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ABSTRACT 

The performance of three new chemometric techniques was evaluated systematically for assessment of peak homogeneity in 
liquid chromatography with photodiode-array detection. Multi-component analysis, window evolving factor analysis and the 
HELP method performed equally well in this study. Without making any assumption about peak shape or spectra, these methods 
were able to detect less than 1% of a spectrally similar impurity under a chromatographic peak, even if the chromatographic 
separation was low. The limitations of these techniques are also discussed. 

INTRODUCTION 

One of the most general and demanding 
problems in liquid chromatography (LC) is the 
assessment of peak homogeneity. After the 
synthesis of a drug, for instance, one has to 
ensure the absence of side products, isomers and 
degradation products. In practice, less than 1% 
of such impurities needs to be detected. As these 
impurities are often chemically related to the 
substance of interest, their chromatographic be- 
haviour and spectra are often very similar. As a 
consequence, assurance of peak homogeneity is 
far from being trivial. 

* Corresponding author. Present address: Ciba-Geigy Ltd., 
Central Analytics, CH-4002 Basle, Switzerland. 

Single-wavelength UV detectors usually can- 
not solve such serious problems in LC, and a 
spectroscopic instrument is used instead. Most 
frequently, a photodiode-array detector (DAD) 
is coupled to the chromatographic system. Such 
a coupled instrument measures a complete UV 
spectrum at each chromatographic data point. 
Alternatively, one may say that many chromato- 
grams are measured, each at a different wave- 
length. One common way of representation is a 
data table (matrix), where the rows correspond 
to the consecutively recorded spectra and the 
columns represent the chromatograms measured 
at different wavelengths. The amount of data 
obtained from a single experiment is very large 
and the problem is to extract the relevant in- 
formation. 
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Owing to its simplicity, the ratiogram method 
is probably the most popular technique for the 
assessment of peak homogeneity in LC-DAD 
[1,2]. This method works on the signals from two 
different wavelengths and can only be applied 
successfully if the spectra of all analytes are 
known in advance, which is generally not the 
case. Further, ratiograms are difficult to inter- 
pret. Visual inspection of spectra and chromato- 
grams, spectral suppression using two discrete 
wavelengths and derivative chromatography 
have also been proposed for the assessment of 
peak homogeneity [3-61. These methods have in 
common that they work on a very small part of 
the LC-DAD data only. As a consequence, they 
cannot solve the general problem, where a small 
amount of an unknown impurity with a similar 
spectrum has to be detected, even if chromato- 
graphic separation is low. Castledine et al. [7,8] 
have recently introduced very promising cor- 
relation-based algorithms. Using reference sam- 
ples of known purity, they were able to detect as 
little as 1% of an impurity under a chromato- 
graphic peak, no matter how low the chromato- 
graphic separation was. 

For cases where pure reference samples are 
not a priori available, multivariate methods have 
been developed that can be applied successfully 
for the assessment of peak homogeneity in LC- 
DAD. 

THEORY 

The main idea of all the three multivariate 
techniques compared in this study is to monitor 
the shape of the spectra as a function of analysis 
time. If the shape of the spectra remains con- 
stant within the noise, the chromatographic peak 
is considered to be homogeneous. 

Multi-component analysis (MCA) 
Multi-component analysis (MCA) is a least- 

squares deconvolution technique that has been 
known for many years [9,10]. Provided that the 
number of analytes and their spectra are known, 
MCA can be used to determine the concen- 
tration of the individual species from the spec- 
trum of the mixture. Excoffier et al. [II] pro- 
posed MCA for rapid quantitative analysis in 

LC-DAD. They also introduced a modification 
of MCA for the assessment of peak homogeneity 
that works as follows. 

