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ABSTRACT

Introduction. The use of herbal products in the treatment of colon cancer appears promising. Numerous
Salvia species have been identified to exhibit cytotoxic properties. In this study, ethanolic extracts of three
Salvia species collected from the Bingdl region (Salvia euphratica, Salvia staminea, and Salvia trichoclada),
which have not been sufficiently investigated for their anticancer potential, were applied to the HT-29 colon
cancer cell line both as monotherapies and in combination with cisplatin.

Material and methods. A crystal violet assay was performed to assess cell viability. Changes in cellular func-
tions were evaluated using colony-formation and 3D soft agar assays for colony-forming ability, wound-
healing assays for migration, and Western blot analyses for protein expression levels.

Results. The IC;, values were determined as 38.16, 40.85, and 43.40 pg/ml, respectively. In synergy assays
with cisplatin, the combination indices were 9.54, 9.37, and 9.61, respectively. It was observed that the Salvia
species alone reduced colony-forming ability in both 2D and 3D cultures, whereas this effect diminished
when combined with cisplatin. The wound closure percentage decreased under combination treatment. Fur-
thermore, although mTOR and AKT protein levels were reduced in combination treatments compared with
monotherapy, p53 and c-PARP levels were elevated.

Conclusions. Although the examined Salvia species exhibited strong cytotoxic effects when used alone,
these effects were attenuated when combined with cisplatin. Further investigations are needed to elucidate
the underlying mechanisms of this phenomenon.

Journal of Medical Science 2025 December;94(4)
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Introduction

Cancer is a disease in which pathophysiological
changes occurring in the cell division process and
DNA repair mechanisms are ineffective, caus-
ing the death of millions of individuals worldwide
every year [1]. Colorectal cancer (CRC) is the third
most commonly diagnosed cancer type in both
men and women [2]. Of the 19.3 million new can-
cer cases observed in 2020, approximately 2 mil-
lion were CRC. In the same year, nearly 900 thou-
sand cancer deaths were attributed to the CRC
group [1,3]. According to estimates for 2030, 1.1
million deaths and 2.2 million new cases related
to CRC are expected [4]. Another study reports an
estimated 3.2 million CRC-related deaths for the
year 2040 [1]. Population growth and the propor-
tion of older adults will likely increase CRC inci-
dence [5].

Among the agents used in CRC chemother-
apy, Cisplatin (Cis) forms cross-links by binding
to DNA. These bonds damage DNA, leading to
apoptosis in cells [6]. Although Cis is widely used
for therapeutic purposes in many cancer types,
it causes many undesirable outcomes and sig-
nificant side effects, similar to other chemothera-
peutic agents [7].

It has been reported that, compared with cur-
rent colon cancer therapies, plant-based treat-
ments cause fewer side effects and should be
considered an alternative [8]. Studies have shown
that some plant species support CRC treat-
ment by inhibiting cell proliferation and induc-
ing cell death [9]. The use of natural products
together with synthetic drugs in CRC treatment
has become a standard therapeutic approach in
recent years. The protective and cytotoxic effects
of herbal products on cancer cells are essential
in this context [10]. It has been reported that the
efficacy of chemotherapeutic agents used in CRC
treatment is altered when they are combined with
various plants [11]. Salvia species are used in
multiple regions of the world in the prevention and
treatment of many diseases [12]. Several studies
have shown that Salvia species possess antican-
cer properties across various cell lines [13-15].
Previous phytochemical studies on these spe-
cies have revealed that they are rich in rosmarinic
acid, ferulic/vanillic acids, linalyl acetate, lina-
lool, caryophyllene oxide, spathulenol, B-pinene,
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and related terpenoids [16—-18]. In this study, the
ethanol extracts of three different Salvia species
collected from Bingdl province, which have not
been sufficiently investigated in terms of anti-
cancer properties (Salvia euphratica (SEE), Salvia
staminea (SSE), Salvia trichoclada (STE)), were
examined for their anticancer activity in a colon
cancer cell line (HT-29) both as monotherapy and
in combination with Cis.

Material and methods

Chemicals and reagents

Phosphate-buffered saline (PBS), Dulbecco's
modified Eagle medium (DMEM), penicillin/
streptomycin, trypsin-EDTA, and fetal bovine
serum (FBS) were obtained from Gibco (Grand
Island, NY, USA). Trypan blue, dimethyl sulfoxide
(DMSO0), methanol, acetic acid, and ethanol were
obtained from Sigma Aldrich (St. Louis, MO, USA).
Antibodies were obtained from Santa Cruz (Dal-
las, TX, USA). TEMED, Tris, KCI, NaCl, HCI, NaF,
Na,VO,, Coomassie blue-G250, NaN,, luminol,
nonfat dry milk, Ponceau S, H;PO,, p-coumaric
acid, PMSF, DTT, benzamidine, ethanol, glycerin,
glycerol, sodium dodecyl sulfate (Sigma-Aldrich,
Burlington, MA, USA); Tris HCI, DMSO, Tween-20,
bromophenol blue, B-mercaptoethanol, NP-40,
EDTA, EGTA, glycerophosphate, H,0,, NaOH, gly-
cine (Merck, Darmstadt, Germany); 0.45 pm PVDF
membrane (Millipore, Darmstadt, Germany); 25
and 75 cm? cell culture flasks (Sarstedt, Num-
brecht, Germany); microcentrifuge tubes, 15 and
50 mL Eppendorf tubes (Isolab, Eschau, Ger-
many); 6- and 96-well microplates (Corning, NY,
USA); 5-,10-, and 25-mL sterile pipettes and plas-
tic pipette tips, 3- and 6-cm Petri dishes (Costar,
Washington, DC, USA).

Plant extraction

Salvia species were collected during the flower-
ing period from Bingdl, Tirkiye. The identifica-
tion was carried out by Prof. Dr Liitfi Behget in
accordance with the Flora of Turkey [19]. Speci-
mens of the Salvia species were recorded in the
Bingdl University Herbarium as S. euphratica (BIN
11635), S. staminea (BIN 11637), and S. trichocla-
da (BIN 11636). The aerial parts of the plants were
ground using a laboratory-type grinder. From



each sample, 100 g were taken and extracted
with ethanol in round-bottom flasks according to
the method described by Erdogan et al [20].

Cell culture

The HT-29 colon cancer cells used in the study
were obtained from the Cancer Research Labora-
tory of Bingdl University. RPE-1 cells were used
as the healthy cell line. All cell culture procedures
were carried out in accordance with GCCP (Good
Cell Culture Practice) aseptic standards. The cells
were cultured in DMEM medium supplemented
with 10% fetal bovine serum (FBS), 64 pg/mL pen-
icillin, and 100 pg/mL streptomycin in a humidi-
fied cell culture incubator at 37°C containing
5-6% CO,. Cells have been routinely screened for
mycoplasma and other contaminants.

Cell viability

For the cell viability assay, the protocol described
by Parker et al. was optimised and applied [21]. In
summary, cells were seeded into 24-well plates at
a density of 50,000 cells per well. After confirming
cell attachment, 72-hour treatment was applied.
Following the treatment, the DMEM medium was
removed, and the surface was washed twice with
PBS. Then, T mL of methanol-acetic acid (3:1)
solution was added to each well, and the cells
were fixed at room temperature for 5 minutes. The
fixation solution was removed, and the wells were
treated with 1 mL of 0.5% crystal violet dye. After
15 minutes of incubation at room temperature,
the stained wells were carefully washed, and 1
mL of 10% acetic acid solution (prepared by mix-
ing 1T mL of 100% acetic acid with 9 mL of ddH,0)
was added to each well and placed on a shaker
for 5 minutes. Subsequently, the acetic acid from
the wells was transferred to spectrophotometer
cuvettes, and absorbance was measured at 595
nm to analyse cell viability. The data were then
evaluated statistically.

Determining Synergy

To assess synergism between sage species
and cis treatment in the HT-29 colon cancer cell
line, the combination index (Cl) was calculated.
According to the calculation of the drug-sage
extract interaction, Cl > 1 indicates antagonism,
Cl =1 indicates an additive effect, and Cl < 1 indi-
cates synergism [22]. The combination index was

calculated using the formula reported in the lit-
erature [23]. The formula used in our analysis has
now been clearly stated in the Methods section:

_ (Acis)so . (AsaL)so
(Bsar)so  (Bcis)so

CI

In this equation:

* (Agg)so: cisplatin concentration required to
reduce viability to 50% when Salvia extract is
applied at IC,,/2,

* (Bsal)so: IC5, of Salvia extract in monotherapy,

* (AsaD)so: Salvia concentration needed to reduce
viability to 50% when cisplatin is applied at
ICs0/2,

* (Bgs)so: ICs Of cisplatin in monotherapy.

Colony formation

The colony formation assay was performed to
assess the effects of various treatments on cell
colony-forming ability. For this assay, cells were
seeded into 6-well plates at a density of 5 x 102
cells per well. The following day, after confirm-
ing cell attachment, the cells were treated with
Salvia extracts and Cis for 72 hours. After treat-
ment, the medium was removed, and the cells
were incubated in fresh medium for 15 days (37
°C, 5% CO,, 95% humidity). After this period, the
medium was removed, the cells were washed
with PBS, fixed in methanol: acetic acid (3:1) for
5 minutes, and stained with crystal violet for 15
minutes. The wells were then carefully washed,
and the colonies were counted under a micro-
scope. A formation of at least fifty cells was con-
sidered a colony [24].

Wound healing

The in vitro wound-healing assay was performed
as modified from the method described by Zomer
et al. [25]. Cells were seeded into 6-well plates,
and the next day, a scratch was created using
a sterile 100 pL pipette tip. The detached cells
were removed by washing twice with PBS. After-
wards, photographs of the wounds were taken.
The treatment group was then exposed to the
respective plant extracts and chemotherapeutic
agents. At 0, 6, 12, and 24 hours, the wound areas
were photographed under a microscope and
measured using ImageJ software. The percent-
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age of wound closure for each group was calcu-
lated by normalising images acquired at 0, 6, 12,
and 24 hours.

3D Soft Agar

The effect of the applied treatments on the col-
ony-forming ability of the cells was evaluated
using the soft agar assay [26]. To each well of the
6-well plates, T mL of agar-medium mixture was
added, and the plates were incubated in a culture
cabinet for 30 minutes to allow the bottom agar
layer to solidify. A 0.5% agarose solution con-
taining 6 x 102 cells and the respective treatment
agents in cell culture medium (DMEM, 20% FBS)
was mixed at a 1:1 ratio (final agarose concentra-
tion 0.5%) and incubated in a 36°C water bath for
15 minutes. Then, T mL of the agarose-cell-medi-
um mixture (6 x 102 cells) was carefully overlaid
on the solidified 0.5% agarose bottom layer. The
cells were incubated for 7-21 days in a humidi-
fied cell culture incubator at 37°C with 5% CO,,
and every 3-4 days, fresh medium containing
treatment agents was added onto the top agar
layer. At the end of the experiment, colony forma-
tion was examined under a microscope, and the
formed colonies were stained with 0.005% crystal
violet prepared in methanol for 15 minutes. The
experiment was performed with at least two rep-
licates for each group, including the control.

Western blotting

Western blotting was used to assess changes
in protein expression in cells treated with the
applied treatments [24]. For protein sample anal-
ysis, a vertical SDS-PAGE tank system (Bio-Rad
Mini-PROTEAN Tetra Cell) was used. Cells seed-
ed in 6-cm wells were washed twice with cold
PBS (without Ca?'/Mg?") to remove them from
the plates after 72 hours of treatment. The col-
lected cells were suspended in PBS, centrifuged
at 1100 RPM for 5 minutes at room temperature,
and the supernatant was partially aspirated. The
obtained pellet was resuspended in an adequate
amount of lysis buffer (100 pL for 0.5 x 10° cells),
and effective homogenization and protein extrac-
tion were achieved using a 1 mL pipette. The
samples were incubated on ice for approximate-
ly 1 hour, then centrifuged at 15,000 RPM for 10
minutes at 4°C. The resulting supernatants were
transferred into pre-prepared, labelled microcen-
trifuge tubes. Total protein concentration was

Journal of Medical Science 2025 December;94(4)

determined using the Bradford method. Accord-
ing to the calculations, equal amounts of protein
(30 pg per lane) were loaded into each well of the
SDS-PAGE gel and electrophoresed. Protein con-
centrations were determined manually using the
Bradford reagent with Coomassie Brilliant Blue
G-250, and equal loading was confirmed with
Tubulin as a loading control. To prevent protein
degradation, the lysis buffer was supplemented
with protease inhibitors and reducing agents,
specifically T mM DTT, one mM Benzamidine,
0.5 mM PMSF, and T mM Leupeptin. The proteins
were then transferred onto PVDF (polyvinylidene
fluoride) membranes and incubated for 1 hour in
blocking buffer (5% milk powder in TBS-T). After
blocking, the membranes were incubated over-
night at 4°C with the appropriate primary anti-
body (diluted in 5% milk powder) with rotation.
The membranes were washed with TBS-T (3 x 10
minutes) and then incubated for 2 hours at room
temperature with the relevant HRP-conjugat-
ed secondary antibody (diluted in 5% milk pow-
der). The membranes were rewashed with TBS-T
(3 x 10 minutes). Detection was performed using
a chemiluminescence-based ECL kit. The signals
on the membrane were transferred to film using
an X-ray imaging system. Finally, densitometric
analysis of the band intensities was performed
using ImageJ software (National Institutes of
Health, USA).

DNA Agarose Gel Assay

One method for visualising DNA damage and
breaks is the DNA agarose gel assay. DNA frag-
ments placed in the gel under an electric field
are separated according to their sizes [27]. A.
A sufficient amount of agarose and Tris-acetate
(TAE) buffer was mixed and gently shaken. It
was then heated in a microwave until it began to
boil. At intervals, the flask was removed from the
microwave and mixed. After complete dissolu-
tion, Ethidium Bromide (EtBr) was added, and the
solution was shaken to ensure uniform disper-
sion. The cooled solution was slowly poured into
a tray. It was left to polymerise. Once polymerisa-
tion was complete, the gel was placed in the tank,
and TAE was added until it covered the gel. Sam-
ples were mixed with five pL of loading buffer and
loaded into the gel. A marker was also loaded into
one well. Electrophoresis was performed at 80 V
for 20 minutes.



Statistical analysis

All experiments were performed in triplicate
unless stated otherwise. Graphical and statis-
tical analyses were conducted using GraphPad
Prism (GraphPad Software, USA). The obtained
data were analysed using Tukey's multiple com-
parisons test and One-Way ANOVA. A p-value of <
0.05 was considered statistically significant.

