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Abstract 

An HPLC method is dcfincd as a specific setting of the physical. chemical and data processing parameters which 
control the chromatographic analvsis. During the development or validation of a method no special attention is 
usually given to the data processing parameters, However, it turns out that HPLC methods for complex samples 
can be very sensitive to minor changes in certain numerical integration parameters such as the threshold. A series 
of statistically designed chromatographic runs for a dyestuff with a very large number of peaks is presented where 
the interpretation of the data depends crucially on which threshold parameter value is chosen, Zt is therefore 
recommended that for development or validation of an HPLC me&hod, especially in the context of quality cuntroi 
of complex substances. greater attention should be paid to the integratian parameters. 

1. Introductim 

High-perfctrmancu liquid chromatography 
(HPLC) is a widely used technique in the chemi- 
cal industries. It has even been claimed that 
X-70%: 0,f all analytical applications involve 

HPLC measurements [ I}. 
The setting of the parameters (often called the 

separation conditions) that control the run of a 
chromatugraphic analysis is called a chromato- 

graphic method. A great deal of attention has 
been focused on method development, optimi- 
zation and more recently method validation. The 

aim of WPLC method development and optimi- 
zation is to find the best separation conditions 

for the reliable measurement of the amounts of 
individual components in the mixture. One goal 

* Crzrrespr3ndinp author. 

of the validation of a given HPLC method is to 
check its insensitivity to small variations in the 
separation conditions. Clearly, optimization and 

validation are linked, as robustness is also a 
feature that an HPLC method should somehow 
satisfy to be really optimum. 

An important type of application is the quality 
control and quality assurance af complex chemi- 
cal substances involving a large number of com- 

ponents, e.g., reactive textile dyestuffs. In these 
applications, the chromatogram of a manufac- 
tured dyestuff is compared with that of a stan- 

dard (reference) to ensure that the two samples 
do not differ appreciably. A typical example of 
the chromatogram of a reactive textile dyestuff is 

shown in Fig. 1, where two scales are used to 
show better the complexity of the chromato- 

gram, One of the difficulties in this type of 
~~pplica~~on is the importance that even small 
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Fig. 1. Typical chrwnatogram of a reactive textile dyestuff. 
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unidentified peaks may have on the quality or 
toxicity of the product. In this specific context, 
the development of an HPLC method must aim 

not only at allowing a precise separation and 
quanti~catio~ of the main components, but also, 

and perhaps even more important, at a sys- 
tematic detection of minor components, some- 
times under varying laboratory conditions. 

Although the most usual strategy for develop- 
ing HPLC methods in practice is still by trial and 
error combined with empirical knowledge and 

pragmatic rules, the advantages of the use of 

statistically designed experiments and response 
surfaces techniques have been recognized and 
are now used more frequently (e.g., ]2-41). 
Validation of chromatogr~phic methods? in the 
past often reduced to tests of repeatability and 

linearity related to the areas of the most interest- 

ing peaks, are now including robustness (or 
ruggedness} tests. These tests, which must show 
that a method is insensitive to small changes in 
the method parameters, are also increasingly 
based on statistically designed experiments (e.g., 
[S-7]). - .- - 

Ghromatographic separation depends clearly 
on a large number of factors, including physical 
and chemical properties of the sample mixture 
and of the mobile and stationary phases and data 
processing parameters. Typically in the devetap- 

ment and validation of HPLC methods the 
physical and chemical parameters are varied 
while the data processing parameters remain 
fixed. These data processing parameters can be 
separated into two groups: hardware parameters 
and software parameters. The hardware parame- 

ters are, e.g., flow control. temperature control, 
lamp current, photodiode-array detection 

(DAD)-specific and electronic parameters which 
infhtence the detected signals that are stored. 
The software parameters, on the other hand, are 
used to interpret and report the results from the 
stored data. The software parameters are often 
also called integration and calibration parame- 
ters. Usually no or only little attention is paid to 
the integration parameters. Further, manufactur- 
ers usually do not provide any indications on 
how to choose the settings of these parameters, 

and in practice a value in the middle of the 
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permitted range is arbitrarily chosen and kept 
fixed. 