First, an average spectrum is calculated for the 
peak of interest. Every measured spectrum is 
then compared with that reference spectrum 
using a root-mean-square (RMS) value: 

I n 

RMS, = 1 z txij - cifj>2 

n (1) 

where RMS, is the RMS value for spectrum i, fij 
is the signal for spectrum i and wavelength i, ci is 
a scaling factor obtained by a least-squares fit 
(“reconstructed chromatogram”), _fi is the aver- 
age signal for wavelength i and n is the number 
of wavelengths. This RMS, is a measure of the 
difference between a single spectrum i and the 
average (reference) spectrum. For homogeneous 
peaks, where the consecutively recorded spectra 
change only within the noise, plotting RMS vs. 
analysis time (number of spectrum) will result in 
a more or less horizontal line. In the case of an 
impurity, however, such an RMS plot will indi- 
cate the magnitude and location of spectral 
differences. This procedure is equivalent to the 
results obtained with full spectral suppression of 
the average spectrum. To compare these RMS 
values more objectively with the noise of the 
system, an RMS threshold can be determined 
from the same experiment, using a region of the 
chromatogram where no substance elutes. 

Window evolving factor analysis (WEFA) 
Evolving factor analysis (EFA) is a general 

method for the analysis of multivariate data with 
an intrinsic order [12,13]. EFA is based on the 
concept of factor analysis and has been applied 
successfully in different fields of chemistry. In 
principle, EFA can be used to determine the 
number of substances in a mixture and their 
concentration profiles and spectra. 

For the assessment of peak homogeneity in 
LC-DAD, Keller and co-workers [14-161 pro- 
posed a modified version of EFA, called window 
EFA (WEFA). This method works as follows. 
Starting with the first k spectra of the recorded 
data, one calculates the eigenvalues (EVs) of 
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these k spectra. These EVs represent systematic 
effects in the underlying data and their mag- 
nitude. In a next step, the EVs of spectra 2 to 
k + 1 are determined. This procedure is then 
repeated until the whole data table has been 
analysed. The results are finally visualized by 
plotting these EVs vs. analysis time. To make 
such graphs easier to interpret, the points repre- 
senting the largest (first) EV are connected with 
a line. In the same way, lines are also drawn to 
connect the other EVs. In a pure sample, where 
the spectrum of the analyte does not change 
across the chromatographic peak, there is only 
one source of systematic variation in the data. 
Consequently, a single peak in the EV V.S. time 
plot will result. In the case of an impurity, 
however, one will observe a second peak in the 
WEFA plot. In analogy to MCA, a threshold 
value obtained from baseline spectra can also be 
set, providing a means to interpret WEFA 
graphs more objectively. 

Heuristic evolving latent projections (HELP) 
Related to WEFA is the concept of the heuris- 

tic evolving latent projections (HELP) method 
[17,18]. HELP first performs ordinary principal 
component analysis (PCA) on the whole data 
table. PCA is a standard method for analysis of 
multivariate data; its main purpose is data reduc- 
tion by replacing the many measured variables 
(different wavelengths) by a small number of 
new, abstract variables, which are called princi- 
pal components (PCs). These PCs are a linear 
combination of the original variables and still 
contain most of the information. HELP repre- 
sents the spectra by their first two PCs. In such a 
PC plot, those parts of the chromatogram where 
only one analyte elutes appear as a more or less 
straight line, directed towards the origin of the 
coordinate system. Visual inspection of PC plots 
will therefore indicate regions where there is 
only one substance present. 

The second part of HELP inspects these 
straight lines in more detail and ensures that 
there is only one compound present. To do this, 
the abstract spectra (loadings) from those parts 
of the chromatogram are calculated and in- 
spected visually. The EVs are also determined 

and compared with those obtained from the 
baseline. An application of HELP for assessment 
of peak homogeneity in LC-DAD can be found 
in ref. 19. 

In principle, neither WEFA nor HELP re- 
quires any special data pretreatment, and PCA 
can be performed directly on the raw data using 
the NIPALS algorithm [20,21]. However, to 
overcome instrumental or experimental difiicul- 
ties, scan time correction and baseline correction 
may be needed, as discussed below. 

