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Mass spectrometry (MS) is a powerful analytical technique employed for a variety
of applications including drug development, quality assurance, food inspection,
and monitoring environmental pollutants. Recently, in the production of actively
developed antibody and nucleic acid pharmaceuticals, impurities with various
modifications have been generated. These impurities can lead to a decrease in
drug stability, pharmacokinetics, and efficacy, making it crucial to distinguish
between them. We previously modeled mass spectrometry for each possible
number of constituents in a sample, using parameters such as monoisotopic
mass and ion counts, and employed stochastic variational inference to determine
the optimal parameters and the maximum posterior probability for each model.
By comparing the maximum posterior probabilities among models, we selected
the optimal number of constituents and inferred their corresponding
monoisotopic masses and ion counts. However, MS spectra are sparse and
predominantly flat, which can lead to vanishing gradients when using simple
optimization techniques. To solve this problem, using MCMC as in our previous
studies would take a very long time. To address this difficulty, in this study, we blur
the comparative spectra and gradually reduce the blur to prevent vanishing
gradients while inferring accurate values. Furthermore, we incorporate MS/MS
spectra into the model to increase the amount of information available for
inference, thereby improving the accuracy of parameter inference. This
modification improved the mass error from an average of 1.348 Da—-0.282 Da.
Moreover, the required time, even including the processing of additional five MS/
MS spectra, was reduced to less than half.
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1 Introduction

Mass Spectrometry (MS) serves as a robust analytical method
and is employed across various fields including drug development,
food safety inspections, and environmental pollutant monitoring. In
recent years, with the vigorous development of antibodies and
nucleic acid drugs, impurities with different modifications have
been produced. Such impurities may adversely affect the stability,
pharmacokinetics, and efficacy of drugs (Sanghvi, 2011; Weinberg
et al., 2005; Tamara, den Boer, and Heck, 2022; Pecori et al., 2022). It
is, therefore, essential in pharmaceutical development and quality
control to identify and address these multiple impurities.
Additionally, understanding the monoisotopic mass of the
constituents can offer crucial insights into the origins of impurity
formation. Similarly, knowledge of the ion concentrations of these
constituents assists in evaluating the potential impact of the
impurities.

In contemporary mass spectrometry, accurately identifying
impurities in middle or high molecules with minor modifications
remains challenging. Traditional chromatography methods
frequently struggle to effectively separate these impurities. It is
also difficult to separate them on the MS axis due to increased
spectral complexity from isotopes and multivalent ions.

Enhancing the hardware resolution allows for the distinction of
subtle variations between isotopes and modifications. However,
high-resolution techniques like Fourier Transform Ion Cyclotron
Resonance (FT-ICR) necessitate large-scale equipment and
significant investment, making them cumbersome to manage.
Therefore, it is more practical to use devices suited for standard
laboratories, such as Triple Quadrupole MS and Quadrupole Time-
of-Flight MS (Q-TOF-MS).

Consequently, there is ongoing research into software-driven
signal analysis. Efforts have been made to deduce mass from the data
provided by mass spectrometers. Basic techniques for generating m/
z lists from spectral data include wavelet transformations (Zhang
et al.,, 2009). However, for spectra from medium to high molecular
compounds that display broad isotope distributions, particularly
those ionized by electrospray ionization (ESI) which generates
multivalent ions, pinpointing the monoisotopic mass becomes
more complex.

For tackling charge deconvolution and deisotoping in spectra
from multivalent ions, numerous algorithms have been introduced,
including heuristic Gaussian fitting via nonlinear least squares
minimization (Dasari et al., 2009). The ReSpect algorithm,
employing the Maximum Entropy method (Ferrige et al., 1992),
has been widely utilized (Zhang and Alecio, 1998; Tranter, 2000;
Ferrige et al., 2003). This algorithm calculates m/z lists by applying
constraints based on charge distribution, facilitating the
identification of monoisotopic masses. Nevertheless, ReSpect does
not provide a clear estimation of the number of constituents in the
it handle

determining the likelihood of having k or k+1 constituents.

spectrum, nor does discrete conditions, such as
Furthermore, as the number of peaks in a deconvoluted
spectrum increases, so does the entropy term of the objective
function, often leading to the selection of spectra with numerous
peaks. More recently, novel approaches like UniDec, which employs
Bayesian deconvolution, have been developed (Marty et al., 2015;

Marty, 2020). UniDec is inspired by the Richardson-Lucy algorithm
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(Richardson, 1972; Lucy, 1974) and operates more rapidly than
ReSpect. However, its iterative technique for matching the observed
data with a convoluted spectrum still fails to address the challenge of
assessing the probability of specific constituent counts.

In prior research (Tomono et al., 2024), we inferred the number
of constituents based on their monoisotopic masses and ion counts.
We modeled these using multiple assumed constituent counts and
then derived the maximum posterior probability and optimal model
parameters for each numbers of constituents using NUTS (No-U-
Turn Sampler), Simulated Annealing, and Stochastic Variational
Inference. Despite these efforts, the accuracy of our results was
insufficient.

Consequently, this study introduces an improved methodology
to accurately infer the optimal number of constituents and their
monoisotopic masses and ion counts using MS/MS (Tandem Mass
Spectrometry) spectra. This methodology is beneficial for detecting
impurities in pharmaceutical products, optimizing synthesis
conditions for medium to high molecular drugs, and enhancing
quality assurance processes in manufacturing settings.

2 Proposed method
2.1 Analytical method framework

Our method initially models the physical MS and MS/MS
system with all possible numbers of constituents. For each model
with a different number of constituents, we calculate the optimal
monoisotopic masses and ion counts and derived the posterior
probabilities. The monoisotopic mass refers to the sum of the
masses of the most abundant isotopes of each element present in
a molecule or ion. This calculation is achieved by using Stochastic
Variational Inference (SVI) (Wingate and Weber, 2013; Ranganath
et al., 2014; Kingma and Welling, 2013).

However, this model encounters specific issues inherent in mass
spectrometry. The MS spectrum we are comparing is mostly flat
with several sharp peaks localized in certain areas. Applying simple
optimization methods to such data often leads to vanishing
gradients, making it difficult to effectively explore parameters.
One way to avoid this difficulty is to use Markov chain Monte
Carlo methods (MCMC) and Simulated Annealing, but this requires
significant computational time.

