




Extraction of Mass Spectra Free of Background and
Neighboring Component Contributions from Gas
Chromatography/Mass Spectrometry Data
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An effective, minicomputer-based method is described for
systematically extracting resolved mass spectra of mixture
components from GC/MS data. Using tabular peak models
derived directly from the raw data, the spectra have column
bleed background removed and are corrected for interference
from neighboring elutants and peak saturation. Individual
components are detected in the data by means of a pair of
histograms which statistically characterize the positions of
mass fragmentogram peak modes. These data-adaptive cor-
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2 Presentaddress,Schoolof PhysiologyandPharmacology,Uni-
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rections avoid costly iterative numerical procedures and allow
obtaining representative mass spectra from GC/MS data of
complex mixtures on a routine basis, Using this approach,
components that elute within less than two spectral scan times
of each other can be detected and their mass spectra well
resolved.

With the increasingapplication of gaschromatography/
massspectrometry(GC/MS) systemsto mixturecomponent
identificationin biomedicalresearch(1, 2) andother areas(3),
it hasbecomeimportant to be ableto systematicallyisolate
andidentify minorcomponentsin thecomplexmixturesbeing
analyzed.Becauseof instrumentationlimitations, the mass
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RAW SPECTRUM (No. 492)

spectraobtainedfrom aGC/MSanalysisofacomplexmixture
areoften markedlydifferent from thespectraof thecorre-
spondingpurecompounds.Differencesmay be causedby
contributions from unresolved neighboring components
duringpartialseparationandalsofrom GC septumandcol-
umn bleed.Theseextraneouscontributionsmay severely
distort therelativeintensitiesof ionsin themassspectrumof
aparticularcomponentaswell ascontributepeaksthatare
not characteristicof the componentbeingexamined.Char-
acterizationandremovalof thesespuriousioncontributions
is especiallyimportantin theanalysisof minorconstituents
where the mass spectraof interest may be substantially
maskedor distorted.

Ourobjectivehasbeento implementa solution to these
problemswhichis generalandcansystematicallyandreliably
resolveGC/MS datawith aminimum of humanintervention.
At thesametime we haveconstrainedthedesignso thatthe
programscanrunon alaboratoryminicomputer.Thefirst of
theseobjectiveshasnecessitatedtheuseof arelativelycom-
plex mathematicaltreatmentofthe GC peakprofile analyses
as comparedto thatpreviouslyreportedby Biller andBie-
mann(4). Both thepresentapproachandthatof Ref. 4 are
basedon analysesof massfragmentogramprofiles (4—6), a
methodwhichhasbeenin usein variouslaboratoriesincluding
ourown,for anumberof years.Themethoddescribedhere,
however,differs substantiallyin theextractionof information
fromtheprofilesandtherebyavoidsseveralseriouslimitations
inherentin thesystem describedpreviously (4). By using
tabularmodels of the elutantpeakshapestogetherwith a
polynomial approximationto the GC background,andby
deployingtheelutantlocationandmultiplicity information
gainedin analyzingindividualfragmentogramprofilesto as-
sist in analyzingtheothers,we canachievesignificantad-
vantagesin thequality of the reduceddata.Theseinclude
better final GC resolution,theproperassignmentof ions to
resolvedelutantspectra(whetheror nottheyaresharedbe-
tween neighboring components),more accuratespectral
amplitudesfreefrom backgroundcontributions,andthere-
coveryof usableinformation from distorteddataasin satu-
ratedpeaks.We feel theseimprovementsareimportant to a
systemwhichcan reliablyextractcomponentspectraof suf-
ficiently high quality from GC/MS runs to enablemorede-
finitive library matching, easierhuman interpretationof
unknowns,andeventheadditionof extractedspectrato ali-
brary as authenticspectra.In our experience,thesearees-
sentialassetsfor aGC/MS datasystemwhichis to beroutinely

appliedin medicalresearchandamplyjustify thecomplexity
of theanalysis.

