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USE OF THIS DOCUMENT
This document is intended to inform the user of Applied Photophysics’ HOS Comparison Suite (qBiC) analysis
software on its use. It is assumed that the user of this document is familiar with the operation of the Chirascan
spectrometer, and with Applied Photophysics Pro-Data software.
The information in this document is subject to change without notice and should not be construed as a
commitment by Applied Photophysics, who accept no responsibility for errors that may appear herein. This
document is believed to be complete and accurate at the time of publication, and in no event shall Applied
Photophysics be held responsible for incidental or consequential damages with or arising from the use of this
document.
COPYRIGHT  2018 APPLIED PHOTOPHYSICS LIMITED. ALL RIGHTS RESERVED. THIS DOCUMENT
OR PARTS THEREOF SHALL NOT BE REPRODUCED IN ANY FORM WITHOUT THE WRITTEN
PERMISSION OF THE PUBLISHER.
THE SOFTWARE PROVIDED WITH THE CHIRASCAN AND ITS ACCESSORIES (PRO-DATA CHIRASCAN,
PRO-DATA VIEWER, ETC.) IS THE PROPERTY OF APPLIED PHOTOPHYSICS LIMITED AND IS
SUPPLIED UNDER LICENCE. APPLIED PHOTOPHYSICS IS WILLING TO LICENSE THE SOFTWARE
ONLY UPON THE CONDITION THAT THE LICENSEE ACCEPTS ALL THE TERMS CONTAINED IN THE
LICENCE AGREEMENT. THESE INCLUDE THAT THE LICENSEE MAY NOT SELL, RENT, LOAN OR
OTHERWISE ENCUMBER OR TRANSFER LICENSED SOFTWARE IN WHOLE OR IN PART TO ANY
THIRD PARTY. FOR A FULL COPY OF THE LICENCE PLEASE CONTACT APPLIED PHOTOPHYSICS OR
SEE THE SOFTWARE INSTALLATION DISC.
Chirascan is a trademark of Applied Photophysics Limited.
All other trademarks or registered trademarks are the sole property of their respective owners

Document 4207Q278 4.00 March 2018

Page 3 of 24

Chirascan HOS Comparison Suite User Manual

GLOSSARY
The following abbreviations may be found in this User Manual
APL
CD
DCA
HOS
ORD
SD
WSD

Applied Photophysics Limited
circular dichroism
derivative correlation algorithm
higher order structure
optical rotatory dispersion
Spectral Difference
Weighted Spectral Difference

HYPERLINKS
This document contains hyperlinks between references (for example the Contents tables, or references to
Sections or Figures in the text), and sources. To follow a link, place the cursor over the reference and use
CTRL+click. Hyperlinks in the text are indicated by underlined blue font.
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1 INTRODUCTION
Circular dichroism spectroscopy is commonly used to examine the higher order structure (HOS) of proteins as
a function of protein source or environment, e.g. wild type or mutant, buffer, excipients, pH, ionic concentration
or temperature [1]. It is common practice to assess the degree of similarity visually, but this approach is prone
to human errors [2], and to improve the objectivity of the comparison, numerical approaches to the evaluation
of similarity must be used.
For a meaningful comparison to be made, a reference spectrum created from multiple individual spectra is
needed. Additional individual spectra or created spectra can then be compared numerically with the reference,
with a single similarity score calculated for each comparison.
Several spectral similarity methods are included in the Applied Photophysics’ HOS Comparison Suite. These
are described in Section 2.1. Since the methods use different similarity criteria, their response ranges and the
numerical values for similarity will also be different. For example, the area of overlap method has a response
range from 0 to 1, with identical spectra giving a value of 1, whereas the Spectral Difference method has a
response range of 0 to an unbounded upper limit, with identical spectra giving a value of 0.
To enable a direct comparison of the results of the various spectral similarity methods to be made, two
functions are included that relate the results to the resolving power of each method. These are the Student’s
t-test and the Z-score. The Student’s t-test is used to compare two data sets with each other, for example
when comparing innovator and generic biotherapeutics. The Z-score is used to compare a single spectrum
with a large reference dataset, for example for the quality assurance of a product to ensure it is what it is
supposed to be.
Although the Comparison Suite is mainly intended to be used to compare CD spectra, and is based on
publications in which CD is used [2,3], it can also be used for comparing other spectra (absorbance, ORD,
fluorescence etc.), if these are in the correct format.
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2 COMPARABILITY TESTS
This section details the equations used in the Comparison Suite software to calculate similarity scores between
spectra. Each method compares two 2-dimensional lines which in our case will be two different spectra. All
methods return a ”similarity score” that is representative of the similarity between the two lines.
In the equations in this section, xi and yi are the signals of the reference and sample spectra respectively with
n data points, the overline ¯ signifies the average, the modulus bars (vertical lines) signify the absolute value,
and the prime symbol ′ signifies the derivative.