However, during our investigations on the 
validation of an HPLC method for a quality 
control application, we found instead that slight 
modifications of the values of certain integration 

parameters have surprising effects on the robust- 
ness of a method measured by the number of 

detected peaks. Why the number of detected 
peaks was chosen as the robustness criterion will 
be explained in Section 2.1. More specifically, 
when comparing a series of chromatograms ob- 

tained under different separation conditions 
(which is exactly what one does when using 
statistically designed experiments), the choice of 

integration parameter values may change the 
result of this comparison considerably: a method 

that first appears to be robust (number of de- 
tected peaks stable) may, after changing the 
integration parameters, lose its robustness (num- 

ber of detected peaks unstable). In other words. 
the relative importance of the effects of the 
separation parameters may change when the 

integration parameters change. In practice, this 

means that two experimenters, after having 
performed exactly the same experiments, but 

having analysed their results under only slightly 
different settings of the integration parameters. 
may come to completely different conclusions in 
deciding which separation condition is better. 
This finding provided the main motivation for 
this paper, where our aim is to warn HPLC 

method developers about the possible sensitivity 
of the interpretation of their results to apparent- 
ly innocuous integration parameter settings. In 

fact, we believe that data processing parameters 
must also be considered during HPLC method 
development and validation. We hope that the 

developers of HPLC methods will in future give 
more attention to these influences and provide 
advice to practitioners on how to adjust the 
integration parameters. 

The paper is organized as follows: in Section 2 
we describe the experimental background, ex- 
plain why we chose the number of peaks as our 
robustness criterion and describe the different 
integration parameters; in Section 3 the effect of 

one integration parameter, the threshold. on the 

robustness analysis of an HPLC method used for 
the quality control of a dyestuff is described; and 

in Section 4 conclusions are drawn. 

2. Experimental background 

2.1. Robustness criterion 

The usual optimization criterion for HPLC 
method development is the maximization of the 

minimum separation (or resolution) between 
adjacent peaks under the hypothesis that the 
number of components to be detected in the 

sample is known. However, in many industrial 

applications, e.g., in reactive textile dyestuffs 
production, this number of components is usual- 

ly large and unknown. Of course, a chromato- 
gram with a high resolution and a small number 
of peaks may be obtained, but this may be due 

to co-elution of many components. Also, in 
quality control or quality improvement applica- 
tions, i.e., those of interest to us, it is a priori 

possible that certain small peaks will affect the 
quality of the product. For example, a very small 
amount of red in a yellow dyestuff has cata- 

strophic consequences. For a typical chromato- 

gram, see again Fig. 1. As it is not known in 

advance which component will affect quality, the 

total number of detected components is an 
important criterion for method selection. 

One might at first think that it is enough 

simply to set the instrument threshold at its 
highest sensitivity, i.e., the one which corre- 

sponds to the chosen signal-to-noise ratio (e.g., 
ha), and then proceed with the experimentation. 
However, at this value peak detection is no 
longer reliable and far too many peaks are 
detected (in our case almost 200; see Table 1). 
There is therefore an unknown reasonable range 

of possible threshold values above the detection 
limit which still allows the detection of many 
potentially relevant small peaks and nevertheless 
gives a good resolution. In practice, one chooses 
an arbitrary value on the sensitive side of the 
threshold scale and keeps it fixed. The HPLC 
method is then developed at this threshold. 
During method development the number of 
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detected peaks is one response of interest among 
others such as minimum resolution and retention 
time. Multi-criteria optimization techniques (see, 

e-g., [S]) can be used at this stage. Finally, for 
validation purposes, the number of detected 
peaks is a very simple summary measure to 

check the robustness at detecting many small 
peaks. Of course, other measures could also be 
used, e.g., which monitor the area percentage of 
the major peaks. However, these other criteria 

are much more complex and more error-prone 
than the number of detected peaks. Especially in 
the context of validation of a method for com- 

plex substances with many small peaks, the 
number of peaks appears simple and yet suffi- 
ciently informative, 

There are situations other than the quality 
control of complex substances where the total 

number of detected peaks can be used as a 
robustness criterion. For example. in the analysis 
of environmental samples, an a priori unknown 

number of components with very low concen- 
trations need to be detected. Here again one is 
primarily concerned with maximizing the number 

of detectable components. Clearly, after this has 
been achieved, the HPLC method must be 
further improved by optimizing other criteria 

such as resolution of peaks known to be im- 
portant or retention time. Finally, an important 
validation criterion is the stability of the number 

of detected peaks under changes in certain 
parameters. 