EXPERIMENTAL

TheGC/MS computersystemusedin this investigationconsists
of a Finnigan 1015 Quadrupole~massspectrometerinterfacedto a
PDP-11/20minicomputersystemfor dataacquisition.In onefrequent
modeof operationa completemassscan(from mass40 to 450) is
completedeach3.7 sand600consecutivemassspectraarecollected
duringatypicalGCIMS analysis.Our initial experienceof comparing
theexperimentalmassspectrafrom acomplexGC/MSanalysiswith
a libraryof knownmassspectraproducedverypoorresultsbecause
of contaminationof theexperimentaldataby spectraofcolumnbleed
andof neighboring,unresolvedcomponents.Tolerablematcheswere
only achievedwhenacomponentwaspresentin largequantityin the
GC/MS analysis.In orderto overcometheseproblems,wehavede-
velopedacomputerprogramcapableofsystematicallyextractingfrom
the raw GC/MS data,spectrarepresentativeof the pure elutant
compounds.

Theraw massspectrum(Figure la) of indoleaceticacid3-methyl
esterobtainedfrom a GC/MS analysisof theacidic fraction (after
methylation)ofhumanurinetypifies thissituation.Thiscomponent
elutesat ornearspectrumnumber492 in the total ion plot (TIC)
shownin Figure 2. Closerexaminationof Figure 2 showsthat this
componentis submergedboth in massspectralcontributionsfrom
neighboringcomponentsandbackgroundfrom GCcolumnbleed.For
comparison,a libraryspectrum(7)of indoleaceticacid3-methylester
is shownin Figure3. Figure lb showshow,afterprocessingtheraw
GC/MSdataby themethoddescribedbelow,we canretrieveahigh
qualitymassspectrumofindoleaceticacid 3-methylesterfree from
theenvironmentalperturbationspresentin Figurela.

Thus,in thesystematicanalysisof GC/MSdatatheproblemis first
to detectwherein theGC traceeachcomponentshowsitsmaximum
ion intensityand thento extractfrom theseregionsrepresentative
spectrafor eachof the detectedcomponents.The extractedmass
spectrashouldbeasfreeaspossiblefrom intensitydistortionsrelative
to theirlibrary counterparts,andfromthepresenceofextraneousions
(e.g., peaksfrom eitherneighboringcomponentsor gaschromato-
graphiccolumnbleed).

DESCRIPTION OF METHOD

Toobtain areliablesolutionto theseproblems,it is neces-
saryto analyzea numberof spectraon either sideof the ion
currentmaximumfor eachelutant.A basicassumptionof our
approachis that themassspectraof two neighboringunre-
solvedelutantscanbedistinguished;that is, thereexistsome
massesfor which ions occur in the massspectrumof one
componentbut not in theotherandviceversa.A schematic
representationfor two closely spacedelutantsis given in
Figure4. By locatingthe“resolved”or singletfragmentogram
peaksat suchmasses(detectedon the basisof profile mor-
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Figure 1. (a) Spectrumof indole aceticacid3-methyl esterfromaGC/MS analysis of humanurinebeforeprocessing.(b) ResolvedsDectrumof
indoleaceticacid 3-methyl ester
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Figure 2. Total ion current plot for a GC/MS analysisof a urine sample. Components were found at vertical bar marks on TIC
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Figure 3. Mass spectrum of indole acetic acid 3-methyl ester taken
from a library of biological compounds

phology),onecan infer directly thepositionsof theelutants
presentand derive tabularmodelsof the individual peak
shapes.Thesemodelscanbe usedsubsequentlyto separate
theunresolvedfragmentogramcomplexes.Theuseof tabular
peakmodelsderivedfrom thedataitself accuratelyaccom-
modatesthe a priori unknown peakprofiles of particular
elutantswithoutsolvingfor multiparameter,nonlinearmodel
functions.Sincethedataaresampledoftenenoughto satisfy
thesamplingtheorem(8), thesetabularmodelscontainthe
necessaryinformation to reconstructacontinuouspeaken-
velopeandcanthereforebe usedas if theywerecontinuous
analyticalmodels.Forthe typical peakshapesencountered,
thecollectionof 5—10 massspectrapersinglet elutantpeak
representsasamplingfrequencygreaterthantwicetheFou-
rier bandwidthof the peak.In addition, the massby mass
analysisof thefragmentogrampeakcomplexesfacilitatesthe
massdependentsubtractionof background.(Thelargevari-
ation in backgroundlevelsfor differentmassesis afunction
of both the typeof GC columnusedandthemixture being
analyzed.)

