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Abstract This report presents an Excel application usafulcomparing a set of High
Performance Liquid Chromatography (HPLC) chromaowgs and numerically rating
them based on separation quality. The assignelitygaeores are dependent upon three
characteristics: the number of peaks detecteddrsémple, the resolution of all adjacent
peak pairs, and the total experimental run timehe Bpplication enables users to
customize the metric by prioritizing these thre@ldy attributes as desired. Using this
application would drastically reduce the need fisual inspection, making it very useful
for interpreting the results of chromatographidmtation experiments. A second Excel
application has been developed that enables usesstly simulate chromatograms.

This project was completed for Pfizer Inc. under direction of Dr. Patrick Lukulay, in partial fillent
of the requirements of Michigan State University M844, advised by Professor Jay Kurtz.
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Introduction

The main objectives of this project were to devedapumerical metric for measuring the
quality of an HPLC (high performance liquid chroogitaphy) separation, and to

implement that metric into a Microsoft Excel apption. When an HPLC procedure for
a given mixture is to be developed, the goal iéind a set of experimental conditions

(solvent, temperature, type of stationary phaseesin, and so on) that maximizes the
separation quality. This is done by performingedes of chromatographic separations
on the given mixture using various combinationspafameters, perhaps in a factorial
design type of experiment. A chromatogram for eammbination of HPLC parameters

is obtained. Currently, the separation qualityeaich run is determined by visual
inspection of the chromatograms. The purpose @tlmerical metric application is to

diminish the need for visual chromatogram inspectidnstead, the application assigns
each chromatogram a “separation quality score’tivelado the other chromatograms in
the set. The score for each chromatogram is baséaree quality factors:

* the number of peaks,
» a statistic describing the average resolution efpibaks, and
» the experimental run time.

The user may wish to select the experimental cardition with the highest quality score,
or to visually inspect only those chromatogramg tieaeived sufficiently high quality
scores before selecting an experimental configumati

A secondary goal of the project was to develop @lieation that can simulate a
chromatogram with specified peak characteristichsas retention time, peak width at
half-height, peak height, and peak area. Thismtogram simulator application was
created in order to generate a set of sample chiograans (test cases) that were used to
develop the metric application. The simulatorlsaiseful because it produces realistic
chromatograms that could be used for technical comication purposes.

Background

Chromatography is used to separate componentsniixi@re. The HPLC process is
shown in Figure 1. A solvent is pumped througlolaimn packed with a resin called the
stationary phase. After the column and solveneheyuilibrated, the sample mixture is
injected, and the various components are carriethbysolvent into the column. The
material packed in the column is called the staigrphase, and the various sample
components interact with this material to a varytggree. The greater the interaction,
the slower that particular compound will pass tigtothe column. As the components
migrate through the column, they undergo a serfesqailibration steps between the
stationary phase and the mobile phase so thatefheraion becomes more pronounced
as compounds pass through the column. IdeallysetltBfferences in interaction are
sufficient to allow all the components in the saenigl be completely separated (resolved)



from each other. As the components elute frontthemn, they pass through a detector,
whose signal is processed and plotted versus brfaiin the chromatogram.
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Figure 1. How chromatography works.

Figure 2 shows the most important parameters inrancatogram. The retention
time of a specific component is the time elapsedifsample injection to the time when
the component elutes from the column. The oth@ontant chromatographic parameters
relate to the width of the peaks. There are twakpeidths to consider: the peak width at
half height and the band width (or width at baseloncentration). Both of these width
characteristics are used to quantify the separapiatity.

Peak widths:
Wsgo, = peak width at half height
w = band width of the peak
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Figure 2. Sample chromatogram representing the most important parameters.



The area under a peak directly corresponds to tineuat of the corresponding
component in the sample mixture. For example,gufe 2, the sample mixture contains
more of the component corresponding to peak 2 thancomponent corresponding to
peak 1. Therefore it is important to compute ttemainder each peak. This is difficult if
the peaks overlap each other—that is, when the ooengs are incompletely resolved.
A measure of how well two components are separtquovided by determining the
resolution. The United States Pharmacogei@P) resolutiorkR equation at half-height
between peaks 1 and 2 is defined as

R1 - Z(tR,Z _tR,l)
L7 (W, + W)

(1)

where w(, ,and w2, are the peak width at 50% of the peak height &akpl and peak
2, respectively [3].

The optimal resolution value for a symmetric peaR F 1.5, as demonstrated in
Appendix C. This corresponds to a pair of peakd tto not overlap and both reach
baseline height without additional time betweemthaVhenR < 1.5 the peaks partially
overlap, and the corresponding components aretgdid incompletely resolved. On the
other hand, iIR> 15the peaks are completely resolved, but some anufuime passes
between the moment when peak 1 returns to basehkethe moment when peak 2
begins to form. This constitutes a waste of timdthough this is usually considered less
of a problem than incomplete resolution, it is| stdt ideal.

Part 1. Simulate Chromatographic Peaks
Analysis

In this part of the project a software program itmwate chromatographic peaks was
developed. In order to generate the peaks, thealadistribution was used, since the
shape of symmetric peaks can be approximated bwwsstan curve. The probability
density function of the normal distribution with arex and variance® is a Gaussian
function,

f(x;u,a):ajﬁex —(XZ_U’LZI) J (2)

In Appendix C, it is shown that the width at hadfighht of a Gaussian curve is related to
the standard deviation by

Wy, =20V2IN2. 3)
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The normal distribution is a simple model for aarhatographic peak, as it does
not account for tailing effects. Figure 3 shows tlistribution profiles for an ideal and a
non-ideal peak. A single normal distribution coattturately model the peak on the left,
but not the peak on the right. The profile onléfe in Figure 3, represents an ideal case
where the equilibrium is instantaneously achievétie profile on the right represents a
the case in which incomplete equilibration causeakptailing. The amount of tailing
depends on the experimental conditions.

