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Abstract

The developed algorithm reported herein, referred to as “DotMap,” addresses the need to rapidly identify analyte peak locations in gas
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hromatography× gas chromatography–time of flight mass spectrometry (GC× GC–TOF-MS) data. The third-order structure of GC×
C–TOF-MS data is such that at each point in the GC× GC chromatogram, a complete mass spectrum is measured. DotMap utiliz

hird-order structure to search for the location of a given spectrum of interest in a complete data set, or in a user selected portion of th
ata set. The algorithm returns a contour plot indicating the location of signal(s) with the most similar mass spectra to the analyte
spectrum from the region indicated is then subjected to an automated mass spectral search to give immediate feedback on t

f the analysis. This algorithm was investigated with a trimethylsilyl (TMS) derivatized human infant urine sample that containe
cid metabolites. One hundred percent of 12 selected TMS derivatized organic acid metabolites in human infant urine were lo

he DotMap algorithm. A typical automated DotMap analysis takes 30 s on a 1.6 GHz PC with 1024 MB of RAM. Vanillic acid (TM
ocated by DotMap, but also exhibited overlap with other organic acids. The presence of vanillic acid (TMS) was confirmed by subj
ppropriate GC× GC region to chemometric signal deconvolution by PARAFAC to yield pure component information suitable for sub
uantification.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Comprehensive two-dimensional gas chromatography–
ime of flight mass spectrometry (GC× GC–TOF-MS) has
een demonstrated as a highly selective instrument, well de-
igned for complex mixture analysis[1–13]. Recently re-
orted complex sample analyses include cigarette smoke

5,6], petrochemicals[1], pesticide residues[3,14], halo-
enated compounds[9,10], airborne particulate matter[11],
nd flavors and fragrances[12]. The amount of data gener-
ted by this system is at best unwieldy and at worst can be

∗ Corresponding author. Tel.: +1 206 685 2328; fax: +1 206 685 8665.
E-mail address:synovec@chem.washington.edu (R.E. Synovec).

nearly impossible to handle. Therefore, the wealth of the
is immense; however, only after the appropriate data ana
tools are developed to extract the significant information
the value of the data be more fully realized.

For many applications involving complex mixture ana
sis, there is a need to locate and quantify specific analy
interest[14–19]. Often, matrix induced retention time shi
make analyte peak locations inconsistent from one analy
the next[20–23]. In the currently available software, anal
peak location information is only available after proces
an entire data set, which can be excessively time consu
This typically involves generating a list of analyte peaks f
sample and matching as many as possible to library sp
Although this is an automated process, it can sometimes
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hours to complete. It is not efficient to process an entire data
set of a complex matrix where there are perhaps thousands
of compounds, when only a smaller subset of compounds are
of interest.

These reasons constitute the impetus for development of
the algorithm called “DotMap” reported herein. The DotMap
algorithm employs a spectrum of interest and a complete GC
× GC–TOF-MS data set to search for the desired analyte in
the complex data matrix. This spectrum of interest can be
from a database such as NIST02 or from a user’s collected
library. After searching for the spectrum in the complete data
set (or a user selected portion of the data set), a contour plot is
generated indicating the location of the most similar spectra in
the data set. The best match of these is extracted from the data
set and a traditional mass spectral library search is performed
to indicate whether the DotMap analysis was successful.

To investigate the use of DotMap on a complex sample,
trimethylsilyl (TMS) derivatized human infant urine contain-
ing organic acid metabolites were analyzed. Human infant
urine is analyzed in clinical chemistry to diagnose organic
acidurias, a class of hereditary inborn errors of metabolism
[24]. These metabolic disorders often cause mental retarda-
tion and death if not diagnosed and treated, if treatment is
available[24]. Although inborn errors of metabolism indi-
vidually are rare, collectively small molecule diseases (amino
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and chromatographic profiles that are required for subsequent
quantification.

