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Two-trace two-dimensional (2T2D) correlation of Raman spectroscopy and X-ray diffraction data
was applied for discriminant analysis of atorvastatin calcium trihydrate raw material samples from two
different manufacturers. Single-parameter trace similarity measures, such as cosine distance and Pearson's
correlation coefficient, often fail to properly reflect the differences between complex two-dimensional
traces containing numerous signals. The discriminant potential of asynchronous 2T2D correlation maps
constructed from Raman spectra and X-ray diffraction patterns (XRD) proved exceptional for resolving
overlapping bands from multiple species and revealing complementary phase composition information in
raw material samples (including active pharmaceutical ingredients — APIs). Under stringent regulatory
demands for quality assurance, batch uniformity, and trace impurity detection, this method provides a
practical, complementary QC routine that enables rapid polymorph identification. This study demon-
strates the application of 2T2D correlation analysis integrated with Raman spectroscopy and XRD as a
feasible, complementary method for quality control and assurance of APIs.

Keywords: atorvastatin calcium trihydrate; Raman spectroscopy; X-ray diffraction; two-trace two-
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JAUCKPUMHWHAHTHA AHAJIN3A HA CYPOBHUHHU O] ATOPBACTATUH KAJILIUYM TPUXUAPAT
O/l PA3JIMYHU JOBABYBAYHN CO PAMAHCKA CIIEKTPOCKOIIMJA U TIU®PPAKIINJA
HA PEHAT'EHCKHU 3PAIIM BO CITPET'A CO IBOKAHAJIHA JIBOANMMEH3UOHAJTHA
KOPEJAIMOHA AHAJIN3A

[Mpumeneta e nBOKaHa HA JBoguUMeH3MOHaTHA (2T2D) KopenalMoHa aHaIM3a Ha TMOAATOLM
nobuenn co PamaHcka crekTpockommja M Iudpakmja Ha PEeHATEHCKU 3pall 3a JUCKPHMHHAHTHA
aHaM3a HAa CYPOBUMHM OJi arOpBACcTATWMH KaJMyM TPUXWApAT OJl JBa pa3MdHd 100aByBauu.
EnHomapaMeTapckure MEpKH 3a CIIMYHOCT HAa MHPOPMAIMOHMTE KaHAM, KAKO MITO C€ KOCHHYCHOTO
pactojanne u [TMpCOHOBHOT KOe(HIMEHT Ha KOpenamuja, HajuecTo He yCleBaal COOABETHO l1a TH
pedaeKTrpaaT pa3MKATe MOMeTy KOMIDIEKCHH JBOIMMEH3NOHAHA KaHATHA KOW COJp)KaT rojieM Opoj Ha
curHamd. JIMCKpUMUHAHTHHOT TIOTCHIMjan Ha acuHxpoHuTe 2T2D KopenarmoHn Many KOHCTPYHpPaHH O]
Pamanckure crnekTpu ¥ JAMPPAKTOrpaMHTE C€ MOKaKA KAKO MCKIYYHTENICH 3a pa3rpaHHdyBame Ha
NPEKJIOTICHH JICHTH OJf TOBEKE pA3JIMYHA BHIOBH KakO W 33 OTKPUBAKE HA KOMIUICMCHTAPHH
uHpopMarmu 3a QasHHOT COCTaB HA MPUMEPOLM OJ CYPOBUHM (BKIyuyBajku (papMaleBTCKH aKTUBHU
coctojkm — API). Bo ycioBu Ha cTporum perymaropHu Oapama 3a 00e30eqyBame Ha KBAIHTCT,
YHU(POPMHOCT HA CEPUM M JICTEKIMja HA TParu OJ OHCUMCTYBama, OBOj METOJ MPETCTABYBa MPAKTUYHA,
KOMIUIEMEHTapHa MocTarka 3a KoHrpoJia Ha kpanmureT (QC) koja mTo 0BO3MOXKyBa Op3a WieHTU(HKAIW]a
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Ha momumopdu. OBaa cTynuja ja ngeMoHcTpupa mnpuMmeHara Ha 2T2D  kopenaimonata aHanmsa
MHTETpHpaHa co PamaHcka CHEKTpocKoImMja M JTU(ppaKIMja Ha PEHATCHCKH 3paly Kako W3BOJUIMB U
KOMIUIEMECHTAPEH METOH 3a KOHTposia u 00e30eayBame Ha KBAIMTCTOT HA (DAPMALCBTCKH AKTHBHUTE

COCTOjKH.

