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SUMMARY 

Thefinction of mutual information (FUME) was used as a quality criterion in the 
optimization of the injection interval in overlapped chromatograms. FUMI, which 
represents the amount of Shannon’s mutual information involved in the chromato- 
grams, was calculated for overlapped chromatograms with various injection intervals. 
The most efficient peak separation was selected with respect to the amount of the 
mutual information and the observation time. Overlapped chromatograms containing 
negative peaks were also optimized successfully. 

INTRODUCTION 

The final goal of analytical techniques is to obtain an exact knowledge of the 
amounts of substances of interest in a sample. Liquid chromatography is not an 
exception, and many chromatographers have endeavoured to achieve this goal by 
optimizing the chromatographic conditions. However. how can we evaluate the 
chromatographic separation? In reply to this question, researchers have proposed 
various quality criteria for chromatographic wparation which can quantify the quality 
of the chromatograms’. Most of these criteria include the peak resolution (R,) or the 
peak separation for each pair of adjacent peaks. In commonly used criteria, the 
summation of R, for all adjacent pairs of peaks was calculated and the chromatograms 
were evaluated by means of this value. The efficiency of analysis was also regarded as 
an important factor. so some workers included the measurement time in addition to R, 
in their criteria. These criteria, however, lack a theoretical base. 

A versatile criterion should cover two important factors that are missing in R,: 
(A) the noise level in the measurement process and (B) the mathematical formalism of 
data processing. It should be noted that a knowledge of the samples of interest cannot 
be obtained before the observation and mathematical processing of the raw data. The 
reliability of quantification is well known to be significantly dependent on the 
contamination noise levels. Point B concerns the fact that the peak-resolving power of 
the Kalman filter, previously proposed2.3. was shown to be superior to the commonly 
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used perpendicular dropping, and to give more reliable estimates. The criteria based on 
these methods of different powers cannot be the same. 

A function called FUMI (@r&ion of mutual information) has been derived on 
the basis of information theory and the Kalman filter theory4. FUMI represents the 
mutual information in chromatograms. The efficiency is represented as the ratio of 
FUMI to the observation time. In Part I’, FUME was calculated with two overlapped 
peaks, and the relationship between the amount of mutual information and the degree 
of peak overlap was discussed. 

Recently we have presented overlapped chromatograms that resulted from the 
successive injection of samples at relatively short intervals6-8. The overlapped 
chromatograms effticiently reduced the total analysis time and improved the efficiency 
of the analysis. 

The object of this paper is to assess the feasibility of this function as a quality 
criterion for multi-peak chromatograms. We demonstrate the optimization procedure 
for injection intervals in the overlapped chromatograms with the use of FUME. The 
procedure presents the peak separation with sufficient precision and favourable 
effwiency. The advantage of overlapped chromatograms can be expanded with the aid 
of FUMI. Although we use overlapped chromatograms as a model in this study, FUMI 
is I general criterion and is applicabte to the usual chromatographic separation modes. 

THEORETICAL 

We shall briefly review the theory developed in Part I’. For a single peak, FUME 
represents the mutual information that we can retrieve through the filtering of raw 
data ranging from a data point i = I to k (k = 1, . ., w4: 

where Fi denotes the signal intensity of a peak at a data point i and F8’C is the variance of 
the contaminating noise (= constant). 

The mutual information for partially overlapped multiple peaks is5 

where 4 denotes the number of peaks and [k&) + I, k&j)] the region where the signals 
F&j) of thejth peak contribute to FUMZ. The cutoff point k,(i) of thejth peak is often 
specified to be the first point where the peak signals predominate in noisy 
chromatograms. On the other hand, the filtering-off point k&‘) is variable and 
determined to be equal to the cutoff point k,O + 1) of the following peak: 
k&J = k,(j + 1). The information derived from the late region of theph peak after 
k = k&j, overlapped with the early region of the following peak, is neglected, as the 
filtering is always performed sequentially in a one-dimensional way from i = 1 to 
N (ref. 2). Thus, the strong peak overlap makes the region [k,(j) + 1, k&)] narrow and 
then causes the loss of mutual information. When k,(l) coincides with k,i’j + l), no 
mutual information is picked up from either peak, 
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The efficiency of the chromatograms is given as 

FUMI 
MlJl = 7 

wkre N denotes the observation period of the chromatogram. This function 
represents the average amount of information in unit time and its maximum gives 
a chromatogram with the most efficient peak separation. 

The information loss of a chromatogram. 61. arising from the peak overlap is 
defined as 

61 = I,,,,, - FUMI 

where I_ denotes the maximal information obtained from a chromatogram with 
every peak sufficiently separated from each other The filtering error is minimized at 
the maximum of FUMI (61 = 0). 