Results and Discussion

Since ancient times, plants have been the focus
of attention in healthcare. Herbal products are
used in the treatment of numerous diseases with-
in traditional medicine. They are sometimes used
in the diet and sometimes as herbal medication
[28,29]. Colon cancer is a significant health issue
affecting human health, as it is the third most
common cause of cancer-related deaths in both
men and women [30]. Cisplatin (Cis), a drug com-
monly used in the chemotherapy of many can-
cers, including CRC, exerts its effects by inducing

100
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oxidative stress and DNA damage in cells [31]. In
addition to chemotherapeutic agents, plant-de-
rived products that have long been used in can-
cer treatment are available. Plants can not only
prevent cancer but also enhance the efficacy of
other cancer treatments [32]. It is predicted that
the discovery of new plants may vyield greater
benefits in cancer treatment [33].

Cell Viability Findings

Salvia species have been reported to possess
anticancer properties across multiple cancer
types, including CRC, owing to their bioactive
constituents (see Figure 1). Salvia and its derived
compounds have been reported to exhibit anti-
cancer effects in various cancer cell lines [34—37].
High levels of phenolic compounds and antioxi-
dant properties characterise the Salvia species
used in this study [16—-18]. In our study, consis-
tent with the literature, the Salvia species tested
exhibited cytotoxic effects on the HT-29 cell line,
with vigorous cytotoxic activity observed at 40
pg/mL and above. The obtained ICy, and IC;,/2

_ 100+
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S S0
g
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e
T 50+
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Cisplatin concentration (ng/ml)

= 1004 M SEE
E . SSE
= 75 W STE
- .
=]
s
_E 254
3
o 0-

CTL IC50/2 6,25 125 25 50 100 200
Salvia concentration (pg/ml)

Figure 1. Viability graph. Cell viability of HT-29 cells treated with Salvia species for 72 hours at increasing concentrations (A), cell
viability of HT-29 cells treated with cisplatin for 72 hours at increasing concentrations (B), viability assay with increasing cisplatin
concentrations while keeping the Salvia dose constant (C), viability assay with increasing Salvia concentrations while keeping the
cisplatin dose constant (D). (=3, SD, ANOVA, p<0.05). Source: Author's own data.
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doses are presented in Table 1. To assess the
selectivity of the cytotoxic effects, the extracts
were also tested on the healthy human retinal
pigment epithelial (RPE-1) cell line. The IC;, val-
ues for SEE, SSE, and STE in RPE-1 cells were
89.67, 95.15, and 89.58 pg/ml, respectively. These
values are approximately 2-2.5 times higher than
those observed in HT-29 cancer cells, indicating
a favourable selectivity index towards the colon
cancer cells.

Cis is an important chemotherapeutic agent
used in the treatment of many types of can-
cer. However, its use is associated with signifi-
cant side effects. Using Cis in combination with
plants is a critical approach to reducing these
side effects [38]. Combining plants with chemo-
therapeutic agents holds promise for mitigating
the adverse effects of chemotherapy. The use
of natural compounds to reduce the side effects
of current CRC therapies has been reported to
have multiple beneficial effects [39]. However, in
some cases, natural products can be ineffective
in cancer treatment; in certain situations, they
may even reduce the efficacy of the drug used
[40,41]. Studies indicate that components exhib-
iting anti-inflammatory properties reduce the
activity of cis [42]. It is emphasised that, owing
to their high antioxidant capacity, Salvia species
may reduce the efficacy of chemotherapeutic
agents that act through oxidative stress. In a pre-

vious study, rosmarinic acid derived from Salvia
species was found to diminish the effect of Cis
[43]. In our study, we observed that the cytotox-
ic effect decreased when Cis and Salvia species
were combined. In the synergism experiments,
IC,, values increased. This phenomenon may be
related to the reduction of Cis's oxidative effects,
one of its essential mechanisms of action, by Sal-
via species with high antioxidant properties. The
ICs, values and combination index (ClI) results
obtained from the synergism experiments are
summarised in Table 2.

Colony Formation Findings

The colony formation assay is a technique used
to assess the antiproliferative effect of treat-
ments applied in cell culture [44]. Various plants
have been shown to reduce the colony-forming
ability of cancer cells. Salvia species and their
derived compounds have been shown to inhibit
colony formation in many cell lines [34,45-48].
Consistent with the literature, our study showed
that Salvia treatment reduced the colony-forming
ability of the HT-29 cell line. Although plant-de-
rived products often show synergistic effects
with many chemotherapeutic agents, antago-
nistic effects can also occur in some cases [49].
The combined use of Cis and Salvia species was
observed to reduce colony-forming ability less
than monotherapy (p < 0.05) (see Figure 2).

Table 1. IC;,/2 and IC;, values obtained after the viability assays. Source: Author's own data.

IC;,/2 IC;,
cis 1,43 pg/ml 2,92 pg/ml
SEE 18,21 pg/ml 38,16 pg/ml
SSE 19,89 pg/ml 40,85 pg/ml
STE 23,86 pg/ml 43,40 pg/ml

Table 2. IC,, values and combination indexes obtained in the synergism experiments. Source:

Author's own data.

IC;, Combination Index (CI)
SEE IC,,/2+Cis 16,1 9,54
Cis IC5,/2+SEE 154
SS IC,,/2+Cis 171 9,37
Cis IC4/2+SSE 144
ST IC,,/2+Cis 18 9,61
Cis IC4,/2+STE 150

Journal of Medical Science 2025 December;94(4)
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Figure 2. After seeding HT-29 cells into 6-well plates, they were treated with the determined IC;, and IC5,/2 doses of Cis and Salvia
species. For monotherapy, IC;, doses were used, while for combination treatments, 1C;,/2 + I1C5,/2 doses were applied (n = 3, SD,

ANOVA, p < 0.05). Source: Author's own data. * p < 0.05

Soft Agar Findings

Given the difficulty of monitoring tumour devel-
opment in vivo, the soft agar technique remains
an essential method for measuring cancer cell
proliferation in a semi-solid environment [50].
Studies have shown that various Salvia species
reduce the colony-forming ability of cancer cell
lines in soft agar [48,51-54]. Consistent with the
literature, our study demonstrated that the Salvia
species used decreased the colony-forming abil-
ity of cells in soft agar when used as monother-
apy, but that combining it with Cis reduced the
effectiveness of Cis (see Figure 3).

Wound Healing Findings

The wound-healing assay is a standard in vit-
ro technique used to analyse 2D cell migration.
Cells migrate into a gap created mechanically,
thermally, or chemically, and the percentage of
gap closure is examined under a microscope
[55]. Treatments with Salvia species have been
shown to reduce migration ability in various cell
lines [37,56,57]. In our study, treatment with Sal-
via species reduced the migration ability of HT-29
cells. As observed in the viability and colony for-

mation assays, the effectiveness of the combina-
tion therapy was reduced (see Figure 4).

Normalised percentage graph of wound
closure areas captured at 6, 12, and 24 hours
(*p < 0.05; compared to control, **p < 0.01; com-
pared to control, *p < 0.05; compared to the group
treated with Cis only, **p < 0.01; compared to the
group treated with Cis only).

Western blot findings

It is well established that many cancer thera-
pies increase p53 levels. In colon cancer cell
lines, 5-FU and various plant extracts have
been shown to elevate p53 levels [58]. Similar-
ly, various Salvia species have been reported to
increase p53 protein levels in cells [59,60]. In our
study, p53 levels were significantly higher in all
groups treated with Salvia species and cisplatin
for 72 hours than in the control group (see Fig-
ure 5). The p-values were p < 0.001 for the cis-
platin group and p < 0.05 for the Salvia groups.
In combination therapy groups, p53 protein lev-
els were significantly lower compared to the cis-
platin group (p < 0.001). Given the role of p53 in
apoptotic processes and cellular stress, these
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IC50 doses for monotherapy and IC25 +1C25 doses for combination therapies. During the 21-day experimental period, DMEM supple-
mented with 20% FBS, without treatment agents, was added to the plates at 5-day intervals. At the end of day 21, the colonies were
stained as described in the Materials and Methods section to visualise their formation. Images of the plates were captured using an
external camera at 10x and 40x magnification. (n=3). Source: Author's own data.
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results are consistent with the literature, which
shows that Salvia species and cisplatin induce
stress and apoptosis when used alone in colon
cancer cell lines. However, monotherapy appears
to induce more stress and apoptosis compared
to combination therapy.

c-PARP, a form of PARP-1, is associated with
the late stage of apoptotic cell death [61]. As
a biomarker in apoptosis, c-PARP levels have
been found to increase in parallel with apop-
totic processes [62]. Many chemotherapeutic
agents and plant-derived products, including
Salvia species, are known to elevate c-PARP
levels [59,63]. Consistent with this information,
c-PARP levels increased with monotherapies in
our study (p < 0.05). In combination therapies,
a significant decrease was observed relative to
cisplatin treatment, indicating that DNA damage
induced by monotherapy is reduced in combina-
tion therapy.

Akt, a central molecule in the PI3K-Akt signal-
ling pathway, has been associated with multiple
cancer types when abnormally activated. Cancer
cell migration is closely linked to Akt, which trans-
mits signals from growth factors and oncogenes
to downstream targets [64,65]. Chemotherapeu-
tic agents, Salvia species, and their derived com-
pounds have been reported to reduce Aktl pro-
tein levels in cancer cells [66—68]. In our study,
monotherapy significantly decreased Akt1 levels,

consistent with the literature. However, combina-
tion therapy showed a significant increase com-
pared to cisplatin treatment.

mTOR is a protein that regulates cell growth,
mRNA  translation, ribosome biogenesis,
autophagy, and metabolism, and it is hyperac-
tivated in many cancer types [69]. Both chemo-
therapy and various plants, including Salvia, are
known to reduce mTOR levels in cancer cells
[66,70]. In our study, treatment with cisplatin and
Salvia significantly decreased mTOR levels. How-
ever, combination therapy showed an increase
relative to monotherapy, indicating reduced cyto-
toxicity in the combination.

DNA agarose gel findings

Kemoterapik Chemotherapeutic agents and sub-
stances with anticancer properties target cancer
cells by inducing DNA damage in rapidly dividing
cells, either directly or indirectly [71]. The cellular
response to the resulting DNA damage is closely
related to both cancer progression and the out-
comes observed after chemotherapy. Modulating
the DNA damage response system is considered
an essential target for enhancing treatment effi-
cacy in cancer therapy [72]. Various Salvia spe-
cies are known to induce DNA damage in cancer
cell lines [36,73,74]. In our study, DNA fragmen-
tation was markedly more pronounced in mono-
therapies with cisplatin and Salvia species than
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(n = 3). Source: Author's own data.

in the control group (see Figure 6). However, in
combination therapy, fragmentation was less
pronounced compared to the cisplatin group.
This indicates that monotherapy alone induces
greater DNA damage. The reduced DNA damage
observed in combination treatments suggests
that the plants may decrease the efficacy of cis-
platin.

Conclusion

In conclusion, the studied Salvia species exhib-
ited cytotoxic effects on HT-29 cell lines. Follow-
ing treatment with Salvia species, colony forma-
tion and migration abilities of the cells decreased;
levels of proteins associated with apoptosis,
autophagy, and DNA damage (p53, c-PARP)
increased; and the level of mTOR, which is relat-
ed to cell proliferation, decreased. In combina-
tion treatments, results were less effective than
those of monotherapy, indicating that the com-
bination reduced the efficacy of cisplatin. Based
on these findings, an antagonistic interaction
between the studied Salvia species and cisplatin
was observed. These results can be further sup-
ported by future in vitro and in vivo studies, which
will provide clearer insights into the use of these
plants in cancer therapy.
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ABSTRACT

Aim. To classify motor unit action potential patterns using a deep learning technique with high accuracy.
Material and methods. A dataset was compiled from three main groups of motor unit action potential pat-
terns, including myopathy, neuropathy, and normal, as assessed by a clinical neurophysiologist during rou-
tine clinical assessments. After preprocessing the raw signals in the dataset, a total of 3,152 signal seg-
ments from 96 muscles of 26 individuals were divided into training and test sets. Deep learning network
models were developed in Python using the Keras API in Jupyter Notebook.

Results. Among the deep learning models, a hybrid deep neural network model with a one-dimensional con-
volution layer as an input layer and four layers of gate recurrent units (IDCNN-GRU) achieved the highest
accuracy rates. Ten-fold cross-validation resulted in a mean accuracy rate of 98.13 + 1.05%.

Conclusions. Both conventional machine learning models and deep learning models could classify needle EMG
patterns that belonged to three neuromuscular disorder groups with high accuracy. However, more clinical
studies with larger datasets are needed for validation. In contrast to conventional machine learning techniques,
deep learning models could receive signals as input data and automatically extract the required features.
Therefore, they could facilitate the real-time implementation of the pattern recognition tasks in the future.

Introduction
Assessing audio-visually, needle electromyogra-

phy (EMG) is a crucial diagnostic tool used to dif-
ferentiate between the three main types of neu-
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romuscular conditions: healthy, neuropathic, or
myopathic [1]. During needle EMG procedures,
potentials originating from needle insertion into
a muscle, muscle cell membrane potentials while
resting, and motor unit action potentials during



muscle contraction are recorded [2,3]. Although
there are many experienced electromyographers
or neurophysiologists, needle EMG examinations
are still highly subjective, and, in some cases,
reaching a consensus for certain kinds of pat-
terns is unlikely [1,4]. Machine learning methods,
intensive learning, have the potential to enhance
standardisation in pattern recognition and may
offer valuable diagnostic support to less experi-
enced electromyographers in the future [5].

Machine learning methods have been exten-
sively applied in recent clinical research to
address challenges related to classification,
decision-making, and prognosis prediction with-
in clinical practice. [5,6]. As a subtype of artificial
intelligence, machine learning has yielded prom-
ising results in biomedical image and signal pro-
cessing studies, paving the way for the develop-
ment of clinical decision support systems [7]. Var-
ious machine learning techniques are available
for use in medical studies, which can be grouped
into classic or conventional machine learning
and deep learning techniques based on the data
processing steps [5,8]. Traditional machine learn-
ing techniques share standard pipelines for pro-
cessing image or time series data. After prepro-
cessing data, quantitative analysis is applied to
extract features. The best meaningful features for
classification are then required to be chosen as
the input data for a machine learning tool, such
as a decision tree, support vector machine, logis-
tic regression, or a small-scale artificial neural
network, such as a multi-layer perceptron [6,9].
Although conventional machine learning tech-
niques have hand-crafted feature extraction and
selection steps in their data processing pipeline,
deep learning techniques such as convolutional
neural networks (CNN), recurrent neural networks
(RNN), autoencoders, long-short term memories
(LSTM), and gate recurrent units (GRU) can auto-
matically achieve these processing steps. There-
fore, the image or signal presented in a time-se-
ries format can be provided as input data to the
classification pipeline of an artificial neural net-
work [1, 5, 8]. Direct use of signal data as input
may streamline the automation process and
enhance decision-making capabilities, enabling
real-time implementation.

