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Abstract
Circular dichroism (CD) spectroscopy is a widely used technique for assessing the higher-order structure (HOS) of bio-
pharmaceuticals, including antibody drugs. Since the International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use established quality control guidelines, objective evaluation of spectral similarity has been
required in order to assess structural comparability. Several spectral distance quantification methods and weighting functions to
increase sensitivity have been proposed, but not many reports have compared their performance for CD spectra. We
constructed comparison sets that combine actual spectra and simulated noise and performed a comprehensive performance
evaluation of each spectral distance calculation method and weighting function under conditions that consider spectral noise and
fluctuations from pipetting errors. The results showed that using the Euclidean distance or Manhattan distance with Savitzky–
Golay noise reduction is effective for spectral distance assessment. For the weighting function, it is preferable to combine the
spectral intensity weighting function and the noise weighting function. In addition, the introduction of the external stimulus
weighting function should be considered to improve the sensitivity. It is crucial to select the weighting function based on the
balance between spectral changes and noise distributions for robust, sensitive antibody HOS similarity assessment.
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Introduction

Circular dichroism (CD) spectroscopy is a long-established
technique for obtaining information on the higher-order
structure (HOS) of biomolecules such as proteins and nu-
cleic acids. Although CD spectroscopy does not have as high a
resolution as X-ray crystallography or nuclear magnetic
resonance (NMR), it is widely used for structural analysis of
biomolecules because it is easy to measure samples in solu-
tion. Its applications range from secondary structure analysis,
evaluation of thermodynamic properties, interaction analysis,
and HOS similarity comparison.1–5

Various methods have been developed for estimating the
fraction of secondary structure using CD spectra.6–7 In recent
years, algorithms have been developed that can accurately
estimate the secondary structure in β-sheet-rich proteins,
which was difficult in the past, so increasing the practicality of
CD spectroscopy for β-sheet-rich antibody drugs.8–10 While
structure estimation method using CD spectra has been
established, the assessment of structural similarities (differ-
ences) using CD spectra has generally been performed visually
and subjectively.

In the past decade, the application of CD spectroscopy to
the analysis of antibody drugs has increased with the accel-
eration of the development, manufacture, and launch of an-
tibody drugs and biosimilars.11–14 The International Council
for Harmonisation of Technical Requirements for Pharma-
ceuticals for Human Use (ICH) has established quality
guidelines, and ICH-Q6B defines CD spectroscopy as one of
the methods for determining the HOS of a biopharmaceutical
drug substance, drug product, or intermediate. In addition,
ICH-Q5E provides guidelines for the objective evaluation of
changes in the HOS of biopharmaceuticals due to changes in
the manufacturing process. Based on this background, there is
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a need for an objective and accurate method for evaluating CD
spectral similarities (differences) in the manufacturing process
for biopharmaceuticals.

Some methods have been developed to quantify the dif-
ferences in spectra (Table S1, Supplemental Material). Dinh
et al. developed a method that uses the spectral intensity as a
weighting function when calculating the Euclidean distance
(weighted spectral distance or WSD).15 The method of
weighting using noise spectra and the process for applying
weighting functions not only to Euclidean distance but also to
other distance calculation methods were developed.16

Performance comparisons have been conducted for some
spectral distance calculation methods. Teska et al. compared the
performance of the Euclidean distance, the correlation coeffi-
cient, the area of overlap (AOO), and the derivative correlation
algorithm (DCA) for CD and Fourier transform infrared (FT-IR)
spectra, which are numerical mixtures of natural and denatured
IgG spectra, and provided guidelines for selecting the appropriate
method.17 Kendrik et al. compared the performance of the
WSD, AOO, and DCA methods by using CD, IR, and micro-
fluidics modulation spectra of IgG spiked with impurities, and the
limit-of-quantification (LOQ) method presented in ICH-Q2
(R1); they reported the effectiveness of the WSD for micro-
fluidics modulation spectra.18 Jones reported that imperfect
spectra, including noise, baseline offset, wavelength shift, and
incorrect spectral intensity, affect distance calculations such as
correlation coefficient, DCA, AOO, and WSD.19

