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Abstract. Various mathematical functions are used to describe shapes of chromatographic peaks. Some of
these functions, such as exponentially modified gaussian, polynomially modified gaussian or parabolic vari-
ance gaussian are based on the normal distribution, and some are not. These functions have from 4 to 9 param-
eters that need to be iteratively optimized to fit the model function to the experimental data. Many of these
functions are numerically unstable, therefore choosing an optimal initial guess of their parameters becomes
crucial for successful fitting. The most commonly employed approaches are based on empirical equations re-
lating the basic peak shape parameters (asymmetry value, width at 10% of peak height) and the parameters of
the model function. Additionally, the algorithms for calculating the basic peak shape parameters are not thor-
oughly described in the literature.

Exponentially modified gaussian (EMG) was used as a model function in this work as it is a de facto standard
in chromatography. Implementations of EMG in Python programming language libraries were listed. The nu-
merical instability of SciPy implementation was investigated for symmetrical peaks and its probable causes
were discussed. It was shown that Kalambet’s approach to calculating EMG (based on using several equations
depending on the shape of the chromatographic peak) did not show such instability.

Approaches to calculate base peak parameters were discussed. Algorithms to find the apex coordinates, left
and right halfwidths and width at selected peak height (10% to 50% of the peak maximum) were described.

It is widely known that the relation between the basic peak shape parameters and the parameters of the EMG
function is not linear. The empirical equations that approximate these relations were suggested by Foley and
Dorsey in the 1980s. We suggested using interpolation by splines instead. This approach significantly improved
accuracy in estimating the model function parameters and allowed broadening the range of usable peak shape
values. Splines can be calculated once and knots together with spline coefficients can be saved for future use.
In most of the articles and manuals width and halfwidths of the peak are calculated at 10% of the height.
Alternative heights (10% to 50%) to calculate basic peaks parameters were tested. It was concluded that pa-
rameters of the EMG function can be calculated without significant difference in accuracy at different heights
(from 10 to 30%) for noise-free peaks. For noisy data (S/N=100) 30-35% of the peak height can be considered
as an alternative.
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Annotanus. /[ onucanust GopMbl XpoMaTorpadUuecKoro I1uKa MCIOoIb3YIOT pa3jInuHble MaTeMaTHYECKUE
(YHKIMH, 4aCTh U3 KOTOPHIX OCHOBaHBI Ha ()YHKIIMH HOPMAIBHOTO Paclpe/ie/IeHHsI: SKCIIOHEHI[HaIbHO-MOAN-
(unypoBaHHas rayccuana, IOJIMHOMHAIEHO-MOAN(GHUIMPOBAHHAS TayCcCHaHa, TaycCHaHa ¢ MmapadoinyecKoit
Jqucniepcueit u apyrue. OTH QyHKIMHU 3anatorcst 4-9 mapamerpamu, KOTOpbIE MOJOUPAIOTCsl UTEPAMOHHO B
mporiecce HeIMHEHHOW ONTHMU3alui. B cirydae HU3KOW BRIYHCIHTEINEHON YCTOHYNBOCTH (XapaKTepHOH 1
OONBIIMHCTBA TaKUX (DYHKIHMH) BBIOOP HAYAIBHOTO MPHONIKCHUS CYIIECTBEHHO BIHUSAET HA CXOAWMOCTH U
BO3MOJKHOCTb ITOJY4EHHS aJCKBATHOTO PE3yJbTaTa IPU MPOBEICHUH ANPOKCUMAINH. V3BECTHBIE TTOIXOIBI
K HaXOXJICHUIO Ha4aJIbHBIX NPHOJIM>KEHUH OCHOBAHbI HA MCIIOJIb30BAaHUN 3MITMPHUUECKUX YPAaBHEHHUH, CBSI3bI-
BaIOMINX MMapaMeTphl QYHKIHN ¢ 6a30BEIMH TapaMeTpaMH XpoMaTorpaduaecKoro mika (ko3 QumueHT acum-
MeTpuu, muprHa muka Ha 10% BeicoTsl). [Ipy 3TOM ONMCAaHUIO alrOPUTMOB pacyeTa 3THX 0a30BbIX MapameT-
POB yZeJseTcss HeJOCTaATOYHO BHUMaHHS.