2.2. Experimental conditions 

The sample mixture was a commercially avail- 

able reactive dye, Cibacron Red C-2G (500 mg 
dissolved in water). The chromatographic meth- 
od to be tested was a gradient method. The 

end-points of the mobile phases were (1) a 
mixture of 10% acetonitrile and water and (2) 
10% water and acetonitrile. Methanol was used 

as additional organic modifier. As ion-pairing 
agent tetrabutylammonium perchlorate was used 
and sodium citrate was used as a buffer. The 

columns were 12.5 mm x 4 mm I.D. and filled 
with 5-pm Hypersil ODS. 

The chromatographic system was a Hewlett- 

Packard Model 1090M with three low-pressure 
pumps, autoinjector and column oven and DAD 
was applied, One of eight possible channels was 
used to acquire chromatograms at 254 nm. The 
spectral resolution chosen was 4 nm and the time 
resolution for the chromatograms was 0.003- 
0.004 min. The spectra and the chromatograms 
were stored on completion of the chromato- 
graphic run. Data editing and calculations such 
as determination and integration of peaks were 

executed afterwards using the stored data. 
The background noise u was measured using a 

blank chromatogram and a signal-to-noise ratio 
of 6 was taken throughout to ensure that no 
artifactual peaks would occur. This means that 
only peaks greater than 6(~ were ultimately 
reported even if the chosen threshold value was 
smaller. 

2.3. Integration parameters 

The evaluation of the acquired raw data is 
done by mathematical integration. The integra- 
tion algorithms identify peaks which are char- 

acterized by position on the time scale, height, 
area, width at half-height, symmetry, etc. The 
integration sensitivity can be adjusted by three 
integration parameters: threshold, area reject 

and peak width [9]. These three parameters are 
briefly described. 

Threshold 
The threshold is a value which expresses the 

minimum peak height detected by the integrator. 
This value lies on a scale from -12 to 25. On 
that scale, -12 is the most sensitive threshold 

and 25 the least sensitive threshold. The corre- 
spondence between this scale and the DAD 
milli-absorption units (mAU) scale is given by 
m*U = 2W7), where th is the threshold value. 

Because the HP 1090M system used a 16-bit 
A/D converter, only sixteen different threshold 

values can be used. 

Area reject 
The decision on whether or not to store a peak 

is made at the end of the peak. The area reject 



sets the area of the smallest expected peak. Thus 

the integrator ignores any peak which is smaller 
than this value. The smallest possible area reject 
value is zero. 

The minimum peak width sets the value of the 

narrowest peak to be detected. Thus the inte- 
grator ignores any peak whose width is smaller 
than this value. The unit of peak width is time 

measured in minutes. The narrowest possible 
peak is 0.001 min. 

A separate study not described here has shown 

that the threshold is the most influential of these 
three parameters on the number of detected 
peaks. Therefore, subsequently we only study 

the effect of this parameter. 

J. Effect of th~~~hul~ on the robustness analysis 

of an HPLC method 

3.1. Experimental design 

Before a newly developed HPLC method is 

used on a routine basis, e.g,. for the control of 
product quality in different laboratories of a 
company, its robustness to small changes in the 

factor levels should be checked. If no significant 
effect is found then the method is robust and can 
be used ruutinely, Otherwise, either the influen- 

tial factors have to be controlled more precisely, 
or a new, more robust method has to be de- 
veloped, Statistically designed experiments can 

be used to test the robustness of a method by 
systematically varying the most important fac- 
tors, for example, according to a fractional 
factorial experiment. Designed experiments are 

very helpful as the ~nf~)rrnati~~n needed can be 
obtained with a minimum number of experi- 

ments, which is especially important if there are 
many factors. Further. such experiments where 
the factors arc varied simultaneously allow the 

estimation of possible interactions between the 
factors (synergisms). Recently, a number of such 
statistically designed experiments for robustness 