2.1 Similarity Methods
2.1.1 Correlation Coefficient

Figure 2.1: the Pearson (left) and Teska (right) correlation coefficients

The equations for calculating the correlation coefficient are shown in Figure 2.1. The equation to the left is the
Pearson function [3], on the right is the function given by Teska et al. [2]. The Pearson function is
recommended. This has a response range from -1 to 1, with identical spectra giving a value of +1. The
response range for the Teska function is 0 to 1 with identical spectra giving a value of 1. The correlation
coefficient methods produce spectrum normalisation.
2.1.2 Spectral Difference and Weighted Spectral Difference

Figure 2.2: equations for calculating the weighted spectral difference (WSD) and spectral difference (SD)

The spectral difference and weighted spectral difference are calculated using the equations shown in Figure
2.2. The term |xi| / |xi|ave in the weighted spectral difference function gives more weight to areas of the spectrum
where signals are strong, improving the sensitivity to spectral changes [4]. The range of both the spectral
difference and the weighted spectral difference is 0 to an unbounded upper limit, with identical spectra giving
a value of 0. The spectral difference methods do not produce spectrum normalisation.
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2.1.3 Area of Overlap
The stages in the calculation of the area of overlap are shown in Figure 2.3.

Figure 2.3: stages in the calculation of the area of overlap

The area of overlap is calculated as follows, with the areas calculated using the trapezium rule:
1
2
3
4

The absolute value of each data point of each spectrum is calculated.
The two resulting spectra are both normalised to an area of 1.
All data points with opposite signs in the original spectra are set to zero.
The area between the spectrum formed by the minimum values of the two resulting spectra and
the x axis is calculated.

The response range for the area of overlap is 0 to 1, with identical spectra giving a value of 1. The area of
overlap method produces spectrum normalisation.
2.1.4 Derivative correlation
The derivative correlation algorithm (DCA) is given by:
DCA = (p21 + p) / 2
where

(∑𝑛𝑖=1 𝑦′1𝑖 𝑦′2𝑖 )
𝑝=√ 𝑛
2
(∑𝑖=1 𝑦′1𝑖
)(∑𝑛𝑖=1 𝑦′22𝑖 )
The derivatives are taken numerically using the central difference, i.e. y′ = 0 for i =1, n and y′ = (yi+1 - yi-1) / 2
for i = 2 to n-1.
The derivative correlation suffers from the necessity for further operation on the data prior to calculation, i.e.
smoothing of data. Nevertheless, it can be very sensitive to slight spectral changes. The response range is 0
to 1, with identical spectra giving a value of 1. The derivative correlation method produces spectrum
normalisation.
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2.1.5 Summary

Spectral comparison method
Correlation coefficient, Pearson
Correlation coefficient, Teska et al.
Weighted spectral difference
Spectral difference
Area of overlap
Derivative correlation

Range
-1 to 1
0 to 1
0 to unbounded
upper limit
0 to unbounded
upper limit
0 to 1
0 to 1