Despite several conventional machine learn-
ing studies showing promising results for classi-

fying needle EMG signals, studies that implement
deep learning for needle EMG signal classifica-
tion are scarce [1,8]. Few studies have focused
on classifying resting state membrane poten-
tials [1]. Nodera et al. [10] classified resting-state
potentials with 86% accuracy using Mel spectro-
grams as input data, and pre-trained models of
convolutional neural networks for image recog-
nition were employed. The accuracy reached up
to 94% in the 19-layered Visual Geometry Group
(VGG-19), a convolutional neural network model
with 19 weighted layers, by using data augmenta-
tion techniques. Nam et al. [11] classified resting
state potentials using Inception-v4 as a convolu-
tional neural network, yielding results with 93%
accuracy. The input data consisted of image files
with .png extensions representing the resting
state potentials. There are also a few studies with
encouraging results that aim to classify motor
unit action potentials during muscle contraction
using deep learning techniques [1]. Sengur et al.
[12] used a continuous wavelet transform (CWT)
spectrogram and Pseudowigner-Wille distribu-
tion function for preprocessing. Two-dimension-
al spectrograms were used as input data for the
two-dimensional convolutional neural network
(2D-CNN) pipeline, which achieved 96.8% accura-
cy in classifying two groups: Amyotrophic Lateral
Sclerosis (ALS) and normal. Yoo et al. [8] utilised
nEMGnet, a one-dimensional residual convolu-
tional neural network inspired by the Residual
Neural Network (ResNet) and the Visual Geometry
Group (VGG) neural network, for the classification
of EMG segments, achieving 62.35 + 4.60% accu-
racy in classifying normal, neurogenic, and myo-
genic segments. Then, the divide-and-vote algo-
rithm was used to determine the disease labelling
for each muscle and patient with 83% accuracy.

An RNN is a specialised form of deep neu-
ral network particularly well-suited for handling
sequential data, such as time series [13]. They are
mainly used to predict the following likely data.
However, classifying signals or time series could
also be possible by arranging the architecture
[14]. LSTM and GRU are subtypes of RNNs that
yield successful results in surface EMG studies
[15, 16]. Our study aims to classify nEMG data with
motor unit action potentials into three categories,
standard, neuropathy, and myopathy, using deep
learning techniques with high accuracy.
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Material and methods

Data acquisition

We included EMG traces acquired using concen-
tric needle EMG recordings on a Natus Neurol-
ogy Nicolet EMG system with an AT2+6 amplifi-
er in this study. We retrospectively reviewed the
recorded needle EMG signals obtained in routine
clinical practice from December 2022 to June
2023, together with the EMG reports of clinical
neurophysiologists. We received a total of 155
EMG signal traces corresponding to 134 muscles
in 33 patients. We applied labelling at the patient
and muscle levels according to the EMG reports in
the archive. We excluded cranio-bulbar muscles
due to the shorter duration and smaller amplitude
of motor unit action potentials compared with
limb muscles [3,17]. Among 33 subjects, 15 were
normal, 11 had pathologies causing neurogenic
motor unit action potentials, and seven had myo-
pathies with myogenic action potentials. Among
the 15 normal subjects, we excluded one subject
due to an increased percentage of polyphasic

motor unit action potential findings and another
two subjects because the study was performed
only on cranio-bulbar muscles. In the neurogenic
group, we excluded one patient because the study
focused only on cranio-bulbar muscles, and two
patients due to being in the acute to subacute
phase of neuropathy, as no changes in motor unit
action potential morphology related to reinnerva-
tion were observed. We also excluded muscles
that did not represent labelled patterns.

Finally, we included EMG traces of 29 mus-
cles from seven individuals with myopathy, 24
muscles from eight individuals with neuropathy,
and 43 muscles from 11 normal individuals in the
study. Detailed information about the subjects is
presented in Table 1A-1E. The recording parame-
ters included a 30-50 Hz high-pass filter, a 10 kHz
low-pass filter, and a sampling rate of 48,000 per
second. We extracted EMG data from the Synerqy
software system in .txt format. We reformatted
the .txt files for use with a program developed in
WinForms Visual Studio C++ to review traces in
100-msec sweep times. We also used this pro-

Table 1A. Demographics of the cases according to records.

Demographics Female Male Total Age (Mean/Median/Range)
Myogenic 2 5 7 52.8/56/21-80
Neurogenic 2 6 8 52.6/52.5/38-72
Normal 5 6 1 45.4/54/12-76
Total 9 17 26 49.6/53.5/12-80

Table 1B. Sampled muscle records from the upper limb and shoulder

Muscles sampled PM Is Ss B D BB EDC FDS FCU FDI ADM  APB
Myogenic 4 - 2 - 4 5 4 - - 1 - -
Neurogenic - - 1 - 2 - - - 1 1 1 2
Normal 1 1 1 1 6 5 2 1 1 5 - 1
Total 5 1 4 1 12 10 6 1 2 7 1 3

PM = Pectoralis major, Ss = Supraspinatus, Is = Infraspinatus, Triceps Brachi = TB, D = Deltoid, BB = biceps brachi, EDC = Extensor digitorum
Communis, FDS = Flexor Digitorum Superficialis, FCU = Flexor Carpi Ulnaris, FDI = First Dorsal interosseus, ADM = Abductor Digiti Minimi,

APB = Abductor Pollicis Brevis

Table 1C. Sampled muscle records from the lower limb and hip.

Muscles sampled Ip GIMax GIMed TFL RF VM AM TA GeM TP EHL
Myogenic 7 = - = 1 1 - - - - -
Neurogenic - 2 2 1 - 1 1 5 2 1 1
Normal 1 - - - 1 4 - 5 6 1 -
Total 8 2 2 1 2 6 1 10 8 2 1

Ip = lliopsoas, RF = Rectus Femoris, VM = Vastus Medialis, AM = Adductor Magnus, TA = Tibialis Anterior, GcM = Gastrocnemius Medialis, TP
= Tibialis Posterior, EHL = Extensor Hallucis Longus, TFL = Tensor Fascia Lata, GIMax = Gluteus Maximus, GIMed = Gluteus Medius

Journal of Medical Science 2025 December;94(4)



Table 1D. Number of neurogenic conditions diagnosed.

Neurogenic Pathologies
Chronic L5-S1 radiculopathy
Subacute-Chronic L4-L5 radiculopathy
Chronic L4-L5 radiculopathy
Chronic L3-L4, L4-L5 radiculopathy
Chronic C5-C6 radiculopathy
Chronic median nerve injury
Chronic lower truncus injury

R R NC ) [E I [ Y ' )

Table 1E. Number of myogenic conditions diagnosed.

Myogenic Pathologies

Myopathy alone

Myopathy with fibrillations

Myopathy with myotonia

—_ |- o=

gram for preprocessing and labelling. The study
received approval from the ethics committee of
Karadeniz Technical University.

Preprocessing

We down-sampled raw needle EMG signals to
9600 Hz to reduce computational complexity.
For the down-sampling procedure, we used an
algorithm that calculates the second derivative
of each signal. The signal with the lowest second
derivative value was chosen as the representa-
tive signal for each of the five consecutive signals
in the trace. As a result, the local minimums and
maximums of high-frequency patterns — con-
taining details regarding small motor unit action
potentials, turns, and phases, which are essential
characteristics of myopathy — were retained dur-
ing the down-sampling process (see Figure 1).
We also filtered the signal traces using a 50-Hz
high-pass filter to remove redundant low-fre-
quency information digitally. Each nEMG data
sample recorded from the labelled muscle has
traces that are 4 to 20 seconds long. Two neuro-
physiologists (IT and CB) reviewed all nNEMG trac-
es and selected segments for labelling that were
artefact-free and at least 0.5 seconds long. We
sliced the extracted traces into 100-msec seg-
ments with 50-msec overlap. Following process-
ing, the neurophysiologists conducted a thorough
review of each signal segment. They removed any
traces from the dataset that did not contain char-
acteristic features of the designated neuromus-

cular disorder group. We also excluded the traces
with far-field potentials. Most of the signal seg-
ments had 945-960 consecutive signal series. We
determined the standard signal vector length to
be 940 to ensure a consistent size for each signal
segment. Eight signal segments, three of them
belonging to the normal group, and five belong-
ing to the neurogenic group, required zero pad-
ding at the end as a result of being shorter than
940. Finally, we selected 1221 normal, 718 neuro-
genic, and 1212 myogenic EMG signal segments
as the training and test sets. Thus, we generated
a dataset consisting of 3,152 signal rows with 940
columns.

Deep Learning Network Model and Training

We performed deep learning using Python 3.7.16
in Jupyter Notebook. We designed deep neural
networks using LSTM, GRU, and CNN in various
architectures with the Keras library and a Ten-
sorFlow 2.6.0 backend in Python. We utilised the
classification model to categorise EMG signal
segments into three groups: neurogenic, myo-
genic, and normal. Therefore, the output layer
consisted of three neurons, representing three
neuromuscular disease groups according to the
one-against-all principle. Preprocessed EMG
signal segments, recorded as a CSV table, were
provided as input data. Initially, we used 80% of
labelled signal segments as the training set and
the remainder as the test set. Then, avoiding
overfitting, we also applied ten-fold cross-valida-

Journal of Medical Science 2025 December;94(4)

319




320

f [ ]
=TI M M,U.Vn.__ ) J
| I

| J N o " Nl {
= —r e p— A I,/\_-ul"" T v‘\_fj.)h.w«,—\" ] ," w'\.‘.- /_\"1'43 S~ e I‘/‘\ A ‘."nh ' II Aroh
| ] oy v '
| | ' |

1 | v

L T T

T T I

Figure 1. We down-sampled the signal segments to 9600 Hz to reduce computational complexity. However, during the down-sam-
pling procedure, high-frequency information could be missed, which is particularly relevant for the recognition of myopathy forms.
Each trace segment contains 100-msec-long signals. The raw trace, the first trace, contains high-frequency details that may be over-
looked by traditional down-sampling methods, such as average pooling, which is seen in the second trace. By computing the second
derivative at each signal point, peaks can be identified and selected as representative points during downsampling, as shown in the
third trace. This approach enables greater preservation of high-frequency information compared with conventional techniques.

tion with randomly chosen training and test sets
to assess the performance of the models. We
performed the training and testing procedure on
a CUDA-enabled NVIDIA GPU (GeForce RTX 3060)
running on the Windows 11 operating system.

Statistics

We performed the statistics using the R Studio
software package, version 4.4.1. For continuous
variables, we conducted the Shapiro-Wilk test to
check the normality of data distribution. We used
Student's t-test for normally distributed continu-
ous variables and the Mann-Whitney U test for
non-normally distributed continuous variables
to evaluate the differences between the groups.
Statistical significance was considered signifi-
cant if p < 0.05.

Results

We tested various deep learning architectures
and optimised the best-performing models using
the grid search algorithm. Finally, we obtained the
mean accuracy rates of the ten-fold cross-vali-
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dation results and assessed the models through
statistical analysis.

We developed two main models. One was
a residual convolutional network, similar to nEM-
Gnet from Yoo et al., and the other was a multi-
layer RNN model that utilised either a unidirec-
tional or bidirectional GRU or LSTM. We achieved
the highest mean accuracy rate (98.13 = 1.05%)
using ten-fold cross-validation when testing the
model 1D-CNN+4-layer-unidirectional GRU with-
out max pooling. Statistical analysis revealed
that the accuracy rate of the model 1D-CNN+4-
layer-unidirectional GRU without maxpooling was
significantly higher than 5-layer CNN (p = 0.024),
11-layer CNN without residual layers (p = 0.005),
4-layer unidirectional LSTM (p < 0.001), 4-lay-
er-bidirectional-LSTM (p < 0.001), 4-layer-unidi-
rectional GRU (p = 0.012), 3-layer-1D-CNN+2-lay-
er-unidirectional GRU (p = 0.028), 1-layer CNN-2-
layer-unidirectional GRU (p = 0.003), 2-layer CNN-
1-layer-bidirectional GRU (p = 0.01), and 2-layer
CNN-1-layer-unidirectional LSTM (p < 0.001). We
summarised all results obtained with ten-fold
cross-validation on the dataset, which was split
randomly into a train set and a test set, and the



p-values for the models compared to 1-layer-1- matrix of the ten-fold cross-validation results,

D-CNN+4-layer-unidirectional GRU are present- along with the mean and standard deviation, in
ed in Table 2. For the best-performing model, Figure 2. The mean and standard deviation of
1D-CNN+4-layer-unidirectional GRU without max precision, recall, and F1 scores are also present-
pooling, we present the normalised confusion ed in Table 3. The pipeline and the detailed archi-

actual classes
Normal

Neurogenic
1

Myogenic

|
Neurogenic Myogenic
predicted classes

)
Normal

Figure 2. Confusion matrix of the optimised 1D-CNN-4-layer GRU model obtained through
ten-fold cross-validation with normalised means and standard deviation.

Table 2. The optimised deep learning models and accuracy rates with ten-fold cross-validation.

Deep learning model Epochs 10-fold cross-validation P+
results (accuracy)

5-layer CNN 50 96.55 % 1.60 % 0.024
11-layer CNN without residual layers 50 95.71+2.23% 0.005
11-layer CNN with 3 residual layers 50 97.111.05% 0.052
4-layer-unidirectional-LSTM 70 95.23 +1.23% <0.001
4-layer-bidirectional-LSTM 90 94.64 + 1.87% <0.001
4-layer -unidirectional -GRU 30 96.13+ 1.82% 0.012
4-layer- bidirectional-GRU 35 97.04+2.18 % 0.116
1-layer-1D-CNN+4-layer-unidirectional GRU 90 97.77 + 1.08% 0.487
1 layer-1D-CNN+4-layer-unidirectional GRU (without maxpooling) 90 98.13 + 1.05% NA

1-layer-1D-CNN+4-layer unidirectional LSTM (without maxpooling) 250 95.52 + 3.46% 0.052
1-layer-1D-CNN+4-layer-bidirectional GRU (without maxpooling) 90 97.81 1 0.96% 0.513
1-layer-1D-CNN+3-layer-unidirectional GRU 80 96.47 + 2.54% 0.093
2-layer-1D-CNN+2-layer-unidirectional GRU 70 97.82 +0.59% 0.445
2-layer-1D-CNN+3-layer-unidirectional GRU 90 97.77 £ 1.45% 0.878
3-layer-1D-CNN+3-layer-unidirectional GRU 70 96.98 + 1.87% 0.145
3-layer-1D-CNN+2-layer-unidirectional GRU 90 97.02 £ 0.92% 0.028
1-layer CNN-2-layer-unidirectional GRU 70 96.50 + 1.16% 0.003
2-layer CNN-1-layer-unidirectional GRU 70 97.92 1 0.82% 0.661
2-layer CNN-1-layer-bidirectional GRU 70 96.27 + 1.60% 0.070
2-layer CNN-1-layer-unidirectional LSTM 90 96.03 + 1.08% <0.001

* P-value for the models in comparison with 1-layer, -1D-CNN+4-layer-unidirectional GRU
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Table 3. Precision, recall, and F1 scores for each group in the 1d-CNN-4-layer GRU model.