By addressingtheproblemin this way, we havebeenable
to produceaccurateintensity informationfor theprocessed
massspectraand simultaneouslydistinguish with greater
confidencewhich massescontribute to particularelutant
spectra.We havebeenableto distinguishreliably elutants
comingoff within oneandahalfto two spectralscantimesof
eachother.Thesucceedingsectionsdiscussin moredetailthe

Figure 4. A schematic representation ofthe set of partial mass frag-
mentograms for two closely spaced elutants. Components A and B have
some masses in common

proceduresusedto detectand resolvethe massspectraof
uniqueelutants.

Detectionof Elutantsin GC/MS Data.Elutantdetection
involvesfinding the locationof eachmixture componentin
theGC/MS data,evenif it doesnothaveacorrespondingpeak
maximumin theoveralltotal ion currenttrace.Ideallyfor a
givenelutant,the fragmentogramsfor all its ion masseswill
showmaximaat thesametimeand, in practice,this holdsfor
well-resolved materials. However, for partially resolved
mixtures, the complicating factors of peak overlap and
backgroundcontributionscancausefragmentogrammaxima
for neighboringcomponentsto showsignificantvariation in
their positionsonthetime axis.Reliableposition information
for eachelutant is best derivedfrom the fragmentogram
profilescontainingsingletpeaksfor thatelutant,that is, from
fragmentogramsatthosespectralmassesuniqueto theelutant
relativeto its neighbors.

Theapproachusedfor elutantdetectionis to computetwo
histogramsof candidatesinglet peakpositionsandto select
aselutantlocationssignificanthistogrammaxima.Thefirst
histogrammeasuresthenumberof singletmassfragmento-
gramprofileswhichreachmaximain eachtime interval.The
secondhistogrammeasuresthe total singlet ion intensity
abovebackgroundat thesemaxima.Thesetwo typesof his-
togramcontribute complementaryinformation for judging
elutantlocations.At agivenelutiontime, thehistogramsin-
cludefragmentogrampeakmaximafromall massesoverseven
spectra.The position of eachmaximumis determinedby a
parabolicleastsquaresinterpolationaboutthetop fivepoints
in thesampledpeakdata.If theintensitiesof thefive points
contributing to themaximumareY
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Thetime coordinatesof maximaareestimatedto onethird
ofthe time to collecteachspectrumin orderto separatevery
closeneighbors.Becausewe measurepeaklocationsto one
third of aspectralscantime, appropriateshiftsarealsoin-
cludedto accountfor thefactthathighermassesaremeasured
laterin eachspectralscanthanlower masses.To build these
histograms,theprogramexaminestheprofiles of eachmass
fragmentogramin thedata.Only peakswith intensitiesabove
aprescribedthresholdareaddedinto their appropriatetime
positionsin thehistograms.Peaksthatareobviousmultiplets
(multipleextrema)arenot incorporatedinto thehistograms
but aremarkedfor laterresolution.After all of thehistogram
information is collectedfor a given region, componentsare
definedto bedetectedatlocationswhereboth theintensity
andpeakcounthistogramsshowmaximathat areabovea
threshold.This statisticalapproach,looking for “clusters”of
fragmentogrampeaksin the histograms,doesnot depend
upon a correct decisionfor eachpeakbut ratheron a pre-
ponderanceof gooddecisionslooking overall of the data.It
will fail to resolveelutantsvery closetogetherwhichdo not
have enoughdistinguishing massspectralcomponentsas
describedabove.In general,however,usingthis approachwe
areableto detectandresolvespectrareliably thatelutewith
aseparationin time assmallasoneandahalfto two spectral
scantimes.(Two scantimescorrespondto 25%of atypicalGC
peakwidth atthescanratewe use.)Elutantsthis closeoften
do notshowmultiple extremain thefragmentogramprofiles
of massescommonto both spectraandcouldnot beseparated
properlyexceptfor this typeof procedure.If twoelutantsare
separatedby lessthan1.5 scantimes,resolutionbecomesless
certaindependingon their relativeconcentrationsandmass
spectraldistinctness.

