gut bacter& on 
pooriy absorbed phenylalanine. It was pointed out that differences in gut 
flora may be a contributing factor to the apparent heterogeneity of PEW. 
Wadman et al. [234] described a new, probably inherited variant of phenyl- 
alanine metabolism in two si&;ers, HZ and 14 years old, b&b iz~ normal mental 
healtk. ?Jhey had a permanently increased excretion of the typical PKU me- 
tabolites, in spite of normal phenylalanine concentzations in the blood and 
ur;G~e. GC has been used to deterre phenylalanine and its metaboiites in 
sen~m and urine of vtious hyperphenylalaninemic subjects, their r&ties and 
controls [235]. Mew chemical-ionization MS methods have also been apphid 
to zmaiyses of .wmples fnm PKU patients [236]. GC analyses &seem s&able 
fez the detection of heterozygotes for PKU. Profiles are detemined after a 
dose of phenylalanine [237]. 

Van der Heiden and co-workers [23S-240] described ffie excessive urinary 
excretion of p-hydroxyhippuric acid and other p-hydroxyphenyl compounds in 
patients with ga.5trointes~a.l disorders- These metaboli&.zs originated fmm in- 
testinal back&d me&bolEsm of norr-abscrbed tgmsine, which @so appeared to 
be the p recursor. of p-hydroxyphenylhydzacrylic acid [X66] 1 Norma! urine 
contzins about 50-100 mg of volztile phenols per day @zakdy paed, pkenol 
ami smaller amounts of d&ylpkenol), dl of wkich are the products of tke 
metabolism of tyrosine in tke gut by bacteria_ Gc methods kavtz recently been 
used to study the urinaq~ excretion of suck phenols in patients tit& iktostomy, 
colostomy and divert&&r disease [24X3. Several paGents with ga&roenWtis 
were found to have increased. plasma and *Jrfne leveIs of pyro@utztmio acid 
12423. This acid is tie &m&Me rnctikotiti in tke disease pyragtutaar~ 
aciduria (gh.&&hione Synthetazz d&i-q) [see Table f)_ ‘Be source of @is 
acid in Giie p&en* i&h gz&wznteiit&, koweveq proved to be a fow-I18cM 
food, Nutramig~, which had been used in tze&zj~ent oE-t&q&ien~. Certzin 
patied v&h g_mhWsi dssfrancti~ eszeti. tz-aikyltic ix% eveafiZ10~ 

+g? do not recehe is&&&es EszI * : . . : :_;.__ - 
.: 
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Detksmimitions of cateehokmines tmd tieis metabbfites (e.g., hamovaMllic 
acid, WmiHylmzrrdelic mid and 3_me~u~~-hydhe~y~yco~~ are of ccm- 
tiderable importance in certain psychkttrie and neuroh3gieA disease urd in dis- 
eases that &rake increased activ<Q Ln the peripheral adrenergic neurons, e.g., 
hypertension and turnours mrcb as phaechromocytoma and neurobkstoma 
W-MS metiods have been fz&einsiueEy used to diagnose ad iwestigate such 
disorders. The use of stable isotopes in particular has opened up new possibiii- 
ties for the study of the turnover and metabolism of cateehokmines. SjEquist 
and covzorkers 1243, 2441 devised mzss kzgmentographic methods for the de- 
termination of 4-bydroxy-3-methoxymandelic acid and 4-hydroxy-3-methoxy- 
phenylglycoi In urine, cerebrospinal fluid, serum and bra&. NWachari 
et aB. [99] measured homovanillic and %ohomovanilk acids, and some ad- 
ditional mefabolites from L-DQPA by a S&&E sekcted ion monitoring meth- 
od. Rapid and simple GC produces for f&e determination of homovanik and 
vzmiUyknandeEc acids E245, 2461, 4-hydroxy-3-meffioxyphenylglycof [246, 
247], 3,kGhydroxypheny~glycoE [24$] and 3,kGbyckoxypbenylacetic acid 
[249] in urine have been described. Wadman et a.L [250] reported f&e appkz- 
tion of GC and TLC methods to #e study of urinary catechofamine metabo- 
W-es in normal and reconvakcent &&ken without neurologie2l tamours and 
in 150 cases witb newobkstoma, ga&ioneuroma or phaeochromoeytoma 
Zambo$ti et d. [25X] used GC-MS to s&dy the catecholamine metabolites in 
human amniotic &id, and conchzded tkat the assay of 4hy&oxy-3-methoxy- 
phenyI@ycol in amnlotie fluid is likely to be of importance in the prenatal 
diagnoL& of congenital neu.robIastomz, Free and conjugateci 3-methoxy_$-hy . 
droxyphenylglycol and &yImendek acid in human ventricuk fluid have 
provided some quantiktive in&m&ion on the role of the Eatter metabolite in 
human centrag nervous system c&echofamine metabokm. Selected -ion mon- 
itoring was used in ffiis study [2521. 