Precision Recall F1-scores
Normal 0.9778+0.0174 0.9845 + 0.0139 0.9800 +0.0118
Neurogenic 0.9926 £0.0118 0.9761 £ 0.0162 0.9842 +0.0081
Myogenic 0.9787 £ 0.0148 0.9817 + 0.0235 0.9800 + 0.015
Accuracy 0.98130.0105 0.9813 + 0.0105 0.9813+0.0105
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Figure 3. The deep learning pipeline achieved a mean accuracy rate of 98.13 + 1.05% with ten-fold cross-validation. A similar archi-
tecture was also designed using LSTM and bilateral GRU instead of unilateral GRU.

tecture of the model are shown in Figures 3 and
4, respectively. The residual convolutional neural
network pipeline and architecture are presented
in Figure 5.

Discussion

Receiving needle EMG signal segments as input
data, our study is the first to classify needle EMG
data using a deep learning technique, achieving
high accuracy. Both the residual convolutional
neural networks and the 1D-CNN-4-layer GRU
model without max pooling yielded high accuracy
results. In the literature, although CNN is a suc-
cessful deep learning tool receiving raw images as
input, LSTM and GRU, as subtypes of RNN, show
more promising results in time series data, such
as electroencephalography [18]. Accordingly, our
study mainly focused on RNN-based models to
achieve high accuracy rates. Notably, GRU-based
models showed slightly, and in some cases, sta-
tistically significantly better performance than
LSTM-based models. Although the accuracy
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rates of LSTM-based models surpass those of
GRU-based models in most deep learning stud-
ies in the literature, GRU-based models have also
been reported to show superior success rates in
some deep learning studies. The small size of the
data set and the low dimension of the input data
could account for the better accuracy results of
GRU-based models [19,20]. The improved accu-
racy rates observed in unidirectional models may
also be attributed to similar underlying factors.
Despite the success of RNN in time series
data, residual CNN models also yielded promising
results in our study. The residual CNN model archi-
tecture we designed was inspired by the architec-
ture of NEMGnet, as described in the study by Yoo
et al. [8]. Because the signal segment length for
the input layer was 4-fold shorter than nEMGnet,
the same number of layers would cause a nega-
tive output dimension. Therefore, the number of
layers was fewer than that of nEMGnet. Howev-
er, in our study, results for the accuracy of seg-
ment-based classification are significantly higher
compared with the 62.35 + 4.60% reported by Yoo
et al. [8]. This may be due to both the character-
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istics of the dataset and nuances in the architec-
tural design. Overall, adding residual layers could
improve the performance of convolutional neural
networks, as indicated by the statistical analysis
of the study. Although the suggested model, mod-
el 1D-CNN+4-layer-unidirectional GRU without
maxpooling, had significantly better performance
than other CNN models, there was no statistically
significant difference between the proposed mod-
el and the 11-layer CNN with residual layers.

On the other hand, Sengur et al. [12] achieved
96.8% accuracy in classifying normal and ALS
groups using deep learning, which was higher
than in other deep learning studies. However,
the input data was not the EMG trace itself. EMG
signal segments were converted into two-di-
mensional spectrograms through the CWT and
Pseudowigner-Wille distribution function imple-
mentation.

Despite our study having some promising
results, conventional machine learning tech-
niques have yielded better accuracy. Extracting
features from time-frequency analysis, Samantha
et al. [21] achieved 99.5% accuracy in classifying
ALS and normal groups using a genetic algo-
rithm. Roy et al. [22] achieved 100% accuracy in
discriminating between healthy and neuropathy
conditions using a support vector machine and
feature extraction methods based on time-fre-
quency analysis. Dubey et al. [23] employed the
Hilbert transform for feature extraction, achieving
99.5% accuracy with feedforward neural networks
in classifying neuropathy, myopathy, and normal
groups. Kamali et al. [24] achieved 100% accuracy
using a random forest algorithm on samples from
the tibialis anterior muscle for the classification
of neuropathy, myopathy, and normal groups.
They also employed time-frequency analysis for
feature extraction. As seen in previous studies,
feature extraction from time-frequency analy-
sis yields the best results. Therefore, it may be
pertinent to deepen the understanding of deep
learning methodologies, as well as to design and
refine their automatic feature extraction capabili-
ties within the scope of time-frequency analysis.
Further optimisation of deep learning models is
necessary to achieve higher accuracy rates.

In our study, we created the dataset by retro-
spectively using recorded data. Similar to pub-
licly available datasets, it consisted of needle
EMG signals recorded from the muscles of 26
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subjects: seven individuals with myopathy, eight
individuals with neuropathy, and 11 healthy indi-
viduals. The number of subjects for each group
was similar to the EMGLab dataset, a public-
ly available dataset used in most studies [1]. In
contrast to the EMGLab dataset, our dataset did
not contain patients with motor neuron disease.
However, patients with radiculopathy and nerve
palsies have typical clinical features and needle
EMG patterns easily classified by an expert.

In contrast to the EMGLab dataset, since the
study was retrospective, all patients had records
from various muscles in our dataset. Additionally,
depending on the patient’s cooperation during the
recorded part of the study, different recruitment
patterns may be observed in the signal segments.
On one hand, the involvement of various muscles
and a wide variety of recruitment patterns could
make the classification task more challenging.
On the other hand, standardised recordings from
the same muscle could help achieve more difficult
tasks, such as disease subgroup classifications.

Despite deep neural networks being consid-
ered black boxes in terms of their feature extrac-
tion capabilities, we arranged the input param-
eters based on some electrophysiologic param-
eters to optimise the results. Considering that
the sweep time of an EMG device screen is com-
monly adjusted to 5 msec/div or 10 msec/div, and
a 100-msec trace provides an idea about motor
unit action potential firing rates and morphology,
we determined the length of EMG segments to be
100 msec. Most previous studies also used 100-
msec segments [8]. The residual convolutional
network architecture was similar to that of nEM-
Gnet in the study by Yoo et al. [8]. However, we
preferred smaller sizes of convolutional filter ker-
nels to process high-frequency information. The
design of the 1-D CNN-4-layer GRU model also
contains architectural nuances. We estimated the
number of units in the first RNN layer by consid-
ering specific parameters of the motor unit action
potentials. The approximate motor unit action
potential duration varies between 5 and 15 msec;
it is shorter in myopathy (1-5 msec) but longer in
neuropathy (15-25 msec) [3]. As 245 units of RNN
capture approximately 25 milliseconds, it could
be adequate for processing all types of motor
unit action potential morphologies.

Additionally, because high-frequency infor-
mation plays a crucial role in the discrimination



of myopathy, neuropathy, and standard motor unit
action potentials, and GRU layers are specialised
in learning time series patterns, the model was
further optimised by omitting the maxpooling
layer, which might cause losses in the high-fre-
quency information captured by the GRU units.
In most studies, a flattened layer is used before
GRU units. However, we did not use this due to its
low accuracy rates in tests. Because the convo-
lution layer produces output data as several time
series equal to the number of convolution filters,
flattening it may cause some information to be
lost in the time series processed by the GRU lay-
er, which could lead to low accuracy rates.

The retrospective design of the study did not
permit a standardised assessment of motor unit
potential recruitment patterns. This limitation
also led to the exclusion of acute neuropathies
from the study, conditions that require analysis of
recruitment patterns for an accurate understand-
ing [3]. When a muscle is slightly contracted, the
smallest motor unit action potential first starts
firing, and its frequency is approximately 5-8 Hz
at the beginning. By increasing the force, the fre-
quency increases by 3-5 Hz, then a second larger
motor unit is recruited at <15 Hz [25]. By 50% of
maximal voluntary contraction, almost all motor
units are recruited in small limb muscles, and fur-
ther voluntary contraction rates could increase
the firing frequency of motor unit action potentials
up to 50 Hz. In large limb muscles, motor units are
recruited at least 90% of maximal voluntary con-
traction, while muscle firing frequency reaches up
to 30-40 Hz [26]. Thus, a motor unit action poten-
tial can be fired one to five times in small mus-
cles and one to four times in large muscles within
a 100-msec period. Although this rate increases
in myogenic muscle, the number of motor unit
action potentials recruited reduces in neurogen-
ic muscle [3]. Finally, a wide variety of voluntary
motor unit contraction rates have been success-
fully classified using the proposed deep learning
model with 245 hidden units, which can capture
periods of approximately 25 milliseconds. Con-
sidering that patients may have poor cooperation
in recruitment tasks in clinical practice, the high
accuracy rate of the proposed model in classify-
ing neuromuscular disorders offers hope for the
real-time implementation of the model. Neverthe-
less, standardisation of recruitment patterns, par-
ticularly for training neural network models, could

both increase accuracy and help classify neuro-
pathic and myopathic pattern subtypes.

We included a wide variety of small and large
muscles in the limbs, hips, and shoulders in our
study. The age of the subjects also ranged from
12 to 80 years. Different limb muscles have
slightly different ranges of amplitude, duration,
or polyphasic rates [3]. Furthermore, with age-
ing, motor unit action potential morphology can
also differ slightly in size, and action potentials
with longer durations and higher amplitudes are
observed in healthy older subjects [3], which may
lead to lower accuracy rates in pattern recogni-
tion. Despite acquiring data recorded from vari-
ous muscles from a highly heterogeneous patient
population, we achieved high accuracy rates
using the proposed model. Although this situ-
ation may be helpful for the real-life implemen-
tation of the model, standardising the muscles
could aid in muscle-specific assessments and
increase accuracy. Studying only with the tibialis
anterior muscle, Roy et al. [22] and Kamali et al.
[24] achieved 100% accuracy.

After labelling the muscle according to the
EMG report results, both artefacts and EMG sig-
nal segments that did not represent typical pat-
terns of labelled neuromuscular conditions were
excluded. This approach may increase accu-
racy rates and could be considered a barrier to
implementing the model for real-time use. How-
ever, the fact that most patients in the data set
had acquired myopathy and radiculopathy, with
patchy muscle involvement, particularly in some
acquired myopathies and radiculopathies, could
explain the standard motor unit action potential
patterns in pathologic signal segments [3]. Label-
ling these segments as neuropathic or myopath-
ic would reduce the quality of training and result
in low accuracy rates. However, there may still
be some subtle patterns of the pathology that
could not be discerned by an expert but could be
detected with deep learning systems [27].

This study has certain limitations. The small
sample size is a primary constraint, which may
increase the risk of overfitting. Additionally, the
limited number of patients prevented the use of
patient-based classification and the application
of an external validation data set, as referenced by
de Jonge et al. [1]. Furthermore, we were unable
to use an independent external validation set.
The results cannot be generalised to the entire

Journal of Medical Science 2025 December;94(4)

325




326

neuromuscular disorder classification because
the patient population in our study was small and
restricted to patients with radiculopathy, axonal
nerve injury, and predominantly inflammatory
myopathies. As a result, both the limited diversi-
ty of the neuromuscular disorders and the small
size of the datasets reduce the generalizability
of the results and increase the risk of overfitting.
Moreover, the real-time implementation of auto-
matic classification of neuromuscular disorders
requires the discrimination of motor unit action
potentials, artefacts, needle insertion potentials,
and resting state potentials. In a retrospectively
designed clinical study, Hubers et al. [17] classi-
fied signal segments with artefacts, resting-state
potentials, and motor unit action potentials with
96% accuracy at the first step, and then the clas-
sification of motor unit action potentials was per-
formed. Our study focused solely on classifying
motor unit action potentials. We were unable to
assess different levels of recruitment due to the
small dataset size and the retrospective design
of the study. For this reason, having only reduced
recruitment as a pathologic finding, acute neu-
ropathies were excluded. Therefore, assessing
recruitment patterns in future studies would also
improve real-life generalizability.

The current findings of this study are pre-
liminary. Future work will focus on increasing
the number of patients for patient-based clas-
sification and expanding the dataset to include
a broader spectrum of pathologies, such as com-
mon genetic and inflammatory myopathies, motor
neuron disease, and both acquired and genetic
polyneuropathies. Additionally, plans include
conducting multicenter studies to obtain external
validation datasets and using labelling based on
expert consensus, aiming to enhance the reliabil-
ity of the results. Ultimately, after developing deep
learning models for recognising motor unit action
potential morphology, artefacts, resting-state
potentials, and recruitment patterns, the objective
is to create real-time systems with high accuracy.

Conclusion

Deep learning is actively used in most current
studies for pattern recognition tasks. The auto-
matic feature extraction ability of deep learn-
ing tools reduces the complexity of the machine
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learning procedure. Showing good performance
on time-series data, both 1D-CNN-4-layer GRU
and residual convolutional neural network mod-
els show promising results on needle-EMG data
in terms of neuromuscular disease classification.
However, more clinical studies with larger data-
sets are needed to validate the results for clinical
application.
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ABSTRACT

Introduction. Although sulfonamide antibiotics are potent antimicrobial agents against bacterial infections,
their water insolubility and toxicity at high doses limit their therapeutic efficacy. This study explores a potent
anti-infection drug-delivery system using gold nanoparticles (gNPs) capped with ovotransferrin (OTf) as
a targeting carrier and solubilising agent for sulfamethoxazole (SMZ) antibiotic.

Materials and methods. The OTf was conjugated with sulfamethoxazole OTf(SMZ) at pH 9.0 for 24 h at 29°C.
The conjugate (OTf(SMZ)) or free OTf was added to the gold chloride solution containing sodium citrate as
a reducing agent, and then stirred for 24 h at 37°C. The gold nanoparticle (GNP) formulations were purified
by gel filtration. The gNP formulations and their individual components (free OTf, SMZ, and gNP tested sep-
arately) were evaluated against several microbial strains, including drug-resistant Salmonella, and against
bacteria that infect human cells intracellularly.

Results. The gold nanoparticle capped with OTf loaded with SMZ [OTf(SMZ)-gNP] showed superior microbi-
cidal activity against several bacterial strains and the fungi Candida albicans compared to the activities of
gNP capped with OTf alone [OTf-gNP] or the individual agents. The wild-type Salmonella enteritidis, which
encodes the multidrug efflux channel TolC, becomes susceptible to both OTf(SMZ)-gNP and OTf-gNP nano-
formulation but not to their separate components. However, the tolC-knockout Salmonella enteritidis mutant
strain was susceptible only to the OTf(SMZ)-gNP, indicating the ability of this nanoformulation to deliver the
antibiotic SMZ into bacterial cells through self-promoted uptake. The OTf(SMZ)-gNP efficiently killed patho-
gens intracellularly infecting human colon carcinoma cells.