In the worst case, the information loss occurs only in a single peak, i.e., the peak 
is overlapped strongly with the second peak, which is separated from the third peak. 
The error in this instance is easily calculated by the difference from the maximal 
information of the multi-component chromatogram; the relative standard deviation 
(R.S.D.) of the worst error is given approximately by5 

(R.S.D.) = expfdr) . exp& (I,,,)) t 100 (5) 

wkre (I,& denotes the mean maximal information of q peaks (= I,,,/q). This 
equation is useful for estimating the filtering error (R.S.D.) of a chromatogram from 
tk information loss 61. 

An additional procedure has been introduced for the practical use of the 
function of the information efficiency, IF. The peak signals Fi are replaced by a small 
shape c(Fi = fl . X,, where X, is the suppression factor); the calculated IE with 
fl presupposes the appearance of small peaks 

EXPERIMENTAL 

High-puformance liquid chromatographic f HPLCI data 
Chromatographic measurements were made on an Inertsil ODS column (250 

x 4 mm I.D.) with methanol as the eluent at a flow-rate of 0.5 ml/min. HPLC signals 
were converted and stored on S-in. floppy disks. Additional experimental details can 
be obtained from refs. 6 and 7. 

Computer simulution 
All calculations were performed on a PC-9801 VM desk-top computer (NEC). 

Programs were written in NggBASIC Graphics were performed using a Model 
MP3100 X-Y plotter (Graphtec). 

Raw HPLC signals for a single chromatogram were overlapped with various 
injection intervals and the corresponding value of FUMZ was calculated. The 
beginning point of the ith peak, k,(i), was set at the point where the signal level reaches 
0.5% of the peak maximum. 
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RESULTS 

A methanolic solution containing four components, phenetol, diphenyl, pyrene 
and perylene, was injected into the HPLC system and gave the chromatogram shown 
in Fig. 1. When this solution is injected into the HPLC system successively at short, 
regular intervals, an overlapped chromatogram results. FUMI was calculated for the 
overlapped chromatograms involving 20 peaks derived from five-fold injections at 
various injection intervals. Fig. 2 illustrates the change of FUMZ with injection 
intervals from 5 to 800 s. The maximal interval of 800 s, is equal to the 
chromatographic duration for one sample. and then the injection mode is the same as 
in the usual repeated experiments. 

With short injection intervals FC;UI shows some local maxima and minima 
corresponding to the complex change of the peak overlapping pattern, At an interval 
of about 3 15 s, FUMZ is maximal and no longer increases with increasing intervals. No 
peak overlap occurs in the chromatograms with injection intervals longer than 315 s. 
Even with an interval shorter than 315 s, however. FC'MI has an almost maximal 
value. To select the most efftcient interval. we restricted ourselves to the satisfactory 
region of the injection interval where the information loss is less than unity; in the 
satisfactory region, the R.S.D. of the filtering error is expected to be less than 2.7 times 
the value of the minimum (eqn. 5), and the precision is guaranteed sufficiently. The 
optimal interval was searched within this region with the use of the information 
efficiency. 

The information efficiency, Zr. was calculated with the suppression factor, X,. 
When X, is set at 100, for example, Zr is calculated with signals of lOO-fold smaller 
intensity than the model peaks. This procedure means that ZE takes account of the case 
where peaks of 1% concentration of the model appear in the overlapped chromato- 
gram. The effect of X, was described in Part 1’ The change in Z, is shown in Fig. 3 with 
suppression factors of 10, 100 and 1ooO. ZE decreases hyperbolically in the long interval 
region where FUZZ takes a constant value The maximum value of Z, in the 

Fig. I. Chromatogram of (a) phenetole. (b) dlphenyl. (c) pyrene and (d) perylene. 

Fig. 2, Variation of FUMI of the overlapped chromatogram derived from the single chromatogram shown 

m FIN. 1. 
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Fig 3 Variation of I? with suppress~n factors X, of ( I I 10. t 2) I(10 and (3) 1000. 

satisfactory region defined above is obtained at an inJection interval of 165 s with any 
X, value, while the neighbouring local maximum of FL’WZ is at 185 s. 

Fig. 4A shows the optimal overlapped chromatograms with injection intervals of 
165 s. The value of FUME is 179.084 and the maximum of FUMI is 179.46, and 61 is 

F&. 4 0verhpped chromatograms derived from the smgle chromatogram shown in Fig. 1. Injection 
mkrval. (At 165 s; (B) 180 s; (C) 80 s. 



2% R. MATSUDA rt al. 