Knyunu 360poBu: aropBacTaTiH KajldyM TpUXugpar; PamaHcka CIeKTpoCKOImja;
JIU(paKIvja Ha PESHITEHCKH 3pally; TBOKAHAHA JIBOJAMMEH3HOHAIHA KOPEJIAlMOHa CIIEKTPOCKOIH]ja

1. INTRODUCTION

Atorvastatin calcium (Atorvastatin Ca), with
the systematic chemical name, (3R,5R)-7-[2-(4-
fluorophenyl)-3-phenyl-4-(phenylcarbamoyl)-5-(pro-
pan-2-yl)-1H-pyrrol-1-yl]-3,5-dihydroxyheptanoic
acid calcium salt is a widely prescribed lipid-
lowering agent characterized by low solubility and
high permeability. Originally approved by The
Food and Drug Administration (FDA) (1996), its
API| and tablet formulations are governed by Unit-
ed States Pharmacopeia (USP) specifications due
to intense regulatory scrutiny from agencies such
as the FDA, European Medicines Agency (EMA),
and other pharmacopeias concerning batch con-
sistency, trace impurities, and degradation products
from salt disproportionation. Since its market intro-
duction, atorvastatin has played a central role in the
management of dyslipidemia and the primary and
secondary prevention of cardiovascular events. Its
mechanism of action involves the reversible inhibi-
tion of 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase, a key enzyme in the meva-
lonate pathway of cholesterol biosynthesis. By
lowering hepatic cholesterol production, atorvas-
tatin reduces plasma levels of total cholesterol,
low-density lipoprotein (LDL) cholesterol (LDL-
C), and triglycerides, while increasing high-density
lipoprotein (HDL) cholesterol (HDL-C) to a lesser
extent.1-3 Beyond lipid modification, atorvastatin
has demonstrated pleiotropic effects, including im-
provements in endothelial function, anti-inflam-
matory benefits, and stabilization of atherosclerotic
plagues, making it a critical therapy in both cardiol-
ogy and internal medicine.4® Atorvastatin's promi-
nence is further underscored by its inclusion in vari-
ous national and international treatment guidelines
for hyperlipidemia. Its formulations, as both mono-
therapy and in combination with other agents, such
as amlodipine, are registered as essential medicines
by the World Health Organization (WHO).

Atorvastatin calcium exhibits polymorphism
and pseudopolymorphism (e.g., the trihydrate
form), with multiple forms impacting kinetic and
thermodynamic stability, processability, and de-
tectability thresholds. During Phase IlI clinical tri-

als, the crystalline Form | was identified as a trihy-
drate. This form exhibited remarkable solid-state
properties, offering superior processability com-
pared with the amorphous form, and an enhanced
stability of tablet formulations. Although differ-
ences were observed in absorption rate, the extent
of absorption was proven to be equivalent in bioe-
quivalence studies. Additional patented forms in-
clude Forms II, IV, and V.

This polymorphic diversity underscores the
importance of characterizing and monitoring the
solid-state forms during development, manufactur-
ing, and storage.812 As with many complex active
pharmaceutical ingredients (APIs), ensuring the
consistent quality of atorvastatin calcium requires
sensitive and specific analytical techniques capable
of distinguishing between the API, its impurities,
and degradation products, often present at trace
levels or in minute quantities. Such phase versatili-
ty in multicomponent solids demands analytical
techniques capable of distinguishing even trace
amounts of different forms.