Conclusions. The results demonstrate that OTf(SMZ)-gNP nanomaterials can mediate the endocytosis of
SMZ, making them suitable for targeting bacterial infections, including those that have acquired antibiot-
ic resistance. The study highlights the potential of OTf-capped nanomaterials that can be engineered to
enhance the potency of hydrophobic antibiotics for treating infectious diseases.
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Introduction

Although many antibiotics, such as sulfon-
amides, have been effective in treating bacterial
infections, antibiotic resistance remains a pub-
lic health concern. This concern thus urges the
development of a new strategy to combat bacte-
rial infections. Sulfamethoxazole (SMZ) is a sul-
fonamide antibiotic used to treat a variety of
infections with a broad antimicrobial spectrum,
where it is effective against both gram-negative
and gram-positive bacteria [1]. The mechanism of
SMZ action involves inhibiting the production of
the dihydrofolate intermediate, which interferes
with the normal bacterial synthesis of folic acid,
an essential component for bacterial growth and
replication. Sulfonamide drugs can potentially
cause allergic and toxic effects, and the factors
influencing the toxicity include the dosage of the
drug and its low solubility in blood [4]. The rela-
tively poor water solubility of SMZ may contribute
to toxicity due to the high concentration of acety-
lated groups. Therefore, drug-targeting is a prac-
tical approach in reducing allergenicity and toxic-
ity, as the dosage of the drug can be reduced, and
its efficacy is locally enhanced around the site of
infection.

In a previous study, SMZ was rendered com-
pletely water-soluble by loading it into the mol-
ecule of ovotransferrin (OTf), and the OTf(SMZ)
conjugate proved to be more potent antimicrobial
than the individual components (free OTf, SMZ,
and gNP) when tested separately, even against
the antibiotic-resistant Salmonella enteritid-
is strain [5]. Furthermore, OTf has been proven
effective in targeting anticancer drugs to colon
and breast cancer cells through the transferrin
receptor (TfR) [6]. However, the amount of drug
that could be internalised into bacterial or infect-
ed cells was limited by the number of OTf-TfR
complexes. Consequently, it may become neces-
sary to make adjustments in dosing regimens of
the drug by using nanoparticles, which have been
considered valid for high drug loading [7]. Metal-
lic nanoparticles have been studied as antibiotic
carriers, including gold, silver, copper, titanium
and zinc metal nanoparticles, which can pene-
trate intracellularly and exert antimicrobial prop-
erties [8,9].

It has been reported that gold nanoparticles
exhibit direct permeation across cell membranes

compared to other materials [10. Nanoparticle
translocation across the cell membrane has been
reported to occur through two pathways: endo-
cytosis and direct diffusion [8]. The nanoparticle
binds receptors in the membrane via multivalent
interactions and captures several tens of recep-
tors at any point [11]. By doing so, the particle
deforms the membrane underneath it, thereby
improving the therapeutic index of the drug pay-
load compared to free drugs. Direct administra-
tion of antibiotics faces various barriers which
prevent effective localisation of the antibiotic and
reduce its retention [5]. An approach to overcome
poor antibiotic retention and promote its effec-
tive localisation to the pathogen is to integrate
nanoparticles with cell-targeted drug delivery
systems.

In this study, we investigate the development
of an effective drug-targeting strategy to deliver
the water-insoluble SMZ directly to pathogens or
intracellularly infected mammalian cells. Specifi-
cally, this study aimed to develop and character-
ise gold nanoparticles coated with the OTf(SMZ)
complex as a targeted antibiotic delivery system
and to evaluate their efficacy against resistant
bacterial strains and intracellular infections. The
strategy involves loading SMZ into the OTf mol-
ecule and then tagging gold nanoparticles with
the SMZ-OTf conjugate. Most pathogens, as well
as human epithelial cells, are known to express
the transferrin receptor (TfR) and selectively
take up OTf [5]. Thus, the SMZ-OTf conjugate is
directly localised to pathogens or to the cells in
which they reside. Therefore, while nanoparticles
promote direct diffusion, effective dosage, and
retention of the drug, they may also help allevi-
ate antibiotic resistance. Through this approach,
the gold nanoparticle SMZ-OTf demonstrated
the ability to specifically deliver a high dose of
antibiotics to, thereby overwhelming the efflux
pumps that expel antibiotics from drug-resistant
wild-type Salmonella enteritidis cells.

Materials and methods

Materials

Ovotransferrin, purchased from Inovatech Bio-
Products Inc. (Abbotsford, Canada), was recrys-
tallised and purified chromatographically using
a Sephadex G-50 column (G5080). Sulfame-
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thoxazole, SMZ (31737), gold chloride trihydrate,
HAuCl, - 3H,0 (520918), fetal bovine serum, FBS
(TMS-013), and trypan blue, TB (T6146), were
from Sigma (St. Louis, MO). McCoy 5a medi-
um (16600082) was from Invitrogen, Japan.
CellTiter-Blue cell viability assay (G8080) was
from Promega, Japan. Brain Heart Infusion, BHI
(05509), trypticase soy broth, TSB (05518), and
nutrient agar (05514) were obtained from Nissui
(Tokyo, Japan). Unless otherwise specified, all
other reagents were of analytical grade.

Microorganisms and cell lines

Microorganisms used for antimicrobial assays,
Salmonella enteritidis (IFO 3313) and Escheri-
chia coli K-12 (IFO 3301), were obtained from the
Institute of Fermentation, Osaka, Japan. Staphy-
lococcus aureus (NBRC 14462) and Corynebacte-
rium minutissimum (NBRC 15361) were from the
Nite Biological Resource Centre (Tokyo, Japan).
Propionibacterium acnes (ATCC 6919), Candida
albicans (ATCC 2091), and Staphylococcus epi-
dermidis (ATCC 12228) were from the American
Type Culture Collection (Rockville, MD, USA). The
wild strain of Streptococcus zooepidemicus was
obtained from the Institute of Bacteriology of the
Veterinary Hospital, Zirich (Switzerland). The
virulent wild-type of Salmonella enterica sero-
type Enteritidis phage type 4 strain 147 (147°"),

originally isolated from egg content [12]. The
tolC-deficient mutant Salmonella Enteritidis 147"
strain (AtolC), prepared by a one-step inactiva-
tion method [13], was a gift from the Department
of Pathology, Bacteriology, and Avian Diseases,
Faculty of Veterinary Medicine, Ghent University,
Belgium.

Cell lines

Human colon carcinoma cell line HCT-116 (ATCC#
CCL-247) from American Type Culture Collec-
tion (Rockville, MD) were maintained in McCoy's
5a media with 10% fetal bovine serum (FBS) and
antibiotics (penicillin and streptomycin) at 37°C in
a humidified incubator with 5% CO,. The medium
was changed every other day.

Methods

Preparation of SMZ-OTf gold nanoparticle
conjugate

Conjugation of OTf with sulfamethoxazole
OTf(SMZ) was prepared as previously described
[5]. Briefly, a freshly prepared antibiotic stock
solution in 50% ethanol was added to the OTf
solution to achieve a 60-fold molar excess of
antibiotic over OTf in distilled water at pH 9.0, with
stirring for 24 h at 29°C. The concentration of OTf
in the mixture was 0.864 mg/mL. The prepara-

400 pL H;AuCL1 (1.332 mM) OTE (1 mol)
Stirring water pH 9.0
< 1800 pL Milli-Q
or Ctrl OTf )
or water 29 °C/Stir/24 h
«<— 200 pL (8.9 mM) l‘
tri-Sodium Citrate Dihydrate Tagging OTf
Stirring at 37°C/24 h 10k Ctrl OTf | OTf(SMZ)
Crude gNP kﬁ. _> oTf 11.076 ]J.M
SMZ OpM | 663.3 uM

Gel Filtration (Sephadex G-75) s—)

Pure gNP

=
| eNP || OTE-gNP || OTASMZ)-gNP |

Scheme 1. Preparation of the OTf-SMZ tagged gNP. Concentration of OTf(SMZ) and control OTf are adjusted to

0.864 mg/mL (OTf- based).
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tions were referred to as OTf(SMZ) complex and
control (Ctrl OTf). Ctrl OTf was treated similarly
except without an antibiotic.

To a 400 pL gold chloride solution (1.332 mM),
200 pL of 11.076 pM OTf(SMZ) or Ctrl OTf were
added to 1800 pL Milli-Q water. For gold nano-
particles alone (gNP), water pH 9.0 was added.
After adding 200 pL of sodium citrate dihydrate
(8.9 mM) as a reducing agent, the mixture was
stirred for 24 h at 37°C. This crude GDP formula-
tion was purified by passing it through a gel-fil-
tration column on Sephadex G-75. The molar ratio
of gold chloride to OTf was 120:1 (mol/mol) in the
respective OTf-tagged gold nanoparticle formu-
lation. The gold nanoparticle formulations tagged
with the OTf(SMZ) conjugate, OTf, or lacking the
tag molecule were referred to as OTf(SMZ)-gNP,
OTf-gNP, and gNP, respectively. The preparation
procedure is detailed in Scheme 1.

Loading efficiency of SMZ into OTf(SMZ)-
tagged gNPs

The crude gNP formulations were subjected to
centrifugation at 15,000 x g for 30 min, and the
supernatant was used to evaluate the SMZ load-
ing efficiency onto OTf(SMZ)-gNPs. The total
amount of free SMZ in the supernatant was
determined spectrophotometrically at a maxi-
mum wavelength of 262 nm and quantified with
an absorption molar coefficient of 11400 mol™ L
cm™ [14]. The following equation was applied to
calculate the loading efficiency:

Loading efficiency (%) =
[(total SMZ- free SMZ) / total SMZ] x 100

Ultraviolet-visible light absorption spectrum
analysis

To measure the adsorption of substances on the
surface of the gNP preparations, the surface plas-
mon resonance peak unique to gNPs was mea-
sured using a SmartSpec-3000 spectrophotom-
eter (Bio-Rad, USA). 150 150-pl of each sample
was added to a quartz cell with an optical path
length of 1.0 cm, and measurements were taken
in the wavelength range of 300-800 nm.

Binding of OTf to gNPs
The confirmation of OTf incorporation into gNPs
was verified by SDS-polyacrylamide gel elec-

trophoresis (SDS-PAGE). Proteins that bind to
the nanoparticle surface were isolated using the
method of Saptarshi et al. [15]. Briefly, OTf-gNP
preparation was denatured with 2-mercaptoeth-
anol and centrifuged to recover the total OTf into
the supernatant (Total OTf). Another portion of
each preparation was centrifuged at 10,000 rpm
for 10 minutes to remove the unbound OTf. The
precipitate was denatured with 5% 2-mercapto-
ethanol (equal to the original volume) and cen-
trifuged again to recover the bound OTf into the
supernatant (Bound OTf), and the precipitate was
the gNP. The precipitated gNP was washed with
5% 2-mercaptoethanol and centrifuged again
to confirm recovery of all bound OTf into the
supernatant (Wash). The collected supernatants
were run on a 4% separation gel and a 15% con-
centration gel, at currents of 10 mA and 25 maA,
respectively. After electrophoresis, the gel was
stained with Coomassie Brilliant Blue (CBB) and
destained with a 20:10:70 (v/v/v) methanol: acetic
acid: water solution.

Transmission (TEM) and scanning (SEM)
electron microscopy analysis

The size and shape of the formulated nanopar-
ticles were analysed using a JEM-3010 transmis-
sion electron microscope (JEOL, Japan). A 2-pL
sample was dropped onto a mesh and dried in
a desiccator at room temperature for 24 hours.
The acceleration voltage was 200 kV, and obser-
vations were made at magnifications of 20,000x
and 100,000x. Particle diameter was determined
from the images by comparing the measured data
of 10 randomly selected particles with the scale
bar length value. The average particle diameter
of the nanoparticles was statistically calculated
based on image data obtained at high magnifi-
cation, and all values are presented as the mean
value + standard deviation (SD; n = 10). The mor-
phology of nanoparticles was characterised using
a SU-70 scanning electron microscope (SEM)
operated at 15 kV (Hitachi High-Tech, Japan).

Antibacterial assay

The antibacterial activity of the nanoparticles
against Staphylococcus aureus, Staphylococ-
cus epidermidis, Streptococcus zooepidermic-
us, Corynebacterium minutissimum, Propioni-
bacterium acnes, Escherichia coli, Salmonella
enteritidis (wild-type), and tolC-deficient mutant
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Salmonella enteritidis (AtolC) was tested using
a liquid medium method. The mid-logarithmic
phase cells, grown in brain heart infusion (BHI)
broth, were washed and resuspended (to give 10°
~ 10" CFU/mL) in 1% trypticase soya broth (TSB),
pH 7.3. Each inoculum was mixed with an equal
volume of nanoparticle preparations, SMZ alone,
or OTf equivalent to their contents in the respec-
tive nanoparticle. After incubation at 37°C for 24
h, a 30-pl portion or dilutions in physiological
saline were spotted in triplicate onto a nutrient
agar plate. The colony-forming units (CFU) were
obtained after incubating agar plates at 37°C for
18 hours.

For Candida albicans, the blastoconidia grown
at 28°C for 36 h in 1% TSB, pH 7.3, were washed,
resuspended (to a 10° ~ 10" CFU/mL) in Sab-
ouraud dextrose broth (SAB) and mixed with an
equal volume of nanoparticles or SMZ or OTf
equivalent to their concentration in each deriva-
tive. After a 24-hour incubation at 28°C, the mix-
ture was plated on SAB agar. The plates were
incubated for 24 h at 30°C, and the colonies were
counted. All results are expressed as log CFU/mL
as a function of OTf concentration in the assay
medium of three independent experiments.

Intracellularly infected human cells

To elucidate the ability of OTf(SMZ)-gNP to deliv-
er SMZ to intracellularly residing bacteria, human
colon epithelial carcinoma cells, HCT-116, were
infected with Staphylococcus aureus or Escher-
ichia coli, and the intracellular bacteria were
counted on agar plates. Briefly, Bacteria were
grown in TSB broth at 37°C for 20 h. The bacte-
ria were washed twice and suspended in PBS
buffer (pH 7.4). HCT-116 cells were seeded at 5
x 10* cells/well in 96-well plates in McCoy's 5A
medium until they reached 80% confluence. Bac-
teria were adjusted to 10" CFU/mL in PBS buf-
fer and added to HCT-116 cells, which were then
incubated at 37°C under 5% CO,. After 2 hours,
the medium was replaced with McCoy's 5A con-
taining 100 pg/mL gentamicin and incubated for
1 hour to kill extracellularly adherent bacteria.
The cells were then washed three times with PBS
and treated with medium containing nanopar-
ticle derivatives (100 pg/mL final concentration,
OTf-based) or their OTf and SMZ equivalents, and
incubated for two h at 37°C under 5% CO,. Cells
were lysed by adding 0.8 mL of 1% Triton X-100
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in PBS for 15 minutes. A portion of suspension
was serially diluted with sterilised physiological
saline and spotted in triplicate on TSA agar. The
plates were incubated for 24 hours at 37°C, and
the colony-forming units (CFU) were calculated.
The results are expressed as (log CFU/10° cells)
of two independent experiments with three wells
for each derivative.

In a clear-bottom, black 96-well plate, three
wells were treated similarly for each sample used
in the HCT-116 cell viability assay. Cell viabil-
ity was determined using the fluorescent Cell-
Titer-Blue Assay (Promega). The results are
expressed as the percentage of cell viability rela-
tive to the control. The data are presented as the
mean + SD.