2. Theory

2.1. DotMap algorithm

The DotMap algorithm is an adaptation to GC×
GC–TOF-MS data of mass spectral similarity search algo-
rithms that are based on the dot product of weighted mass
spectra[27,28]. These previous algorithms were developed
and applied to identify sample mass spectra by compar-
ing their mass spectral similarity to collected spectra in a
database. The DotMap algorithm calculates the dot product
of the scaled, weighted, and normalized analyte mass spectral
signal with the mass spectral signal in the data set for each
point in the GC× GC plane as follows:
(
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whereAu is the abundance ofm/zsignals in the “user” spec-
trum of interest;Ad are the abundances ofm/zsignals at each
point in the two-dimensional GC× GC “data” space, and
m is the vector containingm/zvalues used for weighting the
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cid diseases, organic acid diseases, primary lactic aci
alactosemia, and urea cycle diseases) occur at a rate o

n 100,000 live births as reported in a recent study in Br
olumbia, Canada, from 1969 to 1996[25]. A common char
cteristic in the analyses of organic acid disorders is tha
ciduria is usually indicated by a large increase in con

ration of one or more organic acids in urine[24]. Organic
cid analysis in urine is complex even in normal subjects

o the large variations of compounds and concentration
ause many organic acids are of exogenous origin[24]. An
lgorithm such as DotMap can provide a potential bene
nalyses such as these.

DotMap is employed herein to elucidate the locatio
rimethylsilyl (TMS) derivatized human infant urine of
nalytes of interest, most of which are commonly foun
ormal urine. These compounds include the TMS de

ives of lactic acid, pyruvic acid, fumaric acid, adipic ac
uberic acid, 5-oxoproline (pyroglutamic acid), isoci
cid, vanillic acid, homovanillic acid, vanilmandelic ac
-hydroxyphenyllactic acid, andm-hippurate. One analyt
anillic acid (TMS), was located by DotMap and found to
artially overlapped with four interfering compounds. T
egion containing vanillic acid (TMS) was then subjec
o Parallel Factor Analysis (PARAFAC) to deconvolute
ure component signals. Analyte peak deconvolution
ARAFAC has been shown to provide accurate, quan

ive results for overlapped analytes in GC× GC–TOF-MS
ata[13,26]. PARAFAC is used here to finish the analy

hat DotMap begins, adding confidence and additional in
ation to assist in the confirmation of the desired anal
resence, by providing the pure component mass spe
, ignals. The dot product is denoted by the symbol ‘·’ and is
efined mathematically as:

· b = ‖a‖ ‖b‖ cosθ (2)

herea andb are vectors of identical length,||a|| denotes
he norm of the vector, andθ represents the angle betwe
he vectors. The dot product gives the projection ofa (data
pectrum) in the direction ofb (user spectrum). In the case
otMap, wherea andb are both column vectors of the sa

ength, the dot product is also given by:

· b = aT ∗ b (3)

hereaTdenotes the transpose ofa and ‘*’ indicates vec
or multiplication. Thus, for DotMap, the more similar t
wo spectra are, the larger the result of this dot product.
ompletely different spectra should theoretically have a
roduct of zero, however, random noise contributes a s
mount to a dot product resulting in a non-zero “base

n the raw DotMap results. The algorithm process is sh
ictorially in Fig. 1. The GC× GC–TOF-MS data is bas

ine corrected by subtracting from each point in the dat
scalar quantity,c, given by:

= x̃ + 3σx (4)

herex̃ denotes the median of the vector,x, that contains th
inimum value of the GC×GC plane at eachm/z, andσ is the

tandard deviation ofx. The mass spectral signal intensi
n the data set and spectrum of interest are then scaled
.5 power to enhance the signal from small intensity sig
elative to the high intensity signals. Weighting the signal
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Fig. 1. Schematic illustrating how DotMap takes a matrix of GC×
GC–TOF-MS (Ad) “data,” and a spectrum of an analyte of interest (Au)
provided by the “user” and generates a 2D plane and a threshold to des-
ignate the location of a compound in the matrix of data that most closely
matches the analyte of interest according to Eqs.(1) and (3). Ad1, Ad2, and
Ad3 correspond to the spectra at “data points” 1, 2, and 3, respectively. For
example,Ad24 corresponds to the 24th spectrum in the data set as shown.

mass improves performance of the algorithm due to higher
m/z channels containing more critical information for iden-
tification as compared to lowerm/zchannels[27]. Using the
DotMap algorithm, a matrix containing the values of the dot
product with dimensions of a GC× GC chromatogram is
generated. A contour plot is then displayed indicating the lo-
cation of signals above a threshold. The threshold giving the
most consistent and accurate results for properly identifying
the analyte of interest was determined empirically to be 90%
of the maximum dot product value above the median value
of all dot products in the raw DotMap data. The algorithm
then extracts the spectrum from the GC× GC–TOF-MS data
that corresponds to the location of the maximum dot prod-
uct value and performs a traditional mass spectral similarity
search. This last step gives immediate feedback on the accu-
racy of the DotMap analysis.