Junst MmonenupoBanust GOpMBI IIHKA MCIOJIB30BaAM 3KCIIOHEHINATBLHO-MOIM(DHUIIMPOBAHHYO TayCCHaHy H3-3a
ee IIMPOKOTO MPUMEHEHHUs B xpomarorpaduu. B pabore paccMoTpenu peann3alidil 3TOH MaTeMaTH4ecKOi
(byHKIHH, TOCTYIHBIC B MOMYSIPHBIX OHONMHOTEKax s3bika Python. O6HapysxeHo, 4To peanusaiis GpyHKIHH
u3 6ubHoTeKkn SCIPY MOXkeT 06nasaTh YHCICHHOW HECTAOMIPHOCTRIO B CIyYae CHMMETPHUUYHBIX MUKOB. [1o0-
Ka3aHo, YTO MOJXOJ] K PAacueTy KCIIOHCHINATbHO-MOU(UIIMPOBAHHON rayCCHaHsbl, IpeaokeHHbIH Kanam-
06eToM M OCHOBaHHBIH Ha HMCIIOJIb30BAaHWH HECKOJIBKHX yPaBHEHHH B 3aBHCUMOCTH OT ()OPMBI IHKA, JIUIICH
3THX HEJIOCTATKOB.

PaccMoTpeHsl oAXoAbl K pacueTy 0a30BBIX MapaMeTpoB (OPMBI JUIl AUCKPETHBIX NMHUKOB. [IpemymoxeHs n
OIIMCaHBI aJITOPUTMBI U PacdyeTa KOOPAMHAT TOYKH MaKCHMyMa ITHKa, JIEBOH M NPaBOi MOJIYIINPUHBI U IIH-
PUHEI TMKa Ha 3agaHHo# BeicoTe (0T 10% mo 50% ot MakcuMyMa muKa).

H3BecTHO, 4TO CBs3b 0A30BBIX MapaMETPOB IMHKA C MapamMeTpamMH IKCIIOHEHIIMAIbHO-MOIU(PHUIMPOBAHHOM
rayCCHaHbl SIBIISIETCS] HEIMHEHHON. DMIMPUYECKUE ypaBHEHHSI, OIIMCHIBAIOIINE 3TH CBS3U OBbLIH IPEJIOKEHBI
®ounu u [lopeu B 1980-x. [{is onucanust 3THX 3aBUCUMOCTEI HAMU MPEIOKEHO MCIIOIb30BATh HHTEPIIOJSIHIO
crutaiiHamu. [TokazaHo, 4TO TakoM MOJX0/] IO3BOJISIET TOYHEE ONUCATh 3aBUCUMOCTH U PACHUIMPUTD JAHAIIa30HEI
JIONYCTHMbIX 3Ha4E€HH rmapamMeTpoB. PacueTsl crialiHa MOKHO MPOBECTH €MHOX/IbI U COXPAHUTh ONOPHBIE
TOYKH CIUIaiHA U KOI(PPHUIUESHTBI IS ATbHEHUIIEr0 UCII0JIb30BaHUSL.

B GonpmmHCTBE paboT M METOIMYECKHUX JTOKYMEHTAX IINPUHA U MOJYIINPHUHBI XpPOMaTorpauieckoro ImuKa
paccuntbiBarotcs Ha BeicoTe 10%. HamMu paccMoTpeHBI anbTepHAaTHBHEIC 3HaUYeHU B nuamna3one ot 10% no
50% BeicoThl MKa. [TokazaHo, 9TO I MMKOB O€3 IIyMa pacueT MUPUHBI U ITOJYIIMPUH MOKHO IPOBOJIUTH B
OTHOCHTEJILHO HIHPOKOM juamna3oHe BoicOT (0T 10 1o 30%) 6e3 CylecTBEHHOrO BIMSHUS HAa PACCUUTAHHbBIC
W3 HUX 3HaYCHMS TapaMeTPOB 3KCIOHEHIINATbHO-MOAN(UIINPOBAHHOHN I'aycCHaHsbl. J{JIsi TMKOB C OTHOILICHHEM
curna/urym 100 MoxHO ucnonb3oBath 30-35% BRICOTHI MMKA KaK abTePHATHBHBIN BAPUAHT IS PACYCTOR.
KuaroueBble ciioBa: popma xpomarorpapuyeckoro nuka, SKCHOHSHIIMAIbHO MOU(UIIMPOBaHHAs IrayCcCcHaHa,
OMI, razoBas xpomarorpadus, I'X, xunkoctHas xpomaTtorpadust, BOXX.