Assessment of human foet.& hmg maturity in u&o is based on the deter- 
tin&ion of t&e lung swfa&krA in the amniotic fluid. This may be expressed 
as k&bin or 8s the ratio of fecithin to spbingomyek (L/S ratio). The most 
widely used methods invoke exfzzction of the phospholipid fraction from 
arcniotic Brrid, follovzed by TLC k2531. L/S ratios 2bove 2.0 indicate ade- 
quate mat&@ ~jnd Tie chance that the newhon chiId &.E develop res- 
piratory distress vdrome. Several repor&, however, indicatt~ that L/S ratios 
may btz of doubtful prognosfk value in diabetic pmgmmcies, and in the critical 
rq@Jn with L/S ratios aazund 2.5-2.0. 
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Since dipalmit~yl leeiihln is the major a.hndar surfactant, 6.X methods 
tsr the specific measurem ent of leeithinpahnitic acid in amniotic fluid have 
been worked crut. In the West one of these [258] a hexane-%propanol&- 
phurie acid system was used to obviate neafor titerferences fwm triglyceiides 
and free fatty acids. Lecithin patmitic z&d values, as determined by Gc, ex- 
ceeding 8 mg per lit+z of aumiotic fluid, indicate ‘;frat the infants are unlikely 
bo develop rwpiratory distress syndrome. IXesuUs obtained by the above groups 
and other investigators 1259, 2601 indicate that amniotic Buid lipid profiles 
may he of some cEinieal value in asessing maturation of the foeti lung. 

P. BQcterlal and vh-d infections 

The first &tempts ‘co dassiQ microorganisms by GC profiling techtiques 
viere made by Abel et d. in 1963 [%I]. Since then, many investigators have 
established that GC and GC-MS, p&kuIariy if combined with computer 
s’tatistics and nwuemicaf taxonomy, are valuable supplementary methads in 
ba&eti and VM ciassikation. Two principally different approaches were 
made. me first invoks the analysis of the chromatographic profiles of the 
GXQQrganisss and their growth emzironment after in vitro cultivation and 
isolation. This approach has prQved successful and is in CQEIIUZO~ USE?- @Ona- 
prehensive workup pmedures for the determination of, e.g., fatty acid pro- 
files and car5ohydrate profiles have beep described (e.g., refs. 22, 262 a& 
263). Pyrolysis methhods are a&o much used (e.g., ref. 44). 

The second approach involves L&e dire& analysis of the infected mate_&& 
i.e., body fluids or ‘&5?.IeS, v&hQUt CdtiVatiOn of the infe&iQu~ agent& This 

approach was introduced by Mibruka et al. E2641 and is based on the de&- 
tiOn of bacterial and viral met&Q&s among a m&itude of hQ& specific 
compQunds_The fmfuri~ue appear~to be very aMve owingtuitsnpidity, 

znd is under consideration hy several k&oratories EE46, 265-2671. Problems 
regarding the unstandardizable host bac@ound have not yet heen so&d. Mi- 
truka [22] reCentiy edited a book on the application of Cl% in micrQbiQ~Qgy in 
which alI work prior to 1975 is dkuwd. The latest overview of the topic was 
prepared by Jantzen 12633. 