Statistical analysis

Experiments were carried out in duplicate or trip-
licate, and mean values were used for statistical
analysis. Data obtained in the study were analy-
sed statistically using one-way ANOVA by Excel's
data analysis tools. Data shows mean values, and
error bars show standard deviations.

Results

Synthesis of gold nanoparticles (QNP)

capped with OTf and its SMZ complex

The OTf-capped [OTf-gNP] or OTf(SMZ)-capped
[OTf(SMZ)-gNP] gold nanoparticles were synthe-
sised by the redox method at ambient tempera-
ture using sodium citrate, as outlined in Scheme
1. Colourimetric shift in the UV-VIS region (300-
800 nm) of the formed gNPs was employed to
probe incorporation of OTf onto the gNP core shell
(Figure 1). Due to the surface plasmon resonance
of colloidal gold, the absorbance peak exhibits
a variation in Amax depending on the size of the
nanoparticles [16]. The absorbance peak of the
pure gNP was observed at a maximum of 535 nm.
The incorporation of OTf [OTf-gNP] resulted in
a red shift in the spectra band from Amax of 535
to 538 nm. While OTf loaded with SMZ [OTf(SMZ)-
gNP] resulted in a broader peak with red shift of
Amax from 537 to 554 nm. The colour change
(inset photos) and red shift of the surface plas-
mon resonance are characteristics of an increase
in the gNP size, where the red shift correlates
more strongly with the size [17]. These changes in
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Figure 1. UV-VIS absorption spectra of gold nanoparticles synthesised
in sodium citrate in the absence (gNP) and presence of OTf (OTf-gNP) or
SMZ-loaded OTf (OTf(SMZ)-gNP). Each spectrum represents 24 24-hour
reaction times. The inset photo shows the colour of nanoparticles formed

in each preparation.

Amax suggested the formation of nanoparticles
with a larger diameter. The Amax of OTf(SMZ)-
gNP was shifted to a higher wavelength (red
shift) and showed a broader peak, which could
be attributed to the formation of larger particle
sizes. The size and morphology of the nanopar-
ticles were further characterised by transmis-
sion electron microscopy (TEM) and scanning
electron microscopy (SEM) techniques (Figure 2).
The addition of OTf or OTf(SMZ) increased the
diameters of the nanoparticles. As shown in Fig-
ure 2, the particles were multi-dimensional, and
the mean diameters of gNP (A), OTf-gNP (B), and
OTf(SMZ)-gNP (C) nanoparticles were 15.72, 1.71,
19.32, 3.76, and 19.76, +3.53 nm, respectively.
The sizes of particles ranged between maximum
diameters of 19.0 nm, 28.0 nm, and 24.0 nm to
minimum diameters of 13.6 nm, 14.4 nm, and 13.0
nm for gNP, OTf-gNP, and OTf(SMZ)-gNP, respec-
tively. The particles in all formulations were irreg-
ularly shaped, quasi-spherical, with most of the
particles being spherical or ellipsoid in shape
(Figure 2, inset images). Densitometric analysis
of SDS-PAGE of the OTf-gNP nanoparticles (Fig-

ure 3) indicated that 36.29% of the total OTf is
absorbed to the gNP, whereas 20.1% is monomer
and 16.19% an aggregated form of bound OTf.

The determination of the loading efficiency of
SMZ onto OTf(SMZ)-gNP confirmed a significant
loading efficiency of ~68%. Initially, 168 pug/mL
of SMZ was used in the formulation mixture, and
114 pg/mL of the SMZ remained attached to 0.84
mg/mL OTf.

Antibacterial activity of OTf(SMZ)-capped gold
nanoparticles

We tested the bactericidal activities of the gold
nanoparticle preparations against different bac-
terial strains (Staphylococcus epidermidis, Staph-
ylococcus aureus, Streptococcus zooepidemicus,
Corynebacterium minutissimum, Propionibac-
terium acnes, Candida albicans, Escherichia coli
K-12, and Salmonella enteritidis). The activity
was expressed as log CFU/mL as a function of
OTf concentration in the nanoparticles. Free OTf
and SMZ were tested at equivalent concentra-
tions as in the nanoparticles. As shown in Figure
4, the OTf(SMZ)-gNP exhibited vigorous bacteri-
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TEM Image (200 kV)

Scale

Scale

Diameter

No. Mag. bar Scale No. Mag. bar Scale (nm) No. Mag Sg::e Scale Duzznr:)ter
1 100k 20 8.2 1 100k 20 8.8 17.6 1 100k 20 11 22
2 100k 20 7.5 2 100k 20 9 18 2 100k 20 10.8 21.6
3 100k 20 7.5 3 100k 20 8.9 17.8 3 25k 100 2 20
4 100k 20 7.3 4 100k 20 7.2 14.4 4 25k 100 22 22
5 100k 20 6.8 5 100k 20 8.2 16.4 5 25k 100 2.1 21
6 100k 20 7 6 20k 100 1.8 18 6 25k 100 2 20
7 100k 20 8 7 20k 100 2 20 7 25k 100 24 24
8 100k 20 9.5 8 20k 100 2.2 22 8 26k 100 1.4 14
9 100k 20 9 9 20k 100 2.8 28 9 25k 100 1.3 13
10 100k 20 7.8 15.6 10 20k 100 241 21 10 25k 100 2 20

Mean (nm) 15.72 Mean (nm) 19.32 Mean (nm) 19.76

SD 1.71 SD 3.76 sD 3.53

Max (nm) 19 Max (nm) 28 Max (nm) 24
Min (nm) 13.6 Min (nm) 14.4 Min (nm) 13

Figure 2. Nanoparticle morphology represented by TEM images of gNP (A), OTf-gNP (B) and OTf(SMZ)- gNP (C), as well as their SEM
images (inset). Nanoparticle diameters of randomly selected ten particles, along with their mean diameters, are shown below the

pictures. It can be seen that the gold nanoparticles are irregularly shaped, quasi-spherical, and within the nano-size range.
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Figure 3. SDS-PAGE of OTf protein coronas formed in OTf-gNP formu-
lation. Lane 1 is the tightly bound OTf to gNP. Lane 2 is the total OTf (free
and bound OTf). Lane 3 confirms the total dissociation of OTf. Lane 4 is
a protein marker.
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Figure 4. Bactericidal activity of various gNP formulations against three Gram-positive bacteria. The assay was performed against
Staphylococcus epidermidis (A), Staphylococcus aureus (B), and Streptococcus zooepidemicus (C) at different doses of
gNPs, as well as free SMZ and OTf at concentrations equivalent to their content in the respective formulations. The data is presented

as log CFU/mL.

cidal activity, whereas severely reduced survival
of the Gram-positive Staphycoccus epidermidis
(A), Staphycoccus aureus (B), and Streptococcus
zooepidermicus (C) in a dose-dependent man-
ner. Interestingly, the OTf-gNP lacking the antibi-
otic exhibited remarkable dose-dependent bac-
tericidal activity against the three strains, albeit
weaker than that of OTf(SMZ)-gNP. Although
free OTf and SMZ exhibited bactericidal activi-
ties, they were much weaker than OTf-gNP and
OTf(SMZ)-gNP, and the effectiveness of the free
OTf and SMZ varied depending on the strain.

We next tested the bactericidal activity
against three strains of skin pathogens: Coryne-
bacterium minutissimum (A), Propionibacte-
rium acnes (B) and the fungus Candida albicans
(C), as shown in Figure 5. The controls free OTf,
OTf(SMZ), and gNP were almost inactive against
C. minutissimum (Figure 5A) but showed weak
activity against P. acnes and C. albicans (Figures
5B and C). Free SMZ showed moderate activ-
ity against the three strains tested. It should be
noted that free OTf or OTf(SMZ) showed weak to
moderate activity against skin pathogens, but
OTf-gNP and OTf(SMZ)-gNP exhibited vigorous,
dose-dependent bactericidal activity against the
three strains.

While OTf(SMZ)-gNP was significantly potent
bactericidal in a dose-dependent manner against
C. minutissimum and C. albicans (Figures 5A
and C), surprisingly, OTf-gNP showed slight-
ly more vigorous activity than OTf(SMZ)-gNP
against P. acnes (Figure 5B). Given this degree of
dose-dependency, OTf-gNP appeared to serve as
a potent antibacterial agent, becoming even more
potent bactericidal when the capping OTf was
loaded with the antibiotic SMZ (OTf(SMZ)-gNP).
As shown in Figure 6, OTf(SMZ)-gNP also exhib-
ited potent, dose-dependent bactericidal activity
against the Gram-negative bacteria Escherichia
coli K-12 (A) and Salmonella enteritidis (B). Inter-
estingly, OTf-gNP exhibited relatively strong bac-
tericidal activity against Salmonella enteritidis,
although it was still less potent than OTf(SMZ)-
gNP (Figure 6B).

OTf(SMZ) gold nanoparticles against
drug-resistant Salmonella

We examined the bactericidal potency of OTf-gNP
and OTf(SMZ)-gNP against the drug-resistant
wild-type (WT) Salmonella enteritidis and its
tolC-deleted mutant (AtolC). As shown in Fig-
ure 7, the wild-type Salmonella was highly resis-
tant to OTf, OTf(SMZ), free SMZ and to the con-
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Figure 5. Bactericidal activity of various gNP formulations against skin pathogens Corynebacterium minutissimum (A), Propi-
onibacterium acnes (B), and fungi Candida albicans (C). The assay was performed at different doses of gNPs, as well as free SMZ
and OTf, at concentrations equivalent to their content in the respective formulations. The data is presented as log CFU/mL.
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Figure 6. Bactericidal activity of various gNP formulations against Gram-negative E. coli (A)
and Salmonella enteritidis (B). The assay was performed at different doses of gNPs as well as
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Figure 7. Antimicrobial activity of various gNP formulations against drug-resistant wild-type
and tolC-deficient Salmonella enteritidis. The assay was performed against wild-type,
WT (A) and tolC-deficient mutant, AtolC (B) strains at different doses of gNPs as well as
their free SMZ and OTf equivalents. The data are presented as bacterial growth monitored

at A620 nm.

trol nanoparticles (gNP), while it was sensitive to
OTf-gNP and OTf(SMZ)-gNP (Figure 7A). Dele-
tion of the toIC gene (AtolC) abolished the anti-
bacterial effect of OTf-gNP against the wild-type
(WT) Salmonella Enteritidis. Still, the bacteria
remained significantly susceptible to OTf(SMZ)-
gNP (Figure 7B). The results of Figures 7A and
B suggest that OTf-capped gNP (OTf-gNP) is
recognised and bound to TolC on the surface of
wild-type Salmonella cells, where this physical
contact effectively induces a killing effect. On the
other hand, the bactericidal effect of OTf(SMZ)-
gNP on tolC knockout Salmonella cells (Figure
7B) may be attributed to the high concentra-
tion of the antibiotic SMZ that is loaded onto the
nano-formulation.

Facilitated OTf-gNP delivery of SMZ to
intracellularly residing pathogens

The anti-infective effect of OTf(SMZ)-gNP on S.
aureus (Figure 8) and E. coli (Figure 9) infecting
HCT-116 cells intracellularly. The results were
expressed as colony-forming units (CFU) per
104 cells. The free gNP showed a weak effect
on the survival of the two intracellularly resid-
ing bacterial strains, comparable to mock-treated

cells (Ctrl). The free OTf or SMZ exhibited mod-
erate reduction of the intracellular bacterial sur-
vival of both S. aureus (Figure 8A) and E. coli
(Figure 9A). While the OTf(SMZ) conjugate sig-
nificantly decreased the survival of both strains,
the OTf(SMZ)-gNP completely eradicated intra-
cellular S. aureus (Figure 8A) and significantly
reduced the intracellular E. coli (Figure 9A) with-
in two hours of treatment. The OTf-gNP, lacking
antibiotics, remarkably reduced intracellular bac-
terial survival of S. aureus (Figure 8A) but was
less effective against E. coli (Figure 9A).
Subsequent post-hoc tests were conducted
to determine which specific group comparisons
were statistically significant. For S. aureus, the
OTf(SMZ)-gNP and OTf-gNP treatments resulted
in complete eradication or a remarkable reduc-
tion of intracellular bacteria. Both treatments
were found to be statistically significant when
compared to all other groups (Ctrl, free gNP,
free OTf, and free SMZ), with a p-value < 0.05.
OTf(SMZ) conjugate treatment also resulted in
a statistically significant reduction of bacterial
survival compared to the control group (Ctrl) and
free gNP, with a p-value < 0.05. Free OTf and free
SMZ treatments showed a statistically significant
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Figure 8. Recovery of Staphylococcus aureus (A) from the infected HCT-116 cells and viability of
pre-infected HCT-116 cells (B). Cells were inoculated with 5 log cfu bacteria for 2 hours, then the extracel-
lular bacteria were killed by gentamicin. Cells were washed and then treated with various gNP formulations
or their OTf and SMZ equivalents and incubated for two hours at 37°C under 5% CO,. The HCT-116 cells
were disrupted with Triton X-100, and the intracellular viable count was determined on TSA agar. Ctrl is
cells treated with sterile distilled water. Values are expressed as the mean CFU per 10*° cells of total protein
from two experiments. Viability of pre-infected HCT-116 cells and subsequently treated with the indicated
derivative for two hours was quantified by CellTiter Blue assay, and bars represent the mean with n = 3.
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Figure 9. Recovery of E. coli (A) from the infected HCT-116 cells and viability of pre-infected HCT-116
cells (B). Experiments were carried out as shown in the Figure. 8.
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moderate reduction in bacterial survival com-
pared to the control group (Ctrl), with a p-value <
0.05. The difference between the OTf(SMZ)-gNP
and OTf-gNP groups was not statistically signifi-
cant (p > 0.05), suggesting a similar high level of
efficacy for both treatments against S. aureus
infections.

As for E. coli, OTf(SMZ)-gNP treatment result-
ed in a statistically significant reduction of intrac-
ellular bacteria compared to all other groups, with
a p-value < 0.05. OTf-gNP treatment also caused
a decrease in bacterial survival, but this effect
was less significant compared to the OTf(SMZ)-
gNP group, with a p-value < 0.05. OTf(SMZ) con-
jugate treatment led to a statistically significant
decrease in bacterial survival compared to the
control group (Ctrl), with a p-value < 0.05. Free
OTf and free SMZ treatments exhibited a statis-
tically significant moderate reduction in bacte-
rial survival compared to the control group (Ctrl),
with a p-value < 0.05. These results confirm that
the OTf(SMZ)-gNP and OTf-gNP treatments
are significantly more effective than the other
treatments, with a notable difference in efficacy
against E. coli, where the addition of SMZ in the
OTf(SMZ)-gNP conjugate provides a significantly
enhanced effect. The higher susceptibility of S.
aureus to OTf-gNP compared to E. coli is a key
finding, possibly due to the presence of transfer-
rin receptors on the S. aureus surface.