In addition to the above methods, other methods for
quantifying spectral differences have been reported, including
Manhattan distance, modified area of overlap (MAO), and
derivative correlation coefficient.16,20,21 For Euclidean and
Manhattan distances, spectral normalization methods have
been proposed preprocessing.22

Each method can also be combined with a weighting
function, such as the spectral intensity. Comprehensive
knowledge of the performance of these spectral distance
calculation methods in combination with weighting functions
will improve the sensitivity and robustness of comparability
assessments of the HOS of biopharmaceuticals using CD
spectra and will guide method selection. We constructed two
comparison sets, one using Herceptin, a widely used antibody
drug, and the other using variable domain of heavy chain of
heavy chain antibody (VHH), which is expected to be a next-
generation antibody drug. The performance of each combi-
nation of spectral distance calculation methods and weighting
functions was comprehensively evaluated in consideration of
spectral noise and sample preparation errors.

Materials and Methods

Sample Preparation and Circular Dichroism
Spectrum Measurement

Herceptin was purchased from Roche, human IgG was pur-
chased from Sigma-Aldrich, and two different sequences of

VHH1 and VHH2 were provided by Dr. Akikazu Murakami
(RePHAGEN Corporation). Herceptin and human IgG were
dissolved in Milli-Q water to final concentrations of 0.80 mg/mL,
0.81 mg/mL (near-ultraviolet, or near-UV), 0.16 mg/mL, and
0.11 mg/mL (far-UV), respectively. VHH1 and VHH2 were
dissolved in a 20 mM PBS solution. The CD spectra of each
sample in the near- and far-UV regions were measured
using a J-1500 CD Spectrometer (JASCO Corporation)
under the conditions shown in Table S2 (Supplemental
Material).

Calculations of Spectral Distance

The various spectral distance calculation methods are de-
scribed in Eqs. 1 through 7, where Ri is the spectrum of the
reference and Ui is the spectrum of the comparison sample. Ui

and Ri spectra are normalized by the L2 norm (
ffiffiffiffiffiffiffiffiffiffiffiP

U2
i

p
andffiffiffiffiffiffiffiffiffiffiP

R2i
p

) in Eq. 2 or normalized by the L1 norm (
PjUij andPjRij) in Eq. 4. In this normalization process, the intensity

change of the whole spectrum is canceled out. Similarly, the
correlation coefficient, AOO, MAO, derivative correlation
coefficient, and DCA do not consider changes in the intensity
of the whole spectrum. The AOO method calculates the area
where two normalized absolute spectra overlap.23 Regions
where the signs of the original spectra are reversed are not
included in the calculation. The MAO method was developed
to improve the dynamic range of the AOO method, and uses
the square instead of the absolute value of the spectrum.21

The derivative correlation coefficient is calculated using the
first derivative spectra of the reference and comparison
samples, R0i and U0

i .
17 DCA is calculated by applying the cal-

culation process shown in Eq. 7 to the derivative correlation
coefficient.

Euclidean Distance
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ðUi � RiÞ2
s

(1)

Normalized Euclidean Distance

NE ¼
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Manhattan Distance

M ¼ 1
n

Xn
i¼1

jUi � Rij (3)
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Normalized Manhattan Distance

NM ¼ 1
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i¼1
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Correlation Coefficient
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Derivative Correlation Coefficient

p ¼
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Derivative Correlation Algorithm

DCA ¼ ðp21 þ pÞ
2

(7)

Weighting Functions

Examples of weighted Euclidean distance and weighted cor-
relation coefficients are shown in Eqs. 8 and 9, where ωi is the
weighting function. For the Euclidean distance, the weighting
function is introduced as the coefficient of the square of the
residuals of the spectra of the reference and comparison
samples. For the correlation coefficients, the weighting func-
tions are introduced as coefficients of the product of the
deviation of the reference and the deviation of the comparison
sample, the product of the deviation of the reference, and the
deviation of the comparison sample. For AOO, the weighting
functions are introduced as coefficients of the spectra of the
reference and comparison samples, respectively, before area
normalization.