It is the aim of this paper to compare the 
performances of these three fully multivariate 
methods for the assessment of peak homogeneity 
in LC-DAD. 

EXPERIMENTAL SECTION 

Apparatus 
The liquid chromatograph was a Varian (Wal- 

nut Creek, CA, USA) LC Star system, consisting 
of a Model 9010 pump and a Rheodyne (Cotati, 
CA, USA) injection valve fitted with a 20-4 
sample loop and connected to a Model 9100 
autosampler. A 100 x 4.6mm I.D. RP-18 col- 
umn (Brownlee, 5 pm) (Applied Biosystems, 
San Jose, CA, USA) was used at ambient 
temperature. Spectra were collected on a Poly- 
chrom Model 9065 diode-array detector, cover- 
ing the wavelength range 220-367 nm and scan- 
ning spectra at a frequency of 16 Hz. 

Instrument control, data storage and analysis 
were performed on a Compaq (Houston, TX, 
USA) Deskpro 386/25m IBM-compatible per- 
sonal computer with math coprocessor. 

Reagents and samples 
All solvents were of HPLC grade (Rathbum, 

Walkerbum, UK, and Merck, Darmstadt, Ger- 
many). Water was purified using a Mill&Q system 
(Millipore) and analytical-reagent grade diam- 
monium hydrogenphosphate and phosphoric acid 
(Merck) were used to prepare a 0.01 M phos- 
phate buffer of pH 2.5. The sample consisted of 
an acidic, pharmacologically active drug (1.0 pg 
on-column) and its spectrally similar isomer, 
used as available in the laboratory (Fig. 1). 
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Fig. 1. Normalized spectra of the two isomers (r = 0.980). 

Procedure 
All analyses with the two isomers were carried 

out isocratically at a flow-rate of 2.0 ml min-l. 
To obtain the different degrees of separation, 
the mobile phase consisted of 40-70% acetoni- 
trile in 0.01 M phosphate buffer (pH 2.5). 
Chromatographic resolution between the two 
analytes could thereby be adjusted in the range 
of R, = 0.1-1.0 (calculated on the basis of a 
concentration ratio of 100: 1). 

0.15. 

s 

2 O.lO- 

2 

0.05- 

9 impurity (isomer 2) 

noise threshold 

To separate the two isomers completely, a 
250 X 4.6 mm I.D. ODS-Hypersil column (5 pm) 
(Bischoff, Leonberg, Germany) was used in 
combination with gradient elution [28-52% ace- 
tonitrile in 0.01 M phosphate buffer (pH 2.5) 
within 22 min at a flow-rate of 1.5 ml min-‘I. 
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Data analysis 
After collection, data were analysed with 

MCA using PolyView 2.0 software (Varian). A 
program written in-house in BASIC 7.0 (Mi- 
crosoft, Redmond, WA, USA) was used for data 
analysis with WEFA and HELP. WEFA was 
performed on k = 7 consecutive spectra, which 
was found to be appropriate for most applica- 
tions studied so far. 
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RESULTS AND DISCUSSION 

Fig. 2. Results obtained from a sample containing 2% of 
impurity at R, = 0.6. (A) Chromatogram at 239 nm; (B) 
RMS plot of MCA; (C) WEFA plot. 

Results obtained from a heterogeneous peak 3. In the MCA error plot (Fig. 2bs one observes 
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Fig. 3. HELP plots obtained from a sample containing 2% of 
impurity at R, = 0.6. (A) Each point representing a spectrum 
is characterized by its scores on the tist two PCs (PC,, PC,). 
Those parts of the chromatogram where only one analyte 
elutes appear as more or less straight lines directed towards 
the origin of the coordinate system (a, b). Note that PC, is 
scale expanded. (B) The loadings obtained on PC, from 
these two regions a and b correspond to the spectra of the 
two analytes. 

fact, these high RMS values exceed the threshold 
obtained from noise and therefore indicate a 
significant deviation from the average spectrum. 
In this case, the impurity has a retention time of 
about 2.5 min and is situated on the upslope of 
the chromatographic peak (Fig. 2a). The spectra 
measured before and after compare with the 
average speutrum within the noise, which is 
represented by RMS values well below the 
threshold line. 