Estimationof SpectralIntensitiesandBackground for
Well ResolvedElutants.Oncethelocationsof elutantsin
theGC effluenthavebeendetermined,weproceedto compute
a resolvedspectrumfor eachmaterial. To illustrate the
principles involved in spectralamplitudeand background
estimation,we considerthesimplecaseof anelutantthat is
well separatedin timefrom its nearestneighbors.This anal-
ysiswill beextendedto themorecomplicatedcaseof multiplet
resolutionin alater section.By “well-separated”we imply
only that therearenomaximain theelutantdetectionhisto-
gramsfor threeor four spectraon eithersideof theelutant
under consideration.In sucha situation,eachof themass
fragmentogramprofiles in the vicinity of the elutantwill
consistof abackgroundon whichis superimposedapeakwith
amplituderepresentativeof theelutantspectralcomponent
atthat mass.The background(contributedby both GC col-
umn bleedand possibletailing from nearby,high-concen-
trationelutants)is distinguishedfromtheelutantpeakby the
fact that it variesmuchmore slowly with time. Reasonable
estimatescanbe madeby assumingthat, for anyparticular
mass fragmentogram,thebackgroundamplitudevariesat
mostlinearly with elution timein thevicinity of agivenelu-
tant.This approachto backgrounddetermination,usingthe
actual fragmentogramcharacteristicsaroundeachelutant,
automaticallytracks changesin the bleedlevelsobserved
duringarun. It shouldbenotedthatourmodelis afirst-order
approximationsubjectto someerror. A more accurateap-
proximation would involve representingthe background
variationsoveralargerspanof spectralscansthanweareable
to managewith the currentprogram organizationand com-
putermemorylimitations. We feelthat thelinear estimateis
justified, however,in that it producesresultswithin theerror
limits from other datauncertainties.

To completetheestimationprocess,we usea model peak

to determinethecontribution of eachmassfragmentogram
to theelutant spectrum.Much work hasbeendoneon the
analyticapproximationof gaschromatographicpeakshapes
(9, 10). Ourexperiencehasbeenthatrelativelysimplemodels
do not adequatelyapproximatethe rangeof shapesencoun
teredand more complexmodelsrequire large amountsof
computing to determinemodel parameters.Noting that a
separatemodelmustbedevelopedfor eachelutantandwith
a viewtowardobtainingthepeakshapeanddefinition nec-
essaryfor multiplet resolutionwithin reasonablecomputing
resources,we haveapproachedtheproblemby usingtabular
peakmodelstakenfrom thedataitself. Suchmodels,defined
at discretesamplepoints, canbe evaluatedat any required
intermediatepointby interpolation(sincethesamplingthe-
oremis satisfied)andautomaticallyreflect anypeakasym-
metrieswhichmaybe present.Foragivenelutant,themodel
will be independentof mass,assumingthatrelativemolecular
fragmentation probabilities do not changewith elutant
pressurewithin themassspectrometer.A numberof criteria
shouldbesatisfiedby thetabulatedmodelpeaks.Theyshould
besinglet peakssuperimposedon assmall abackgroundas
possibleandtheyshouldberelatively intensein orderto en-
sureagoodsignal-to-noiseratio andgooddefinition of peak
skirts.

Candidatesingletpeaksmaybedistinguishedfrom doublet
or backgroundpeaksby the featurethat theyare relatively
sharp.Onewayto measurepeak“sharpness”is to usealog-
arithmicrate functiondefinedasfollows:

rate ~
1

[(Yt.~—Y~)+ (Y..(t.i)—

wheretheY~areevaluatedat equalscanwidthsat eachside
of themodeof thepeak.It canbeseenthat this ratewill he
largefor peakswhich aresharpandsmallerfor peakswhich
arebroad.Therateas definedis alsoindependentof ampli-
tudefor peaksof identicalshape.A peakwith acomputedrate
belowathresholdappropriateto theexperimentalconditions
is consideredto beeitheranartifactof thegaschromatograph
(backgroundpeak)or amultiplet andis not includedin the
detectionhistograms.

Duringtheprocessof computingthedetectionhistograms,
alist is keptof theunimodal fragmentogrampeakshavingthe
highestrate factors in the region underanalysis. When a
componentis detectedin agivenregion,amodelpeakis then
immediatelyin handthat canbeusedin thepeakheight es-
timation andbackgroundremovalprocess.Thelocal minima
just oneithersideof themodelpeakareusedasestimatesof
thelocal background(astraightline throughthegreatestof
theseminima is removedbeforethemodelpeakis usedfor
analysis).Theselectionofthepeakwith thehighestratefactor
asourmodelpeakhasworkedwell in producingmodelswhich
aresingletsandsufferleastfrom interferenceby background
andneighboringfragmentogrampeaks.