The spectral intensity weighting function ðωspec, iÞ is ob-
tained by taking the absolute value of the spectrum of the
reference and normalizing it by the mean value, as shown in
Eq. 10. The noise weighting function (ωspec,i ), shown in Eq. 11,
is obtained by taking the standard deviation of the noise
(σsample,i) using the high-tension voltage (HT) spectrum ob-
tained with the CD spectrum of the comparison sample and
Eq. 12. Vi is the HT value of each wavelength and k is the
number of scan.16 It is also useful to apply an external stimulus
to the reference and investigate the wavelength range where
the spectral change could occur. Use this as an external
stimulus weighting function (ωext, i). ωext, i is obtained by
normalizing the absolute value of the subtraction spectrum
(fi) between the reference and the spectrum of the reference

under different conditions of temperature, pH, concentration,
additive concentration, and impurity concentration by the av-
erage value, as shown in Eq. 13. In this study, we employed an
evaluation system in which each impurity (IgG and VHH2) is
numerically spiked into the reference spectra of Herceptin and
VHH1, respectively. We considered the spectral changes due to
numerical impurity spikes as spectral changes due to an external
stimulus. External stimulus weighting functions were ob-
tained based on the difference spectra of 100% Herceptin
and 100% IgG, and the difference spectra of 100% VHH1 and
100% VHH2. The external stimulus weighting functions
for the distance calculation method with spectral normali-
zation were obtained from the difference spectra of 100%
Herceptin and 100% IgG and 100% VHH1 and 100% VHH2
after normalization. The L1 norm (

PjUij and
PjRij) was

used for the normalized Manhattan distance, correlation
coefficient, AOO, and MAO, and the L2 norm (

ffiffiffiffiffiffiffiffiffiffiffiP
U2
i

p
andffiffiffiffiffiffiffiffiffiffiP

R2i
p

) was used for the normalized Euclidean distance. In
other words, the external stimulus weighting function that
we applied in this study weights the regions where we know
that the spectra clearly change.
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xλn
i¼λ1

�ðUi � RiÞ2ωi

�vuut (8)

I ¼
Pn
i¼1

��
Ui � U

��
Ri � R

�
ωi

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

��
Ui � U

�2
ωi

�r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

��
Ri � R

�2
ωi

�r (9)

ωspec, i ¼ jRij
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¼1:3313 × ðlog10ðViÞÞ2

� 3:5163 × log10ðViÞ � 0:137
(12)

ωext, i ¼ jfij
ð1=nÞPλn

i¼λ1

jfij
(13)

Creating a Spiked MRE Spectrum Set with
Random Noise

The process of generating spectra with wavelength-dependent
noise is shown in Figure S1 (Supplemental Material), using the

1484 Applied Spectroscopy 76(12)

https://journals.sagepub.com/doi/suppl/10.1177/00037028221121687


comparison set of Herceptin and IgG as examples. A low-pass
filter was applied to each original spectrum using the FFT filter
function of Spectra Manager v.2.0 (JASCO Corporation)
under the conditions shown in Table S3 (Supplemental Ma-
terial). Representative examples of spectra before and after
the application of the low-pass filter are shown in Figure S2
(Supplemental Material). The buffer spectrum was subtracted
and converted to the mean residue ellipticity (MRE), which
was used as the original spectrum. The spectra of IgG were
numerically spiked with the spectra of Herceptin at 2%

intervals up to 40% (near-UV) and 1.5% intervals up to 30%
(far-UV) to obtain a set of 20 spiked MRE spectra each.
Similarly, VHH2 was spiked with VHH1 at 2% intervals up to
40% (near-UV) and at 1% intervals up to 20% (far-UV) to
obtain a set of spiked MRE spectra.