studies of HPLC have been reported (see. e.g._ 

VI )* 

Fur a newly developed method for determin- 

ing the reactive dye Cibacron Red C-2G, previ- 
ous experiments had identified four factors that 
were likely to affect the robustness of the meth- 
od if deviations from their nominal values would 
occur. The four factors and their minimum and 
maximum deviations are as follows: I, the 
amount of ion pair agent, 0.4-0.6 g/l (nominal 
0.5 g/l); M, amount of methanol, 28-32% (v/v) 
[nominal 30% (v/v)]; P, pH value, 6.2-6.6 
(nominal 6.4); and C, the producer of columns, 
0 = HP (Hewlett-Packard) or +l = ST (Stag- 
roma). 

The factor C summarizes the properties of the 
columns of the different distributors, such as 
number of theoretical plates, filling procedures 
and ageing characteristics, it was included 
because different laboratories of the company 
may we!1 use different column types if not 
otherwise specified. 

In order to study the effects of such devia- 
tions, the factors were systematically varied 

according to a full factorial design, hence giving 
24 I; 16 experiments. In addition, four of these 
experiments were repeated to pruvide informa- 
tion on the repeatability of the measurements. 

For each setting of the factors a ~hrorna~o~raph~~ 
run was obtained. Then this ~hromatogram was 
analysed for each threshold value between -12 
and 4 and the reported number of detected 
peaks was stored. The design and the number of 
peaks obtained for each factor combination and 
each different threshold value are given in Table 
1. 

2.2. Effect of threshold on the number of 
detected peaks and an repeatability 

First the general effect of threshold on the 
number of detected peaks is examined. Fig. 2 

shows this effect for the four different separation 
conditions that were run twice. We see that in 

each instance the number of peaks decreases 
monotonically as the value of the threshold 
parameter increases. This is, of course, what one 
would expect from the de~~ition of this parame- 

ter. On the left side of the scale the curves are 
roughly constant. Clearly in that area the thres- 
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Fig. 2. Repeatahlhty of measurements, The chromatograms corresponding to four different separation conditions (the run 
numbers correspond to Table 1) were obtained twice and analysed with different values of the threshold parameter. The graphs 
show how the number of detected peaks changes with the threshold. 

RUN 5,6 

-10 -5 0 

THRESHOLD 

RUN 19,20 

hold was below the 60 detection limit. As can be 

seen from Table 1, this was the case for all 20 
chromatographic runs. 

For the dyestuff under consideration the 
routine threshold value used in the laboratory 

before our study was undertaken was -2. It is 
interesting to observe that it is exactly around 

this value, say in the range from -5 to 0, that 
the number of peaks varies most. Fig. 2 shows 
also that in the four repeated cases the size of 

the threshold effect is clearly distinct from the 
repeatability error. 

That the setting of the threshold parameter 

affects the number of peaks is, of course, obvi- 
ous. What is interesting here is the strong non- 
linearity of this effect and therefore the high 

sensitivity to threshold values. This fact is, in our 
opinion, not sufficiently emphasized by the 
manufacturers of HPLC instruments. However. 

the full impact of this sensitivity will be shown 
below, when the number of detected peaks in 
different chromatograms is used to infer which 

are the most crucial parameters affecting the 
quality of the chromatographic run. 

Note: when other data handling systems are 

used (e.g., Spectra-Physics and PE Nelson sys- 
tems), the aspect of the curves of Fig. 2 may 
change. but they remain strongly non-linear. 

The repeatability between two similar HPLC 

runs is summarized in Fig. 3, which shows how 
the relative standard deviation (R.S.D.) changes 

with the threshold value. For a given threshold, 
the R.S.D. was calculated as (S’iN)“‘, where S2 
is the average of the sample variance over the 

four runs which were repeated once (here simply 
the average squared differences in the number of 
peaks) and N is the average number of peaks. In 

the range from -12 to 0, the R.S.D. remains 

roughly constant at 5%. This is a desirable 
feature and allows one to compare directly 
results obtained for different values of the thres- 
hold. For positive values the R.S.D. is no longer 
meaningful because the average number of peaks 
is almost zero. 
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Fig. 3. The relative standard deviation is essentially constant fnr threshold values in the range -12 to 0. 