High-performance liquid chromatography
(HPLC) is the gold standard for quantifying and
assessing the purity of atorvastatin calcium, often
coupled with ultraviolet-visible (UV-Vis) spec-
troscopy or mass spectrometry for enhanced sensi-
tivity and impurity profiling.1% Thin-layer chroma-
tography (TLC) and high-performance TLC
(HPTLC) are employed for rapid screening and
impurity checks, especially if advanced instrumen-
tation is unavailable.1%11 UV-Vis spectrophotome-
try provides a simple, low-cost method for content
uniformity assessment but suffers from limited
selectivity. Liquid chromatography—-mass spec-
trometry (LC-MS) and gas chromatography—mass
spectrometry (GC-MS) are essential for the precise
identification of impurities and metabolites. Fouri-
er transform infrared (FTIR) spectroscopy is useful
for rapid, non-destructive structural analysis and
excipient compatibility testing. While each tech-
nique offers specific advantages, they also possess
inherent limitations.12

Despite their robustness, as noted previous-
ly, conventional chromatographic and spectroscop-
ic methods face significant challenges, especially
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when resolving highly overlapping spectra or when
subtle changes in molecular structure induce only
minor spectral shifts. Trace impurities or subtle
physical changes arising from polymorphic transi-
tions may lie below the detection limit or remain
masked within traditional one-dimensional (1D)
spectra.10-12 These limitations have driven the
adoption of more sophisticated, multidimensional
techniques in pharmaceutical research.

In the present study, we employed Raman
spectroscopy and X-ray diffraction techniques, in
conjunction with two-trace two-dimensional corre-
lation analysis, to perform discriminant analysis of
atorvastatin calcium trihydrate raw material sam-
ples from two different commercially available
manufacturers.

2. EXPERIMENTAL

Atorvastatin calcium samples were obtained
from Alkaloid AD, Skopje, North Macedonia,
which sourced them from two different commer-
cially available manufacturers (denoted as Produc-
er 1 and Producer 2 throughout the manuscript).
By convention, the sample provided by Producer 1
was designated as the generic "test” sample, while
the one provided by Producer 2 was designated as
the "reference”.

2.1. Raman spectroscopy and X-ray diffraction

Raman spectra of atorvastatin calcium were
acquired using a NanoRam-1064 spectrometer
(Metrohm Group, USA) operating in Investigation
mode, utilizing a point-and-shoot adapter for non-
destructive measurement of the sample bags con-
taining the powder, directly in the quality control
(QC) warehouse. Measurements were performed
using the default Operation Preset (min hit quality
index (HQI) =93; Raman shift range: 176-2500
cm-1), with spectra collected from multiple spots in
order to facilitate subsequent two-trace two-
dimensional (2T2D) correlation analysis. X-ray
diffraction (XRD) patterns were recorded on an
Ultima IV X-ray diffractometer (Rigaku Co., Ja-
pan) using CuK, radiation, operating in the 6-26
scanning mode with a step-scan size of A(260) =
0.02 °.

3. RESULTS AND DISCUSSION

3.1. Trace similarity measures

The simplest procedure employed to obtain
a quantitative assessment of the similarity between
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two spectral traces involved the vector representa-
tion of the spectra and the subsequent computation
of the cosine similarity score. The two relevant
spectral traces x and y, were treated as vectors in n-
dimensional space (R"):

X = [x1,%5, . Xy @)

V=01,y2, ¥l 2

The scalar (dot) product of these two vectors was
defined as:

(%-3) = 1X|-1¥] - cose €))
which, in coordinate representation, takes the form:
(X-y) = Xl Xy (4)

The norm of each of the vectors in coordinate rep-
resentation was calculated as:

HEN) %% (5)

7l = |Zi.v? (6)

The cosine score, often termed the cosine similari-

ty between the two vectors, was then defined
as:13!14

ZLn=1’cz'yi (7)
\ XL, xf XL, yiz

The parameter defined in Equation (7) is often re-
ferred to as the simple match score, or the cosine
of the spectral contrast angle. Mathematically, it
served as a measure of the spectral overlap, de-
rived from the Cauchy-Schwarz inequality in n-
dimensional Euclidean space R", representing the
angle between the vectors x and y in R".