Similarity
between
identical spectra
1
1

Normalisation

Units

Yes
Yes

Unitless
Unitless
Same as
spectrum
Same as
spectrum
Unitless
Unitless

0

No

0

No

1
1

Yes
Yes

Table 2.1: summary of the properties of the similarity methods

2.2 Reference and sample spectra
2.2.1 Introduction
The Comparison Suite is designed to make comparisons between a reference group of spectra and either
another group of spectra or a single sample spectrum. A key point is that in each case the reference represents
a group of spectra that has associated statistics to which other spectra are compared.
2.2.2 Reference dataset
To calculate a reference and its statistics from a group of spectra, the following steps are taken:
1. For each spectrum in the reference group, an average spectrum is calculated with a particular
spectrum omitted. Therefore, for a group of N spectra in a reference group, we have another group
of N averaged spectra, each comprised of N-1 spectra.
2. For each averaged (reference) spectrum, the omitted spectrum is then compared to it to give a
comparison score (using the spectral comparison methods described above). The resulting
comparison scores (per comparison method) are then averaged to give an average similarity score,
µ, which has an associated standard deviation, σ.
3. Within the software, the reference spectrum is represented graphically as the average of all its
component spectra. The variation of the reference spectrum is displayed by a shading related to its
standard deviation. Note, this standard deviation is NOT the σ described above.
The way to create a reference within the comparison suite software is described in Section 3.3.
2.2.3 Comparing a sample spectrum with a reference
When a sample spectrum is compared to a reference group, the following steps are taken.
1. Using the comparison methods described above (as selected by the user), the sample spectrum is
compared against each of the average reference spectra in the reference group (see Section 2.2.2).
2. There will then be a number of comparison scores that are averaged to give a final comparison
score for that sample. This average score is given the term, x.
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2.3 Student’s t-test and Z-score
2.3.1 Introduction
Samples may be compared with the reference dataset in two fundamentally different ways depending on the
sample data. These are the Student’s t-test and the Z-score both are used to assess the statistical significance
of the comparison scores that are calculated. The Student’s t-test is used to compare two groups of spectra,
for example when comparing innovator and generic biotherapeutics. The Z-score is used when comparing a
single spectrum with a reference group or dataset, for example in the quality assurance of a product to ensure
it is what it is supposed to be. The selection of either the Student’s t-test or the Z-score is described in Section
3.4.
2.3.2 Student’s t-test
When using the t-test we are comparing a group of spectra against the reference group and trying to discern
the probability of them being from equivalent populations. When a group of sample spectra are selected for
use in a t-test, each spectrum in the group is compared against the reference spectrum as described above in
Section 2.2.3. That is, we have a collection of values for x, 1 per sample spectrum. From these values of x, we
can calculate a mean, x̄ and associated standard deviation σx̄.
The t-statistic is calculated using:

where µ and σµ are equivalent to those calculated in Section 2.2.2, and nx̄ and nµ are the number of spectra in
the sample group and reference group respectively. The t-statistic is then compared to the Student’s tdistribution to obtain a p-value. The range of values for p is from 0 to 1, and is an estimate of the probability
that the null hypothesis is true, i.e. the two sets of spectra are the same. A common significance level of p =
0.05 is set to indicate a significant difference between the samples, as this represents a probability of 0.95 (i.e.
95%), that the two are not the same. For example, a value of p ≥ 0.05 indicates similarity, and a value of p <
0.05 indicates dissimilarity
2.3.3 Z-score
When comparing a single spectrum with a reference dataset, a standard score (Z-score) or “resolving power”
can be calculated from a spectral similarity score using the equations:

𝑍=
𝑍=

(𝑥−µ)
𝜎
(µ−𝑥)
𝜎

for correlation coefficient, DCA, area of overlap

for spectral difference and weighted spectral difference

where x is the similarity score between the sample and reference spectra (Section 2.2.3),  is the average
similarity score of the spectra that compose the reference (Section 2.2.2) and  is the standard deviation of ..
Z therefore expresses the similarity score as a number of standard deviations, giving an indication of the
statistical significance of the similarity score. For example, working at a 2 confidence interval, a Z-score of ≤
2 indicates similarity, and a Z-score of > 2 indicates dissimilarity. A negative Z-score is possible, and can arise
in the case of very high similarity between sample and reference.
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3 OPERATION
3.1 Data format
The Comparison Suite software requires data in .txt, .jdx, .dsa, .dsx or .csv format with the first column as
wavelength and the second as CD or other measured variable such as optical rotation, fluorescence emission
or absorbance. For the .csv files there can be as many columns as you have samples.
The reference spectrum and all sample spectra do not need to have the same number of data points,
wavelength range or wavelength intervals. If these properties are not matched, the software will truncate and
interpolate. The software does not require that the bandwidth or time per point of the reference spectrum and
sample spectra are the same, but remember that if they are different the comparisons may not be appropriate.