Therefore, we propose a new method called Spectral Annealing
Inference (SAI). SAI combines SVI and spectral annealing by Point
Spread Function (PSF) to explore optimal parameters while avoiding
vanishing gradients and local optima. After calculating all posterior
probabilities by SAI, we select the most probable number of
constituents, as well as their monoisotopic masses and ion counts.

To prevent selecting overfitted complex models, we introduce a
prior distribution of the number of constituents. In this paper, we
define a constituent as a set of ions that share the same monoisotopic
masses, m'. Namely, we regard all isotopic variants and isomers as a
single constituent. m' is calculated by replacing all constituent atoms
of an ion with their most abundant isotopes. Additionally, we
impose constraints on the prior distribution to ensure that m' of
each constituent do not overlap.

To avoid the curse of dimensionality where the search space
expands exponentially with the number of constituents, we employ a
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TABLE 1 Computational environment used for validation.

CPU Intel (R) Xeon (R) Platinum 8280 CPU @ 2.70 GHz
GPU NVIDIA A100

RAM 1,024 GB

oS Ubuntu 20.04.6 LTS

Software Python 3.10.12

Numpyro 0.14.0

jax 0.4.14

CUDA 12.1

staged search approach. We incrementally increase the number of
constituents from k=1 to a predefined maximum k = k.,
their
probabilities at each stage. This method efficiently narrows down

calculating the optimal parameters and posterior
the search space for the parameters of the next level of constituents,
enhancing both the efficiency and accuracy of our parameter
inference. The value of k. is determined based on prior
knowledge, such as the expected complexity of the sample or
physical constraints. For k constituents, we calculate the optimal
parameters and their posterior probabilities. These parameters are
then used to efficiently focus the parameter search areas for the k + 1
constituents.

Initially, we develop a model for k = 1 constituent and derive the
optimal parameters and the highest posterior probability from the
aforementioned  prior distributions and observed data.
Subsequently, we construct a model for k = 2 constituents, where
we apply a prior distribution centered around the optimal
parameters previously inferred for k = 1, thus limiting its range.
This strategy helps prevent a significant expansion in the parameter
search space. Leveraging this new prior distribution, we infer the
optimal parameters and achieve the highest posterior probability.
We continue this process, systematically determining the maximum
posterior probability for each model as the number of constituents
increases to k. Finally, we compare the maximum posterior
probabilities across all models, selecting the model with the
highest probability. From this model, we derive the inferences for
the monoisotopic masses and ion counts, ensuring the most accurate

representation of the sample composition.

2.2 Physical model of mass spectrometers

2.2.1 MS spectrum for intact ions

According to prior research, the spectrum in mass spectrometry
can be approximated using the following model (Tomono et al.,
2024). The probability distribution of mass of constituent j can be

described by a binomial distribution f)j (wj). Here, w;=
m-m.
]

round ( ) is the increase in neutron number from the

monoisoteopic ions of constituent j, where m; represents the
monoisotopic mass of constituent j. m represents a variable in
the mass space, and m>0. & represents the mass of neutron,
1.008664 Da. We postulate w;>0, because, in the biochemical

domain, the most abundant isotope is usually also the lightest. In
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TABLE 2 Settings for constituent spectrum generation.

ID Sequence Molecular Monoisotopic
formula mass m; [Da]
A gegtttgctcttctt C104H263Ng30134P20 6361.088
cttgeg
B gegtttgutcttett Cu04H26:N620135P20 6362.072
cttgeg
C gugtttgutcttctt Cr04H261N610136P20 6363.057
cttgeg

this model, we assume that nj atoms within a molecule can be
replaced by isotopes with a mass increase of ¢ Da at a probability of
uj. Additionally, for the charge distribution g, (z), we assume that [
chargeable sites can acquire a charge of +1 (in the case the mass
spectrometry system is in positive mode) at a charge rate of v;. z
denotes the variable representing the absolute value of charge, where
z>1 and z is an integer.

The mathematical expressions of the distributions generated by
these binominal processes are:

i\ wify L VT ,
Jf’j(“)f) = (“’]J )uj (1 u,) gg;fn)se )
\ ,

Here,

j: constituentindex (j = 1,2, -+-k),

m: avariable in the mass space where m >0,

z: a variable representing the absolute value of charge, where
z>1 and z is an integer,
J
I;: monoisotopic mass of constitutent j,

m: monoisotopic mass of constitutent Js

nj: number of atoms of constitutent j,

u;: isotopic replacing rate of constitutent j,

v;: charge rate of charge able sites of constitutent j, and

&: the mass of a neutron.

Typically, the spectrum obtained from a mass spectrometer is
represented along the mass-to-charge ratio m/z axis. Here, we define
¢ as the variable representing m/z. The total number of ions
belonging to a set, i.e., a constituent j, is denoted by I;. Each ion
in the set is indexed by i;. The mass and charge of each individual ion
ijare denoted as w;; ~ p; and z;; ~ ;. When an ion i; is detected, its
observed ideal spectrum would be & (¢ — (m; + ew;;)/z;;) where 8 is
Kronecker delta function. Regardless of its charge state or mass, a
single ion contributes to the observed spectrum as a single delta
function. Therefore, the ideal spectrum formed by this set of ions
(from i;=1 to I;), Dj(¢), can be represented as shown in
Equation 3

Dy(9) = Yoo~ (v ew,) /=) ®

ij=1

where ¢: a variable representing the mass to charge ratio,
and d: Kronecker delta function
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TABLE 3 Combinations of constituents when generating spectra.

Mixture lon counts
no.
Constituents = Constituents = Constituents
A B C

1 200,000 200,000 200,000

2 200,000 200,000 20,000

3 200,000 20,000 200,000

4 20,000 200,000 200,000

5 200,000 20,000 20,000

6 20,000 200,000 20,000

7 20,000 20,000 200,000

8 200,000 200,000 —

9 200,000 20,000 —

10 20,000 200,000 —

The theoretical probability distribution U;(¢) of the ions
belonging to constituent j on the ¢ axis is determined solely by
w;j and z, which are mutually independent. Their independence
comes from the facts that wj is a function of m, and a chemical
property z is hardly affected by the isotope mass m. Accordingly,
Uj (¢) is obtained by summing the product of the probabilities of w;,
the probabilities of z, and the Kronecker delta function 6 (¢ — (m'j +
ewj)/z) over all w; and z as shown in Equation 4.