A full factorial design aliows the estimation of 
all main effects of the four factors C, P. I and M 
and their eleven interactions CP, CZ, . . . , 
CPI, I . . 1 CPIM. Hence, for a fixed value of the 
threshoid, the 20 experiments can be analysed 
jointly by multiple regression. Such an analysis 

gives the effect (model coefficients of the fifteen 
model variables C, P, . . . l CPIM on the number 
of peaks together with their f-values. The t-value 

of an effect is the ratio of the model coefficient 
and its estimated standard deviation. Absolute 
t-values larger than, say, 2 correspond roughly to 

a significance level below 5% and thus suggest 
that the effect of the corresponding variable 
should not be neglected. i.e., that the corre- 

sponding variable poses a robustness problem. 
To visualize the results, the t-values for a 

range of threshold values are displayed in Fig. 4. 

This type of graph is calted a A-plot (see [lo]) 
and conveniently summarizes the entire experi- 

ments and analyses by showing which are the 

likely relevant factors for each threshold value. 

Each connected line corresponds to the t-values 
of one of the fifteen model variables. Those lines 

that stand out have been labelled by the name of 
their corresponding model variable. For exam- 

ple. one sees that for a threshold of -5, only the 
factor C has an effect. whereas for the only 
slightly different threshold of -3 the three fac- 
tors C. I and M are important and also the 

interaction between M and P (and perhaps even 
other interactions). Hence, by considering only 

the data corresponding to a threshold of -5, one 
would think that no robustness problem due to 
changes in I, P or M could occur. Therefore, it 
seems sufficient to specify the column type (here 
HP since this type tends to increase the number 
of peaks, as can be seen from Fig. 4) to ensure 

stability in the number of detected peaks. This is 

not. of course, what would have been deduced if 
only the data corresponding to a threshold of -3 
had been considered. 

Further, the graph shows also that the effect of 
column type (C) is consistently present (and 

always negative) almost throughout the range of 
threshold values. On the other hand the factor 
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Fig. 4. A-Plot of the 15 model variables. The plot Illustrates how the r-values of each model variable varies with the threshold. 

Variables whose r-values exceed 2 In absolute value (horizontal dashed lines at 2 and -2) arc likely to influence the number-of 

detected peaks. 

amount of methanol (M) is only significant for 
threshold values between -4 and -3. Finally. 
one also sees that it is for a threshold value of 
-3 that the greatest number of significant model 

variables occurs. This shows the variety of in- 
formation that can be read from a A-plot. 

However, the main conclusion of the analysis 
is that the effects of column type. amount of 
ion-pairing agent and amount of methanol de- 

pend critically on the value of the threshold 
parameter. In other words. there is an inter- 
action between threshold and the factors C‘, / 

and M. At this stage the experimenter faces the 
following difficult choice: either a specific thres- 
hold value can be chosen once and for all as 

adequate. perhaps based on some other aspects 
of the chromatogram. past experience or a priori 
knowledge of the expected number of peaks, or 

the HPLC method must be modified. so as to be 
less sensitive to small modifications of the thres- 
hold. Which road to pursue may be situation 

dependent. In any case, the experimenter has 

been warned that the threshold value is crucial in 
analysing the results of this series of experi- 
ments. 

After having found this unsuspected effect of 
the threshold, we re-analysed other robustness 

experiments, not reported here, carried out with 
the same dyestuff. Our results were similar in 
that again we found that the analysis of factorial 

experiments was different depending on the 
threshold value. 

4. Conclusions 

In those situations where the number of de- 
tected peaks is at least one of the main concerns 

such as for substances with many important small 
components, this investigation illustrates a num- 
ber of issues: 

(I) The non-linearity of the number of de- 

tccted peaks with respect to the value of the 
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threshold has shown that great care should be works. The neglect of apparently innocuous 

taken when setting the value of this parameter. parameters may have dramatic consequences. 

(2) The value of the threshold should be 
incorporated in any analysis involving the com- 
parison of chromatograms such as obtained after 
performing a series of experiments like a factori- 

al design. The analysis may differ greatly with 
the threshold. 
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