To summarize the results of WEFA, the 
logarithms of the EVs are plotted vs. analysis 
time (Fig. 2~). Up to about 2.35 min no sub- 
stance elutes from the column. The first (largest) 
EV, EV,, represents noise; its level is about 
log(EV,) = -7.5. Later in the chromatogram, 
one observes two peaks that are caused by the 
two underlying substances. Owing to the tailing 
of the chromatographic peak and the logarithmic 
representation of the results, EV, seems to be 
high after 3.0 min; it falls to the noise level only 
at 4.0 min. The second peak in the WEFA plot 
appears to be relatively small. Still, a comparison 
of the maximum of the second EV [log(EV,) = 
-5.71 with the noise threshold [log(EV,) = -7.31 
shows that this EV, is more than an order of 
magnitude larger than the noise. 

The results obtained with HELP appear to be 
different, because there is no time axis (Fig. 3a). 
The individual spectra (points in time) are repre- 
sented on the first two PCs instead. From 2.42 to 
2.46 min only one isomer elutes (region a). As 
the spectral shape does not change in that part of 
the chromatogram, points representing the con- 
secutively recorded spectra fall on a line that is 
directed towards the origin of the coordinate 
system. Thus, visual inspection of such a scores 
plot permits parts of the chromatogram to be 
selected where only one compound elutes. A 
second pure compound region can be found, 
e.g., from 2.68 to 2.84 min (region b). Compari- 
son of regions a and b might lead to the wrong 
conclusion that noise is larger in b. This is not 
the case, however, and can be explained with the 
expanded scale on PC,. In the second part of 
HELP, the EVs of these pure compound regions 
are determined and compared with those from 
noise. Table I shows that in the two pure 
compound regions EV, is much larger than the 
noise. Hence the spectra change systematically. 
As EV, and EV, of the two regions a and b are 
comparable to the EVs of noise, only one sub- 
stance is present in each of the two regions. In a 
last step, the abstract spectra (loadings) obtained 
from the two regions are plotted and visually 
compared with each other. Fig. 3b demonstrates 
that the loadings obtained from the two pure 
compound regions are different. Consequently, 
there are two analytes present in the sample. 
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EIGENVALUES FROM NOISE AND PURE COMPOUND REGIONS 

Region Time range (min) EV, E”, E”, 

Baseline (noise) 2.2.5-2.30 2.9 .W8 2.1.10-* 5.8. 1o-9 
Region a 2.42-2.46 2.8. 1o-4 1.5. 1o-8 1.0.10-* 
Region b 2.68-2.84 4.0.10-l 3.5. 1o-8 2.2.10-* 

Also, the loadings compare closely with the 
spectra obtained from pure samples (Fig. 1). 

The main purpose of this study was to com- 
pare the performances of new multivariate tech- 
niques for the assessment of peak homogeneity 
in LC-DAD. Therefore, both the chromato- 
graphic separations between the analytes and the 
relative concentrations were changed systemati- 
cally. As the third variable that is highly relevant 
for the performance of all methods, i.e., the 
spectral similarity between the analytes, cannot 
easily be changed, it was held constant. The 
signal-to-noise ratio for the isocratic runs was 
found to be 4000. 