A complementary measure to the match
score was Pearson's correlation coefficient.1> This
quantity was defined as:

cosf =

Zizl(xi—f)'(jﬁ—)_’) (8)
B Gimo2 [5, 197

TPearson —

In Equation (8), ¥ and y represented the corre-
sponding mean values. In the present study, we
calculated the cosine distances and the Pearson's
correlation coefficient between the Raman spectra
and the X-ray diffraction patterns of atorvastatin
calcium trihydrate from the two different manufac-
turers. The results are summarized in Table 1.
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Table 1

Calculated cosine distance scores and Pearson's
correlation coefficients between the Raman spectra
and the powder XRD patterns for the two
atorvastatin calcium trihydrate samples obtained
from two different manufacturers
(see text for details)

XRD Raman
Cosine similarity 0.9599 0.9992
Pearson's correlation 0.9181 0.9989

The calculated cosine scores and the Pear-
son's correlation coefficients revealed high similar-
ity between the Raman spectra of the atorvastatin
calcium trihydrate specimens from the two differ-
ent manufacturers, and somewhat lower, though
still substantial, similarity between the powder
XRD patterns. While such single-parameter char-
acteristics are useful when analyzing a set contain-
ing more than two samples, a single number often
fails to capture the differences (or lack thereof)
between complex two-dimensional traces that con-
tain a wide variety of signals. We therefore em-
ployed two-trace two-dimensional (2T2D) correla-
tion analysis on both the spectroscopic and diffrac-
tion data to gain further insight into the subtle dif-
ferences between the studied atorvastatin samples.

3.2. Two-trace two-dimensional (2T2D)
correlation analysis

The 2T2D method can be considered as a
special case of the generalized two-dimensional
correlation spectroscopic approach (GEN-2DCOS)
in which only two spectral traces are compared and
analyzed.16-23 In this study, the two analyzed traces
comprised pairs of Raman spectra and pairs of the
powder XRD patterns obtained from atorvastatin
calcium trihydrate samples derived from the two
different manufacturers. One of the two traces was,
by convention, designated as the "sample”, while
the other was designated as the "reference". The
synchronous 2T2D spectrum was defined in this
study as:817

S(v1,v) = [s(n) s(v,) + () T ()] (9)

In an analogous manner, the asynchronous spec-
trum was defined as:

W, v,) =S [s(n) T(v) =1 () - s(v)] (10)

In the previous equations, the independent variable
v represented either the Raman shift (expressed on
the wavenumber scale) or the 28 value expressed
in degrees for X-ray diffraction data.

As a preliminary step prior to 2T2D analy-
sis, the simple difference spectra were defined as:16

dWw) =s@w) —r(v) (11)

By convention, the sample provided by Producer 1
was designated as the "sample" trace, while the one
provided by Producer 2 was designated as the "ref-
erence" trace. Figures 1 and 2 display the comput-
ed difference spectra for pairs of Raman and XRD
traces. In both cases, these spectra were bisignate.
Since the Raman spectra and XRD patterns of both
samples were acquired with the same instrument
under identical conditions at sequential time
points, the observed property of d(v) provided a
strong indication that the spectral contribution of
one of the components was more prominent in the
sample than in the reference spectrum.16.17

Raman shift / cm™
500 1000 1500 2000 2500

T ® T L T L T

2400 F T

1200 “ ] .
| p ol H‘

\"‘ o "h'.)! ) 4‘\‘ il )
LT W leteplng o i b

-1200 |- L -

= 45000 | | i

30000 - | . “‘ ‘ -

= 15000 H bl

Raman intensity / a

45000 |- ‘ .
30000 |-

15000 |

500 1000 1500 2000 2500
Raman shift / cm™

Fig. 1. The computed difference Raman spectrum (the uppermost
curve) along with the respective pair of s(v) and r(v) traces
displayed below in that order (see text for details)
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Fig. 2. The computed difference X-ray diffraction pattern (the
uppermost curve) along with the respective pair of s(v) and
r(v) traces displayed below in that order (see text for details).