S ifa) 0@ oo-(r s w)fs) @

Mg

Uj(p) =

I
-

z

As previously stated, regardless of its charge state or mass, a
single ion contributes as a single delta function. Therefore, the
observed spectrum of ions is proportional to the probability
distribution of ions along the ¢ axis. According to the Glivenko-
Cantelli Theorem, the empirical spectrum D;(¢) converges
uniformly to the theoretical distribution U;(¢) as sample size

TABLE 4 Settings for constituent spectrum generation.

10.3389/frans.2025.1494615

increases as far as our physical assumptions argued in the former
explanation is valid. Therefore, the ideal spectrum of constituent j,
D;(¢), can be approximated by U; (¢) as shown in Equation 5.

Dj(¢) = Zé((p—(m; +£w,»j)/z,»j) ~I; - U;(9) (Ij > 1) (5)

Due to the point spread of the detector’s response R(¢), the
observed spectrum becomes the convolution of approximated
spectrum of constituent j, denoted as I; - U;(¢), with R(¢),
resulting in I; - (U;*R)(¢). Consequently, the summation of
the spectra over all constituents contained in the sample yields
the spectrum inferred to be observed, Sps (¢) as shown in
Equation 6.

Su(9)= 21, - (U R) ) ©

where k: number of constituents in the sample

2.2.2 M/MS spectra for fragment ions

In this subsection, we particularly focus on the generation
process of MS/MS spectra. Hybrid mass spectrometers equipped
with multiple separation mechanisms allow for the selective passage
of precursor ions based on specific m/z values at the first stage, and
the dissociation of these precursor ions using argon gas or similar
agents in the collision cell. The m/z of the resulting fragment ions
can then be measured in the subsequent separation stage. In this
study, we consider a scenario where ions contained within a specific
region of the MS spectrum, denoted as peaky (d = 1tod,ay) are
selected and forwarded to the subsequent stage for MS/MS spectral
measurement. Neutral molecules formed during this collision-
induced dissociation are not detected.

We define a set of ions sharing the monoisotopic mass m}
produced in the collision cell as constituent f (f = 10 fuax). We
assume that totally f,,. fragment constituents are produced. As
with constituent j, we assume a binomial distribution as the isotopic
distribution of fragment constituent f. Here we define the increase
in neutron number w; = round (g), and its distribution is

Precursor Fragment ID Sequence Molecular formula Monoisotopic mass mj'- [Dal Conversion rate
P

A Fl | gegtt CaoHg3N17050Py 1494.077 03

F2  tgctettct Ca7H,14N,,05,Pg 2655.810 03

F3 | tcttgeg CesHggN2,043P¢ 2087.450 0.3

B F1  gegtt CioHg3N17030P4 1494.077 03

F4  tgutcttct Ca7H113N53054Pg 2656.795 03

F3  tcttgeg CggHggN>,043Pg 2087.450 0.3

C F5 gugtt CioHgsN17050P, 1495.061 03

F4  tgutcttct Cg7H;13N53055Pg 2656.795 0.3

F3  tettgeg CesHarN51044Pg 2088.435 03
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TABLE 5 Logarithmic the maximum posterior probability assuming each constituent count.

Mixture no.
1 3 47,105,177,363 47,393,725,990 47,483,532,600 47,346,416,715 47,254,303,582
2 3 47,146,886,931 47,366,925,862 47,449,326,904 47,313,374,283 47,175,013,214
3 3 47,014,840,083 47,244,324,390 47,373,047,096 47,250,988,107 47,086,080,862
4 3 47,131,236,115 47,395,782,182 47,471,375,672 47,379,242,059 47,237,026,654
5 3 47,064,819,475 47,151,820,326 47,280,768,312 47,011,781,707 47,037,133,662
6 3 46,905,566,995 47,412,682,278 47,418,451,256 47,312,964,683 47,170,704,222
7 3 45,634,242,323 46,312,828,454 46,127,834,424 46,126,197,835 45,988,160,350
8 2 47,152,965,395 47,406,665,254 47,272,772,920 47,361,895,499 47,229,703,006
9 2 47,063,078,675 47,126,523,430 47,088,674,104 46,960,897,099 46,818,112,350
10 2 47,119,251,219 47,376,494,118 47,405,405,496 47,277,431,883 47,172,645,726

Bold values indicate the number of components k that yielded the highest posterior probability among different assumed component numbers for each mixture.

denoted by p ; (wy), within the range of w s > 0. In biomolecules such
as nucleic acids and proteins, which consist of repeating structural
units, it is reasonable to regard that elements are uniformly
distributed across the ion of a precursor constituent. Therefore,
we assume the number of atoms in an ion of a fragment constituent
is roughly proportional to its monoisotopic mass.

Accordingly, th;:l, number of atoms in constituent f, n 7, is

evaluated as nj - .
m

Moreover, by similar argument on the
uniformity of the chéemical composition across the molecule of a
precursor constituent, its fragments share the same chemical
composition with the precursor constituent. Therefore, we
assume the rate of isotopes in a fragment, u f» is equal to that of
its precursor constituent, u;. Consequently, the isotopic distribution
p ¢ (wy) is represented as shown in Equation 7.

n w ng—w
pylwr) = g“’i)”f R

otherwise.

Additionally, we approximate the charge distribution of
constituent f, 4, (2), using a binomial distribution. In a manner
similar to the discussion on isotopes, it is reasonable to approximate
that chargeable sites, such as phosphate groups in nucleic acids and
side chains in proteins, are uniformly distributed across the entire
precursor ion. Therefore, we assume that the number of chargeable
sites that can acquire a charge is also roughly proportional to the
monoisotopic mass of a fragment.

Accordingly, the number of chargeable sites of constituent f, [,
is calculated as /; - % Since the distribution of chargeable sites in
the fragments are regarded as the same as those in the precursor
constituent j, we also assume that the probability of the chargeable
sites acquiring a charge, vy, is equal to v;. Thus g ; (2) is represented
as shown in Equation 8.