To evaluate the effect of nanoparticle formu-
lations on infected HCT-116 cells, cell viability
was determined using the CellTiter Blue assay.
As shown in Figures 8B and 9B, OTf, SMZ, and
their conjugate OTf(SMZ) exhibited negligible to
weak inhibition of HCT-116 cell growth, while gNP,
OTf-gNP and OTf(SMZ)-gNP showed moderate
growth inhibition of HCT-116 cells. After treat-
ing for 2 hr with S. aureus-infected HCT-116, the
growth inhibitory rates of OTf, SMZ, OTf(SMZ),
gNP, OTf-gNP and OTf(SMZ)-gNP were 93.1%,
96.9%, 95.6%, 89.9%, 88.8% and 86.1%, respec-
tively. Post-hoc analysis using Tukey's HSD test
revealed several statistically significant dif-
ferences in growth inhibition rates of HCT-116
cells. Specifically, the nanoparticle formula-
tions, gNP (p = 0.012), OTf-gNP (p = 0.008), and
OTf(SMZ)-gNP (p = 0.003), showed significantly
lower growth inhibitory rates compared to the
non-nanoparticle formulations OTf, SMZ, and
OTf(SMZ). There were no statistically significant

differences found among the nanoparticle for-
mulations themselves or among the non-nano-
particle formulations. After treating HCT-116 cells
infected with E. coli for 2 hours, the growth inhibi-
tory rates of OTf, SMZ, OTf(SMZ), gNP, OTf-gNP,
and OTf(SMZ)-gNP were 96.2%, 99.9%, 98.9%,
92.7%, 90.5%, and 91.3%, respectively. A Tukey's
HSD post-hoc test showed a statistically signifi-
cant difference between the nanoparticle formu-
lations and the non-nanoparticle formulations.
Specifically, the growth inhibition rates of gNP (p
< 0.001), OTf-gNP (p < 0.001), and OTf(SMZ)-gNP
(p < 0.001) were significantly lower than those of
OTf, SMZ, and OTf(SMZ). These results suggest
that while all tested formulations exhibit some
level of growth inhibition, the nanoparticle-based
formulations are consistently less effective at
inhibiting cell growth in both S. aureus- and E.
coli-infected HCT-116 cells.

Discussion

In this study, we prepared gold nanoparticles
(gNPs) capped with the OTf molecule alone
(OTf-gNP) or OTf preloaded with the water-insol-
uble antibiotic SMZ [OTf(SMZ)-gNP] as a potent
antimicrobial formula. The gNPs were synthe-
sised by the redox method using citrate as an
environmentally friendly reducing agent. The OTf
molecule was adsorbed onto the gNPs, increas-
ing the diameter of gNPs from 15.72 nm to 19.32
nm with OTf and to 19.76 nm with SMZ-OTf con-
jugate. Both the OTf(SMZ)-gNP and OTf-gNP gold
nanoparticles demonstrated potent antimicrobial
activity against various bacterial isolates at low
doses. At a dose of 180 pug/mL, OTf(SMZ)-gNP
caused 2.43-log, 5.19-log, 3.30-log, 6.03-log and
4.98-log reduction of S. epidermidis, S. aureus,
S. zooepidermicus, E. coli and Salmonella enter-
itidis, respectively. On the other hand, OTf-gNP at
the same dose caused 2.06-log, 2.37-log, 1.31-
log, 1.56-log and 4.08-log reduction of S. epider-
midis, S. aureus, S. zooepidermicus, E. coli and
Salmonella enteritidis, respectively. OTf(SMZ)-
gNP exhibited more potent antimicrobial activity
than OTf-gNP, particularly against the skin path-
ogens S. epidermidis, S. aureus, C. minutissi-
mum and the fungus C. albicans. OTf(SMZ)-gNP
caused 9.56-log, 8.09-log, and 4.69-log reduction
at 180 pg/mL of the skin pathogens C. minutis-
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simum, P. acnes and C. albicans, respectively. At
the same time, OTf-gNP at the same dose caused
5.26-log, 8.09-log and 2.35-log reduction of C.
minutissimum, P. acnes and C. albicans, respec-
tively. The differences in antibacterial action
between OTf(SMZ)-gNP and OTf-gNP are related
to the intrinsic properties of gNPs or the nature of
the cell membrane and biomolecules within the
microorganism [18].

The gNPs serve as carriers for the antibacte-
rial OTf, resulting in significantly stronger antimi-
crobial effects when OTf is loaded with the anti-
biotic SMZ. Notably, the formulated nanoparticles
exhibited excellent activity against drug-resistant
Salmonella. Both Escherichia coli K-12 and Sal-
monella enteritidis are known to possess outer
membrane components such as TolC involved
in the AcrAB-TolC multidrug resistance channel
[19,20]. TolC is involved in the export of sidero-
phores, components with a high affinity for iron
[21,22], and has been reported to be activated
when contacted with transferrin [23,24]. There-
fore, we. Conducted tests to determine whether
TolC plays a role in the bactericidal activity of
OTf-capped nanoparticles. Both OTf(SMZ)-gNP
and OTf-gNP caused complete inhibition (96%
inhibition) of the drug-resistant wild-type Sal-
monella. Interestingly, OTf(SMZ)-gNP exhibited
the same growth inhibitory efficacy (96% inhibi-
tion), but OTf-gNP showed significantly reduced
inhibitory (36% inhibition) of the to/C-deleted Sal-
monella mutant (AtolC). These results align with
a previously reported study on the mechanism
of NPs affecting antibiotic resistance [25]. It has
been revealed that NPs can be densely packed on
the outer membrane, and some of them penetrate
and kill bacterial cells, where the effects depend
on the size of the NPs and the nature of the mole-
cules at the surface of the bacterial cell [10]. Con-
ceivably, the gold nano-formulation concentrated
SMZ on the bacterial cell wall by passing the drug
efflux pump (TolC) through passive delivery. The
OTf on the surface of OTf-gNP interacted multiva-
lently with the bacterial surface receptors, there-
by inducing bacterial growth inhibitory action.
Particularly, gNPs are known to enhance the per-
meability of bacterial cell membranes [8,10,11,26].
According to a study on Gram-negative bacteria,
nanoparticles effectively eliminate multidrug-re-
sistant isolates, and their action is mediated by
the TolC efflux pump 23, [19,23,27]. This conclu-
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sion is supported by the observation that gNP
alone exhibited significantly weaker antibacte-
rial activity than the OTf(SMZ)-gNP and OTf-gNP
nano-formulations. The superior antibacterial
activities of OTf(SMZ)-gNP and OTf-gNP against
S. aureus and skin pathogens C. minutissimum
and P. acne could contribute to the treatment of
skin wound healing.

Interestingly, both  OTf(SMZ)-gNP  and
OTf-gNP exhibited excellent antimicrobial activ-
ity against the yeast/fungal C. albicans. Nota-
bly, the OTf(SMZ)-gNP demonstrated a more
potent effect at considerably lower doses, indi-
cating the contribution of SMZ loaded in the for-
mulation. A recent study on the mechanisms of
gNPs against Candida demonstrated that gNPs
can interact with the H*-ATPase-mediated pro-
ton pump, thereby disrupting the proton gradient
and resulting in yeast/fungal cell death [9]. We
previously demonstrated that OTf modulates the
proton pump when expressed in the yeast Pichia
[28]. Additionally, its N-terminal derived pep-
tide can dissipate the microbial transmembrane
electrochemical potential [29], thus disturbing
the proton gradient. Hence, the effective activ-
ity of OTf(SMZ)-gNP against C. albicans is due
to the disturbance of the membrane gradient by
OTf and the known ability of gNPs to interact with
the H*-ATPase-mediated proton pump [9], there-
by propagating the effect of SMZ. Our results,
therefore, boosted the candidacy of OTf-gNP as
a potent antimicrobial agent and OTf(SMZ)-gNP
as a promising antibiotic-targeting carrier for
treating skin infections and yeast/fungal Can-
didiasis.

Apart from the above antimicrobial activities,
both OTf(SMZ)-gNP and OTf-gNP demonstrated
significant antibacterial effects on the drug-re-
sistant wild-type Salmonella enterica carrying
the tolC resistance gene. The TolC is an outer
membrane component of the AcrAB-TolC multi-
drug resistance channel, involved in siderophore
export, thus allowing Salmonella to survive in
iron-restricted and antibiotic environments
[21,22]. An in-depth study has shown that the
tolC promoter is activated upon contact with
transferrin [19]. The sensitivity of wild-type Sal-
monella to OTf-gNP, while AtoIC Salmonella was
resistant, suggests that OTf acts as a modula-
tor of the AcrAB-TolC efflux pump, which dis-
rupts the growth of wild-type Salmonella [30].



In contrast, the intense antimicrobial action of
OTf(SMZ)-gNP against both wild-type and AtolC
Salmonella indicates that its effect is independ-
ent of the TolC channel, likely occurring through
multi-mobility diffusion into the cell membrane
[8,11]. However, the mechanism remains to be
further confirmed.

We have explored the efficiency of OTf-gNP
as a drug carrier to facilitate the delivery of the
water-insoluble antibiotic SMZ into HCT-116
cells intracellularly infected with S. aureus or
E. coli. The nano-formulations OTf(SMZ)-gNP
and OTf-gNP potently caused the death of both
intracellular bacterial strains, whereas the bacte-
ria were poorly sensitive to pure gNP and weak-
ly susceptible to free OTf or SMZ. In our recent
work, we demonstrated the effective binding and
internalisation of OTf into HCT-116 cells through
transferrin receptor (TfR)-mediated uptake [5].
The higher susceptibility of intracellular S. aureus
to OTf-gNP compared to E. coli may be due to the
unique presence of transferrin receptor (TfR) on
the peptidoglycan surface of S. aureus [31,32].
The significant reduction in both intracellular
bacteria observed after exposure to OTf(SMZ)-
gNP and OTf-gNP compared to OTf or SMZ sug-
gests the roles of TfR-mediated uptake and direct
diffusion. This mechanism facilitated the deliv-
ery and enhanced accumulation of the antibiotic
(SMZ) or the gold nanoparticles in the cytosol of
infected cells.

The present study thus demonstrates a nov-
el approach for utilising an abundant egg pro-
tein, OTf, as a drug-targeting molecule through
TfR-mediated endocytosis, achieving higher effi-
cacy and minimal toxicity, thereby intervening in
intracellular bacterial infections.

Conclusions

In this study, the synthesis of sulfamethoxazole
(SMZ)-loaded ovotransferrin (OTf) gold nano-
particles [OTf(SMZ)-gNP] has been established
via exploiting the reducing power of citrate. The
OTf(SMZ)-gNP nanoparticles were irregularly
shaped, with a quasi-spherical morphology with-
in the nano-size range. Loading SMZ onto the
OTf molecule and then capping the gNP signifi-
cantly enhanced its antibacterial potency against
both Gram-positive and Gram-negative bacteria,

as well as the fungal C. albicans at much lower
doses than the pure individual components, SMZ,
OTf or gNPs. This nano-formulation demonstrat-
ed a remarkable antibacterial efficacy against
drug-resistant Salmonella and enabled the deliv-
ery of OTf(SMZ) through TfR-mediated endocy-
tosis into the intracellular milieu of infected cells.
These results pave the way for the development
of other gNP-based antibiotic formulations to
combat the rising problem of drug resistance.
Although gNPs are nontoxic [26], further in vivo
studies are needed to examine the bioavailability,
toxicity, and kinetics of OTf(SMZ)-gNP, which are
necessary to assess its clinical applicability.,
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ABSTRACT

Introduction. Caregivers of individuals with rare diseases (RDs) face numerous challenges related to health-
care access, physical and emotional strain, social isolation, and psychological distress; however, financial
burden often has the most significant impact on family well-being and the ability to provide adequate care.
This study aimed to validate the Consumer Financial Protection Bureau Financial Well-Being Scale (CFPB-
FWBS) among caregivers of individuals with RD in Poland.

Material and methods. Based on a sample of 942 family caregivers of individuals diagnosed with one of 159
RDs, the validation procedure involved exploratory and confirmatory factor analyses, along with evaluation
of internal consistency and interpretability.

Results. Analyses supported the unidimensional structure of the Polish CFPB-FWBS. Inter-item correlations
were moderate to strong (r = .48-.68), except for Q9, which showed a weaker correlation. PCA confirmed
a dominant first component (eigenvalue = 5.7, explaining ~57% of variance), with all items loading adequate-
ly. Cronbach's alpha was high (a = 0.92), and no item removal improved reliability. CFA indicated good model
fit (x/df = 5.67, CFl = 0.968, TLI = 0.959, SRMR = 0.03, RMSEA = 0.07). Latent scores (0—100 scale) approxi-
mated a normal distribution (M = 50.5, SD = 12.1, range = 14—86).

Conclusions. The Polish version of the CFPB-FWBS demonstrates strong reliability, structural validity, and
meaningful score distributions among caregivers of individuals with rare diseases. These findings support
its use as a standardised measure of financial well-being in Poland, enabling research, policy development,
and international comparisons.

Journal of Medical Science 2025 December;94(4)



Introduction

Although no universal definition of a rare disease
(RD) exists, the European Union (EU) defines RDs
as conditions affecting fewer than 1 in 2,000
individuals [1,2]. However, some diseases occur
even less frequently: ultra-rare diseases are
those found in fewer than 1 in 100,000 people,
while hyper-rare diseases affect fewer than 1 in
1,000,000 [3,4]. Current estimates indicate that
more than 10,000 distinct RDs have been identi-
fied [5], impacting up to 35 million people in the
EU, over 350 million worldwide, and approximate-
ly 2.5-3 million individuals in Poland [6].

Despite wide variation in aetiology, clinical
manifestations, course, and prognosis, RDs sha-
re several characteristics. Approximately 80% of
these conditions are of genetic origin, with about
65% resulting in severe clinical symptoms. Chil-
dren account for half of all cases, and nearly one-
-third die before reaching the age of five [7]. Furt-
hermore, 95% of RDs still lack approved therapy
[8-10]).

Challenges related to RDs extend beyond
patients, placing substantial emotional, physi-
cal, financial, and organisational demands on
families and caregivers, who often require conti-
nuous support and guidance in navigating frag-
mented healthcare and social systems [11-14].
Families frequently face prolonged diagnostic
delays, limited referral pathways, and a lack of
coordinated care, often having to manage ser-
vices independently [14-16]. Access to genetic
testing, counselling, and innovative therapies
is commonly restricted, while institutional and
psychological support remains insufficient, for-
cing reliance on out-of-pocket resources [11,17].
A common barrier is low RD awareness among
the public, policymakers, and healthcare pro-
fessionals , resulting in most primary care phy-
sicians reporting a lack of expertise and feeling
unprepared to care for patients with RD. This is
unsurprising, as such cases represent only abo-
ut 1.6% of visits [22,23].