Llohile
phase . —> —>

Stationany
phase

Figure 3. Distribution profiles for an ideal (left) versus a non-ideal (right) chromatographic column.

The USP measurement for peak asymmetry is givahdgsymmetry ratio
As, =—, (4)

whereA is the time frontg to width end point at 10% of peak height, & the time
from width start point at 10% of peak heighttgd3] as shown in Figure 4. When the
asymmetry ratio is one the peak is symmetric. Traukte both symmetric and
asymmetric peaks, the simulation application uses Gaussian distribution curves for
each peak, one for the left side and one for et side of the mean.

Time (min)

Detector Signal (mV)

W 10%

Figure 4. Asymmetry (10%).

The input parameters necessary to generate eashape the retention time, the
width at half height, the peak asymmetry, and eithe height of the peak or the area
under the peak. The function that generatesitheeak with a specific height is defined
as



f(titg,, O )N2rth oy, if t<t;,
c, t):{ (Gtan Tan) B " (5)

f(ttg, O W2Th o, if t>t,

wheret, ., 05, 0,,andh, are the retention time, the standard deviatiorth@teft and

right side of the peak, and height of th® peak, respectively. The functidnis the
normal distribution function given by equation (2).

In Appendix C it is shown that the area underfi@eak is given by

_~N2mhog, N N2rth o,

Area 6
n > > (6)
Using this equation, the function that simulatggak with a specific area is
2[Ar .
f(t;tRn’O-Bn);.ana-Bn if tStRn
' ’ aB,n + aA,n ’ '
Calt) = (7
F(tt, o, )2 i it
1ER,NTY AN O_B’n + O_Ayn An R,n*
The function that simulates a chromatogram wigieaks is
C(t) =) ¢, *baseline, (8)

n=1

where c,,, is the function that generates one peak consigdtie height or the area.
The baseline is either a horizontal line or a il a specified slope.

The simulation application outputs the resolution éach adjacent peak pair, as

well as the area or height of each peak (whichewxr not specified). Another output is
the plate counl, which is related to column efficiency. The USB@ count is given by

2
N :16( e j , )
Wt,ﬁl%

where w, ¢, is the peak width at the baseline determined bygeat lines drawn at 61%
of the peak height.

The simulation application also has the capabibtgimulate baseline noise. The
functions used to do this are described in Appedix



Results

When the chromatogram simulator application is eplethe simulation screen shown in
Figure 5 appears. There are three tables: Optiopsts and Outputs. The Options table
(enlarged in Figure 6) allows the user to choosgkpsrea or peak height as an input
parameter. It also gives the user the abilityncdude baseline noise and specify the

height and inclination of the baseline.

Chromatogram Simulator

Detector Signal (V)
o

Options

Specify Peak Area or Height?

Baseline Noise Inensity

Baseline Height (mV)

Baseline Inclination (m¥ / min)

) Area @ Height

0 a 1 15 20 25 0 3 40 45 50 55 B0

Tine (min)
Inputs Outputs
Width at
Retention a Height . Nuniber of Area
Peak Number Time (min) Halfheight | Asymmetry V) Resolution Plates (¥ min)

(i)

Figure 5. Screenshot of the simulation application.
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specify Peak Area or Heighi? {h Area

8 Height

Baseline Height (m'¥) 0.0

Baseline Noise Intensity

Baseline Inclination (mV / min)

Figure 6. Screenshot of the Options table.




An example of the input table is shown in FigureIn this case the user has
selected in the Options table to specify heighteiad of area as an input parameter, so
the inputs in the last column are peak heightse U$er then entered peak data for six
peaks as shown. Note that the peaks have beerme@mteorder of increasing retention
times—this is a requirement of the application.

Inputs

Width at

Hetention . Heighi

Peak Numher Time (min) Ha]f-]lelg:ht Asymmelry ()
(min)

1 .l 2.0 1.4 10.0

2 10.0 1.2 1.0 6.0

3 20.0 1.0 1.0 4.0

4 300 0.5 1.0 20

5 350 1.0 2.0 1.0

6 4z.0 2.0 1.0 7.0

Figure 7. Screenshot of the Inputs table.

The chromatogram generated by the inputs in Figuseshown in Figure 8. The
user can modify the input values as desired, aadytaph is automatically updated with
each change.
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Figure 8. Chromatogram produced by the input values from Figure 7.

The application also outputs the resolution forhepeak pair, the number of
plates corresponding to each peak, and the pegkthei peak area (whichever was not
specified). The Outputs table generated by theitijalues in Figure 7 is given in
Figure 9.



Dullmts
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Resolution Plates (ni¥ min)
- as . 3 2129

074 25420 L]

535 221299 4,26

T84 19916 .90 1.06

392 a7 2 1.06

510 21270 1490

Figure 9. Screenshot of the Outputs table corresponding to the inputs from Figure 7.