3.2 Example data
In the example used here, there are four data sets, consisting of 12 CD spectra in three sets,11 in the fourth,
stored in the folder Protein example data. The 11 or 12 spectra were acquired from separate replicates (i.e.
cell loadings), and each is the result of averaging three repeat spectra (i.e. acquired on the same cell loading)
for each replicate. The data have been corrected by subtraction of the buffer CD spectrum, and exported in
.csv format.
The “Con” data set is the control, consisting of data for a wild type protein. The 2o5pc data set consists of the
wild type with 2.5% of a mutant spiked in, and the 5pc and 10pc data sets consist of the wild type with 5% and
10% of the mutant spiked in respectively. The files are numbered R1 to R12 or R11. These are summarized
in Table 3.1.
Sample
Wild type (control)
Wild type with 2.5% mutant
Wild type with 5.0% mutant
Wild type with 10.0% mutant

Replicates
12
12
12
11

File names
ConR1 to R12
2o5pcR1 to R12
5pcR1 to R12
10pcR1 to R11

Table 3.1: Files used in the Example

The conditions used for the spectra were as in Table 3.2.
Sample
Sample concentration
Cell Pathlength
Wavelength range
Wavelength step (nm)
Bandwidth
Time per point
Repeats
Replicates

BBB
 0.32 mg/ml
0.5 mm
260 to 180 nm
1 nm
1 nm
1 second
3
12 or 11

Table 3.2: conditions used for acquiring the example data
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The example data appear in the spreadsheet CDSamplesBaseCorrect.csv as sample name against
wavelength. A section is shown in Figure 3.1.

Figure 3.1: Section of the example data spreadsheet CDSamplesBaseCorrect.csv

3.3 Creating a reference spectrum
A reference spectrum should be created from at least three spectra. The conditions used for creating the
spectra should represent those that are used for the sample spectra.

Figure 3.2: the Comparison Suite front page with the upper graph icon circled
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On the Comparison Suite front page click the upper graph icon, circled in Figure 3.2, to open the Spectral
Comparison page, and on the Spectra menu select New reference spectrum (Figure 3.3).

Figure 3.3: the Spectra menu

Select the files to be used to create the reference spectrum by clicking Add files (Figure 3.4), name the
reference spectrum and click Next. Here we have selected the CD_SampleBaseCorrect.csv spreadsheet in
the Protein example data folder, which contains multiple files, and have named the reference spectrum
Control.

Figure 3.4: Files selected to create the reference spectrum

If the selected file contains multiple spectra, then the Select data page shown in Figure 3.5 will appear.
Configure the reference spectrum as required by selecting the required data files; here we have selected files
ConR1 to ConR12 to form the reference set. Click Next and then Finish. The Previous file and Next file
buttons at the top of the page can be used to navigate between multiple files that are loaded.
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Figure 3.5: configuring the reference spectrum

The reference spectrum, which is the average of those used for the reference set, can be viewed on the
Spectra tab (Figure 3.6). The grey band enveloping the spectrum represents the distribution in the data,
calculated as 3 where  is the standard deviation. The spectrum can be expanded, and the expanded area
can be moved, using the mouse buttons, and can be reset by double clicking.

Figure 3.6: the Spectral comparison window for the reference spectrum
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Figure 3.7: statistics for the reference spectrum

Statistics for the reference spectrum are viewed on the Reference stats tab (Figure 3.7). The Z-score for each
component of the reference spectrum by comparing against the remaining 11 spectra in the reference set. The
continuous curve in the graph is a Gaussian distribution based on the mean and standard deviation of the
reference data. The bar chart is the actual distribution of the similarity scores, with the values being allocated
to conveniently sized bins.