BaarogapHocTu: paboTa BBIIOTHEHA IPH MOIEpKKe MUHHCTEPCTBAa HAYKH U BBICIIETO oOpa3oBaHus Poc-
cuiickoii Meneparyy B paMkax rocoromxetHoit Tembr Ne 124041900012-4. PaGora BbINOJIHEHA C HCIIOJIB30Ba-
HHEM 000pyJOBaHuUs, MPUOOPETEHHOTO 3a cueT cpeacTB [IporpamMmbl pa3BuTH MOCKOBCKOTO YHHBEPCUTETA.
Jast nurupoBanus: Xpucangpos M.J1., Camoxun A.C. BbiOop HauansHbIX 3HAUYSHUH Il UTEPAIIMOHHON arl-
NPOKCHMALUK XpOMaTOrpadhUIecKuX MUKOB IKCIIOHEHIHATBHO MO(HIUPOBaHHO# rayccuanoii // Copbyu-
oHHble u xpomamoepaguueckue npoyeccor. 2024, T. 24, Ne 6. C. 885-895. https://doi.org/10.17308/sorp-
chrom.2024.24/12566

detector. That is why it is considered impos-

Introduction sible to introduce an ideal analytical function

Peak shapes in chromatography are a
complex result of different physical and
physico-chemical processes within the col-
umn. Some of these effects are well-studied
and can be accounted for and others are more
random and specific to a certain column or

to describe peak profiles obtained experi-
mentally [1]. Gaussian function is the sim-
plest one and it has been used to describe
chromatographic peaks for decades. Gauss-
ian function is symmetrical which signifi-
cantly simplifies calculations, but gives only
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rough approximation because most chroma-
tographic peaks are either tailing or fronting.
Exponentially modified gaussian (EMG)
function is asymmetrical and therefore it is
better suited to real practice. It was first sug-
gested in 1972 [2] and has been widely used
in chromatography since. Afterward, many
other functions have been suggested. Most
of them such as polynomially modified
Gaussian (PMG) [3], parabolic variance
Gaussian (PVG) [4] and parabolic-Lo-
rentzian-Gaussian (PLG) [5,6] are based on
the Gaussian and some like Li [7,8] and Pap-
Papai [9] are not. These more modern func-
tions are not as widely used as EMG due to
several reasons. Firstly, there are plenty of
these functions and it is not easy to choose
one when EMG is a de facto standard in
chromatography. Secondly, there are almost
no implementations of these functions avail-
able in popular libraries or software. And fi-
nally, most of these functions have more pa-
rameters which results in additional com-
plexity.

There are plenty of articles describing ap-
proximation functions for chromatographic
and other peaks. Front and back half widths
at a particular height and apex coordinates
are usually used to get initial guesses for fur-
ther nonlinear optimization or to get final fit
in earlier works [3,6,10]. However, there is a
lack of materials explaining how these basic
parameters of a chromatographic peak can
be estimated. In the original article [11] Fo-
ley and Dorsey suggested estimating param-
eters of EMG (o6 1, and p) from basic peak
shape parameters (A1o, B1o, W1o) using em-
pirical equations. The original approach was
based on graphical measurements of basic
peak parameters; it looks outdated nowa-
days. The authors of a more recent paper
[12] suggested using linearly modified
Gaussian as a model function for character-
izing the shape of chromatographic peaks.
Empirical equations based on basic peak
shape parameters were used to estimate ini-
tial parameters similarly to the approach by
Foley and Dorsey. In papers on peak shapes
in chromatography width and half widths are

often calculated at 10% of the peak height; it
is often chosen by default because it has
been used so widely since the 1980s that it
became a de facto standard value. Basic al-
gorithms, e.g. calculating width at certain
height or finding the coordinates of the apex,
are often omitted or referred to as software
functions or common routines. While com-
mon chromatography processing suites are
able to do these things automatically, we
found a detailed explanation of the algo-
rithms used only for software from Agilent
[13]. In this work we try to give these basic
operations the attention they deserve while
suggesting some solutions to the problems
that arise along the way.