Discussion

In this part of the project, a software progrant ghmulates realistic chromatograms was
developed. The simulation was built using the Geunsfunction (the normal distribution
probability density function) to simulate peakssitg) the normal distribution function, it
is possible to generate symmetric peaks with aa afd..0 for a given mean and a given
standard deviation. To simulate chromatograms ywéhks of varying sizes, either the
height of the peak or the area under the peak bristsed as an additional input value.
Also, to simulate tailing effects, two Gaussianves were patched together at the mean
in order to simulate asymmetric peaks. The softwhus has four input parameters: the
retention time, peak width at half height, peaknasyetry, and peak height or peak area.

There application has some basic limitations. rbteoto generate realistic peaks,
a large number of data points are needed, andftinerthe application was designed to
simulate chromatograms with at most 20 peaks dothieafile size was not inordinately
large. Also, for programming simplicity and prdjéiene constraints, the application was
designed with the requirement that peaks are ahtgréncreasing retention times. If the
user enters peaks in another order, the chromatogih not appear until the problem is
corrected. However, this is an unimportant linigtat since it is a trivial task for the user
to reorganize the input values so the retentioegiare entered in increasing order.

The simulation application generates realistic ofatbgrams using four input
parameters. The software not only allows the tselefine the baseline properties, but
also gives information about the peak resolutiammber of plates, and peak area or peak
height.



Part 2. Numerical Metric

Introduction

In this part of the project, a quality metric waesvdloped to numerically rate the quality
of a chromatographic separation. The metric assayguality score between zero and
one to each chromatogram (of the same substanseql loa the following criteria.

* Number of peaks: more peaks correspond to a bettematographic separation.
The maximum possible value is the total numberoofigonents in the sample.

* Resolution: the value of the resolution for eaalr pf adjacent peaks should be as
close as possible to the optimal value of 1.5e88lthan 1.5, the peaks overlap).

» Total run time: when all the peaks are completeBolved less total run time is
certainly desirable.

Figure 10 and Figure 11 show different chromatogrash the same substance
containing six components. The chromatogram shiowFigure 10 is of higher quality
than the one shown in Figure 11, because thectwstmatogram has more peaks, a better
resolution profile, and a shorter total run time.
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Figure 10. Sample chromatogram representing a high quality chromatographic separation.
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Figure 11. Lower quality chromatogram.
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In conclusion, the ideal chromatographic separdt@sits number of peaks equal
to the total number of components in the substaatteresolutions equal to 1.5, and
requires minimal run time.

Analysis

The quality score of thi&' chromatogram@Q , is a function of the form

Q =1-cp,; —C,Py —CsPs; - (10)

Here, p,;, p,; and p;; are the punishment values for number of peaks)utsn, and

run time assigned to théh chromatogram by the punishment functions p,, and p,,
respectively. All three punishment functions hearege [0,1], where zero corresponds to
no punishment and one corresponds to maximum puwesh The numbers;, ¢, and

c, are user-specified prioritization constants massgy

c,+C,+C, =1. (11)

to ensure thaQ, has range [0,1]. The values of, ¢, and c, are chosen to reflect the
relative importance of the three quality attribute§or example, choosing, = 05,
¢, =03, andc, = 0.2would be appropriate if the number of peaks ismtiost important
guality attribute and the total run time is theskianportant attribute.

The peak punishment function value of ﬂ'ice;hromatogrampl,i is defined as

min (12)
0 if n_.=n

where n. is the number of peaks in th#h chromatogram, andh __ and n_, are the

maximum and minimum number of peaks among all clatograms. That is, if there are
N., total chromatograms in the set, then

Ny =Min{n;,n,, ..., Ny} (13)

and

Npax = Max{n;, n,,..., Ny }. (14)

chr

11



If n...=n,, then all chromatograms have the same number éSpsa the appropriate

punishment value is zero, as indicated by equdfigh Figure 12 shows the graph of the
punishment functiorp; .

1,

Punishment value

Number of peaks

0 !

n n

min max

Figure 12. Peak punishment function.

The resolution punishment functiop, is analyzed next. Thi¢h chromatogram
has n; — 1pairs of adjacent peaks, each of which is punidbedesolution. So that the
user may choose how to do this, a customizabletimg/ was designed. The function
Y, assigns to th&th peak a punishment valug (R, bpsed on its resolutioR, . The
graph of this function is shown in Figure 13.
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Figure 13. Punishment function for resolution of each adjacent peak pair.

The valuesR ., R, R, R}, andc,, are adjustable so the user can modify
the way resolutions are punished. The parame®sand R, are used to specify a
“neighborhood” around the optimal resolution sattha(R,) =0 if R, is betweenR,,
and R},. Therefore the user should seld®}, and R}, so thatR), <15<R} . For
example, if R, =145 and R}, =16, peaks with resolutions betwed®], = 145 and

12



R,: =16 will receive zero punishment. The parametRrg andR ., are adjustable so
that the user may decide to give maximum punishrteepeaks withR, sufficiently far
away from 1.5. Finally, the user may adjest to punish resolutions that are too small
differently than resolutions that are too largde Bquation ofy, is

1 If Rk = Rmin
R RusR<R,
Y(R) =40 if Ry<R <R, (15)
Cz’lRT;x_—_RFii If Rgpt < Rk < Rmax
CZ,l If Rk > Rmax'

After each adjacent peak pair has been assignediahpnent value according to
the functiony, , the average resolution punishment ofithechromatogram

y, = KL (16)

is calculated. After this has been done for all dhromatograms, each chromatogram
receives a resolution punishment according touhetfon p,, given by

py = 2me (17)
ymax - ymin

where 'y, andy,,, are the smallest and largest average resolutiarsipments among
all chromatograms in the set. In other words,

ymin =min{y1'y2""’yN } (18)

chr

and

Yinax = MaX{Y1, Y505 Yy, 3 (19)

chr

Thus, the chromatogram with the worst resolutioofifer receives ap,; value of one,
and the chromatogram with the best resolution jgroficeives ap,; value of zero.