3.4 Comparing the sample spectrum with the reference spectrum
3.4.1 Comparing spectra using the Student’s t-test
To compare spectra with the reference select Add spectrum for comparison on the Spectra menu (Figure
3.3). You will be presented with the option of either the Student’s t-test or the Z-score (Figure 3.8). The use of
these is described in Sections 2.3.2 and 2.3.3), but remember that the Student’s t-test is used to compare a
particular group of spectra against a reference group, whereas the Z-score is used to compare a single
spectrum with the reference group. Note – it is possible to compare more than one single spectrum at a time
in the Z-score calculation.
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Figure 3.8: selecting Student’s t-test or Z-score

If the Student’s t-test is selected, all files are processed and the results combined to give a single p-value. If
the Z-score is selected, then all sample spectra will be handled separately to give the equivalent number of
similarity and Z-scores. The overlaid reference and sample spectra can be viewed on the Spectra tab (Figure
3.10). If the data files contain multiple traces, an additional page will be launched that allows the selection or
omission of specific traces within the file. In the example, all selected traces will be treated as separate spectra.
Here we are using the example data, and we select the files 2o5pcR1 to 2o5pcR12 which we call
2.5pc spiked. A second spectrum is added to the spectrum view, consisting of the average of the 12 spectra
used for the comparison (Figure 3.9).

Figure 3.9: Spectra view showing reference and comparison spectra
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The significance box at the bottom of the figure shows the difference spectrum, i.e. the sample spectrum minus
the reference spectrum, divided by the standard deviation of the reference. Identical samples would be
expected to show only a random distribution of data around zero, without systematic excursions. For example,
the difference spectrum shown in Figure 3.9 has a small negative excursion between about 193 and 215 nm,
suggesting that there are slight differences between the spectra. These differences are quantified by the
statistics on the t-tests tab (Figure 3.10).

Figure 3.10: statistical results of the comparison

Figure 3.10 shows the similarity scores and p-values for the comparison for the correlation coefficient, weighted
spectral difference and area of overlap models. Remember that for the correlation coefficient and area of
overlap models return higher similarity scores for closer similarity, whereas the spectral difference and
weighted spectral difference return lower values. For the p-values, the higher the value, the greater the
probability of similarity, whichever value is used.
A graphical representation is shown below the similarity scores. The vertical tabs are used to select the
comparison method. The reference curve (blue) is composed of the results of comparison of each of the 11
or 12 spectra contributing to the reference with the remaining 10 or 11. The position of the peak is centred on
the average score, whereas the spread is calculated from the standard deviation assuming a Gaussian
distribution.
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The sample curve, shown in red and labelled 2o5pc spiked, is calculated similarly, but is centred on the
average similarity score of sample data compared to the reference. The more closely centred the reference
and sample curves are, the greater the probability of similarity. The model used to generate the similarity
scores is selected on the vertical tabs.

Figure 3.11: multiple data files on the same plot

Multiple files can be plotted together, but the sample files must be loaded separately. Figure 3.11 shows the
2p5pc, 5pc and 10pc data compared with the Control, with all 11 or 12 spectra used for each comparison.
Note that the similarity scores decrease for the correlation coefficient and area of overlap, but increase for the
area of overlap, as the concentration of spiked in mutant increases. The p-value is too low to be statistically
meaningful for the 5pc and 10pc samples.
The graph shows the comparison between the three spiked data sets using the weighted spectral difference
model. As the concentration of the mutant increases, the distance between the centres of the curves increases.
3.4.2 Comparing spectra using the Z-score
One or more spectra can be compared with the reference data set using the Z-score (Section 2.3.3). The
comparison statistics can be viewed on the Z-scores tab as in Figure 3.13. Remember that with the Z-score,
the lower the value, the greater the probability of similarity. Here we use the set of 12 control data for the
reference and the first four of each of the 2p5pc, 5pc and 10pc data sets for the comparison. These can be
selected simultaneously.
Figure 3.12 shows the reference spectrum and each of the difference spectra. Figure 3.13 shows the Z-scores
for the twelve Sample spectra. Note the banding of the Similarity scores and Z-scores into the three different
concentrations and that, as expected, the Similarity scores decrease with increasing mutant concentration for
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the correlation coefficient and area of overlap, but increase for the weighted spectral difference. In all cases
the Z-scores increase with increasing mutant concentration, as expected.