0.382. Th’e predicted R.S.D. (0.018%) of the filtering error for the optimal 
chromatogram is considered satisfactory and almost the same as the minimum R.S.D. 
(0.012%). The overlapped chromatograms shown in Fig. 4B and C were obtained with 
injection intervals of 185 and 80 s, respectively. FI’MI for the former is 179.464 and 
almost equivalent to the maximum, but ZE is slightly smaller than the optimal 
chromatogram (Fig. 48) The shortest interval, 80 s. gives a local maximum of FUMI, 

but is outside the satisfactory region. 
The suppression factor. .I’,. does not influence Ir in the satisfactory region, but 

the effect of X, appears in the region of short intervals For a short observation period, 
the effect of X, is greater5. 

We show another example of the optimization of overlapped chromatograms 
using FUMI. The chromatogram shown in Fig. 5 contains three component peaks that 
arc also present in the preceding example and a small solvent peak. This chromato- 
gram was overlapped and FUZZ was calculated accordmg to the procedure described 
above. The calculated value of FC’MI and IE are plotted in Fig. 6. The results reveal 
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Fig. 5 Chromatogram of (a) solvent peak (10% ethanol). (b) pbenetole. (c) pyrene and (d) perylene. 
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FII. 6 Variation of (1) FEiMI and (2) IF (X. = lOOi of the overlapped chromatogram. 
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Fig 7 Optimal overlapped chromatogram derived from the smgle chromatogram shown in Fig. 5. 

that the small peaks and even the negative peaks are also adaptable to FUMI. The 
optimal interval was 230 s and the corresponding overlapped chromatogram is shown 
in Fig. 7. FUMIfor the optimal chromatogram was 164.385, and the information loss 
and the R.S.D. of the error were 0.025 and 0 027%. respectively. 

t3IWUSSJON 

We have defined the quality of chromatograms with use of the mutual 
information or the precision of the quantification of target components. In other 
studies, R, seemed to be related closely to the analytical precision and was used as the 
quality criterion for multi-peak chromatograms. It is obvious that the quantification 
error is minimized when peaks are separated completely (#?, > 2), and increases with 
decrease in R,, but no definite relationship ktwecn the error and R, has been given. 

FUIUZ represents the mutual information in chromatograms and can also be 
connected to the R.S.D. of the filtering error. and we can estimate the precision of the 
filtering for various overlapped chromatogrdms with the aid of FUMI. The optimal 
chromatogram presnted above is considered to be reasonable because the informa- 
tion loss or the excess filtering error is negligibly small. Practical consideration of the 
optimal chromatogram is given below. 

We are interested in the correspondence Mween the filtering error and the total 
precision of actual chromatographic analyses. The filtering error predicted from 
FUMIis shown to describe well. although qualitatively, the change in the actual HPLC 
error as follows. Overlapped chromatograms with the same sample solution as that 
shown in Fig. 1 were analysed by the reduced Kalman filter of four dimensions6. The 
injection intervals were 2MI. 180, 160 and 150 s and the observed repeatability of the 
systems was 0.42%, 0.2X%, 1.09% and 6.32%. respectively. With the shortest interval 
( 154 s), some peaks are exceedingly overlapped and the estimated concentration was 
biased by cu. 12% at most. The calculated R.S D s of the filtering error with each 
interval are0.017%,0.013%,0.1’?% and 244.X/o. respectively. The first threevaluesfor 
the filtering error are far smaller than the actual errors, including the errors in elution, 
detection and filtering. The filtering error (R.S.D = 2440%) with an injection interval 
of 150 s is overestimated because of the mathematical property of the error variance 
PC involved in FUMF~ The overestimating property is favourable, because we can 
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avoid choosing the excessively overlapped chromatogram as optimal. The “visual” 
inspection of the optimal overlapped chromatograms described in ref. 6 is not 
unreliable, but FC’MI is more useful. 

Overlapping of the chromatograms with the successive injection of samples at 
short intervals is an effective method of reducing the analysis time and increasing the 
efEcicncy without the need for any skilful techniques, We applied this method to an 
automated system for the content uniformity test on pharmaceutical formulations and 
matly increased the total efflcicncy or throughput 3 ’ The only critical parameter in 
this method is the inJection interval. on which the precision and the efficiency of 
analysis depend. The injection interval, however. had been selected empirically in spite 
of its importance. The introduction of the mutual Information is a clear solution to this 
probkm. The R,S.D, of the filtering error can be predicted with a fairly simple 
function, FUZZ, and optimal conditions can be selected with regard to both efficiency 
and precision. The overlapped chromatography method is shown here to be better 
than previously considered. The optimization method using FUMI must increase the 
r&ability and applicability of overlapped chromatograms. 
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