Given the fragmentogrampeakmodel for this caseof a
well-separatedelutant,wecannow correcttheindividualmass
fragmentogramsfor backgroundand estimatetrue mass
spectralintensitiesfor theelutant.For the fragmentograms
exhibitingpeakmaxima“near” thelocationofthis elutant(see
belowfor detailedselectioncriteria), eachpeakin thesetis
quadraticallyinterpolatedto align it on acommontime origin
(this removesthetimeshift betweencollectionoflow andhigh
massdata).This is doneby fitting a parabolathroughsuc-
cessivegroupsof threepoints nearthepeakmodeandinter-
polating to give four equallyspacedpointsaboutthemode,
separatedby onespectralscantime. With thepeaksin this
standardform, theyarereadyfor theleastsquaresanalysis
below. Assumingalinear backgroundmodeloverthe region
of 5 to 10scanintervalsunderconsideration,the local back
groundB~at time t is approximatedby
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B~ c + dt

wherec is thebackgroundoffsetand d is its slope.The in-
terpolatedelutantpeakmodelis normalizedto unit areaand
hasamplitudesP~at times t. Then for a given mass frag-
mentogram,the amplitude of the actual fragmentogram
profile Y at time t can be approximatedby

Yt ‘~pPt+ (c + dt)

wherep measurestheelutantamplitudeabovebackground.
Notethatthis modelassumesasuperpositionprinciplebased
on theearlierassumptionof constantrelativefragmentation
probabilitiesandalinearencodingof ioncurrentinformation.
If ion currentdataareobtainedfrom nonlinearelectronic

systems or read from film, the peak model itself would be
amplitudedependentandthis linearanalysiscouldnot be
applieduntil appropriateamplitudelinearizationcorrections
weremade.From the abovemodel,we can derive a least
squaresestimatefor theelutantamplitudep andtheback-
groundparametersc andd by minimizing the error func-
tion

E= >I.(Y~—pP~—c—dt)
2

accordingto theconditions

oE OE

op Oc 3d 0

The summation in the error function is over all available
points in thepeakprofile as well as theneighboringback-
groundpoints within thewindowof scanscontainedin the
computer’s memory. These conditions yield three linear
equationsin the threeparameterswhich canhe solved by
standardtechniques(11). From thesolution of theseequa-
tionsfor thevalueof p, we getthespectralintensity for the
massunderconsideration.This analysisis appliedto all mass
fragmentogramswith maximanearthe elutant locationto
obtainthecomplete,intensity-correctedspectrum.It is worth
noting thatthis method,usingatabularmodelpeakderived
from thedataandelutant locationsobtainedfrom thede-
tection histogramanalysis,reducesthecalculationfor each
mass spectrumintensity to the solution of a set of linear
equations.Specifically,this avoidsiterativemethodsfor de-
terminingtheparametersof atheoreticalpeakmodelandfor
determiningelutanttime positions.

Fragmentogramsareselectedfor this analysisonthebasis
of severalcriteria. Given thenominal elutantposition from
thedetectionhistogramanalysis,afragmentogramis excluded
(massspectrumassignedzerointensity)if it hasnolocalpeak
maximumor if its maximumis displacedfrom thereference
elutantpositionby more thantwo thirdsof a spectralscan
time on either side.Eachfragmentogrampeakmeetingthis
test must alsohaveanacceptablyhigh rate factor, to be in-
cludedin theanalysis.Forpeaksof massesgreaterthan200
amu,we requirearatefactorgreaterthan 25%of theratefor
the model peak. This restriction is useful for eliminating
contributionscausedby peakingin columnbleedcomponents.
In carefullyexaminingGC/MS datasets,wecanobservethat
massescharacteristicof thespectraof columnbleedcompo-
nentsshowmaximain theirmassfragmentogramsjustprior
(oneto two spectra)to theelution ofanactualcomponent.In
essence,thecomponentappearsto “push”thebleedout ahead
of itself. Becausethesepeaksareformedby adifferentprocess
thannormalelutantmassfragmentogrampeaks,theyusually
haveamuchbroadershape.Consequentlytheir ratefactors
will hesignificantly reducedandthey can be eliminatedby
the rate thresholdcriterion. The combinationof the frag-
mentogrampeaklocationcriterion togetherwith themini-
mum ratecriterion effectively discriminatesagainstextra-

neouscontributionsto theintensity-correctedspectrawithout
removingauthenticmasspeaks.