Figure 3.12: graphical display of Z-scores

Figure 3.13: Sample statistics with Z-score selected
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3.5 Normalisation and setting the data range.
3.5.1 Normalisation
As shown in Table 2.1 most of the spectral comparison methods automatically normalise the data. This means
that samples measured at different pathlengths or concentrations can be directly compared. But the spectral
difference and weighted spectral difference do not, and spectra for the same sample measured as different
concentrations or pathlength will appear as different. This can be corrected on the Options > Settings >
Normalisation tab (Figure 3.14).

Figure 3.14: the Normalisation tab.

There are four options for normalisation:
•
•

•

•

no normalisation.
normalise by absolute area: the area between the curve and the x-axis is calculated from step functions
centred on each wavelength, using the absolute values of the spectral data so that negative values
are taken as positive. No further input is required from the user.
vector normalisation: the vertical of the x-axis is adjusted so that the areas above and below the axis
are the same. This option is not recommended unless the user is confident about how it should be
used.
normalise by concentration: the sample concentration or absorbance, and in some cases other
information, need to be input by the user. To apply the same value for any variable to all the boxes
right click and click Apply to all.

If the normalisation option is changed after the comparison statistics have been calculated, they will be
recalculated when OK is clicked.
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3.5.2 Setting the data range
The data range can be reduced on the Options > Settings > Data range tab, using either the cursor bars or
the imput boxes (Figure 3.15) This can be done, for example, to exclude noisy data, or data where the
absorbance is much above 2 AU. If the data range is changed after the comparison statistics have been
calculated, they will be recalculated when OK is clicked.

Figure 3.15: the Data range tab

3.6 Using a calibration curve
3.6.1 Introduction
Spectra can also be compared using a calibration curve. Two data sets are used as references, referred to as
Samples A and B, which are different in some way. The difference may be in concentration of an impurity, or
degree of denaturation, for example. In this example we will use the wild type protein as Sample A and the
wild type with 10% mutant as Sample B. We will then see where the wild type with 2.5% and wild type with 5%
mutant lie on the calibration curve.
3.6.2 Setting Sample A and Sample B
On the Comparison Suite front page click the lower graph icon, circled in Figure 3.16), to open the Calibration
curve page, and on the Spectra menu select Load spectra (Figure 3.17)
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Figure 3.16: the Comparison Suite front page, with the lower graph icon circled

Figure 3.17: the Load Spectra menu

Operation is then similar to when making a comparison between spectra, as described in Sections 3.3 to 3.5.
You will first be asked to choose and name the file or files for Sample A and then for Sample B. Here we
choose ConR1 to R12 as Sample A (Figure 3.18) which we name as Control, and 10pcR1 to R11 as Sample B
which we name as 10pc spiked.
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Figure 3.18: files selected to create Sample A

When both Sample A and Sample B have been created, you will be asked to set the colours and number of
interpolations for the calibration curve (Figure 3.19). Note that these do not affect the result of the analysis, but
are only to allow you to visualise the data more easily. Click finish to generate the calibration curve (Figure
3.20). The tabs can used on the Calibration curve page to toggle between comparison methods.

Figure 3.19: setting the colours and number of interpolations for the calibration curve
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Figure 3.20: the calibration curve

3.6.3 Inputting similarity scores
Finally, input the similarity score obtained from our earlier statistical comparison. For example, Figure 3.11
shows that the similarity score for the 5% mutant using the weighted spectral difference is 0.2376. If we input
this into the similarity score box for the weighted spectrum difference (Figure 3.21) we obtain a value for the
fraction of Protein B of 0.491, i.e. the concentration of mutant = 0.491 x 10% = 4.91%, close to the expected
value of 5%.

Figure 3.21: weighted spectral difference calibration curve with similarity score input
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