13



Finally, each chromatogram is punished for expentman time. However, the
run time is related to the number of peaks—morekpeahould require more run time.
Therefore the total run time punishment functiodesigned based on time per peak,

I, =t/n (20)

wheret, is the total run time of thieh chromatogram, calculated by adding the retention
time of the last peak and half the baseline widtkthe last peak. Once is calculated
for all chromatograms, the run time punishment @alare assigned by

Ti ~ Tmin
p3,i = Tmax - Z-min (21)
0 if 7

In the unlikely event that, ., =7,,,, all chromatograms have the same total run time, s
a time punishment of zero is assigned to eacheshth

In order to validate the numerical metric preséntbe results were compared to
those given by the method developed by SchlabadhExwoffier, which uses a value
called the Chromatographic Resolution Statistic,

1 R — 2 n-1 )2
{, Ropt] 1 (R) L (22)

RS ; R, — Ry Ei+J'Zi‘(n_l)(Ravg)2 n

Here, R, is the smallest acceptable resolution value défiog the user,R,, is the
desired resolution (also specified by the user, an

1 n-1
= R. . 23
IQavg n-1 = j ( )

These equations are presented in Chapter 2 of TBg CRS function assigns a positive
score to each chromatogram. The smallest valuesmonds to the best chromatogram
in the set. The optimal value occurs when all vidiial resolutions approach the
optimum resolution, are close to the average réisoluand the experiment requires the
minimum analysis time.

14



Results

Quality Metric Results

In order to test the validity of the quality mefribe simulation developed in part 1 was
used to generate twelve test chromatograms. |h ease, the peaks are symmetric.
These chromatograms are presented in Appendix B.

Since the user can specify which criteria are nmopbrtant, it is necessary to test
the quality metric for different scenarios. Thersarios tested are presented in Table 1.
For brevity, only the results of scenario (d) aresgnted in detail.

Table 1. Scenarios tested.

Scenario | Description (o} c, C,
(@) Care only about peaks 1 0 0
(b) Care only about resolution 0 1 0
(c) Care only about total run time 0 0 1
(d) Possible practical scenario #1 0.6 0.3 02
(e) Possible practical scenario #2 0.65 0.35 0
)] Matching with CRS 0.1 0.7 0.2

The settings used for thg, function in scenario (d) are given in Table 2 and
shown in Figure 14. Since,, is set to zero, the value &, is unimportant.

Table 2. Resolution punishment parameters used in sce(drio

Parameter Value
R 0.30
Ron 1.5
R 1.5
Rax N/A
Cyy 0

15
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Figure 14. Punishment resolution for scenario (d).

The application was used to rank the 12 test céisentatograms using the
settings given above. The results are given batolable 3.

Table 3. Results for scenario (d).

Chromatogram| n, t; Yo, Py, P,; Ps; Quality
Chr 12 12 2.604 0.155 0.00 0.695| 0.000 0.791
Chr 10 12 3.771 0.155 0.00 0.695| 0.646 0.662
Chr7 12 3.375 0.222 0.00 1.000| 0.427 0.615
Chr 3 10 3.850 0.004 0.50 0.008| 0.690 0.610
Chr1 10 3.850 0.033 0.50 0.140| 0.690 0.570
Chr 11 9 3.167 0.002 0.75 0.000| 0.312 0.563
Chr9 11 4.409 0.191 0.25 0.860| 1.000 0.417
Chr 8 10 4.050 0.151 0.50 0.678| 0.801 0.386
Chr 2 10 3.750 0.180 0.50 0.809| 0.635 0.380
Chr 6 8 4.188 0.005 1.00 0.011| 0.877 0.321
Chr 4 8 4.188 0.005 1.00 0.014| 0.877 0.320
Chr5 8 4.275 0.071 1.00 0.315| 0.926 0.220

Since chromatograms 4, 5 and 6 have the fewesbeuwf peaks, their peak
punishment function values are one. Conversely,pak punishment function values
for chromatograms 7, 10 and 12 are zero, sinceetbksomatograms have the greatest

16



number of peaks. By visual inspection, chromatogrdl and 4 are the best in terms of
resolution. Thus, these chromatograms should Havemallest punishment values for
resolution. This agrees with the results showhahle 3.

Chromatographic Resolution Statistic (CRS) Results

The results obtained using the CRS are shown imeTéb These results usdg},, = 0.3
and R, = 15in equation (22). Table 4 also shows the resafitained with the quality

metric from scenario (f). The settings used a@ashin Table 5. The results are quite
similar, and in fact the top six chromatogramstaeesame.

Table 4. Comparison of the CRS (left) and quality metriglft) rankings.