The HT spectra corresponding to these sets of MRE
spectra were also obtained by numerical spiking. Since HT
spectra are not linear with respect to concentration, the
HT spectra were converted to absorbance spectra using
the HTOD conversion function of Spectrum Manager Ver.

Figure 1. Limit-of-quantification comparison of various distance calculation methods. The LOQ values were calculated using the
following comparison sets generated under the condition k = 9: (a) Herceptin/IgG near-UV, (b) Herceptin/IgG far-UV, (c) VHH1/VHH2
near-UV, and (d) VHH1/VHH2 far-UV. Each bar graph and error bar show the mean and standard deviation of the LOQ calculated after
100 independent trials of adding noise. The upper number in the bar graph indicates the mean value (standard deviation). Two-sample t-tests
were performed for the LOQ for each distance calculation method and the Euclidean distance, and results showing p < 0.05 are
marked with *.
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2.0 (JASCO Corporation). The molar absorbance spectra
normalized by concentration and optical path length were
then spiked numerically and reconverted to HT spectra.
The spiked MRE spectral sets generated above do not
contain random noise. Therefore, we added noise using
random numbers to the data at each wavelength of the
spiked MRE spectra. It is known that the magnitude of the
noise in CD spectra is not constant for each wavelength. To
reproduce this wavelength-dependent noise, we used the
HT spectrum sets obtained by the above method. HT
spectrum sets were converted to the standard deviation of
the noise of CD value at each wavelength using Eq. 12.
Based on the obtained standard deviation of noise at each
wavelength, random numbers that follow a normal distri-
bution were obtained and convolved with the bandwidth to
reproduce the wavelength-dependent random noise set.
This wavelength-dependent noise was added to each cor-
responding spiked MRE spectral set.

Calculation of the Limit-of-Quantification

The LOQs for each distance calculation method were ob-
tained by plotting the distance between a spectrum of 100%
Herceptin or VHH1, numerically spiked with a spectrum of
IgG or VHH2, respectively, which are considered to be im-
purities, using Eq. 14 described in ICH-Q2 (R1). S is distance
for slope concerning the mixing ratio, obtained by fitting with
a linear equation. σresi is the residual standard deviation fitted

with an appropriate function for the data (Table S4 and
Figure S3, Supplemental Material) using Eq. 15. Except for
DCA, each function was selected from linear, quadratic, and
cubic functions to minimize the residuals for the calculated
distances. For DCA, the linear, quadratic, and cubic
functions did not fit well because the Eq. 7 contains terms to
the twenty-first power, so 21st-order functions were ap-
plied. As a representative example, Figure S4 (Supplemental
Material) shows the change in the Euclidean distance for the
100% Herceptin spectrum when spiked with a fixed ratio of
IgG and the calculated Euclidean distance changes linearly
with the mixing ratio of IgG, which is consistent with
previous reports.17

LOQ ¼ 10σresi
S

(14)

σresi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

�
yi �byi	2
n� 2

vuuut
(15)

Smoothing

As a smoothing method for preprocessing of LOQ calcula-
tions, Savitzky–Golay filtering was performed under condi-
tions that did not affect the spectral shape (order 2, window
size 2.5 nm; near-UV, 5.1 nm; far-UV).

Figure 2. Limit-of-quantification versus spectral variation for various distance calculation methods. LOQ values were calculated using
the following comparison sets by varying the entire spectrum by 0–1% under the condition k = 9: (a) Herceptin/IgG near-UV, (b) Herceptin/
IgG far-UV, (c) VHH1/VHH2 near-UV, and (d) VHH1/VHH2 far-UV. Each point shows the average LOQ calculated by 100 independent
iterations of adding noise. Blue: Euclidean distance, yellow: normalized Euclidean distance, green: correlation coefficient, gray: AOO, and red:
MAO; the red dotted line indicates the intersection of the Euclidean distance and the LOQ of the method with the lowest LOQ among the
normalized methods.
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Numerical Computations

All numerical computations and Welch’s t-test were per-
formed using Python 3.7.4. with the scientific computation
library NumPy 1.17.2 and SciPy 1.3.1.