Extraction of Poorly SeparatedElutant Spectra.Many
instances~arisein theanalysisof GC/MS datawheretwo or
moreelutantsarepoorly resolvedby thegaschromatograph.
The resultingmassspectrain sucha regionexhibit ion in-
tensity distortionswhich reflect the interactions(overlap)
betweenadjacentelutantsin addition to theion contributions
of background.Theextensionof theaboveproceduresto the
generalcaseis not difficult. Throughthehistogramdetection
and model procedures,one can extract normalized peak
modelsP, Q, R, . . . for thevariouselutantspresent.Thenwith
theassumptionof a linear background,theelutantcontri-
butionsto eachfragmentogramprofile Ycanbeestimatedby
minimizing theerror function

E ~(Y~ —pP~—qQt —rRt —... —c —dt)
2

with respectto theelutantamplitudesp, q, r andthe
backgroundcoefficients.Sets of linearequationsresult for
eachmassto extracttheresolvedspectra.In practice,we have
notimplementedthis full procedurebeyondthedoubletcase.
Throughthefollowing approximations,reasonableresultsar~
achievablewithin availableminicomputerresources.Using
thehistogrammethoddescribedearlier,neighboringelutants
arehandledwith a “look ahead”procedure.That is, infor-
mationaboutanelutantthathasjustbeendetectedis stored
andthedetectionalgorithm is appliedto thedatain theim-
mediateneighborhoodby extendingtherangeoverwhichthe
detectionhistogramsarecalculated.If by includingthis ex-
tendedregionanadditionalelutantis detected,we recordthe
positionof its mode,selectamodelpeakfor thissecondelu-
tant using the ratecriterion, andinitiate adoubletresolver
algorithm.At present,theextendedhistogramsprojectfour
spectralscanwidths beyondthepositionwherethefirst elu-
tant of the multiplet was detected(limited by computer
memory).Thesamecriteriaareappliedasin thesingletcase
to decidewhichfragmentogrampeaksbelongto thepairof
detectedcomponents.Themodel usedto processthecom-
positefragmentogrampeaks(manyof whichmaybesinglets
belongingto eitherelutant)assumesthat therearetwo over-
lapping peakssuperimposedon a linear background.The
doubletmodelrepresentsanoversimplificationof somesit-
uationsas,for example,in thecasewhere3 componentselute
within averybriefinterval.By applyingit, however,to suc-
cessivepairs of elutantpeaks(taking first-orderaccountof
peaktail contributionsfrom anyearlierelutant),it provides
acceptableaccuracyand peakresolutioneffectiveness.As
indicatedabove,afit of thetwo peakmodelsP andQ with a
linearbackgroundto the fragmentogramprofile Y may be
describedby theapproximation

Y~‘~pP
1
+ qQt + c + dt

Minimizing anerrorfunctionanalogousto theearliersinglet
caseresultsin 4 linearequationsin thepeakamplitudesp and
q andthebackgroundparametersc andd. Thissetof equa-
tionsagaincan besolvedby standardmethods.

In caseswherepeaksareactuallysinglet peaks,thesolution
should yield zerofor theamplitudeof themissingcomponent.
In practice,for suchcasestheamplitudeof thesecondcom-
ponentis a very small positive or negativevaluewhich is
representativeof how well themodelfits thedata.Amplitude
resultsfor massesthatbelongto thesecondcomponentof the
doubletarestoredtemporarilyuntil thiscomponentis moved
into theprocessingwindowat which time theyareincorpo-
ratedinto theanalysisof thenewlydetectedcomponent.

Reconstructionof SaturatedPeaksin Elutant Spectra.
From a practicalviewpoint, a fairly commonoccurrencein
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Figure 5. (a) Saturated unprocessed mass spectrum for tetracosane. (b) Spectrum of tetracosane after processing and correction for satura-
tion

GC/MS datacollectionsystemsis theproblemof masspeak
saturation.Saturatedpeaksoccurwhentheconcentrationof
acomponentin theion sourceis suchthatfor oneor moreion
massesthedetectionsystemanalog-to-digitalconverterbe-
comesoverloaded.Saturatedpeaksareeasilydetectedbecause
of their characteristicflat topswhichhavean amplitudede-
terminedby theoverloadlimit of thedetectionsystem(e.g.,
thesaturationvalueis 4095for a twelve-bitanalog-to-digital
converter).