Rank Chromatogram CRS Rank Chromatogram Quality
1 Chr5 4.325 1 Chr5 0.715
2 Chr 11 5.829 2 Chr 11 0.646
3 Chr 12 6.556 3 Chr 12 0.549
4 Chr1 7.379 4 Chr1 0.547
5 Chr 10 9.4971 5 Chr 10 0.42(
6 Chr 7 10.004 6 Chr 7 0.312
7 Chr 8 10.323 7 Chr 3 0.310
8 Chr 2 11.206 8 Chr 8 0.281
9 Chr 6 13.901 9 Chr 2 0.188
10 Chr 3 14.071 10 Chr9 0.075
11 Chr 4 14.213 11 Chr 4 0.072
12 Chr9 25.78( 12 Chr 6 0.03§

Table 5. Resolution punishment parameters used in sce(fario

Parameter Value
R 0.30
Ropt 1.50
R 1.50
R ax 30.00
Cyy 1.00

17



Discussion

In this part of the project, a numerical metric wadesveloped to indicate the best
chromatogram in a set without the need of visugp@ttion. It is difficult to define what
a good chromatogram is, as it will depend on th@gse of the experiment. The quality
metric was developed with this principle in mindlhe metric cannot determine the best
chromatogram in the set without first knowing wiparameters are most important for
the particular experiment. The prioritization ctamds c,, ¢, andc, allow the user to

specify the importance of each criterion.

To illustrate this point, consider that in sceaaff), the best chromatogram is
chromatogram 5, while in scenario (d), chromatoggam the worst. Chromatogram 5
has the least number of peaks, all the peaks anpletely resolved, and there is no waste
of time between peaks. In scenario (d), the mogtortant criterion is the number of
peaks. In scenario (f), resolution is most impatital herefore, the difference is justified.

The scenarios shown in Table 4 were tested andatiiengs corresponded to the
results obtained by visual inspection. However,dtenario (c), when total run time is
the only criterion under consideration, the quatitgtric is not as accurate. Ideally, if the
user chooses to rank the chromatograms based aimraralone, the application should
simply rank the chromatograms in order of increggotal run time (the chromatograms
with the shortest and longest total run times shalé best and the worst ranks). This
could be accomplished by assigning the time pungstirfunction values in terms of the
absolute total run time, rather than the total run tiper peak as done in equation 21.
Unfortunately, when the algorithm using absolute time was tested on scenario (d), in
which all three quality criteria are important, tpherformance was far inferior to the
algorithm in which run time per peak (equation 2Hs used. Ifpsis based on absolute
total run time, then chromatograms that have adomgn time because they have more
peaks are punished rather severely for time. iBhiikely undesirable in many practical
situations. Therefore a trade-off exists: thelfalgorithm can be selected so that either

» performance is good when all three quality factmes considered and imperfect
when only total run time is considered, or

» performance is good when only total run time isstdared, but worse when all
three quality factors are considered.

The decision was to choose the first of the abaxgedptions, and sacrifice performance
in the situation when only run time is importantgain performance in situations when
all three factors are important. This choice waslenfor two reasons. First, it seems that
scenarios when all three criteria are important anlse much more often than scenarios
in which only run time is important. Second, evernhe scenario when only run time is
important, it is not very difficult to rank chronmgrams manually. Visual inspection is
far more difficult in situations when all threeteria are considered, so in that sense, it
makes sense to design the application to functest in those situations.
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Scenario (f) was developed in attempts to matehqtnality rankings with those
given by the CRS method of Schlabach and Excoffier The CRS function evaluates a
given chromatogram based on

» the extent of separation between each pair of adjgmeaks,
 the uniformity of spacing between peaks,
« the minimization of the analysis time.

The weights of these three criteria can the appmated by the algorithm from this work
by settingc, = 0.1, ¢, = 0.7, andc, = 0.2in equation 10. This points out that the CRS

function is most useful when resolution is the magportant quality attribute. If other
attributes are more important, the CRS method doésandle this as well. The quality
metric from this work is thus an improvement over CRS method.

Future Work

The quality metric was developed assuming the peak&swell-modeled by Gaussian
functions, and therefore the metric results are Wwéen the chromatograms to be ranked
have a minimal amount of tailing. To account feyrametric peaks, the analysis in this
work could be extended by modifying the resolutmmishment function. If this were
done, one possible approach is to use two Gaugsiations patched together at the
mean, as was done in the simulation applicatiorldg@ed in this project. The advantage
to this method is that exact relationships for pgeak widths and resolution can be
developed. However, it may be difficult to cortelathese relationships with the
parameters that are given by the Empower software.

As mentioned in the Discussion section, the atgoridoes not give ideal results
when total run time is the only quality attributensidered, yet the algorithm was chosen
because the alternatives performed worse in sitositivhen all three attributes are taken
into account. The run time punishment functpgrs the crux of this issue. ik is based
on absolute total run time, then chromatograms ttiat longer because they have more
peaks are unduly punished. Baspmgon run time per peak helps resolve this problem,
but doing so gives poorer results in scenarios wdrén total run time is considered. It
might be possible to merge the two concepts by hig the two punishments based on
absolute total run time and total run time per pe&kis approach seems promising, but it
was not attempted in this project due to schedoteitaints.
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Conclusions

 Two Excel applications were developed in this mbjea chromatogram
simulator, and a quality metric application thatks chromatograms in a set
based on their quality.

* The chromatogram simulator application can be usedenerate realistic
chromatograms that are well-suited for use in tegdicommunications.

« Results obtained by the quality metric functionretate well with the results
obtained by visual inspection.

* The metric application enables the user to cholsebest chromatogram in a
set of chromatograms with a much smaller needigural inspection.

* The quality metric developed in this project caprogluce the results given by
the CRS method. Since the quality metric develdpetiis work enables the
user to specify the importance of each qualityeaan, the algorithm from this
project is an improvement over the CRS.
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Appendix A — Terminology

Chromatography is a separation technique in whiablecules or ions are
distributed between two immiscible phases. Onelwis stationary and the other
is mobile [2].