Results and Discussion

Spiked MRE Spectra with Random Noise

Supplemental Material Figure S5a shows the spiked MRE
spectral set for Herceptin/IgG. Supplemental Figure S5b
shows the random noise set for Herceptin/IgG in the near-
UV region. The spiked MRE spectral set was converted to a
CD spectral set, given a random noise set, and then re-
converted to MRE spectra to obtain a spiked MRE spectral set
with random noise (Figure S5c, Supplemental Material). In the
same way, we also simulated the combination of Herceptin/
IgG in the far-UV region, VHH1/VHH2 in the near-UV region,

and VHH1/VHH2 in the far-UV region to construct the
spectral set. The simulated spectra with noise equivalent
to one scan and the measured raw spectra for one scan are
in good agreement (Figures S5d, e, f, and g, Supplemental
Material).

Comparison of Limit-of-Quantification in the Presence
of Spectral Noise

Figure 1 shows the LOQs calculated when wavelength-
dependent random noise was added, which corresponds to
the measurement condition k = 9. The LOQs for all the
methods that use differentiation, such as the DCA and de-
rivative correlation coefficient, exceed 100% for all the
comparison sets. Also, in many comparison sets (Herceptin/
IgG near-UV, VHH1/VHH2 near-UV, far-UV), the distance
calculation methods that use spectral normalization (nor-
malized Euclidean distance, normalized Manhattan distance,

Figure 3. Effectiveness of weighting functions. Differences in LOQs with and without the use of a weighting function were calculated using
the comparison sets of (a) Herceptin/IgG near-UV, (b) Herceptin/IgG far-UV, (c) VHH1/VHH2 near-UV, and (d) VHH1/VHH2 far-UV, with
noise under the condition k = 9. Each bar graph and error bar show the mean and standard deviation of the difference of LOQs calculated 100
times independently with noise. The Manhattan distance and normalized Manhattan distance are omitted because their behavior is the same as
the corresponding Euclidean distances; the DCA and derivative correlation coefficients are omitted because the LOQ exceeded 100%.
Yellow: spectral intensity weighting function, green: noise weighting function, red: external stimulus weighting function. Two-sample t-tests
were performed for LOQs with and without weighting for each method, and results showing p < 0.05 are marked with *.

Oyama et al. 1487

https://journals.sagepub.com/doi/suppl/10.1177/00037028221121687
https://journals.sagepub.com/doi/suppl/10.1177/00037028221121687
https://journals.sagepub.com/doi/suppl/10.1177/00037028221121687
https://journals.sagepub.com/doi/suppl/10.1177/00037028221121687


correlation coefficient, AOO, and MAO) show higher LOQs
than the methods that do not use normalization (Euclidean
distance and Manhattan distance).

The advantage of spectral normalization is that it allows
the evaluation of the distance between spectra without
being affected by the variation of the entire spectrum
due to sample preparation errors. On the other hand, as
shown in Figures S6a, c, and d (Supplemental Material),
the normalization process causes a reduction of the dif-
ferences between reference and sample spectra. The high
LOQ for the distance calculation method with spectral
normalization is due to this property. For Herceptin/IgG
far-UV, a difference in LOQ was not observed between
the spectra with and without normalization. This is a rare
case in which the difference between the two spectra is
maintained even after normalization (Figure S6b, Sup-
plemental Material).

The Euclidean distance and the Manhattan distance, known
for the most famous distance calculation methods, did not
show significant differences in many cases.

Effect of Variation of Absorbance
on Limit-of-Quantification

As shown above, the Euclidean and Manhattan distances
without normalization showed the best performance when
only the noise in the spectrum was considered. However, in

actual measurements, it is necessary to consider not only the
noise in the spectrum but also the variation of the entire
spectrum caused by sample preparation errors. In general, the
sample preparation error is assumed to be a few percent, which
can be compensated for by converting the raw spectrum to the
MRE spectrum using the concentration converted from the
absorbance measured simultaneously with the CD spectrum.
However, the photometric value for absorbance itself always
contains some variation, resulting in an error in the conversion
to MRE, and as a result, the variation of absorbance becomes a
variation of the entire MRE spectrum. Therefore, we investi-
gated the effect of the variation of the entire spectrum caused
by the variation of the measured absorbance value on the LOQ
for the various distance calculation methods.