In general, to fit real data with EMG,
PMG, PVG, and all other functions men-
tioned in the previous paragraph a nonlinear
optimization is required. In this regard, se-
lection of good initial parameters is im-
portant because it ensures and speeds up the
convergence of iterative fitting. EMG has
only four parameters. Moreover, currently
proposed equations for EMG calculation are
numerically stable [14]. Therefore, even na-
ive and straightforward approaches work
well in most cases even when initial guesses
are suboptimal. However, as was mentioned
earlier, more parameters in fitting functions
(e.g., PMG, PVG and PLG) and worse nu-
merical stability increase the chance of fail-
ure during nonlinear optimization. There are
two approaches to resolve the convergence
issue: improving the initial guess or tighten-
ing tolerances (lower and upper bounds) for
optimized parameters.

This work is focused on exploring rela-
tions between the EMG parameters and
basic peak shape parameters and applying
these relations to model data. Only a few ex-
perimental peaks were fitted to demonstrate
the approach in order to avoid discussing more
complex related problems such as subtracting
the baseline and defining peak boundaries.

Experimental

Software and libraries. Python 3.12 and
the following libraries were used to carry out
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Table 1. Basic parameters of a chromatographic peak.
Tabmuma 1. [Tapametpsl xpoMaTorpaduaeckoro nuka

Description Designation/Symbol
left halfwidth at xx% height Axx (Azo at 10%)
right halfwidth at xx% height Bxx (B1o at 10%)
width at xx% height Wi (W1 at 10%)
time coordinate of the apex tr Or apex.X
intensity coordinate of the apex apex.Y
B
asymmetry factor at xx% height fasymaxx = Aﬂ
XX
Ay, +B
tailing factor at xx% height Ty = —— &
24,
. . _ Byx — Axx
asymmetry ratio at xx% height Tasymax = 75— —

the research: NumPy (array routines, math
functions) [15], SciPy (special functions,
statistical distributions, curve fitting) [16],
Pandas (import/export of csv files, data ma-
nipulation routines) [17], Matplotlib (plot-
ting) [18], and Seaborn (plotting) [19]. All
source code and interactive Jupyter Note-
books [20] are available on GitHub [21].
Basic peak parameters and EMG param-
eters. We chose EMG as the model function
to calculate all the relations because it is the
most studied and widely used function to de-
scribe chromatographic peaks. Another im-
portant factor was that, while EMG may be
not the most accurate compared to some
modern functions, it has only four parame-
ters with clearly defined physical meaning
[11, 14]:
CrG2 X—K

EMG(X) = h*%*\/z*e(ﬁ_7>*
T 2

erfc <\/i5 * (UTG — xg—:)) 1)

Where the EMG parameters are height
(h), scale (o), mean (u or tg), exponential
decay (7). These parameters correspond to
key aspects of chromatographic peaks: ana-
lyte concentration, peak width, retention
time and peak asymmetry, respectively. In
addition, two derived parameters are also of-
ten used: the shape parameter (also known as

the fundamental ratio [11]) K =§ and the
standard deviation oy = /T2 + dZ.

Basic parameters of a chromatographic
peak extracted from raw data are presented
in Table 1. There are some alternative sug-
gestions [22,23] to calculate asymmetry
value as a ratio of the areas of left and right
parts of a chromatographic peak. Neverthe-
less, we did not use this approach and pre-
ferred to calculate the standard asymmetry
factor of a peak.

There are several implementations of
EMG distribution function in Python librar-
ies (Tensorflow: tfp.distributions.Exponen-
tiallyModifiedGaussian [24], SciPy:
sp.stats.exponnorm [16]). SciPy implemen-
tation showed some instability for K<10%,
see Results and Discussion for more infor-
mation. We also implemented a version of
the computationally stable EMG function by
Kalambet et al. [14] and used it in this work.

Relations between EMG parameters and
basic peak shape parameters. Full width of
the EMG peak was defined as 6*cemg, Simi-
larly to the 6*cc Gaussian full peak width
(99.73% of the whole area). In this work
there were two types of peaks used: (i) theo-
retical (continuous) peaks with unlimited
number of points, as all EMG parameters for
these peaks are known, and therefore
EMG(x) can be calculated for any x, (ii) dis-
crete peaks with 10 and 100 points per full
width with and without noise. To model
noisy data, normally distributed random val-
ues (mean=0, std=S/N) were added to model
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data. The signal-to-noise ratio (S/N) was set
at 100 for this work.