When the total number of ions of constituent j within peaky is
given by I, and the probability that a precursor constituent j
dissociates into a fragment constituent f is denoted by p,

Frontiers in Analytical Science

(where p;_,<1), the expected number of ions of constituent f
produced from constituent j within peakg, 14, is calculated as
I~y =round(ly; - pjﬂf). Each ion in the I4,, 7 ions is indexed by
ig; . The mass and charge of each individual ion ig,— s are denoted
as Wi, L, ~ p ¢ and z; 0~ dp> respectively.

When anionig,, s is detected, its observed ideal spectrum would
be §(¢ - (m'f +ew;, Dz 4 /). Regardless of its charge state or
mass, a single ion contributes to the observed spectrum as a single
delta function as well as Equation 3. Therefore, the ideal spectrum
formed by this set of ions (from igy=1to Idj_,f), Ddﬁf(‘l’)’ is
represented as shown in Equation 9

Idjdf

Dy, .y () = z 5((/) - (m;( + sw,‘dﬁf)/z,«dﬁf) 9)

idj =l

The probability distribution Uy, r (¢) of constituent f, which is
produced by the dissociation of constituent j included in peak , can
be calculated using the same approach as for constituent j. However,
when the increase in neutron number from the monoisotopic mass
and the charge of the precursor ion of constituent j in the peak, is
denoted as W, and Za; the increase in neutron number and charge
of the precursor ion of fragment f produced from constituent j in
the peaky, wy and z do not exceed wg; and zg4,. Therefore, the
domain of the fragment spectrum is limited to w < wg; and <zg.
Consequently, the probability distribution of fragment f produced
from the ions belonging to constituent j in peak, along the mass-to-
charge ratio, ¢, axis, U4, 7 (¢) is described by Equation 10.

Z4. Wgq.
dj Vdj

Vs (@)= 3 3 B(01) - /(2) - g (o ) 2) (10

z=lwg=1

In a manner similar to the MS spectrum, the observed spectrum
of ions is proportional to the probability distribution of ions along
the ¢ axis. Then, the empirical spectrum Dy f(¢) converges
uniformly to the theoretical distribution Ug,— £ (@) as sample size
increases. Consequently, the spectrum of fragment constituent f
produced from constituent j in the peaks, Dg,—s(¢), is
approximated by Uy, s (¢) as shown in Equation 11.
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TABLE 6 Optimal monoisotopic masses of the model with the maximum posterior probability.

Mixture no. True UniDec
Mass [Da] Mass [Da] Error [Da] Mass [Dal] Error [Da]

1 6361.088 6361.086 -0.002 6361.070 -0.018

6362.072 6362.273 0.201 6362.070 ~0.002

6363.057 6363.055 -0.002 - -

2 6361.088 6361.084 ~0.004 6361.080 -0.008

6362.072 6362.277 0.205 6362.070 -0.002

6363.057 6363.056 -0.001 — —

3 6361.088 6361.099 0.011 6361.080 -0.008

6362.072 6362.059 ~0.013 6362.070 ~0.002

6363.057 6363.265 0.208 — —

4 6361.088 6360.231 -0.857 6361.070 -0.018

6362.072 6362.066 -0.006 6362.060 -0.012

6363.057 6363.054 ~0.003 6364.050 0.993

5 6361.088 6360.146 -0.942 6361.080 -0.008

6362.072 6361.073 -0.999 - -

6363.057 6363.282 0.225 — —

6 6361.088 6359.248 -1.840 6361.070 -0.018

6362.072 6361.069 -1.003 6362.070 -0.002

6363.057 6362.068 -0.989 - -

7 6361.088 — — 6361.060 ~0.028

6362.072 6362.064 -0.008 6362.060 -0.012

6363.057 6363.264 0.207 6364.050 0.993

8 6361.088 6360.224 -0.864 6361.080 -0.008

6362.072 6361.072 ~1.000 6362.080 0.008

9 6361.088 6361.102 0.014 6361.090 0.002

6362.072 6362.041 ~0.031 — —

10 — 6360.075 — — —

6361.088 6361.071 -0.017 6361.070 -0.018

6362.072 6362.257 0.185 6362.070 -0.002
Taj -7 from the most prominent fragment constituents identified by the
Dy (9) = z 5(‘/?—(”1} +ew;,)[zi,) ~ Loy - Uair(9) magnitude of the spectrum. To infer the number of precursor
- y=1 constituents and their parameters, it is not necessary to identify
(Id,-—> > 1) (11)  all the fragment constituents, and it suffices to cover some key

Therefore, the MS/MS spectrum for peaky, Spmsmsa(@), is
obtained by summing Ia,— 5 - Uar() over all j and f as
shown in Equation 12.

k fmax

grnsmsd ((P) = z Z Idj—‘f : (Udj—’f*R) ((P) (12)

EYE

Here, we set fq.. to an appropriate number of potential
fragment constituents. In actual inference, the fitting progresses

Frontiers in Analytical Science 06

fragments. Consequently, f ., may be set to a number less than the
actual number of fragment constituents produced.

2.3 Bayesian inference of number of
constituents and parameters

We consider a scenario in which we obtain a set of observed
spectra Syps, consisting of MS spectrum S,ps,, and MS/MS spectra
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FIGURE 1
Distribution of errors in the inferred monoisotopic masses
(excluding points that the algorithm could not infer).

Sobsuoms, (A =1,2,...,d
as k, our inference target is a parameter vector . A posterior

max). Assuming the number of constituents

probability distribution Py (0k|Sess) is defined according to Bayes’
theorem, as shown in Equation 13. Here Py (Sous|0k) represents a
likelihood of parameters 6y given under S,ps. Py (0k) denotes a prior
distribution.

P (Ok|Sops) o< P (Sops| 0k ) Pr (0k) (13)

We determine the posterior probability and optimal parameters
by maximizing logarithmic posterior probability LPy, defined as:

LPy = log (P (Sobs|k)) + log (P (0k)) (14)

In this study, the set of parameters for inference, denoted as
O = {m;,Ij,nj,uj,lj, vj,m},ldj,pjﬁf,nf,uf,lf,vf lji=1,2,...,
kd=1,2,...dmae- f =1,2,..., foax} is defined for each
combination of a precursor constituent j and a fragment
constituent f. Substituting nj,u; into Equation 1 and [;,v; into
Equatlon 2, and m I;, into Equation 5 yields the MS spectrum

Sms (@) as derived from Equation 6. Further, substituting s, u ¢ into
Equation 7, I FVf into Equation 8, and m f,Idj, Pis f into Equation
11 leads to the derivation of the MS/MS spectra Sygms, (¢) from
Equation 12.