Figure 2 shows the LOQ for each distance calculation
method when the entire spectrum is subjected to variation for
the MRE spectral set with spectral noise under the condition
k = 9. The variation is assumed to follow a normal distribution
with a mean of 0 and a standard deviation of 0–1%. In all
comparison sets, the LOQ of the Euclidean distance increases
with the variability added to the whole spectrum, while the
LOQs of the normalized Euclidean distance, correlation co-
efficient, AOO, and MAO are unaffected. For each com-
parison set, the level of variation was estimated to be around
0.2–0.5% in regions where the LOQ of the Euclidean distance
and the LOQof the method with the smallest LOQ among the
normalization methods are reversed.

Figure 4. Comparison of the shapes of the various weighting functions and the distribution of the noise in the spectra. The original spectra
(top), the weighting functions (middle), and the simulated noise under the condition k = 9 (bottom) are shown for the (a) Herceptin/IgG
near-UV and (b) VHH1/VHH2 far-UV comparison sets. (c) The difference in LOQ with and without the weighting function. Each bar and
error bar shows the mean and standard deviation of the difference in LOQ calculated by 100 independent iterations of noise assignment.
Yellow: spectral intensity weighting, purple: combined spectral intensity and noise weighting, light blue: combined spectral intensity and
external stimulus weighting, red: external stimulus weighting, gray: combined external stimulus and noise weighting. Two-sample t-tests were
performed for ΔLOQ with weighting alone and with double weighting, and results showing p < 0.05 are marked with *.
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Since the variation of the whole spectrum can be regarded as
the variation of the measured absorbance value, it is suitable to
choose the Euclidean distance or Manhattan distance without
normalization when the variation of the measured absorbance
value can be reduced to less than 0.2–0.5%. If this is difficult, it is
appropriate to choose a distance calculation method that per-
forms spectral normalization.

Effects of the Weighting Function

To confirm the effectiveness of the weighting functions, we
performed a comprehensive analysis of the LOQ for each
distance calculation method and weighting function combi-
nation (Fig. 3). The spectral intensity weighting function is
based on the 100% MRE spectra of Herceptin and VHH1, and
the noise weighting function is based on the HT spectra of
each dataset. The external stimulus weighting functions are
obtained from the subtraction spectra between 100% Her-
ceptin and 100% IgG and the subtraction spectra between
100% VHH1 and 100% VHH2.

Each bar graph shows the change in LOQ before and
after applying the weighting function to each distance
calculation method, where a negative value of ΔLOQ in-
dicates an improvement in LOQ. In the Herceptin/IgG
near-UV comparison set, which is considered to be the
closest to the conditions for comparability evaluation of
antibody drugs currently in practice, the spectral intensity
weighting function, in combination with the Euclidean
distance, resulted in a negative ΔLOQ, indicating that it was
effective in improving the LOQ. On the other hand,
combining other comparison sets and distance calculation
methods resulted in a positive ΔLOQ, which worsened the
LOQ. The external stimulus weighting function worsened
the LOQ in two cases but improved the LOQ in many
combinations. Although the noise weighting function had a
small effect on improving the LOQ, it consistently im-
proved the LOQ for many comparison sets and distance
calculation methods.

To investigate the cause of the LOQ increase caused by the
spectral intensity weighting function, we examined the rela-
tionship between the weighted wavelength range, the range
where the spectrum changes, and the distribution of noise in
the comparison sets where the spectral intensity weighting
function worked effectively or unfavorably (Fig. 4). In the
comparison set for Herceptin/IgG near-UV and Euclidean
distance where the spectral intensity weighting function
worked effectively, the region around 250–260 nm was
weighted (Fig. 4a). While this wavelength range is relatively
consistent with the region of large spectral difference, it is not
compatible with the wavelength near 280 nm, where the noise
is significant.