3. Experimental

3.1. Human infant urine organic acid metabolite sample

A derivatized sample of human infant urine contain-
ing organic acid metabolites was analyzed to test DotMap
performance characteristics on a biological sample. A li-
b and
t ro-
v rine
s ere
d

trifluoroacetamide (BSTFA) to make trimethylsilyl (TMS)
derivatives[29,30]. The analysis of the metabolite sample
was performed using a LECO Pegasus 4D GC× GC–TOF-
MS instrument (LECO Corporation, St. Joseph, MI, USA).
The first column (referred to as column 1) was a 20 m×
250�m i.d. capillary column with a 0.5-�m film of 5%
diphenyl/95% dimethyl polysiloxane (DB-5; J & W Scien-
tific, Alltech). The second column (referred to as column 2)
was a 2 m× 180�m i.d. capillary column with a 0.2�m
film of trifluoropropylmethyl polysiloxane (Rtx-200; Restek
Corp., Bellefonte, PA, USA). These columns were joined us-
ing a Vu2 union (Restek Corp.). Modulation was performed
using cryogenic modulation. The modulator at the head of
column 2 concentrated the column 1 effluent during each col-
umn 2 separation. A 0.4 s “hot pulse” began each new column
2 run when the cryogenic gas was shut off and the heated air
jets (40◦C above the oven temperature) were switched on.
The total column 2 run time was 2 s. Ultra high purity he-
lium (0.8 mL/min) was used as the carrier gas. Derivatized
sample (2�L) was injected using a 100:1 split. The column
1 oven ramp began at 60◦C with a hold time of 0.25 min then
increased at 8◦C/min to 250◦C and held for 10 min. Col-
umn 2 was housed in a separate oven and held at a constant
10◦C higher than the column 1 oven temperature. No mass
spectra were collected during the solvent delay for the first
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d ent
rary of standards built in-house (Children’s Hospital)
he NIST/EPA/NIH Mass Spectral Library (NIST 02) p
ided the spectra for the DotMap analysis of the u
ample. Prior to analysis, organic acids in the urine w
erivatized with hydroxylamine andN,O-bis(trimethylsilyl)-
min of each run. The transfer line was maintained at 28C
nd the ion source set point was 200◦C. The detector voltag
as−1600 V and the filament bias was−70 V. Mass spec

ra were collected fromm/z41 to 625 at 100 spectra/s. D
ere then exported as a comma separated value (.cs
nd loaded into Matlab 6.0 R12 (The Mathworks, Nat
A, USA) for data processing. The GC× GC–TOF-MS
ata in this exported file has each column 2 GC-MS c
atogram strung end-to-end. Once the data is loaded
atlab, the column 2 GC-MS chromatograms are segme
ff based on the modulation frequency and then stack
reate the GC× GC–TOF-MS data cube. The time axes
alculated based on the spectral scan rate and the modu
requency. Mass Spectral similarity searches were perfo
sing the NIST MS Search 2.0 (NIST/EPA/NIH Mass Sp

ral Library; NIST 02) and a comprehensive MS library b
n-house (Children’s Hospital) that included many orga
cid TMS derivatives relevant in organic aciduria clinical
gnosis. The deconvolution of the vanillic acid (TMS) w
erformed using Parallel Factor Analysis initiated by Tri
ar Decomposition (TLD)[13,26]. The TLD algorithm wa

rom the PLS Toolbox (Eigenvector Research Inc., Man
A, USA) and was selected for the advantageous seque
f the three dimensions of the matrix prior to analysis.
ARAFAC algorithm was from the N-way Toolbox 2.10[31].

. Results and discussion

The GC × GC–TOF-MS analysis of a sample
erivatized human infant urine exhibits a highly effici
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Fig. 2. (A) GC× GC–TOF-MS chromatogram atm/z73 for a TMS deriva-
tized sample of organic acids in human infant urine. The region in the box
is shown in B. (B) Region of the chromatogram in A that demonstrates high
separation efficiency and sample complexity. The locations of TMS deriva-
tized 5-oxoproline (pyroglutamic acid), fumaric acid and adipic acid are
indicated. 5-Oxoproline (TMS) is used for DotMap illustration as shown in
Fig. 3.

chromatographic separation that uses a large portion of the
available peak capacity (Fig. 2A). The image inFig. 2A de-
picts the GC× GC chromatogram ofm/z73, a selective ion
characteristic of trimethylsilyl (TMS) derivatives of organic
acids. A selected region ofFig. 2A is shown to demonstrate
the high efficiency of the separation (Fig. 2B). The loca-
tions of TMS derivatives of fumaric acid, adipic acid, and
5-oxoproline (pyroglutamic acid) are indicated. These were
located using library spectra and the DotMap algorithm.