Although it is outside the scope sf this paper to review the GC-MS analysis 
of steroids, carbohydrates, amino acids and peptides, it seems appropriati at 
this stage to emphasize that zany metabolites belo- to these chemical 
classes are disezse-related and therefore of diagnostic value. Increased urinarv 
excretion of oligosaccharides and/or gIycopeptides is found in tie disea& 
asparky:&wXamiQ u&a, mafinoddosis, gLyc~gerz s&wage disease &pes E and 
III and GM2 -gax@io&os&. CXFMS profiling techniques have beerr deve@ed 
t0 &.agQQSe md St&y &eS@ t&Q&em <c?_g_., refs. 268, 269) 38d.SOpI1e Other 

bSQSOmd 62%x%zm fmxe c&m re@zntZy been &tu&& by GG-MS fe.g+ ref. 2’8% 
Carbohydrate profiles have beeri reco&ed irr sex&& ffuid from zc~al and. 
sterile men [29j _ .-. 

Pro- OE &o a&is and peptides &&&c pz2xp&e is liiu!&ictut 

: 
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mainly by metkods otker +JEan GC-MS, e.g., tkidayer, paper and i&exchmge 
chromztogmphy. Some recent advances in W-MS methodology, particularly 
o~~olumn derivatimtion hTB?I, the me of direct cbemic&ionization MS 
12361 ancI the use of derrteerated &o acids as i.ntemJ standzds in conjunc- 
tim With conqx&mized W-MS systems &271-2731, have led to rapid, highly 
sensitive and specific alternatives ti the traditional methodology. The new 
methods have been used to study patients with phenylketonuria, cystirrrtrig 
and mapfe syrup urine disease [23Sf, and to study a chtid &7X3] and a mm 
[!2741 with defwts in chzgen metskmiism. Both patientsexcreted eonsider- 
sble amaunts of dlpeptides, p&ic&.rXy glycylproline. SW& dipeptides may be 
associated with several disorders 12751 P e.g., prolidase deficiency [2X?]. 

The profile approach to the study of inborn errors of metabolism is also 
relevant to steroid zmztlysis. Several defects in steroid metabolism. e.g., 3&hy- 
dmxy-stemid debydrogenue deficiency 12763, steroid ST-bydroqG,se de- 
ficiency [277] and congenital a&en& hyperplasti [278], have been studied 
by W-MS methods. ?%e major advance in recent years has been the introdue- 
tion of open-tubular glass capi&zy coIums, which perxnit tbe separation of cdl 
major physiofogicslly occurring stemids. Steroid prufites, using high-resolution 
separation methods, have been obt&ned from normal males and pre- and post- 
menopauml fern&es and &om patients with congenital a&end insufficiency, 
adnznd termours and @ushing’s disease [279, 2801. Advanced computerized 
GC-iiS equipment [279, 2811 and semi-automated GC methods [280] 
gmtiy facilitate such studies. 

M=y countries are now rehxtant to permit the administration of radio- 
active isotopes to human patients. The use of stiEe isotopes and GC-MS 
for in viva studies OR metabolic pathways in hedthy and diseased States is a~ 
alternative approach that is likely to increase rapidly in importantz Seveml 
internatianal conferences on stable isotopes have already been aged. A 