Resolution is the degree of separation betweenvamgolutes and is governed by
the two independent processes that consist of esotatention and band
broadening [2].

The analyte is the substance which is to be pdrif@ isolated during
chromatography [4].

A chromatogram is the visual output of the chrorgedphic separation. Different
peaks or patterns on the chromatogram correspodiffésent components of the
separated mixture [4].

The mobile phase is the analyte and solvent mixineh travels through the
stationary phase [4].

The retention time is the characteristic time Kesfor a particular molecule to
pass through the system under set conditions [4].

The stationary phase is the substance which isdfixe place for the
chromatography procedure and is the phase to wdntvents and the analyte
travels through or binds to [4].
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Appendix B — Test Case Chromatograms

In order to evaluate the quality metric, twelveahatograms were generated using the
simulation software. These chromatograms are showigures B1-B12.
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Figure B3. Chromatogram 3.
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Figure B6. Chromatogram 6.
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Appendix C — Derivations

The normal distribution density function is

1 _(x=p)? ]
U\/Eex;{ “og? ] (C-1)

f(xu,0)=

which has a height

h= f(u;u,a>=ajz—”. (C-2)

and the area under the peak is 1.

For a given mean and standard deviation it is ptsdb graph a bell shaped
curve. However, for the simulation applicatiore thesired parameters are

* t;-retention time;
Wy, - Peak width at half height;
* As,- peak asymmetry; and
* h or Area- peak height or peak area.

C.1 — Derive the expression that simulates an asynetnic peak with a specific height

First it is necessary to calculate the widthz#t of the height, where is a number
between 0 and 100. The pointg, that correspond t8% of the height can be calculated

using (C-1) and (C-2). It follows that

Y
i = exr{_ (Xz% 2/'1) j , (C_s)
100 20

and thus

X,5, = M £ 04/ 2IN(100/ 2) . (C-4)

For an asymmetric peak the width at 10% is given by
Wy, =0~ 2In10+0,+/2In10, (C-5)

where g, and o, denote the standard deviation to the left andh® right of the
retention time (mean), respectively. It followatla peak has an asymmetry of
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_A_o,N-2In01_o, (C-6)

Mo =g~ o.J-2In01 o5
From (C-4), the peak width at 50% is
Wy, =0gV2IN2+0,4/2In2. (C-7)

From (C-6) and (C-7), the standard deviations ¢oléfft and to the right are

_ Wi, [AS _
In = W+ Asg2In2 (c-52)

and

— W503/0 -
7" @ A V2IN2 (C-80)

The last step is to incorporate the peak height a€complish this task the
function (C-1) must be divided by the normal disition height (C-2), and then

multiplied by the specified heiglt The function that simulates a peak with a rédent
time t;, peak width at half-height,,, , asymmetryAs,, and a given heightis

6 () :{f(t;tR,aB)aB\/ZTEIh if t<t, c-9)

f(t;tg,00)0N2rh if t>t,
with o, and o, given by equations (C-8a) and (C-8b).
C.2 — Derive the expression that simulates an asynatnic peak with a specific area
The area under an asymmetric peak is given by

Area = Area® + Area”, (C-10)

where Area® and Area” are the area under the peak to the left and taighe of the
retention time, respectively. Since the area uadesrmal peak is 1, it follows that

Area” = % ghﬂ _ WVAT v (C-11a)
A

and
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C-11b
- (C-11b)

where h,and h; are the peak heights given by equation (C-2). tdted area is then

Area=h—'22ﬂ(0'A +03). (C-12)

From (C-12), (C-11a), and (C-11b) it follows thiaé areas to the left and to the
right of the retention time as a function of theat@rea are given by

A_ Arealo,

Area” = (C-13a)
(O, t03)
and
Area® = M. (C-13a)
(UA + UB)

With this result it is possible to generate a Gmuspeak with a given retention
time, width at half-height, asymmetry, and areae Tunction that simulates the peak is

2[F (t;t.,0.)Area® if t<t
CA(t)={ (tite. %) R (C-14)

20F (t;t,0,) Area” if t>t,.
The factor 2 arises from the fact that to geneitsdeft hand side and the right hand side
of the peak it is necessary to assume that eaehcsEidesponds to a Gaussian curve.
Since a complete Gaussian curve is symmetric, rie @nder the complete peak is twice
the area calculated in equation (C-13).
C.3 — Derivation of the optimal resolution

The USP resolution between two symmetric peaks/engoy

_ 2(tR,2 _tR,l)
L7(W,, + W)

(C-15)

For a normally distributed peak the peak widtheilatively close to six times the standard
deviation. From this fact, in order to have totatsolved peaks it is necessary that

tR,Z = tR,l + 3(01 + 02) ' (C-16)
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where g, and g, are the standard deviations of peak 1 and peasspectively. Using
equation (C-7) to rewrite equation (C-16) in temhpeak width at half-height,

3
tro =try = [Wioy, + Wigy,) - (C-17)

*2./2In(2)

Substituting equation (C-17) in equation (C-15)wdhat the optimal resolution is

3(Wigy, + Wi,
tRl+M_tRl
R - 2./2In(2) .3 .. ©-18)
Pt 17(W8, +w2,) 172In2)

C.4 — Simulating baseline noise
To best simulate baseline noise, it is necessanysto a function defined in terms of
random variables. Several such functions weresinyated, and the one that gave the
most realistic results was selected. The noisetiiom is based on two numbers,

u, ~U[-11] (C-19)
and

u, ~U[-11], (C-20)

both of which are selected from the uniform digitibn on[- 1,1]. Then to each data
point on the baseline is added the noise value

¢=d[.]J21/—2In(x)/x‘, (C-21)

where

2402
_U tu,

. (C-22)

andd is an adjustable parameter that controls the “augd” of the noise (increasing
increases the intensity of the noise).
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Appendix D — User Guide — Simulation
Application Organization
The application consists of one worksheet, whicht@ios the user options to simulate a

chromatogram, the chromatographic inputs and thigeictive outputs. This worksheet is
shown in Figure D1. Throughout, blue font indicatells that the user should adjust.