The following basic peak shape parame-
ters were calculated: apex coordinates
(apex.X and apex.Y), left and right half-
widths (A1o, B1o) and width (W1o) at 10% of
the peak height, and asymmetry-related val-
ues (fasym, T, Fasym).

Two parameters were varied in a mesh
grid pattern, each of the parameter’s inter-
vals was split into 100 points using geomet-
ric progression: o — [0.001;10], K -
[0.0001;10]. The relations were initially
tested to work for K up to 30 and o up to 25.
Later choosing such extreme ranges was
deemed unnecessary because quite more
moderate values of o and K values are usual
for gas and liquid chromatography.

Calculation of basic peak parameters for
continuous EMG function. Firstly, the coor-
dinates of apex point (apex.X and apex.Y)
were calculated using a default minimization
routine from SciPy applied to y(x) = —1 *
EMG (x) function. Secondly, the peak was
split into left and right halves. For each of
the halves the X coordinates corresponding
to 10% peak height (leftio.X and rightio.X)
were calculated by applying root finding
routine (scipy.optimize.brentq) to y(x) =
EMG(x) — 0.1 * apex.Y function. Half-
widths were calculated the following way:
Ap = apex.X - lefty,. X, By =
right,y.X - apex. X, Wi =
right,o. X - leftyo.X. Asymmetry ratio
and tailing factor were then calculated using
their definitions.

Approaches to calculation of basic peak
parameters for the discrete peaks. Due to the
discrete nature of experimental data, the sim-
plest approach is to consider only discrete X
coordinates corresponding to available
nodes. For example, apex.X and apex.Y can
be found just as coordinates of the node hav-
ing the highest Y coordinate. It is a straight-
forward approach which is implemented in
many software products. Nevertheless, there
are some limitations: precision is limited to
the size of the quantization step (i.e., dis-
tance between nodes) and presence of noise

can lead to unexpected results (e.g., a chro-
matographic peak can have a few local max-
ima because of high noise level). To estimate
peak shape parameters with precision better
than quantization step one must perform ap-
proximation or interpolation [25].

Calculation of apex coordinates for the
discrete peaks. To approximate the top part
of a peak (apex.X and apex.Y coordinates)
the following algorithm was used: firstly, a
data point with the maximum height ymax was
selected. Secondly, all data points with
height more than 0.85*ymax Were selected.
This selection had 3 or more points only for
peaks with more than 50 points per full
width which is not always the case in gas
chromatography. For peaks with less than 3
data points selected, the region was ex-
panded by adding one point to the left and
one to the right. Finally, parabola was used
to approximate the top of the peak. It was an
important step because it allowed for more
precise estimation of the apex.X (time) coor-
dinate of the misshapen peak. For example,
even when the top of the experimental peak
was split because of noise or the top of the
peak was misshapen due to low number of
points, etc.

Calculation of halfwidths for the discrete
peaks. The following algorithm was used to
calculate halfwidths of a chromatographic
peak for each of the sides at a given height
(10%*apex.Y is the default): if 3 or 2 points
were present on one side (from the first data-
point to the apex) they were interpolated
with parabola or line respectively. If there
were more than 3 experimental points on one
side of the peak then the points in the range
[height —  10%%apex.Y; height +
10%*apex.Y] were chosen. The lower bound
could not be less than 5%*apex.Y. For exam-
ple, for 10% of the peak height the interval
would be [5%*apex.Y; 20%*apex.Y] and for
30% it would be [20%*apex.Y;
40%*apex.Y]. If there were less than 3 points
in the selected range then the range was ex-
panded stepwise towards the apex.X and
away from it until there were 3 points se-
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lected. The selected points were approxi-
mated with a parabola. Approximation was
necessary to precisely calculate the X coor-
dinate at a certain height and also helped to
reduce the effects of noise. While more com-
plex functions could be used, parabola was
sufficient to describe the front and tail of a
peak and was more robust because it is linear
with respect to the coefficients.

Interpolation of relations between basic
peak parameters and EMG parameters. Con-
tinuous peaks were used to calculate some
relations between EMG parameters and
basic peak shape parameters: fasym VS K,
6/W10 VS fasym, (apex.X - n)/c vs fasym. Neither
of these relations were fully linear or could
be precisely described with low-degree pol-
ynomials in a wide range of values. There-
fore splines (sp.intepolate. AkimalDInterpo-
lator) were used to get some parameters of
EMG function.