The analyte, 5-oxoproline (TMS), is used herein as an
example to demonstrate implementation of the DotMap al-
gorithm. 5-Oxoproline is an organic acid that is potentially
indicative of hawkinsinuria, an inherited disorder of tyro-
sine metabolism[32,33], or 5-oxoprolinuria (glutathione syn-
thetase deficiency) when found at elevated concentrations in

urine [34,35]. The algorithm is automated in that, given a
data set and an analyte library spectrum, the algorithm will
generate a contour plot indicating the location of the most
probable match, automatically extract a data spectrum from
that location, and perform an automated search for a spec-
tral identity match with the NIST MS Search program within
the∼30 s analysis time. To more fully explain how the algo-
rithm works, the steps within the algorithm are detailed here.
Within the algorithm, the in-house collected library spectrum
(m/z 41–350) of 5-oxoproline (TMS) was scaled, weighted
and normalized according to Eq.(1). At each point in the GC
× GC plane of the data set, there is a complete mass spec-
trum (m/z41–625). A portion of the full mass spectrum (m/z
41–350) that corresponds to the mass range of interest for
5-oxoproline (TMS) is also scaled, weighted and normalized
according to Eq.(1) after baseline correction (Eq.(4)). The
dot product is then calculated for the analyte spectrum and the
spectrum at each point in the GC× GC plane (as illustrated
in Fig. 1). The dot product intensities are related to how sim-
ilar the two spectra are at each time element in the GC× GC
data plane. The raw data matrix from the DotMap analysis of
5-oxoproline (TMS) projected on to the column 1 dimension
is shown inFig. 3A. The threshold shown as a dotted line was
calculated as described in the theory section as 90% of the
difference between the maximum point and the median of the
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otMap raw data (Fig. 3A). An analogous figure showing t
aw data in the column 2 dimension was omitted for bre
nly one signal (i.e., analyte peak) is above the thresho

his raw DotMap data indicating that the similarity betw
he analyte spectrum and the spectra corresponding t
egion in the raw data is high and that there is a high de
f selectivity. A contour plot of the DotMap raw data with
ingle contour line drawn at the threshold indicated inFig. 3A
s shown inFig. 3B. In these analyses, a contour plot is m
seful than the projected raw data because the inform

rom the projections on both columns are combined such
he retention time on both axes can be illuminated from
ne plot. A spectrum was extracted from the original b

ine corrected data matrix at the coordinates obtained fo
aximum point in the DotMap raw data and sent dire

o the NIST MS Search program where a similarity se
as conducted. A head-to-tail comparison of the extra
ata spectrum and the 5-oxoproline (TMS) library spec

ndicates a high level of similarity (similarity, 880; rever
23) (Fig. 3C). The time to execute the DotMap algorit
nd perform the subsequent MS library database sear
-oxoproline (TMS) was approximately 30 s, indicating
fficient analysis time.

Eleven additional DotMap analyses were preformed
imilar manner as that described for 5-oxoproline. An
es were performed on the TMS derivatives of lactic a
yruvic acid, fumaric acid, adipic acid, suberic acid, isoc
cid, vanillic acid, homovanillic acid, vanilmandelic acid
ydroxyphenyllactic acid, andm-hippurate. Depending o

he analyte, mass ranges used in the analyses ranged
/z 41–350 to 41–435. As anticipated and desired, for
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Fig. 3. DotMap analysis of derivatized 5-oxoproline. (A) Raw data from the
DotMap analysis for column 1. The maximum peak indicated the location of
5-oxoproline on column 1. The threshold indicated is 90% of the maximum
dot product value above the median value of all dot products in the raw
DotMap data. The location on column 2 is found in an analogous fashion,
but not shown for brevity. (B) DotMap result for derivatized 5-oxoproline
indicating location of analyte. (C) Mass spectrum from maximum point of
region indicated in B extracted in successfully matched to TMS derivatized
5-oxoproline from the NIST library.