Figures 3 and 4 display the asynchronous
2T2D spectra that were computed from the Raman
spectral traces and from the powder XRD patterns.
The interpretation of 2T2D correlation spectra in
the present study was rationalized with the aid of a
phase-space representation. To facilitate such in-
terpretation, we employed the complex dynamic
spectrum:16.17.20

aW)=r(w) +i-sv) (12)
where i denotes the imaginary unit (i = v—1).
Within this phase-space representation, the 2T2D
correlation spectrum was reduced to a vector prod-

uct of the form:

aw)-a*(v) = @(vy,vy) +i-¥(vy,vy) (13)
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Being a vector product, the complex dynamic spec-
trum (13) was treated as a vector in the complex
Gauss plane, with a real component r(v) and an
imaginary component s(v). By defining a phase
angle @ (v, v,):

(Vl ,Vz)

O (v,,v,) = arctan [Z (14)

(vy,v3)
we employed 2T2D analysis to compare the phase
angles of two vectors in the complex plane, corre-
sponding to the studied pairs of spectra. For the
purpose of the present study, useful information
was contained in the asynchronous 2T2D spectra;
consequently, our focus was directed toward their
analysis.

The basic physical principle underlying the
2T2D correlation analysis scheme was based on
the rationale that intensity variations of bands orig-
inating from the same species in a mixture were
synchronized.16:17.20 |f different bands, measured at
different values of the spectral independent varia-
bles, originated from the same source, they could
not change independently. Therefore, the intensity
ratios were invariant. It followed from these argu-
ments that the existence of a cross-peak in the
asynchronous 2T2D spectrum implied that the
bands appearing at the spectral coordinates of the
cross-peak were of different origin (i.e., were due
to different sources). Signals of different origin
could contribute independently to the spectral trac-
es s(v) and r(v). Analogously, the non-existence of
a cross-peak at a given spectral coordinate (vi, Vv2)
in the asynchronous 2T2D spectrum strongly im-
plied that the two bands (corresponding to the
specified coordinates) were of the same origin (i.e.,
derived from the same source). Furthermore, the
positive sign of a cross-peak at (vi, v2), i.e., ¥ (v,
v2) > 0, implied that the contribution of the species
giving rise to the signal at vi was dominantly rep-
resented in s(v) relative to r(v). An opposite con-
clusion held in the case where ¥ (v, v2) <O0.
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Fig. 3. Asynchronous 2T2D spectra computed from the Raman spectral traces of two atorvastatin calcium trihydrate samples: (a) a full 3D
representation; (b) and (c), two-dimensional contour plots in different spectral regions (where (c) is a magnified segment of (b)
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Fig. 4. Asynchronous 2T2D spectra computed from the powder X-ray diffraction traces of two atorvastatin calcium trihydrate
samples: (a) full 3D representation; (b), (c), two-dimensional contour plots in different spectral regions
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Fig. 4. Asynchronous 2T2D spectra computed from the powder X-ray diffraction traces of two atorvastatin calcium trinydrate
samples: (d), two-dimensional contour plots in different spectral regions; (e) a magnified view of a segment containing the most
prominent cross-peaks (see text for details)

As evident from Figures 3 and 4, the dis-
criminating power of the asynchronous 2T2D cor-
relation spectra was exceptional for resolving spec-
tral bands originating from multiple species. Con-
currently, the resolution of highly overlapped
peaks in the 1D Raman spectrum was markedly
enhanced in the 2T2D correlation map. As an ex-
ample, Figures 5 and 6 present slices through the
full 2T2D correlation Raman spectra at vi = 1600
cm! and 1444 cm=L. In Figure 5, a series of promi-
nent negative intensity peaks (¥ (vi, v2) < 0) are
observed at the spectral coordinate v2 = 1060,
1128, 1296, 1440, and 1460 cm-l. Figure 6, by
contrast, displays a series of positive intensity

peaks (¥ (v1, v2) > 0) at the spectral coordinate vz =
824, 996, and 1416 cm-1. These findings indicated
a different origin for the Raman band at 1600 cm-1
compared with those at 1060, 1128, 1296, 1440,
and 1460 cm-, with the 1600 cm-1 band being
dominantly represented in r(v). Conversely, the
band at 1444 cm-! was determined to have a differ-
ent origin from those at 824, 996, and 1416 cm-1
and was dominantly represented in s(v). Analogous
analyses were performed for all other 2T2D corre-
lation peaks appearing in the contour map present-
ed in Figure 3c. Due to the complexity of atorvas-
tatin phase behavior and its degradation pathways,
unambiguous assignment of all bands visible in the