GC/MS analysis. GC/MS analysis was
performed using an Agilent 7890A gas chro-
matograph (Agilent) coupled with a Pegasus
HT mass spectrometer (LECO). Separation
of the model mixture of organic compounds
(containing 5-methyl-2-hexanone and cyclo-
hexanone) was carried out on a Varian VF-
5ms column (30 mx0.25 mmx0.25 um) in
isothermal mode at 40°C.

Results and discussion

Choosing the best EMG implementation.
The first step for estimation of EMG param-
eters from basic peak shape parameters is to
study relations between the former and the
latter. Continuous EMG peaks calculated for
a range of shape parameters (K) were used

for the task. We found out that SciPy imple-
mentation of EMG function is numerically
unstable when shape parameter K is close to
0 (K<10™) and the peak is mostly Gaussian.
Fitting chromatographic peaks is not a com-
mon task for users of SciPy library; we did
not come across any efforts to improve sta-
bility for extreme conditions. EMG profiles
calculated using SciPy and Kalambet’s im-
plementations are shown in Fig. S1. One can
see that in the case of the SciPy library, pro-
files are not smooth because of numerical in-
stability. The main underlying reason for this
instability seemed to be a numerical over-
flow in an exponential part of the EMG im-
plementation in SciPy. At the same time, our
implementation based on Kalambet's ap-
proach [14] had only some minor irregulari-
ties for K<10 region but they are quite a bit
less severe and did not result in any prob-
lems in our calculations. Therefore, it was
chosen for this work.

K vs T/fasym relation. The shape parameter
K is used in SciPy to define the shape of the
EMG peak. It is the most important parame-
ter of the EMG function, because changing
all other parameters can be considered as lin-
ear transformations of the original profile:
scaling (when height or width is changed)
and translation (when peak apex.X is
changed). Other EMG parameters are easier
to calculate when K is known. K is propor-
tional to both asymmetry factor [26] and tail-
ing factor; however, these relations are not
linear (see Fig.1). Both curves are monoto-
nously increasing and have two parts: non-
linear profile (for K from 0 to around 1) and
mostly linear one (at higher K values). At the
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Fig. 2. Errors of K estimated using interpolation with splines and empirical equations proposed
by Foley et al. [11] (equations 5a and 5b in the original article, equations 2 and 3 in this article).
Puc. 2. TlorpemnocTu onenku K ¢ rcnonb30BaHueM CIDIaifHOB U SMIIMPUUYECKUX YpaBHEHU,
npemioxeHHabix Foley et al. [11] (ypaBHeHus 5a u 5Sb B OpUrHHAIBHON CTaThe, ypaBHeHU 2 U 3
B OTOM CTaThe).

same time, rasym VS K relation has an S-like
curve, that is why it is not used in this work.
Comparison with Foley approximation
functions. Approximation functions sug-
gested by Foley et al. (5a and 5b) [11] are
sufficiently accurate for fasymio in [1.09;
2.76] (K'in [0.49; 2.99]), however, this range
is quite narrow and restricted. For example,
it does not include symmetrical peaks and
highly distorted peaks with fasym10 >3which
can be sometimes observed when eluting
conditions are suboptimal. Foley et al. pro-
posed the following empirical equations:

K = — =
J¢
W2 — g2 /
1.764%f2 joym10 ~ 11.15%fasym,10 + 28 ¢
Wio (2)

3.27+fasym10+1.2

T _ JtzR*(fasym,10+1-25)

2
g
41.7%(tg/W10)? ¢/
Wio

327 asgmro12 )

It is possible to both increase accuracy of
estimation and extend the usable range of
fasym inputs by interpolation with splines. As
can be seen from Fig. 2, even inside the re-
gion proposed by Foley and Dorsey, interpo-
lation with splines shows much smaller er-
ror. It requires calculation of relations be-
tween parameters of EMG and basic param-
eters in a wider range of asymmetry values
to avoid extrapolation. However, in ideal
conditions interpolation with splines can be
inherently more precise than approximation

with low-degree polynomials due to the high
precision of calculated data points.