In the VHH1/VHH2 far-UV comparison set, where the
spectral intensity weighting function has an unfavorable effect,
the spectral intensity weighting function weights the region
around 200 nm (Fig. 4b). The region around 200 nm overlaps

with the wavelength region where the spectrum changes, but
it also coincides with the wavelength region where the noise is
the largest. This may cause a deterioration of the LOQ,
offsetting the improvement of the LOQ by the spectral in-
tensity weighting. The same is true for the external stimulus
weighting function.

Effects of Weighting Function Combination

As described above, the coincidence of the weighting
wavelength range and the wavelength with high noise range
leads to the deterioration of the LOQ. Therefore, we
expected that the use of noise weighting functions in
combination with spectral intensity weighting function and
external stimulus weighting functions would be effective in

Figure 5. Effect of smoothing. The LOQs were calculated by
combining the Euclidean distance and the Savitzky–Golay filter in
the (a) Herceptin/IgG near-UV comparison set) and (b) in the far-UV
comparison set under the condition k = 9. The bars and error bars
show the mean and standard deviation of the LOQs calculated
after 100 independent trials of adding noise. Blue: no weighting
function, yellow: spectral intensity weighting function, red: external
stimulus weighting function. Open bar: no smoothing, hatched bar:
with smoothing. A two-sample t-test was performed on the LOQs
before and after noise removal, and the results showing p < 0.05 are
marked with *. The LOQ values for Euclidean distance are
calculated using spike spectral sets generated under the conditions
of the various number of (c) scan k. The scatter plot shows the mean
of the LOQs calculated after 100 independent trials of adding noise
equivalent to the number of scan.
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preventing the deterioration of the LOQ and investigated
the effect of the combined use of weighting functions
(Fig. 4c). Interestingly, the positive ΔLOQ resulting from
the application of spectral intensity weighting function

became negative when the noise weighting function was
also used, confirming the improvement. The external
stimulus weighting function was also found to improve the
LOQ in the same way. The combination of spectral intensity

Figure 6. Comprehensive analysis of the effect of weighting function combination. Differences in LOQs with and without the use of
weighting functions were calculated for (a) Herceptin/IgG near-UV, (b) Herceptin/IgG far-UV, (c) VHH1/VHH2 near-UV, and (d) VHH1/
VHH2 far-UV, with noise under the condition k = 9. Yellow: spectral intensity weighting function alone, purple: dual-use of spectral intensity
and noise weighting functions, light blue: dual-use of spectral intensity and external stimulus weighting functions, red: external stimulus
weighting function alone, gray: dual-use of external stimulus and noise weighting functions. Each bar graph and error bar show the mean and
standard deviation of the difference in LOQs calculated 100 times trials of adding noise. Each spectrum is preprocessed by a Savitzky–Golay
filter. A two-sample t-test was performed on the ΔLOQ for the single weighted and double weighted double combination, and results showing
p < 0.05 are marked with *.
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and external stimulus weighting function resulted in a
smaller ΔLOQ than spectral intensity weighting alone and a
larger ΔLOQ than external stimulus weighting alone. This
result is consistent with the spectral intensity weighting
function weights region with higher noise than the external
stimulus weighting function.

Effects of Smoothing

Since the above examination results suggest that spectral
noise has a significant effect on various distance methods
and weighting functions, we investigated the effect of noise
reduction using a Savitzky–Golay filter as a preprocessing
step for spectral distance calculations. Figs. 5a and 5b show
the LOQ before and after smoothing at the Euclidean
distance for Herceptin/IgG as a representative example. It
can be seen that the smoothing is effective regardless of the
presence or absence of the weighting function and the type
of the weighting function in the near-UV and far-UV
comparison sets.

Figure 5c shows the relationship between the number of
scan and the LOQ. This graph shows that although the
Savitzky–Golay filter is effective, it is not able to remove the
effect of noise completely, and its LOQ improvement effect is
limited to an increase of about two scans.