To obtainaccurateamplitudesfor componentspectrathat
include saturatedmass peaks,we must reconstructthese
peaksto estimatetheir trueamplitudes.A convenientwayto
dothis in thesingletcaseis to usetheleastsquaresmodelthat
we derivedin theprecedingsections.Toactuallyapplyit for
reconstructionof saturatedmassfragmentogrampeaks,we
needto makea smallmodificationto theequations.Instead
of summingoverall thepoints in thepeak,we sumoveronly
thosepointsthatarenotsaturatedin thefragmentogram.As
anestimateof thepeakmode,weusethemodeoftheintensity
histogramfor thecomponentbeinganalyzed.An exampleof
reconstructionof amassspectrumwith saturatedion inten-
sities is given in Figure 5. Figure5a showsasaturatedspec-
trum of tetracosane(spectrumnumber545 in Figure2) and
Figure Sbis thecorrespondingreconstructedspectrum.It is
clear that the reconstructedspectrumwill give afar better
matchwith alibrary spectrumthanthesaturatedspectrum
which is badlysaturatedat masses43, 57, and71.

Beforeleavingthediscussionof saturation,we should point
out thatwe havenot in practiceextendedtheprocedurefor
saturationcorrectionof singlet peaksto thedoubletcaseas
we believethat it would be inadequatefor reliable intensity
estimates.If too manypoints areoverloaded,therewill be
insufficientdatato accuratelyestimatetheamplitudeof each
multiplet component.Despite such correctionalgorithms,
thereis no substitutefor the collectionof good quality raw
dataat thestart.

RESULTS AND DISCUSSION

Theprogrambasedon thealgorithm outlinedin thepre-
cedingsectionshasbeentestedon awide varietyof biological
samples.It fits comfortablyinto aDEC PDP11/45computer
(with 28Kwordsof memory)andtakesapproximately8 mm
to analyzearawGC/MS datasetof 60()massspectra(scanned
from masses40 to 450).Muchof this time is spentin reading
theraw datafrom thediskandotherinput—outputoperations.
Copies of theprogram,which is written in FORTRAN, are
availablefrom theauthors.Currently,thisprogramformspart

of an automatedanalysissystemfor the GC/MS analysisof
urine and blood samples.The program reducesthe raw
GC/MS datasetof approximately600spectrato asetofabout
60 resolvedelutantspectrawhicharethenmatchedagainst
alibrary of massspectraof biologicalcompounds.Thiswhole
processtakesabout20 mm andproducesananalysisof the
sample,with knowncompoundsin themixtureidentifiedand
the remainingunknown set markedfor further study by
chemistsor otherDENDRAL programs(12—14).

In evaluatingperformanceof theprogram,amajorissueis
how well it is ableto detectelutantsin thedata.Thevertical
barson theTIC (Figure 2) indicateall theplaceswherethe
program detectedand isolateda componentfrom the raw
GC/MS data.The program’spowerof detectionis illustrated
for exampleby theelutantdetectednearspectrumnumber
492in thetotal ioncurrentplot shownin Figure2. Although
thereis no evidenceof amaximumin theTIC in the region
near492,theprogramwasableto detectandisolatea good
quality spectrumof indoleaceticacidmethylester(Figure1).
In the raw data,this spectrumis clearlysubmergedin back-
groundandoverlappingcontributions.A comparisonof the
resolvedspectrum(Figureib) with alibraryspectrum(Figure
3) shows that the basicspectralintensity profiles arevery
similar evenincluding theverylow intensity ion of mass89.
Somevery small ions (of intensity less than 5% relative
abundance)areabsentfrom the resolvedspectrumbecause
theyhavebeenlost in thebackgroundooise. It is worthnoting
that thereareno peakspresentin theresolvedspectrumthat
arenot in the library spectrum,that is, theextraneousmass
spectralpeaksin theraw dataincluding peaksat masses105,
253, and315arenot includedin theresolvedspectrum.The
relativeintensitiesof themassspectralpeaksatmasses51,
62,65,and77havebeenchangedsignificantly fromtheirlevels
in theraw data.This illustratestheimportanceof correcting
the intensitiesfor background.Themassspectralpeaksat
masses51, 52, 63, 78, and129appearto maximizenearspec-
trum 496in the rawdatainsteadof spectrum492becauseof
theoverlappingcontributionsof apoorly resolvedelutant.
Similarexamplesof thepowerof thistechniqueexist in other
partsof theGC profile in Figure 2.