Akima smooth continuously differentia-
ble cubic spline interpolation was used in
this work (scipy.interpolate.AkimalDInter-
polator). It contained 200 knots for fasym,10
ranging from 1.0 to 7.4 (K from 0.0 to 10.0).
The end number for fasyma10 was chosen to
suit K=10 and the range can be further ex-
tended up to fasym,10=20 (K=30) without any
problem. However, such an expansion seems
to be counterproductive as peaks with such
extreme tailing are rare.

o/Wio Vs K relation. The EMG parameter
K describes the overall shape of the peak.
The width of the peak at 10% of its height
(W1o) is proportional to the o parameter of
the EMG function. Therefore, a 6/W1o vs K
relation can be used to estimate the ¢ EMG
parameter when Wy and K have been al-
ready calculated. The relation can be simpli-
fied by omitting conversion from fasym to K
and using o/W1o Vs fasym relation instead (see
Fig.3).

Ap/o Vs fasym.10 relation. Distance between
the apex.X coordinate and the p parameter
can also be estimated when the ¢ and fasym
parameters are known. This relation is repre-
sented by the following equation [11], where
tc is u and tr is apex.X coordinate and the
function f(B19/A1,) is a parabola:

tc = tg —0g * f(B1o/A10); (4)
Ap = tg —tg = 0% f(fasym) ®)
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fasym. 10

Fig. 3. 6/W1g VS fasym 10 relation
Puc. 3. 3aBucumocth 6/Wio OT fasym 10

While the a; * f(B19/A10) part can be
transformed either into the function of K, it
unnecessarily complicates the calculations
by adding an additional step. Therefore, the
Ap/o Vs fasym, (see Fig.4) was the relation in-
terpolated by splines (where Au=apex.X - ).

Estimating the height. It is known that an
apex of the EMG lies on the unmodified
Gaussian function [14] (as exponential com-
ponent equals 1 in this point). Therefore, the
h parameter of the EMG can be calculated
from the apex.X coordinate and the equation
of the unmodified Gaussian.

Approximation of a model peak. The first
step to apply the described approach for peak
fitting is to obtain basic parameters of a
chromatographic peak. It is supposed that
the peak in question is tailing. If the peak is
fronting, it can be mirrored with the follow-
ing equation x,,.,, = 24 — X,14-

Final pipeline looks as follows. Ax, Bxx,
Wiy, fasymxx and peaks apex point coordinates
(apex.X, apex.Y) are calculated. Then pre-
calculated splines are used to estimate all
other parameters: K is estimated from fasym
via a spline, o is estimated from Wy and
fasymxx Via @ spline, t is calculated from K and
o by definition, h is calculated from unmod-
ified Gaussian and apex.X, apex.Y coordi-
nates, p is calculated from apex.X coordi-
nate, O, and fasym,xx.

Choosing height to calculate width and
halfwidths. While calculating width at 10%
of the peak height is the most common ap-
proach and some arguments provided in the
original paper hold mostly true [11], there is

1.5 1
10
0.5
0.0 1 . . .
2 4 6
fasym, 10

Fig. 4. Ap/o Vs fasym,10 relation
Puc. 4. 3aBucumocts Ap/G 0T fasym 10

no prohibition to use other values. Going
lower is not an option in most cases due to
prevalence of noise, which leads to poor fit-
ting results. Choosing a higher point is defi-
nitely an option when signal to noise ratio is
too low. However, there is a tradeoff: the
higher the point to measure the halfwidth —
the steeper slope in K vs fasymxx relation and
therefore estimation of K becomes very sen-
sitive for errors in measuring fasymyx« (Fig. 5a).

Calculation of EMG parameters was
tested at heights from 10% to 50% with a
step of 5% for 10 K values geometrically
spaced from 0.1 to 3. Relative difference

Sy = w was calculated, averaged

among all K values and used as a metric of
goodness of fit, where § are Y coordinates
calculated from the initial estimate for K, o,
7, h and y are values of the original continu-
ous EMG function which was used to calcu-
late discrete chromatographic profiles. It
was discovered that this metric was compa-
rable for parameters calculated at 10-30% of
height for noise free peaks (Fig. 5b, 5¢). The
results were worse for 40% and higher val-
ues. It could be explained by inherent insta-
bility caused by a greater slope of fasymxx VS
K relation. For noisy data (S/N = 100), the
lowest values of oy were observed for about
30-35% of peak height. Therefore, it can be
considered as an alternative point to calcu-
late the basic peak shape parameters and es-
timate the EMG parameters.