Here, we introduce two likelihoods derived from observation
error models. The observed spectrum typically includes thermal
noise from detection circuitry, which is assumed to follow a normal
base the
representing a deviation between observed data and true values,
on this distribution. For inference, we employ square error-based

distribution. Therefore, we observational error,

likelihood derived from the normal distribution. However, because
low-intensity regions within the spectrum have less contribution to
the overall error evaluation if we use a square error-based likelihood,
relying solely on this likelihood reduces accuracy of parameter
estimation where the errors in the low-intensity spectral regions
must be reflected. To overcome this difficulty, we additionally
introduce a likelihood function sensitive to errors in the low-
intensity parts of the spectrum. To evaluate the discrepancies
between the observed and inferred spectra regardless of spectral
intensity, we use the correlation coefficient along the ¢ axis as the
additional likelihood. This coefficient, calculated by normalizing the
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inner product of both spectra against their intensities, excludes the
influence of each spectrum’s intensity, thus providing a measure that
assesses the similarity of their shapes over the entire spectrum
domain including the low-intensity region.

Let Ly, denote a logarithmic likelihood based on the normal
error distribution of the MS spectrum and Ly, denote that of the
MS/MS spectrum at peak d, respectively. The standard deviation of
the normal distribution, o, is set to 0.5 based on actual
measurements. Ly, and Ly, are calculated by summing the
logarithms of the probability densities of the error between the
observed spectrum and inferred spectrum over ¢. Here, N
specifically denotes the number of data points on the ¢ axis
within a single spectrum. Ly, Lise,,,,, are expressed as shown
in Equations 15, 16.

) 1 185 (9) = Su (9)[°
Do = J 1°g<W exP( 207 )>d<”

Sobsye (p)l do + Nlog(o) + — 10g(271)

(15)

2

3 10 1 ex |Smsms,1 () = Sobsensy (‘P)' d

msemsmd g 271_0_2 p 20_2 (P
|

20°

| msmsd

2 N
= Sobsmoms, ((p)| dg + Nlog(o) + > log (2m)
(16)

To introduce the additional correlation-based likelihood, we
employ the von Mises distribution as an error model, which is
defined by the correlation coefficient between two vectors
representing the observed and inferred spectra. The logarithmic
likelihoods based on the von Mises distribution are denoted as L,

and L , respectively. The probability density function of the von

1 5.8 ;
27110(‘3) ﬁ‘ sl (Mardla

and Jupp, 2008). Here, § and S represent inferred and observed

COSmsms g

Mises distribution is given by f (S) =

spectra, respectively, viewed as vectors. The parameter f3 represents
concentration of the probability distribution. I is a modified Bessel
function of the first kind of order zero, and 2nI,(f) serves as
normalization factor. f is experimentally determined to be the
aforementioned number of data points N. Consequently, the log-
likelihoods, Lcos,,, and Les,,,, » are calculated as shown in Equations
17, 18.

1 <§m5 ((P)’ sobsms (¢)>
LCOS = l N Q
- °g<zn10 ) exP( S (@)][Sate (9)] )) 17
S (9): ot (90 log (27, (N))

[Sos (@)[Sets, ()]
Smsms > So S,
Leosyor,, = log ! (N <A 2 (9): Sobsane, (9)
27Iy (N) |Smsons, (@)][Sobsrons, (9]

_ <§m5msd ((P)s Sobsmsms ” ((P)>
|Smsms,1 ((P)l Sobsmsmsd ((P)|

—log (271, (N))

(18)

The total log-likelihood of the inferred spectrum set (§ms(go);
Sprsms (@) (d=1,2,...,d,4y)) under the observed spectrum set S,ps
is expressed as shown in Equation 19.
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TABLE 7 Optimal ion counts and relative quantities of the model with the maximum posterior probability.

Mixture No.

UniDec

Error [%] Error [%]

Relative quantity

1 20,000 33,690 68.4 100.0 200.0
20,000 8,179 -59.1 411 232
20,000 22,228 111 — —
2 20,000 31,058 55.3 100.0 110.0
20,000 5,900 -70.5 18.0 -62.3
2,000 8,098 304.9 — —
3 20,000 13215 -33.9 100.0 110.0
2,000 26,190 1209.5 34.1 6157
20,000 5,580 -72.1 — —
4 2,000 10,643 432.1 85.8 1700.8
20,000 19,684 -1.6 100.0 110.0
20,000 17,031 -148 14.6 ~69.4
5 20,000 6,889 -65.6 100.0 20.0
2,000 16,208 710.4 - -
2,000 2,328 16.4 — —
6 2,000 5,143 157.2 100.0 1100.0
20,000 3,697 -81.5 56.4 -323
2,000 17,125 7563 — —
7 2,000 — — 57.0 5835
2,000 22,439 1022.0 100.0 1100.0
20,000 3,287 -83.6 26.1 -68.6
8 20,000 10,689 -46.6 100.0 100.0
20,000 34,062 70.3 150 ~70.0
9 20,000 18,739 -6.3 100.0 10.0
2,000 3,369 68.4 — —
10 — 616 — — —
2,000 21,303 965.1 100.0 1000.0
20,000 3,867 -80.7 48.6 -46.6

1 max between model fit and complexity (Schwarz, 1978; Neath and

log (Pi (Sobs|6k)) = Linse,,, + _dmax ;Lmsmsmsd + Leos,, Cavanaugh, 2012). Incorporating wy; (k) into the prior

=1 .. . .
P probability allows us to determine the appropriate number of
max
+ dl Z Leosyon, (19)  constituents k. By applying A = 6.0 x 107 (a hyperparameter) and
max = using the number of data points N in the spectrum, as defined

In determining the appropriate number of constituents k in
Bayesion framework, we need to prevent the selection of overfitted
complex models of its logarithmic posterior probability LPy. For
doing so, we incorporate a penalty term wyp, (k) based on prior
knowledge. wy;c (k) is defined using the Bayesian Information
Criterion (BIC), a statistical measure that evaluates the trade-off

Frontiers in Analytical Science

earlier, wy;c (k) is represented as shown in Equation 20.
k
wyic (k) =A- 5 logN (20)

Additionally, to ensure that the monoisotopic masses of the
constituents do not overlap, we introduce a penalty function
Wy (K, mll...m;(), inspired by the Laplace distribution. The
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TABLE 8 UniDec setting parameters.