Thedetectabilityof unresolvedelutantsis clearlyafunction
of their amplituderelative to neighboringcomponentsand
background.Onewayto characterizethis is to measurethe
ratio of the total ion intensity (sum of themassspectrum
amplitudes)in theresolvedspectrumcomparedto thatin the
unprocessedspectrumincluding backgroundand overlap
effects.The massspectrumof theprocessedcomponentat
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Figure 6. (a) Mass spectrum of 4-methoxyphenylacetic acid methyl ester before processing. (b) Resolved mass spectrum of 4-methoxyphenylacetic
acid methyl ester

FIgure 7. (a) Spectrum of an unknown aromatic ester before processing. (b) Resolved spectrum of unknown ester in Figure 7a

spectrumnumber492comprisesonly 4%of thetotal raw ion
current.It can be expectedthat therewill beproblemsde-
tectingcomponentswith anion currentratio thatfalls much
belowalevelof 4%. Also if two compoundselutewithin less
than 1.5 to 2 spectralscantimesof oneanother,thereis an
increasingchancethat theprogramwill makethewrongde-
cision as to whetherthere is one or actually two elutants
present.Sucherrorsaredependenton the ion currentratio
betweenadjacentelutants,thesimilarityof theirmassspectra,
andthestabilitywith whichpeakpositionscanbedetermined.

As an exampleof doubletresolution,considerthe region
nearspectrumnumbers317and318in Figure2. Theprogram
detectsthattherearetwoelutantspresentandFigures6 and
7 illustratetherawandresolvedspectraattheselocations.The
spectrumin Figure 6b is a good representationfor 4-
methoxyphenylaceticacidmethyl ester.Theothercomponent
is an unknownaromaticester.

We haveevaluatedtheefficiency of backgroundremoval
for singletelutantsby examiningtheir massfragmentograms.
Aftercalculatingtheleastsquarespeakandbackgroundlevels,
weconcludedthat thecomputedresultsareconsistent(within
5 10%) with humanestimates.Theytendedto belessaccurate
for veryweakpeakswhoseshapesweremoresensitiveto noise
distortions.

For themultipletcase,wherethepeakprofilescanbecon-
siderablymore complex,thereis astrongerpossibility that

themodelwill not produceaccurateamplitudeinformation.
In suchcases,aswhentherearethreeratherthantwo elutants
present,thereis adangerthatbackgroundcontributionswill
be incorrectlyestimatedparticularlywith thelimited number
of scansthatcan beheldin ourminicomputermemoryatone
time. We feel howeverthatuseof amorecomplexmodelfor
triplets is not likely to be ableto guaranteemuchgreater
precision.A sequentialapplicationof thedoubletmodelhas
producedacceptableresultsin ourexperiencewith thepro-
gram.Problemsmostfrequentlyoccurwhenasmallamount
of anelutantoccursjust prior to, or just after,anelutantof
high concentration.The intensitiesof peaksin the small
elutantthat arecommonto the largeelutanttendto beless
accuratelycalculatedthansingletpeaksandsometimesmay
evenbediscardedasnegligible if their intensityrelativeto the
largepeakfalls muchbelow10%.This maybe especiallyim-
portantfor themolecularions of compoundswith thesame
molecularweightwhichwouldbe expectedto eluteneareach
other.

Comparisonwith library massspectrahasindicatedthat
correctionof intensitiesfor saturatedsinglet peaksis satis-
factory.However,asexpected,theaccuracyof thecalculation
decreasesaspeaksbecomemoreheavilysaturated.In ourcase,
weareworkingwith modelpeaksthatextendoverninepoints
(i.e., nine scanwidths). If more than four of apeak’s nine
pointsaresaturated,wecanexpectthat its estimatedintensity
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will haveonly limited accuracybecausethereis insufficient
information left to accuratelycharacterizeits shape.

Conditionsarisein theraw GC/MSdatafor whichit is not
possibleto extractresolvedmassspectraunambiguously.One
caseis when theelutant-to-backgroundratiofalls significantly
below 5%. In thesecases,thevery weakintensity ions, in-
cluding isotopeions, usually do not appearin the resolved
massspectra.Theother difficulties arisewhenit is not pos-
sible to detectthepresenceof multiple elutantsbecausethey
occurwithin lessthanonemassspectrumscantime of each
other. In this case,the processedspectrumrepresentsthe
mixtureof the two elutants.

In general,we havefound that thepresentsystemworks
verywell andis capableofdetectingandisolatinghigh quality
representativemassspectrain GC/MS experimentsinvolving
complexbiological mixtures.
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