* considerable number of deuterium-kzb&ed and *3C-&be&d metzbolites are 
already commerei&y available. and new compounds are regularly added to 
the vtiou~ c&,dogues. A review of the biomedicd applications of stable iso- 
tupes has recently been published by McCloskey 12821. Cbtius et al. 12831 
administered deuter5u&aheHed amino acids ti patients with phenyIketonuria, 
hyperphenyEa.bmineia and aligophrenia of unknot== genesis. More recentfy 
thy have m&e a51 elegant study of the metabolism of &rosine in the humzn 
intestine &$ meazps of stible isotqes artd GC-MS [284]. Mamer and Tjoa 
[2&g used 8 deuteriun&&e&d precurser to explain ffie production of a new 
acidic mefzbolite in norm& human urine, viz., B-ethyihydracrylie acid Cl.631 _ 
.Apparen@y it is produced in a new, minor catabolic pathway from isoleucine. 
Stable isotopes md GC-MS techniques have heen valuable, e.g., for studies 
on steroid znetabofisnz (e.g., ref. 2861, for investigations on glucose metibo- 
I&m [e.g_* zeal 2871, in numerous experiments on drug metibofism (e.g., ref. 
-1, fcx _&u&es of nimgen retentiorr. in growth hozrnorre deficient &i&en 

synthesis of tie 6Lessenti&” amino acid 
c29ap. St&k isotope-I&e&d compounds 



W-&rAicdarly suitable for phaxmacakinetic studies, as recently shown by 
Ko&ng urd co-workezs f28S, 2srj. 

Selected ion monitoring (SE%) is today a widely used methcxi for the quart- 
f&&ve and specific determination of drugs and their metahlita, stiids and 
biogetic amines and &eir rnetabolites. The technique has beep infxaduced as 
I definite or abs&.zte reference method in clinic& chemistry, and chotesteml, 
triglycerides, urez, &xase, co&ah, pragesteemne and testosterone can naw be 
determined in plasma or serum with high sccwzcy [293). AU of these methods 
utilize morcules k&e&d with *H, ‘%, % or T?J as internal standards. Apart 
Mm the determination of catecholamine metabollfes (see p. 4511, severA of 
which are a&ganie scids, very few other organic acids have so far been quanti- 
tated by SIM and stable is&we-Me&d internal standards. It is tu be expmted 
that this measurement Rrill be Echieved in the f&we. 

It is evident from the many resu&s reviewed here that the profiling approach 
ta the study of body fluids has already became a valuable method in bia- 
medicine. It is to be e-e&xi f&at progress will continue rzpidiy, and thhat 
high-resoIuti& separation methads (e.g., with capillary columns) will imrease 
the potential of the approach even further. The develapment of zdvatxced 
computer methodology opens up new possibilities, not o~.Iy for the study of 
gross alterations, but also for tie detection of more subtle changes in the pra- 
files. Itiformation of this type may throw new light on metabolic processes 
in normal and disc-4 states. The use of stable isotopes and profiling metb- 
ads is also likely to expand in the fiiture. 

However, numerous problems rem&n to be solved ar?d much inform&ion 
is still lacking. Far exampte, mast of the work has so far been concentr;iM 
an urine profiiing, end much less on other bady fluids such as serum and 
spinal fluid. Haley any work hes been done an tissue profiling, althaugh it 
seems reasonable to assme t&t much @fanration could be gained by asplying 
advawed GC-MS to the a~z~Iysis of such specimens. One can only hope that 
the methodology wiu be advanced so as to be able to handle f-3 mg of tissue 
biopees. 

Apart from technical difficulties, artifacts and piti&s, one is also con- 
cerned with the pmblern of identZ&ing aH cf the no~szal peaks that acxur in 
the various chromato~. Far example, when the arga& s&s in human 
urine are sepa&ed on glass capillary cotiPmns, fess than one third of f&e peaks 
can be identified. Slawly but surely, EIQEZ of these unknown pe&s are Ekdy 
to be iden%& someties perhaps v&b surprising BXIA~~. 

12. 4%JMMARY ‘. 
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with packed or capikry coIumns attached to mzss spectrometers with or 
without computeer systems, have led to the discoveiery of new nom& metab- 
o&es, new metabohic disorder, and to new knowkdge about a number of 
other diseases. Stable kafmpes and, gas chromatography-mass spectrome&y 
.zre suitable for quantit&ive analysis of many compounds in the body fluids, 
am? weE suit& far investigation Epf metabsfic pathways. 
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