Results obtained from a homogeneous peak 
To demonstrate the results obtained from a 

homogeneous peak, an illustrative example is 
given below. For a homogeneous peak, the 
shape of the spectra varies only within the noise. 
Consequently, the average spectrum in MCA 
matches the spectra that were measured across 
the chromatographic peak. In such a case, the 
RMS values represent noise and remain below 
the threshold, as shown in Fig. 4b. Analogously, 
in WEFA there is only one peak; EV, represents 
noise and does not exceed the threshold either 
(Fig. 4c). As there is only one systematic effect 
present, PC, of the HELP method explains 
virtually all variations in the data (Fig. 5). PC, is 
much smaller and represents only noise. In this 
case, the line indicating a pure compound region 
is identical with PC,, while random noise causes 
the points representing spectra to be located to a 
small degree on either side of PC,. As the peak 
is homogeneous, a second straight line cannot be 
found and there is no need to determine the 
loadings. As completely pure reference material 
was not available and as a complete separation 
of the two isomers studied here could not be 

obtained with isocratic elution, a gradient system 
was used to generate a homogeneous peak. 
Although, owing to gradient elution, the noise 
level was higher in the latter example, Figs. 4 
and 5 clearly illustrate the results obtained from 
a homogeneous peak. 

Performance of the different methods 
To quantify the performance of the methods 

to be evaluated, we chose the detection limit of 
an impurity as the criterion. For MCA the 
criterion selected to detect the impurity was an 
RMS value exceeding the threshold, which was 
calculated as three times the noise. Analogously, 
the threshold value for WEFA was set to the 
mean EV, plus three standard deviations ob- 
tained from the noise; an EV, exceeding that 
threshold was considered to indicate the impuri- 
ty. For the HELP method more subjective 
criteria were used. Two (more or less) straight 
lines were selected, and the loadings obtained 
from these regions were compared visually. 
Different loadings indicated an impurity. 

The limits of detection of one isomer in the 
other are summarized in Fig. 6. Above and to 
the right of the line the impurity was detected. 
One observes for instance, that the impurity 
could be detected at the 0.5% level for R, values 
of at least 0.3. Lower relative concentrations 
were not detected. Similarly, if the chromato- 
graphic separation drops below 0.3, the impurity 
could only be detected at a higher relative 
concentration. Interestingly, all three methods 
performed equally well in detecting one isomer 
under the other. One should also note that none 
of the tested methods makes any assumption 
about peak shape, chromatographic separation 
or similarity of the spectra. Further, the pure 
compound spectra need not be known in ad- 
vance. It should be noted, however, that the 
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Fig. 4. Results obtained from a homogeneous peak. (A) 
Chromatogram at 239 nm; (B) RMS plot of MCA; (C) 
WEFA plot. 

degree of spectral similarity will strongly affect 
the results obtained with the different methods. 
Although the influence of the similarity of the 
spectra cannot be quantified at present, one may 

5.0 

; 0.0 

3 

PC1 

Fig. 5. HELP scores plot obtained from a homogeneous 
peak. Each point representing a spectrum is characterized by 
its scores on the first two PCs (PC,, PC,). Note that PC, is 
scale expanded. 

state that the methods tend to perform better the 
more dissimilar are the spectra, whereas the 
performance must be expected to decrease for 
more similar spectra. Still, we consider the 
example given here as being representative for 
problems observed in our laboratory. Work is in 
progress to understand better the effect of this 
parameter. 

As the problem dealt with in this study is the 
assessment of peak homogeneity, results were 
shown for both a homogeneous and a heteroge- 

impurity detected 

0.14 
0.0 0.2 0.4 0.6 0.6 

Rs 
0 

Fig. 6. Limits of detection of isomer 2 in isomer 1, obtained 
with all three methods and given as a function of relative 
concentration and chromatographic separation. Above and to 
the right of the line an impurity was detected with MCA, 
WEFA and HELP. 
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neous peak. The latter instance is the simplest 
and most representative example for a non- 
homogeneous peak. Very similar results are ob- 
tained for situations where more than two sub- 
stances co-elute. It is important to remember, 
however, that detection of one or more im- 
purities demands a (minimum) difference in both 
time and spectra. 