10.3389/frans.2025.1494615

Parameter Setting value

UniDec parameters Charge range 1-20
Mass range 6,000-6,800
Sample mass every (Da) 0.1
Additional deconvolution parameters Isotopes Mono
Peak selection and plotting Peak detection range (Da) 0.1
Peak detection threshold 0.1

*The other parameters were set at their default values.

reason why we use such a penalty is because we define a constituent
by its unique monoisotopic mass. Here, we experimentally set the
gain coefficient a = 10 x N. If m; and m; differ by more than ¢, they
are certainly different constituents. Consequently, we also
experimentally determine the appropriate value below ¢ as the
threshold coefficient b = 0.8. We then define w,, (k,m;. . ,m;() as
shown in Equation 21.

k1 k _m
wex(k,m’l...m;() :ai Zmax<1 —M,O) (21)

i=1 j=i+l

This penalty function reaches its maximum value when the

monoisotopic masses of different constituents
completely coincide.
By assuming a uniform prior distribution of each parameter, the

logarithmic prior probability is defined as:
log(Pk (Gk)) = —Wypic (k) - wex(k> mll ‘e m;() (22)

Here, by substituting Equations 19, 22 into Equation 14, we
obtain the logarithmic posterior probability LPy to be maximized, as
shown in Equation 23.

LPy. = log (P (Sops|6k)) + log (P (6k))

1 Gmax 1 Gmax
= Lmsems + Z Lmsemsms ” + Lcosms + z Lcosmsms J
dmux -1 dmax d=1
’ ’
— Wy (k) — wex(k,ml . mk). (23)

2.4 Parameter exploration and optimization

We use Stochastic Variational Inference (SVI) to infer the
Maximum A Posteriori (MAP) values of each parameter and to
determine the model’s highest posterior probability. SVI replaces the
complex posterior probability distribution with a more manageable

Qi (Orlp))s
minimizing the Kullback-Leibler (KL) divergence between the

approximate distribution (variational posterior
approximate and true posterior distributions. Since the KL
divergence cannot be computed directly, we instead maximize
the Evidence Lower Bound (ELBO) to find the optimal
variational function (Tranter, 2000). For this study, only the
MAP values were needed, so Qg (Okly) is defined by a delta

function (0 — ) to approximate the posterior probability
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distribution of each number of constituents. y, is a point in the
parameter space 0 and serves as a candidate for the parameter set
Ok pm ap that maximizes the posterior probability. In the maximization
of ELBO, since the variational distribution Qi (Okly,) is defined as a
delta function, the integral involving logQx (Oklu,) simplifies as its
contribution becomes negligible except at y,. Thus, for practical
purposes within this optimization framework, we can consider its
impact to be zero, focusing solely on the log likelihood component
evaluated at y,. Therefore, the desired Okpy4p is given by
Equation 24.

Okpiap = arg max(ELBO(GkLuk))
U

= arg max(EQk (6c)) [IOng (Sobs|Ok) — long(le.”k)])
I
(24)

Since Qy (Ok|yy) is delta function § (0 — ;.), we obtain Equation
25 as follows:

Orpiap = arg max(long(Sobslﬂk) - long(e"i‘“k)) (25)
23

Given that Qg (Okly) is represented as a delta function, its
contribution to the ELBO becomes negligible except at pu,
simplifying the

calculation by effectively eliminating the

logQy (0k|py) term in the optimization, leading to Equation 26.

Oknrap = arg max(long(Sobsi/,tk)) (26)
Uy

The optimization problem under this setup can be solved using
conventional numerical optimization techniques. In this case, we
used Adam (Kingma and Jimmy, 2014), a type of stochastic gradient
descent widely used in machine learning, to find the value of y, that
maximizes the likelihood function. The resulting Oy y;4p is the MAP
inference we sought.

However, the MS and MS/MS spectra to be compared are mostly
flat with several localized sharp peaks. Simply applying SVI to such
data can result in vanishing gradients, making it difficult to
effectively explore parameters. Therefore, to create appropriate
gradients of the likelihood function, we convolve a Gaussian
distribution g(¢) with both the observed spectra Sy and the
inferred spectra §ms(q)), §msmsd((p) (where d = 1,2,...,dax). We
define the mean of g(¢) as zero and the variance as T, and g (¢) is
represented as shown in Equation 27.
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Comparison of observed and inferred spectra for Mixture No. 1. (A) MS spectrum overall view, (B) MS spectrum enlarged view, (C) MS/MS spectrum
overall view, (D) MS/MS spectrum enlarged view.

1

g(p) = ﬁexp (—ﬁ(fp)z)

Then, we performed SVI and iteratively narrowing the variance
of g(¢), T, to effectively search for 6. This process, resembling
annealing, is termed Spectral Annealing Inference (SAI) in this
paper. Let s denote the step of this iteration, and s,,,, denote the total
number of iterations. We define T as shown in Equation 28.

Frontiers in Analytical Science

(27) - A( Smax =

Smax

Equations 29-32.

10

4
S) (5 =0,1,2,... ,Smax) (28)

For this study, sy is set to 46. The coefficient A is set to 8750.
When s = s,4x, the spectrum after convolution becomes identical to
the spectrum before convolution.

The blurred spectra at each step are represented as shown in
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Sovsu{P) = (Saber 9) (9) (29)
obsmsms( ) = (Sobsan 9) () (30)

ms (9) = (Sws9) (9) (31)
Snsms(9) = (Smans 9) (9) (32)

Using these blurred spectra, we derive the modified log-
likelihood Linse,s L'mseyups, Leos,, and L'
Equations 33-36, and the logarithm of the posterior probability

cosmans» A €xpressed in

log (P (Sopsl6k)), given in Equation 37.

Linge,= oy J 18", (9) = St (9)| g + Nlog (o) + = IOg(2n)
(33)
lesemsmsd = 20_2 J |S msmsg ((P) s Obsmsmsd (P)‘ d(/) + Nlog( )
iy 10g(27r) (34)
! SA;ns > S:) 1
Lios,, = NM —log (271, (N)) (35)
ISn ()] Sobse ()]
g;nsms bl S,O S,
,Cgsmsmsd — N <A, d((p) . b. msms g ((P)> _ 10g(27r10 (N)) (36)
|Somsmso( @) ' S obsmsy (#) '
log(Pk( ohs'ek)) = msems ZL,msemsmsd +L ::asms
mux d 1
ZL@%W (37)
max d 1

By substituting Equation 37 in place of Equation 19 into
Equation 14, the modified logarithmic likelihood LP’ is obtained
as shown in Equation 38.