Conclusion

The performance of various distance calculation methods
and weighting methods was comprehensively evaluated by
simulating spectral fluctuations caused by spectral noise and
sample preparation errors. The results indicated that the
method for calculating the distance using differentiation was
not suitable for comparing the differences between CD
spectra. It was also found that the distance calculation
methods that did not use spectral normalization, such as the
Euclidean distance, are appropriate when the sample
concentration can be corrected by a device that can reduce
the variation of absorbance to less than 0.2–0.5%, and
spectral normalization methods are appropriate when that
is difficult. No systematic performance differences were
found between the Euclidean and Manhattan distances.
Similarly, no systematic performance differences were
observed among the normalized Euclidean distance, nor-
malized Manhattan distance, correlation coefficient, and
AOO.

The weighting functions effectively improved the LOQ
for the spectral distance calculation method in many
comparison sets. While the spectral intensity and external
stimulus weighting functions were adequate for the
Herceptin/IgG near-UV comparison sets, there were cases
where the weighting wavelengths coincided with significant
noise wavelengths, resulting in a deterioration of the LOQ.
The noise weighting function consistently improved
the LOQ, although the effect was moderate. The noise

weighting function was combined with the spectral intensity
and external stimulus weighting functions to improve the
LOQ, which was deteriorated by the application of these
functions. To confirm the effectiveness and versatility
(stability) of the triple combination method, which com-
bines the double combination of weighting functions with
an added Savitzky–Golay filter, we comprehensively ana-
lyzed the LOQ change for each comparison set and distance
calculation method (Fig. 6). Each LOQ change was pre-
processed using the Savitzky–Golay filter. The LOQ was
improved by adding the noise weighting function to the
spectral intensity weighting function, even under the
condition that the noise reduction method was combined.
There was only one case in which the LOQ deteriorated
with the use of the noise weighting function. The combi-
nation of the external stimulus weighting function also
improved the LOQ of the spectral intensity weighting
function, but the LOQ deteriorated in three cases. When
the external stimulus weighting function was used alone,
the LOQ deteriorated in seven cases, but in all of these
cases, the LOQ was improved by the combined use of the
noise weighting function, confirming the effectiveness of the
double use of noise weighting functions and the triple use of
noise reduction methods.

Considering the above results, we can choose a non-
normalizing method such as the Euclidean distance when
using a modern CD spectrometer or measurement en-
vironment with a high measurement accuracy of CD and
absorbance. As a preprocessing method, noise reduction
using the Savitzky–Golay filter is effective. For the
weighting function, it is preferable to combine the spectral
intensity weighting function, which improves the LOQ
under conditions closest to those used for comparability
evaluation of antibody drugs, and the noise weighting
function, which is effective in reducing unexpected de-
terioration of the LOQ. In addition, the introduction of
the external stimulus weighting function should be con-
sidered to improve the sensitivity. Thus, combining the
distance calculation method and the weighting function
with consideration of the spectral changes and noise
distributions will be possible to evaluate the spectral
similarity of antibody drugs in a highly sensitive and robust
manner.

The guidelines for the various distance calculation methods
and the selection of weighting functions presented in this study
were obtained by simulating spectral noise and sample
preparation errors. More useful insights may be obtained by
combining them with experimental evaluations in the future.
On the other hand, this simulation-based methodology al-
lowed us to statistically discuss the differences in the per-
formance based on the results obtained from the number of
trials, which is difficult to achieve in actual measurements. In
addition to comparing two different molecules, a comparison
of the performance under different conditions, such as de-
naturation and aggregation of antibodies with native
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structures, may provide guidelines for the use of methods that
did not show systematic differences in this study. Further
comparison of the performance of spectral distance calcula-
tion methods will contribute to a more sensitive and robust
evaluation of the comparability of the HOS of antibody drugs
and will also lead to the development of objective evaluation
methods for differences in HOS not only between antibodies,
but also between various biomolecules.
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