Fig. 4. Overlays of 12 DotMap analyses indicating the locations of 12 TMS
derivatized organic acids in human infant urine as indicated on the plot.
Compare analyte locations to complexity of elution region inFig. 2A. Con-
firmation of analysis was achieved by matching DotMap-extracted spectra
to library spectra.

analysis, only one analyte peak was located that resulted in
dot products above the calculated threshold. The locations
of the desired compounds were all confirmed by high quality
mass spectral search results for the associated extracted spec-
trum (similarities≥ 830). An overlay of all 12 contour plots
from the analyses is shown inFig. 4. By comparing the image
of the original data (Fig. 2A) and the results of the DotMap
analyses (Fig. 4), one can clearly see that the overabundance
of information in the data set has been filtered to efficiently
give the desired information. It is also apparent that the re-
gion containing TMS derivatives of vanillic, homovanillic,
isocitric, vanilmandelic, and 4-hydroxyphenyllactic acids is

F ).
F eling
a

ig. 5. 3D mesh plot ofm/z73 of the region surrounding vanillic acid (TMS
our interfering analytes (a–d) are labeled. The line types of the lab
rrows correspond to the line types for the PARAFAC results inFig. 6.
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Fig. 6. (A) PARAFAC results for column 1 of region surrounding vanillic
acid (TMS) as shown inFig. 5A. Normalized signals of vanillic acid (TMS)
and interfering analytes (a–d) are shown. (B) PARAFAC results for column
2. Signals including concentration information of vanillic acid (TMS) and
interfering analytes (a–d) are shown. (C) Deconvoluted mass spectrum from
PARAFAC model matched to derivatized vanillic acid (TMS) in the NIST
library.

highly complex, yet DotMap is able to successfully locate
the desired analytes in this complex region.

Upon closer inspection of the region surrounding TMS
derivatized vanillic acid (m/z 73), it is apparent that the
acid is overlapped with at least three interfering analytes
(Fig. 5). This region was analyzed with the chemometric al-
gorithm PARAFAC to deconvolute the signals. The data set
(m/z45–350) surrounding vanillic acid (TMS), was baseline
corrected with a linear correction at each mass along col-
umn 2 prior to analysis. The region was first modeled by
TLD with five components specified to get an estimate of
the profiles in each dimension. These results were then used
to initiate a PARAFAC analysis, which was conducted with
unimodal constraints on the columns 1 and 2 dimensions
and nonnegative constraints in all dimensions. The columns
1 and 2 profiles are depicted inFig. 6A and B. The solid
line indicates the signal for the vanillic acid (TMS) (Fig. 6A
and B), whose identity was postulated because of the previ-
ous DotMap analysis. The deconvolution was successful and
provided reasonable analyte peak shapes. The vanillic acid
(TMS) peak profiles are acceptable for subsequent quantifi-
cation, if desired for the analysis. A head-to-tail comparison
of the deconvoluted spectrum of vanillic acid and the library
spectrum of the TMS derivatized vanillic acid (TMS) indi-
cates a high level of similarity (similarity, 874; reverse, 885),
s ated
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ubstantiating the results of the DotMap analysis that loc
he analyte of interest (Fig. 6C). The signal heights in th
igherm/z range are depleted in the deconvoluted spec
ecause of the differences in ionization of this TOF-MS

ypically produces spectra with enriched lowm/zsignals.

. Conclusions

An algorithm to locate analytes of interest in GC×
C–TOF-MS data was presented, and found to perform

ciently and accurately. DotMap successfully elucidated
ocations of 12 derivatized organic acid metabolites in

an infant urine. Therefore, the DotMap algorithm is dem
trated to be a sensitive tool that is useful in the analys
omplex mixtures to reveal the location of analytes of
erest. This is particularly useful for analytes in samples
ibiting substantial chemical matrix induced retention t
hifts. One analyte in the urine sample, vanillic acid (TM
as located by DotMap, but also exhibited overlap with o
ompounds in the sample. The region containing vanillic
TMS) and four interfering analytes was successfully de
oluted by PARAFAC to confirm its presence and prov
ure quantifiable pure component profiles. While DotMa
apable of searching for a spectrum of interest in an e
C× GC–TOF-MS chromatogram in an automated fash

maller regions of the data can be analyzed to save an
ime if additional information about probable retention t
s known. An investigation into DotMap’s limit of detectio
ynamic range, optimization, response to analyte peak

ap, response to low mass spectral selectivity (e.g., is
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spectra), and potential to indicate classes of compounds for
other complex samples will be the basis of future investiga-
tions.
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