= IOg(Pk(S:,bswk)) + log(Pk(ek))

Amax Aax
_ L ’ L
msems d msems,md cosms Cnsmsmsd
max d 1 mux d 1

— wyic (k) — wex(k, m... m;() (38)

At each iteration step s (s = 0, 1,2, . . ., Syqy ), we maximize LP'y
to iteratively refine and determine the parameters ; and the
posterior probability assuming a number of constituents k. O
from each iteration are carried forward to the next step.

By repeating this process from k =1 to k., we obtain the
posterior probabilities of each k. We then compare the posterior
probabilities across all k and select the number of constituents with
the highest posterior probability and its corresponding parameter
set as the optimal choice.

3 Results

In this section, we detail the outcomes of our experiments to
validate the inference accuracy of constituent counts, monoisotopic
mass, and ion quantities in our proposed method. All the
experiments were conducted exclusively using numerical
simulations. These simulations generated data to mimic real-
world mass spectrometry analyses. We specifically focused on

simulating the mass spectra of nucleic acid drugs and their
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impurities, such as Fomivirsen and its altered sequences. This is
because current analytical methodologies have challenges in
accurately identifying these substances, due to the complexities
We
compared the performance of our proposed method against

arising from their isotopic and charge distributions.

established baseline method, UniDec. The performance was
evaluated based on accuracy of constituent count inference,
deviations in monoisotopic mass, and discrepancies in ion
quantities.

3.1 Validation environment

The specifications of a computer used to verify the proposed
method, as well as the software versions, are summarized in Table 1.
The proposed method handled data with high dimensions along the
time axis, requiring a large memory size. Additionally, to rapidly
explore the parameter space using SVI, the high-speed probabilistic
programming library, NumPyro, along with its compatible CUDA
and GPU, were used.

3.2 Creation of simulation data for validation

Based on the nucleic acid drug Fomivirsen (Perry and Balfour,
1999) (ID: A), two impurities with modified base sequences were
added, and MS spectra for a total of three constituents were
generated using simulation methods presented in the prior
research (Tomono et al., 2024). Specific details were provided in
Table 2. This setup replicated a system where the principal
constituent’s isotopic distribution was mixed with the spectra of
the impurities. The mutation from C (Cytosine) to U (Uracil),
known as deamination, can occur during the synthesis process
due to solvent conditions and thermal stress (Gao, Choudhry,
and Cao, 2018; Stavnezer, 2011).

The single constituents A to C were combined according to the
10 combinations listed in Table 3. These combinations included
and C) and two-
constituents mixtures (A and B, A and C, or B and C). To

both three-constituents mixtures (A, B,

verify the accuracy of ion count inference, the ion counts of
constituents A, B, and C were mixed at a ratio of 200,000:
200,000 and 200,000:20,000. The reason for testing both
balanced and imbalanced mixing ratios was to validate if our
proposed algorithm tends to provide appropriate ratios of
multiple constituents whether their actual ratios were balanced
or imbalanced. When the ratio of ion counts between constituents
was 10:1, the algorithm should not excessively provide less
imbalanced ratios. This setup enabled the analysis of complex
mixtures consisting of a few constituents. For instance, the
standards for total desamido impurity and total impurities in
injectable glucagon are set at 14% or less and 31% or less,
respectively (Bao et al.,
stricter ratio of 10:1 (10%), which is below these standards yet

2022). To ensure rigor, we selected a

sufficiently impactful to be considered as impurities. Additionally,
the 10 patterns of combinations of each constituent were selected to
comprehensively evaluate differences of 1 Da due to deamidation,
while also considering workload required for our experimental
performance evaluation and the constraints of a budget.
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We set the number of chargeable sites [; to 224 and the charge
rate v; to 0.035. This was done to ensure that the generated spectra
closely resembled real data. Then, we generated the test spectra listed
in Table 3.

Next, we generated the MS/MS spectra of these mixture. The
sequences, molecular formulas, monoisotopic masses, and
conversion rates of the fragments generated from the dissociation
of constituents A, B, and C are defined in Table 4. The MS/MS
spectra were generated using these parameters. This time, we
selected five peaks in ascending order of m/z from the most
prominent isotopic distribution, and we assumed two fragment

constituents. Thus, d,y., was 5, and f., was 2.

3.3 Evaluation of accuracy in inferred
constituent counts

We estimated the optimal parameters for assumed constituent
count models. Table 5 presents the logarithm of the maximum
posterior probabilities of each model. By selecting the constituent
count that maximizes the logarithm of the posterior probability in
each mixture, we inferred the number of constituents present in each
mixture. Our method successfully inferred the true number of
constituents in 80% of cases (8 out of 10 datasets). In the two
cases where estimation failed, it is possible that the algorithm
converged to a different local minimum.

Currently, there are no established guidelines for the quality
control of nucleic acid-based pharmaceuticals (International
Council for Harmonisation, 2023; World Health Organization,
2018). Therefore, we believe this result serves as a valuable
benchmark for identifying the presence and quantity of
impurities in pharmaceuticals and implementing appropriate
However, there is still room for

corrective  measures.

improvement in its accuracy.

3.4 Accuracy of parameter inference

Table 6 shows the optimal monoisotopic mass of the models
of the selected number of constituents for each mixture, as
described in Table 3. The median error was —0.005 Da, the
average error in monoisotopic mass was —0.282 Da, and the
maximum error was —1.840 Da. The standard deviation was
0.552 Da. The distribution of these errors is shown in Figure 1.
As observed in the box plot in Figure 1, the errors in the
monoisotopic masses inferred by the proposed method are
discretely  distributed Da  apart,
corresponding to the mass differences between isotopes. The

approximately 1

extreme case of No. 6, which produced the maximum error
of —1.840 Da, can also be explained by this discrete distribution.
This large error is likely caused by the posterior probabilities of
the monoisotopic masses being distributed in a comb-like
pattern (Tomono et al., 2024), increasing the chances of the
algorithm converging to a local minimum 1-2 steps away.
However, no clear trend was observed between the ion count
ratios of the constituents and the error magnitudes. Using the
mean as the representative value and all data from No. 1 to No.
10, the 95% interval the

confidence calculated using
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t-distribution (Student, 1908) ranges from -0.721 Da to
+0.157 Da. This indicates the method could potentially be
used to investigate the causes of impurities that occur with a
difference of 1 Da (Rentel et al., 2019; Pourshahian, 2021).