Maced. J. Chem. Chem. Eng. 44 (2), xx-xx (2025)



Discriminant analysis of atorvastatin calcium trihydrate raw materials from different providers... 9

2T2D correlation maps was not possible.24-26 How- ing in the slices through the full 2T2D correlation
ever, based on the literature assignments and the Raman spectra at vi = 1600 cm-! and 1444 cm!
arguments outlined in the subsequent paragraph, was attributable to polymorph X of the studied
we concluded that the sequence of signals appear- compound.
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Fig. 5. Slice through the full 2T2D correlation Raman spectra at v, = 1600 cm (see text for details)
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Fig. 6. A slice through the full 2T2D correlation Raman spectra at v, = 1444 cm-! (see text for details)

Complementary conclusions were derived Figure 4, a series of distinct, high-intensity, and
from the analysis of the 2T2D correlation maps clearly distinguishable peaks were observed in the
generated from the XRD patterns. As evident from asynchronous 2T2D correlation map.
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Figure 7 shows a slice through the full asyn-
chronous 2T2D correlation map computed from
powder XRD data taken at (26)1 = 9.00°. A series of
positive intensity peaks (% ((20)1, (26)2) > 0) were
observed, with the most prominent ones being posi-
tioned at (26)2=6.14,9.14,9.48, 10.24,10.55,11.84,
12.17,17.04,19.43,21.57,22.67,23.30, 23.68, and
24.36°. Comparison with available literature data
strongly implied that the observed sequence of sig-
nals correspond to reflections arising from poly-
morph X of atorvastatin calcium trihydrate. The posi-

8.00E+08

tive sign of the asynchronous peaks (#((20)1, (26)2)
> 0), by contrast, indicated that the contribution of the
species giving rise to the signal at (26)1 = 9° (phase |
of the investigated compound) was dominantly repre-
sented in s(26) relative to r(26). Analogous conclu-
sions were drawn from the slice through the full
asynchronous 2T 2D correlation map computed from
powder XRD data collected at (26)1 = 21.40° (Fig. 8).
We note, however, that polymorph X is present only
in trace amounts.
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Fig. 7. A slice through the full asynchronous 2T2D correlation map computed from powder XRD data collected at (26), = 9.00° .

1.40E+09

1.20E+09
1.00E+09
8.00E+08

6.00E+08

|
J M’L},lﬁ I

4.00E+08

#((26)y, (26),)

‘l

i} A
“ ‘ ‘” ‘ N V AVJ «N\.WAJJ’ ol '\-M/\.n"Mv-wM

200E+08] | |(\ “‘
11 H‘ ”l
0.00E+00 1y 4|~

-2.00E+08 '

-4.00E+08 =TI = I - & - & 5L >~ 1 ~1° - I
5 10 15 20 25 30 35 40 45 50

(20),1°

Fig. 8. A slice through the full asynchronous 2T2D correlation map computed from powder XRD data collected at (26); = 21.40°

Maced. J. Chem. Chem. Eng. 44 (2), xx-xx (2025)



Discriminant analysis of atorvastatin calcium trihydrate raw materials from different providers... 11

4. CONCLUSIONS

In this work, two-trace two-dimensional cor-
relation analysis of Raman spectra and X-ray dif-
fraction patterns was implemented to provide dis-
criminant analysis of atorvastatin calcium trihy-
drate raw materials from two different manufactur-
ers. Single-parameter trace similarity measures,
such as the cosine similarity score and Pearson's
correlation coefficient, while useful in the context
of similarity analysis within sets containing multi-
ple samples, failed to capture the differences (or
lack thereof) between complex two-dimensional
traces that contain a wide variety of signals. In
contrast, the discriminant potential of the asyn-
chronous 2T2D correlation maps, computed from
the Raman spectral traces and XRD patterns, for
resolving spectral bands originating from multiple
species proved exceptional. These two types of
2T2D correlation maps provided complementary
insights into the phase composition of the investi-
gated samples. Detailed analysis of the 2T2D cor-
relation spectra enabled potential identification of
different atorvastatin calcium phases as well as
their degradation products.
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