Approximation of experimental GC/MS
data. Two compounds were selected to
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Fig. 5. K vs fasymxx relation (a) for asymmetry factor calculated at different heights (10-50%).
Relative difference &y between original EMG profiles and profiles calculated from initial esti-
mates obtained from width and halfwidths corresponding to different heights (b, c). The lower

oY, the better initial estimates. Discrete peaks with 100 (b) and 10 (c) points per full width were
used. Both noise-free data and peaks with signal-to-noise 100 were considered.

Puc. 5. 3aBucumocTh K 0T fasymxx (@) 17151 hakTOpa aCMMMETPUH, PACCYMTAHHOTO HA Pa3HBIX
3Ha4yeHusX BeicoThl UKa (10-50%). OtHOCHTEeNnbHAs pa3HOCT JY (b, ¢) MeX Iy HCXOTHOHN Kpu-
Boit OMI" U KpUBBIMH, PACCUNTAHHBIMU U3 HAYaIBbHBIX IPHOJIMKEHUH, IOTYYECHHBIX U3 ITUPUHBI
1 NIOJIYIIMPUH Ha pa3HbIX 3HAYCHHUAX BBICOTHI ITHMKaA. YeM MeHbIIIE Sy, TEM JIYUIIC HAYAJIbHBIC
npubmmkenus. Paccmatpusanu quckperssie muku ¢ 100 (b) u 10 (¢) Toukamu Ha TOTHYIO M-

pUHY IHKa, coAepkaliue (oTHoIeHue curHain-myM — 100) u He cofepxKaliye mrym.
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Fig. 6. Extracted ion chromatograms corresponding to the molecular ions of 5-methyl-2-hexa-
none (a) and cyclohexanone (b). “Exp” represents discrete experimental data points. “Spline”
corresponds to the initial values for iterative fitting found using the proposed approach. “Opt” shows the
final results obtained by iterative fitting of the experimental data points with the EMG function.

Puc. 6. XpomarorpaMmsl 110 3aJaHHBIM 3HAYE€HHEM 1M/Z, OTBEYAIOLIIE MOJICKYJISIPHBIM HOHAM
5-meTnin-2-rekcanoHa (a) u nukiorekcanona (b). @ynknus OMI', oTBevaroniast Ha4YILHBIM 3HA-
YEHHSIM [TapaMeTPOB, TIOITYYEHHBIX C HCIIOIb30BaHUEM MPEATIOKEHHOTO TI01X0/1a, 0003HaUeHa
kak "Spline". ®ynknus OMI, momyyeHHas mocie MpoBeIeHHUsI UTEPALIMOHHONW allpOKCUMAaIu
AKCIIEPUMEHTAIBHBIX JTJaHHBIX, 0003HaueHa Kak "Opt".

demonstrate the performance of the pro-
posed approach using real GC/MS data. Ex-
tracted ion chromatograms corresponding to
the molecular ions of 5-methyl-2-hexanone
(m/z = 114) and cyclohexanone (m/z = 98)
are shown in Fig. 6. In the case of 5-methyl-
2-hexanone, the main challenge was the low
signal-to-noise ratio, which was only 18.
This could create some difficulties in finding
the apex and estimating half-widths. The
other example (Fig. 6b) displays a highly

asymmetrical peak of cyclohexanone (fasym,10
~ 7 and K = 10). The empirical equations
from the article by Foley et al. [11] cannot
be applied here as the K value is outside of
the supported range (i.e., 0.5 to 3). Despite
all these challenges, the initial values for it-
erative fitting were correctly found using the
approach proposed in this work, and the ex-
perimental data were correctly described
even without performing iterative fitting

(Fig. 6).
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Conclusions

A spline-based approach for estimating
EMG parameters from basic peak shape pa-
rameters (Axx, Bxx, Wxx, apex.X, apex.Y) was
suggested. It is based on finding some rela-
tions between EMG parameters and basic
peak shape parameters: fasym VS K, 6/Wxx Vs
fasym,xx, (apeX.X - u)/G VS fasym,xx. The use of
spline interpolation (instead of empirical
equations described in the literature) allowed
us to expand the range of suitable peak
shapes (fasym,10 in [1.00; >20]) and increase
accuracy. The full algorithm to estimate
EMG peak shape from the recorded peak
was described in detail, including finding
peak apex.X and apex.Y coordinates along
with peak halfwidths at certain height. It is
also available as a Jupyter notebook [21].
Additionally, it was shown that for relatively
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