Chromatogram Simulator

Options

Specify Peak Area or Height? ) frea @ Height

B4 Baseline Noise Intensity

Baseline Height (mV)

Detector Signal (V)

=)
in
2

Baseline Inclination (m¥ / min)

0 a 1 15 20 25 0 3 40 45 50 55 B0

Tine (min)

Inputs Outputs

Width at
Retention a Height . Nuniber of Area
Peak Number Time (min) Hl]f]l:lg]l: Asymmetry V) Resolution Plates (¥ min)

Figure D1. Screenshot of the simulation application.

Options Table
The Options table is enlarged in Figure D2. |8 tiable, set the options as follows.

* For each peak in the simulated chromatogram, ettieeheight or the area must
be specified (the other is calculated automatigallyo specify the area of each
peak, click the Area radio button. To specify tleght of each peak, click the
Height radio button.

* The application has the capability to simulate basenoise. To include baseline
noise, change the Baseline Noise Intensity to atipesnumber (for example,
setting the intensity to 0.05 gives light noised @20 gives heavier noise). To
turn noise off, change the Baseline Noise Intertsizero.

* To adjust the baseline height up or down, changes#iiue in the Baseline Height
box (this value must be a positive number).

* The application can simulate chromatograms withopesl baseline. To adjust

the inclination of the baseline, change the valu¢he Baseline Inclination box
(this value must be non-negative).
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Options

Specify Peak Avea or Height? ) Area @ Height
Baseline Noise Intensity
Baszeline Height (m'¥Y) 0.50

Baseline Inclination (mV / min)

Figure D2. Screenshot of the Options table.

Inputs Table

The Inputs table with two peaks already entereshswn in Figure D3. This section
allows the user to input the values for the retantime, width at half-height, asymmetry
ratio, area or height of each peak.

* Do NOT enter the peak numbers. Peak numbers apptamatically once the
four required input parameters are entered.

» Enter the retention time, width at half height, ragyetry ratio, and height or area
(whichever was chosen as the input parameter irOtitgons table) for the first
desired peak. When all four parameters are enténedspecified peak appears,
and the peak number appears along the left edtedhputs table.

* Repeat the above step for each additional peaiksRaust be entered in order of
increasing retention times. If this is not done,earor message appears and the
graph vanishes until the problem is corrected.

Inputs
Width at
Retention . Height
Peak Numb Halfheight | As
¢ “F| Time (min) = ymmetry (nv)
(min)
1 50 0.6 10 40
73 0.5 19 30

Figure D3. Screenshot of the Inputs table with two peaks entered.
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Outputs Table

The Outputs table screenshot is shown below inrEige4. This section provides the
resolution between adjacent peaks, the numberabégl and the area under the peak or
the peak height (whichever was not chosen as t{h# iparameter in the Options table).
The first row for resolution is empty, and the sstoow contains the resolution between

peak 1 and peak 2.

Outputs
MNumber of Area

Resolutio
soTumon Plates | (mV min)
- 384,20 2.55
235 1147 21 140

Figure D4. Screenshot of the Outputs table corresponding to the input values from Figure D3.
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Appendix E — User Guide — Metric
Configuring Excel

The file Pfizer_QualityMetric.xls contains macrgs, Excel must be configured to enable
macros to run before the file is opened. Thislmadone using the following steps:

1. Start Microsoft Excel (but not by opening th&Prf_ QualityMetric.xls file). If a
new workbook called Book1 is opened automaticallgse its window (but not
the entire Excel application window) by clickingetiClose Window box, or by
selecting Close from the File menu.

2. Pull down the Tools menu, point to Macro, antt&eSecurity. The Security
dialog box appears. Click the Security Level tab.

3. To use the application, the Security Level noesset to Medium or Low. Click
the radio button for the desired setting, and ek OK.

4. Open the file Pfizer_Simulation.xls. If the Mewh security setting was selected,
a Security Warning dialog box similar to the onewh in Figure E1 will appear
(this is normal). If this occurs, click the Enabacros button.

s ]|

"CiiDocuments and SettingsiRikal My Documentsitry WarkiMTH
344\ Pfizer Simulation, Simulation_2007-01-19_+5,xls" contains macros,

Macros may contain viruses, It is usually safe ko disable macros, but if the
macros are legikimate, you might lase same Funckionality,

Disable Macros ] [ Enable Macros ] [ Mare Info

Figure E1. This Security Warning dialog box is normal.

Ranking Chromatograms By Quality

1. Click the Select Data File Button (see Figurg. E& dialog box opens. Browse
until the desired data file is found, select itdatick Open. The name of the data
file is then displayed on the screen.