Additionally, the inferred ion counts for each constituent
showed errors with a median of 1.1 times the true values,
averaging up to twice the true values, with some errors
reaching up to twelve times the true values, as shown in
Table 7. This was thought to be due to the trade-off
relationship between the ion counts of different constituents;
that was, a decrease in the ion count of one constituent was
compensated by an increase in another. This was further
supported by the fact that the average error across the total
ion counts of all constituents stabilized at 8% of the true value.
For instance, the standard for total desamido impurities and
total impurities in injectable glucagon were, respectively, below
14% and 31%. Therefore, the accuracy of ion count inference in
our proposed method was insufficient to assess the impact of
impurities.

We also performed deconvolution on the same mixture data
using UniDec, a popular deconvolution software, and compared the
inference results. For this verification, we used UniDec (Version
7.0.1). The specific parameter settings used during this verification
are shown in Table 8. The Mass Range was set to the same range as
the proposed method, and Sample Mass Every (Da) was set to 0.1 to
ensure sufficient detection of impurities with a difference of 1 Da.
Default values were used for parameters not mentioned.

The accuracy of estimating the number of constituents was
40% (4 out of 10). This was thought to be because the UniDec
algorithm, which iterated through multiple deconvolutions to
arrive at the number of constituents, did not necessarily
guarantee the accuracy of the constituent count. Note that
using UniDec to determine the number of constituents was
not its intended application. The median error of the
monoisotopic mass inferred using UniDec was —0.008 Da,
which is slightly worse than that of the proposed method. On
the other hand, the average error was 0.091 Da, and the
maximum error was 0.993 Da, both slightly better than those
of the proposed method. However, in principle, accurate
the required precise
identification of the number of constituents. The error in

inference on monoisotopic mass
estimating the number of ions was, on average, 3.2 times the
true value and up to 17 times at maximum. This result was not
better than that of the proposed method.

For reference, Figure 2 presents a comparison between the
spectrum of Mixture No. 1 and the spectrum reconstructed from
its inferred parameters. Figure 2A provides an overview of the
charge distribution, while Figure 2B offers a detailed view of the
isotopic distribution. The gray vertical dashed lines in Figures 2A, B
indicate the m/z of the fragmented ions. Additionally, Figures 2C, D
display the MS/MS spectrum of the fragmented ion groups and its
detailed view, respectively. The five graphs correspond to the five
peaks in Figure 2B, each representing the MS/MS spectra of the ions
contained in those peaks when they are fragmented. These results
demonstrated that the generated spectrum closely matched with the
observed data. Furthermore, the appearance of the MS/MS spectra
was consistent with findings from prior research cited in references
(Agthoven et al., 2019; Szalwinski et al., 2020; Gonzalez et al., 2022).
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4 Discussion

We confirmed that our proposed method allowed for accurate
inference of parameters such as monoisotopic mass from simulated
MS and MS/MS data of the nucleic acid drug Fomivirsen and its
impurities, and it also successfully selected the correct number of
constituents with an 80% probability, even in mixtures with a mass
ratio of 10:1. These results were better compared to the 40% accuracy
rate achieved with UniDec. This success was attributed to our
approach of creating models for each constituent count, enabling
comparative evaluation and selection of models for each constituent
count. This capability suggests the presence of impurities in
pharmaceuticals and could aid in the search for better synthesis
conditions for medium to high molecular weight drugs, as well as in
quality assurance in manufacturing facilities.

As shown in Table 6, we were able to infer monoisotopic mass
with greater accuracy than previous studies (Tomono et al., 2024),
with an average inference error of —0.282 Da, which was an
improvement over the 1.348 Da error reported in prior research.
Although this accuracy was slightly inferior to UniDec’s 0.091 Da, it
was sufficient for distinguishing differences as small as 1 Da due to
deamidation. We believe this improvement is due to the
incorporation of the MS/MS spectra into the physical model,
which increased the constraints on the model’s degrees of
freedom. Additionally, the use of the correlation-based likelihood
contributed to more stringent constraints on the spectral shape.

As indicated in Table 7, the inferred ion quantities for each
constituent showed an average relative error of twice the true value.
Although a direct comparison with the prior studies, which used a 1:
1 mixing ratio, was not straightforward due to our use of a 10:1 ratio,
the results were favorable compared to UniDec, which had an
average error of 3.2 times the true value. The errors observed in
our proposed method might result from a trade-off among the ion
quantities of each constituent, where a decrease in one was offset by
an increase in another. Despite our expectations that incorporating
MS/MS spectra would tighten inference constraints and enhance
both mass and ion quantity accuracy, the performance fell short of
expectations, failing to reduce the relative error to below the 10%
threshold required for impurity analysis in nucleic acid drugs. A
possible solution to these issues would be to represent the ion
quantities as probability distributions. By accounting for the
uncertainty in the ion quantities of constituents in the sample, an
improvement in inference accuracy was expected.

Despite the sixfold increase in data volume due to the
incorporation of MS/MS spectra as observational data, the
analysis time per data point was 13 h. While this duration did
not match the few seconds required by UniDec, it was less than half
the time required by existing methods (Tomono et al, 2024)
that use MCMC.

5 Conclusion

In this study, we assumed the numbers of constituents in a given
sample and created models of MS and MS/MS mass spectrometry
based on parameters such as monoisotopic mass and ion quantity.
We then applied our proposed method, Spectral Annealing
Inference (SAI), which effectively seeks the maximum posterior
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probability by optimizing parameters for the observed data. After
obtaining the maximum posterior probability for each constituent
count model, we selected the model that had the highest maximum
posterior probability across all models. As a result, we successfully
estimated the number of constituents and simultaneously inferred
the monoisotopic mass with high accuracy.

Future challenges include adapting to complex samples with a
large number of constituents and improving the accuracy of ion
counts inference.
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