Possible limitations 
Generally, the smaller the chromatographic 

separation, the lower the relative concentration 
of the impurity, the more similar the spectra and 
the higher the noise level, the more difficult the 
problem is. Consequently, all methods fail to 
detect the very lowest concentration at R, = 0.1. 

On the other hand, instrumental and ex- 
perimental difficulties must also be taken into 
account. MCA, WEFA and HELP all rely on 
linear mathematical techniques, i.e., Beer’s law 
has to be valid. Non-linearities may be due to 
different phenomena, such as a non-linear 
calibration graph, a non-zero or sloping baseline, 
polychromatic radiation, the DAD scan rate and 
noise [22]. 

In practice, one therefore has to be certain to 
work in the linear range of the calibration graph, 
which depends on both the instrument and the 
absorbance value. Non-zero or sloping baselines 
will seriously affect the results; adequate 
baseline correction before applying linear mathe- 
matical methods is therefore very important. As 
reported by Dose and Guiochon [23], the poly- 
chromatic radiation measured at each diode can 
also cause non-linearities, because Beer’s law is 
valid for monochromatic radiation only. For 
cases where a spectrum changes considerably 
within the optical bandwidth of the diode-array 
detector, non-linearities can also be introduced. 
The time required to measure a spectrum by 
DAD can also lead to non-idealities, as discussed 
elsewhere [24]. For the system used in this study, 
scan time correction was performed automatical- 
ly in the detector using the method reported in 
ref. 24. For some instruments, the noise level is a 
function of the signal, which is known as heteros- 
cedasticity. This phenomenon is less obvious but 
can lead to serious problems in practice. A 
detailed discussion can be found in ref. 15. 

Additionally, one should also be aware of pos- 
sible pH effects and solvent effects, which could 
change the spectrum of a pure analyte during the 
chromatographic run. 

For the present study, which was carried out 
under isocratic conditions and at relatively low 
concentrations of the analytes (signals not ex- 
ceeding 100 milliabsorbance), the above limita- 
tions appeared not to be relevant for the instru- 
ment used. The only requirement was adequate 
baseline correction, implemented in the follow- 
ing way. First, two average spectra were calcu- 
lated from the spectra measured before and after 
the chromatographic peak. The baseline was 
then estimated by linear interpolation between 
these two average spectra and subtracted from 
the raw data. After such a baseline correction 
there was no sign of any experimental or in- 
strumental limitation of the methods discussed in 
this paper. 

Comparison of the different methods 
Although the three methods performed equal- 

ly well, one should also note their merits and 
limitations. MCA has the advantage of being less 
complex and therefore easier to understand than 
the other techniques. In principle, MCA is an 
automated method. Still, one should bear in 
mind that a good peak detection algorithm is 
required, because inclusion of too many baseline 
spectra would reduce the quality of the average 
(reference) spectrum and thereby reduce the 
performance of the method. 

WEFA and HELP both rely on the concept of 
PCA and are therefore similar. Among the three 
techniques WEFA can be automated most easily 
because no user interaction is required. A com- 
mercial example of this is Beckman’s System 
Gold, which corresponds closely to WEFA and 
which can be used for the automated assessment 
of peak homogeneity in real time. As the selec- 
tion of straight lines in the HELP method can be 
a difficult task in some instances, much ex- 
perience and user interaction are required for 
this method. On the other hand, HELP is at the 
same time the most flexible and powerful meth- 
od, because pure compound spectra can easily be 
found. 
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CONCLUSIONS 

MCA, WEFA and HELP can be applied 
successfully for the assessment of peak homo- 
geneity in LC-DAD. Without making any as- 
sumption about the chromatograms or spectra, 
less than 1% of a spectrally similar impurity 
could be detected under a chromatographic 
peak. As could be expected, for very small 
amounts of the impurity and very low R, values 
the methods fail. Although the tested methods 
worked well, one should also be aware of pos- 
sible instrumental and experimental difficulties. 
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