2. Choose the desired threshold area. All peakkerdata file with an area below
the threshold area will be automatically delet@@y default, the threshold area is
set to zero, so that if any peaks in the datanfdee not integrated and do not have
data available, they are deleted automatically.)
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Settings

Input data file Change Input Data File
Input data file iz WondetSubstanceData xls
Thresholding
Threshold area 4 ¢ 1

Figure E2. Use this part of the interface to configure the input data file.

NOTE: The data file must have the appropriate formather application will not
work (runtime errors may be generated, or the raggkimay not be correct).
The data file must consist of at least two workshieene worksheet for each
chromatogram in the set. Each worksheet must tiee/éormat indicated in
Figure E3. In particular, the following conditioase important.

« The name of each chromatogram (or set of experahamnditions)
should appear in cell Al.

* The data for the first peak should be found in Bow

 The peaks should be numbered sequentially beginnirgell A5 and
continuing downward in column A.

* Columns B through K should contain the data inéidah Figure E3 for
each peak.

* Peaks that are not integrated (such as peaks 8 emBigure E3) will be
automatically deleted when the rankings are caledlaThis is done by
checking the area of each peak, and deleting pbak$iave an area less

than the specified threshold area (zero by default)

A B [ o | E F G H K

| 1 |PfizerCompound# Oxidation

2
| 3 | Retention Alpha Peak Peak Peak Width UsP Usp UsP
4 Marme Time (RRT) Area Height Width @ 50%  Resolution Tailing Plates
8] 1 base line disturbance 1 10.002 0.75 3866 316 29.352 0.241 1.04 19093
| B | 2 base line disturbance 2 10.857 0.81 7089 593 38310 0.314 3.81 0.78 413582
| 7 | 3 Peakl 11.385 0.55 17842 2716 21.486 0.085 257 1.80 G625
8] 4 12.214 0.91 2239 323 16169 0.145 4.60 0.93 GEEEE
9 5 Peak2 12.438 0.93 6703 1231 14.858 0.088 1.35 208 117648
10 6 Peak3 13.057 0.98 7450 902 23379 0.222 3.43 0.50 55300
11 | 7 PF-043537209 13.389 1.00 2425167 435756 21.413 0.084 1.83 1.4 133810
| 12 | g Peakd 13.8581 1.04 7743 1703 10706 0.075 3.66 146 2035815
13 9 Peaks 14.143 1.06
| 14 | 10 base line disturbance 3 14,603 1.09
18] 11 base line disturbance 4 14.725 1.10 1069 251 9.841 0.083 6.91 098 236646
|16 | 12 Peakb 15.063 1.13 19745 3829 15.878 0.076 267 1700 208601
| 17 | 13 diluent peak 15.445 1.15 7818 1211 16.357 0.103 2.69 211 161262
18] 14 Peak? 16.127 1.20 6487 676 24108 0.205 3.50 0.90 75609
19 15 base line disturbance 5 16.421 1.23 4306 596 15149 0.144 1.38 1100 116148
| 20 | 16 base line disturbance 6 16.616 1.24
2 17 Peakb 17.064 1.27 9123 1933 13037 0.06% 4.02 161 266956
| 22 | 18 17.918 1.34 1676 307 13893 0.111 6.27 121 243667
23

24

Figure E3. Each worksheet in the data file must have the format shown here.
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3.

4.

VI.
VII.

Set the prioritization constants and resoluggemishment function parameters
(see Figure E4) by modifying the default paramesarslesired. The graph of the
resolution punishment function is automatically afedl to reflect the changes.

The user should read the Analysis section of Pant this report to understand

how these parameters can be used to prioritizguhhty attributes.

Quality criteria prioritization constanis
¢ 1 (peaks) 0.50
¢ 3 (resolution) 0.30
¢ 3 (time) 0.20
Total 1.00
Resolution punishment function parameters
R 0.30
Ropt 1.30
R':-Pt+ 2.00
R 4.00
cal 0.00

Figure E4. Use this part of the interface to configure the punishment parameters.

Click the Rank button. The following steps peeformed automatically.

The specified data file is opened if it is not atig open.

The first worksheet in the data file is checkeds¢é® whether the area of each
peak is greater than or equal to the threshold aPemks whose areas are below
the specified threshold are deleted.

The values from the first worksheet are copiechto@alculations worksheet of
the Pfizer_QualityMetric workbook. The necessaalgglations are done.

The results of the first chromatogram calculatians copied to the Summary
worksheet of the Pfizer_QualityMetric workbook.

Steps Il through IV are repeated until each worksle the data file has been
processed.

The data on the Summary sheet are sorted accaalthg quality scores.

The ranking and quality score of each chromatogsaimserted in the Results
table on the Input-Output worksheet. The chronramgwith the best ranking
(and the largest quality score) is displayed {sse Figure E5).
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Results Reank

Rank Chromatogram MCOTE
1 Cht 12 0.23
2 Chr 10 0.70
3 Cht 7 0.64
4 Ch 1 0.61
5 Cht 3 0.61
f Cht 11 056
T Ch & 0.52
8 Cht 2 0.44
a2 Cht @ 0.3
10 Cht 4 0.32
11 Cht 6 0.32
12 Cht 5 0.30

Figure E5. After clicking the Rank button, the rankings of the chromatograms are listed.

5. To redo the rankings with different input paréeng, simply adjust the parameters
as desired and click the rank button again.

6. To rank another set of chromatograms, simplynghahe data file and repeat the
same steps. It is possible to add or remove chagrems from the set by adding
or deleting worksheets in the data file, but thargjes in the rankings will not be
reflected until the Rank button is clicked again.
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