These systemic barriers translate into sig-
nificant burdens for caregivers, encompassing
physical strain (e.g., fatigue, injury), emotio-
nal distress, social isolation, and psychologi-
cal exhaustion, which reduce quality of life and
increase the risk of depression, anxiety, and
caregiver burden. Consequently, many caregi-

vers require psychiatric support. Financial strain
is also considerable, involving frequent medical
visits, high out-of-pocket costs, and disparities
in insurance coverage, which force many parents
to reduce their working hours or leave employ-
ment entirely [24-26]. Research consistently
shows that RDs generate both direct (e.g., thera-
pies, equipment, home modifications) and indi-
rect (notably, caregiver productivity loss) costs,
further compounded by the adverse effects of
caregiving on physical and mental health, which
undermines both family well-being and econo-
mic stability [27,28].

Although earlier research has shown that
financial well-being is an essential predictor of
caregivers' quality of life and perceived burden,
no dedicated instrument exists to evaluate their
economic strain. This study addresses this gap
by validating the Consumer Financial Protection
Bureau Financial Well-Being Scale (CFPB-FWBS)
[29] among Polish caregivers of individuals with
RDs and by examining its psychometric proper-
ties, including reliability, validity, and factor stru-
cture in this specific population.

Methods

Study Design

A cross-sectional study was conducted in 2024,
in accordance with the Strengthening the Repor-
ting of Observational Studies in Epidemiology
(STROBE) guidelines [30]. Data were collected
through a self-administered, anonymous, com-
puter-assisted web-based survey assessing the
association between caregiving for a person with
an RD and caregivers' financial well-being.

Participants and Setting
Participants were Polish-speaking adults (=18
years) who were parents or family caregivers of
individuals with a confirmed RD diagnosis, had
internet access, and provided informed consent.
Due to the absence of a national RD registry,
caregivers were recruited via convenience sam-
pling, with patient associations, foundations, and
organisations distributing the survey link through
their websites and social media.

Table 1 shows the composition of the care-
giver sample according to gender (male/female)
and age group (16—29, 30—39, 40—-49, 50+), along
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Table 1. Sample description by gender and age of caregivers.

Age (years) Male Female Total
16-29 2 (1.5%) 32 (3.9%) 34 (3.6%)
30-39 44 (33.8%) 337 (41.5%) 381 (40.4%)
40-49 64 (49.2%) 350 (43.1%) 414 (43.9%)
50 and more 20 (15.4%) 93 (11.5%) 113 (12.0%)

130 (13.8%) 812 (86.2%) 942 (100%)

with totals for the entire sample. The table provi-
des counts and percentages, directly comparing
the age structure within each gender group and
against the overall distribution.

The analytical sample comprised 942 caregi-
vers, of whom 812 were women (86.2%), and 130
were men (13.8%). Age distribution was: 16—29,
34 (3.6%; men 2 [1.5%], women 32 [3.9%]); 30-39,
381 (40.4%; men 44 [33.8%)], women 337 [41.5%]);
40-49, 414 (43.9%; men 64 [49.2%], women 350
[43.1%]); 50+, 113 (12.0%; men 20 [15.4%], women
93 [11.5%]). Thus, participation was concentrated
among those aged 30—49 (795/942; 84.3%), with
relatively few in the 16—29 age group (3.6%) and
among those aged 50 and over (12.0%). Men were
more likely to be in the 40—49 age group (49.2%)
than women (43.1%), whereas women were over-
represented in the 30-39 age group (41.5%
vs. 33.8% for men). At the same time, although
the relatively low number of male participants
may suggest a potential gender bias, it should
be noted that convenience sampling typically
reflects the broader pattern of a marked under-
representation of men among family caregivers
[14,31,32].

Ethical Issues

The study was conducted in accordance with
the principles outlined in the Declaration of Hel-
sinki. It was approved by the Bioethics Commit-
tee of the Poznan University of Medical Sciences
(KB-228/24, March 13, 2024). Informed written
consent was obtained electronically via the onli-
ne survey ("l agree" option).

Participation was voluntary, anonymous,
and confidential, with the right to withdraw at
any time. No personal identifiers were collected,
and although some questions could be emotio-
nally sensitive, respondents could skip items or
discontinue participation. No financial compen-
sation was provided.
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Research Questionnaire

The survey questionnaire used in this study con-
sisted of two sections. The first included closed-
-ended, single-choice questions concerning
caregivers' sociodemographic characteristics.
The second incorporated the CFPB-FWBS [29],
a freely available, standardised instrument deve-
loped in the United States to measure financial
well-being, understood as both economic secu-
rity and the freedom to manage short- and long-
-term financial needs. The scale comprises ten
Likert-type items, producing raw and standar-
dised scores that enable comparisons across
populations and allow for examining associations
with other variables:

How well does this statement describe you or

your situation?

Q1. Icould handle a major unexpected expense

Q2. |am securing my financial future

Q3. Because of my financial situation, | feel like
| will never have the things | want in life

Q4. Icanenjoy life because of the way I'm mana-
ging my money

Q5. |am just getting by financially

Q6. |am concerned that the money I have or will
save won't last

How often does this statement apply to you?

Q7. Giving a gift for a wedding, birthday, or other
occasion would put a strain on my finances
for the month

Q8. | have money left over at the end of the
month

Q9. |am behind with my finances

Q10. My finances control my life

Since no Polish version of the CFPB-FWBS
was available, the tool was back-translated by
two independent bilingual translators and adap-
ted to the Polish context. It was then pilot-tested
in two small groups (caregivers of children with



chronic illnesses and healthy adults), confirming
its clarity, cultural relevance, and internal consi-
stency, which supported its suitability for use in
the present study.

Data Collection

The data were collected between March and
August 2024 among family caregivers of indi-
viduals with RDs, with the assistance of several
patient organisations, foundations, and associa-
tions (see Acknowledgements). After obtaining
their permission, the research coordinator distri-
buted an invitation letter with a link to the online
questionnaire via their websites and social media.
In total, 73 patient groups were contacted, many
of which represented multiple rare conditions or
the broader RD community. Participants provided
informed consent electronically before comple-
ting the survey, which took approximately 20—-25
minutes. To increase response rates, three remin-
ders were sent during the study period.

Statistical Analysis

Descriptive statistics were first computed for
all items. Inter-item correlations were examined
to assess initial patterns of association. Princi-
pal Component Analysis (PCA) was conducted
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to evaluate unidimensionality, with eigenvalues,
scree plot, and component loadings used to gui-
de interpretation. Reliability was assessed using
Cronbach's alpha with 95% confidence intervals
(Cl) and item-deletion diagnostics. Confirma-
tory Factor Analysis (CFA) was then performed
using polychoric correlations and a robust weig-
hted least squares estimator, with factor varian-
ce fixed to 1 for identification. Model fit was eva-
luated with multiple indices, including the chi-
-square test, the Comparative Fit Index (CFl), the
Tucker—Lewis Index (TLI), the Root Mean Squa-
re Error of Approximation (RMSEA) with 90% Cl,
and the Standardised Root Mean Square Resi-
dual (SRMR). Standard thresholds for acceptable
fit (CFI/TLI = .95, RMSEA < .06-.08, SRMR < .08)
were applied. Normative data were generated for
the total scale scores, stratified by gender. All
statistical analyses were conducted using R Sta-
tistical Software (version 4.3.1; R Foundation for
Statistical Computing) [34].

Results

Figure 1 shows the matrix of correlations between
the ten CFPB-FWBS items. After aligning the item
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Figure 1. Correlation plot for 10 items of the CFPB-FWBS.
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directions, all correlations are positive. Most of
the associations between pairs of items fall wit-
hin the moderate to strong range (approxima-
tely r = .48-.68), indicating that the items share
a substantial amount of common variance. The
strongest associations are observed among
items measuring perceived security and financial
management (Q1-Q8 and Q10), consistent with
a largely unidimensional structure.

A notable exception is Item Q9 (‘| am behind
with my finances', reverse-coded), which shows
markedly weaker correlations with the rest of the
scale (approximately r = .28-.41). This attenua-
tion is evident, suggesting that Q9 may capture
a more specific aspect of financial strain relating
to arrears rather than the broader sense of eco-
nomic security and control targeted by the rema-
ining items. Consequently, we anticipate that Q9
will contribute less to internal consistency and
exhibit a lower factor loading in subsequent ana-
lyses, a point we examine formally below.

Principal Component Analysis

Next, we implemented principal component ana-
lysis (PCA) to examine the scale's unidimensio-
nality before confirmatory modelling. PCA provi-
des a model-free summary of how the ten items

covary by reducing them to components extrac-
ted from the inter-item correlation matrix. This
step addresses two central questions regarding
score validity: (@) whether a single dominant
component accounts for a substantial proportion
of the variance, which would support a unidimen-
sional total score, and (b) whether any items con-
tribute weakly or inconsistently to the aggregated
score.

The scree plot in Figure 2 shows a dominant
first component, followed by a sharp drop and
a long, shallow tail. The first eigenvalue is appro-
ximately 5.7-5.8, accounting for around 57-58%
of the total variance. The second eigenvalue is
approximately 0.8, and all subsequent eigenva-
lues are less than or equal to 0.6. According to
the Kaiser criterion (retaining eigenvalues > 1)
and the apparent elbow after the first point, there
is strong evidence in favour of a unidimensional
structure. However, given that the second eigen-
value is <1 and the curve flattens immediately,
any additional component would capture only
minor, item-specific variance rather than a cohe-
rent secondary dimension.

Table 2 reports the PCA loadings and the item
complexity. A clear pattern emerges: Items Q1-Q8
and Q10 load moderately to firmly on Compo-

Eigenvalues

Number of components

Figure 2. Scree Plot.

Journal of Medical Science 2025 December;94(4)



Table 2. PCA results for two components: number of items re-
duced based on factor loadings values, and complexity measure.

Item Component 1
a1 0.784
Q2 0.813
a3 0.739
04 0.732
Q5 0.848
Q6 0.728
Q7 0.819
Q8 0.795
Q9 0.520
Q10 0.775

Table 3. Fit indices for the unidimensional solution of the CFPB-FWBS.

Chisq df Chisq/df p-value CFI TLI

SRMR RMSEA  RMSEA - 90%CI RMSEA + 90%ClI

198.441 35 5.67 <0.001 0.968  0.959

0.03 0.07 0.061 0.08

nent 1 (approximately 0.65-0.80; maximum Q5
loading of 0.804). Q9 shows the lowest loading
on Component 1 (0.520); however, its primary
loading remains adequate.

According to typical item-reduction rules
(items with salient loading on the dominant com-
ponent are retained, and items with high com-
plexity are avoided), only Q9 could be recognised
as flagged for exclusion from a unidimensional
scale. No other item meets the removal criteria.
However, in practice, retaining Q9 is helpful for
comparability or for capturing strain specific to
arrears; hence, we proceed further with all ten
items.

Reliability analysis

The Cronbach’s alpha for all ten items was 0.92
(standardised a = 0.92), with a 95% confidence
interval (Cl) of 0.91-0.93 and an average inter-
-item correlation of 0.57. This indicates high
internal consistency for the retained items. Item-
-deletion diagnostics revealed that removing
no item would meaningfully improve reliabili-
ty: alphas if dropped ranged from 0.90 to 0.92
(the lowest being when Q5 was dropped, with an
alpha of approximately 0.90). The reliability evi-
dence supports the creation of a unidimensional
scale based on questions 1-10; removing any sin-
gle item would not yield a higher reliability score,
and all retained items demonstrate adequate dis-
crimination.

Confirmatory factor analysis

Guided by the PCA and reliability results, we
tested a single-factor CFA model for the CFPB
scale using all items (see Table 3). As the items
are ordinal, we estimated the model using poly-
choric correlations with a robust estimator (fac-
tor variance fixed to 1 for identification). We eva-
luated the model's fit using the following criteria:
x2/df, CFI, TLI, RMSEA (90% ClI), and SRMR, and
the standard thresholds: CFI/TLI = .95, RMSEA <
.06—.08, and SRMR < .08.

The unidimensional model demonstrated sati-
sfactory overall fit. Although the chi-squared test
was significant (i.e., X2 = 198.44, df = 35, p < .00T;
chi-squared to degrees of freedom ratio = 5.67),
this is to be expected with N = 942. Practical indi-
ces were strong: the CFl and TLI exceeded con-
ventional thresholds at 0.968 and 0.959, respec-
tively; the SRMR indicated perfect residual fit at
0.03; and the RMSEA fell within the acceptable
range at 0.07, with 90% CI [0.061, 0.08]. Together,
these results support a single-factor representa-
tion of the ten items.

Latent scores of the CFPB-FWBS for the
Polish population of caregivers of persons
with RDs

A descriptive analysis of the normalised CFPB-
-FWBS scores was conducted. Responses to each
item were coded on a 0—4 scale, and the total
score was derived in accordance with the scoring
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instructions provided by the scale's authors (30).
The recommended interpretive bands are as fol-
lows: Very low (0—29), Low (30—37), Medium low
(38—49), Medium high (50-57), High (58-67), and
Very high (68-100). Figure 3 displays the distri-
bution of CFPB-FWBS latent scores, ranging from
0 to 100, calculated as a CFA-weighted sum of all
ten items.

Figure 3 shows a roughly symmetric, uni-
modal distribution centred near 50 using the
CFPB's scoring algorithm (0-100). Table 4 indi-
cates a mean of 50.54 (SD 12.08) and a median
of 50.00, with a skewness of -0.001 and a kur-
tosis of 2.892. These values are consistent with
a normal distribution. The Shapiro-Wilk test (W =
0.996, p = 0.010) rejects the assumption of nor-
mality, likely due to its sensitivity to large sam-
ples. Yet, the deviation is slight, and the histo-
gram remains close to bell-shaped.

Empirical scores in a sample range from 14 to
86, with quartiles at Q1 = 42.0 and Q3 = 59.0 (IQR

0.04

0.03

Density

0.01

0.00

= 17). Thus, the central 50% of caregivers fall
within the Medium Low (38-49), Medium High
(50-57), and High (58-67) bands. The mode aro-
und 50-55 suggests that many respondents are
in the Medium High category. Visual inspection

Table 4. Descriptive characteristics of latent scores for the
CFPB-FWBS for the Polish population of caregivers of persons
with RDs

0 25

0
CFPM Finacial Well-Being scores [range 0 to 100]

Statistic CFPB-FWBS

Mean 50.54
Standard deviation 12.08
Skewness -0.001
Kurtosis 2.892
Shapiro-Wilk statistic 0.996
Shapiro-Wilk p-value 0.010
Minimum 14.0
Q1 42.0
Median 50.0
Q3 59.0
Maximum 86.0

\’Y

5 75 100

Figure 3. Histogram and density plot for the CFPB-FWBS for the Polish population of caregivers of

persons with RDs
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reveals thin tails, indicating relatively few cases
in the Very Low (0-29) or Very High (68-100)
ranges, with no evidence of floor or ceiling com-
pression.

Overall, the score distribution is evenly spre-
ad across the interpretive bands, with most care-
givers clustering in the medium to high financial
well-being range—an empirical profile that sup-
ports subsequent subgroup comparisons and
norm-referenced interpretation.

Normative data for the CFPB-FWBS

Normative data for the CFPB-FWBS were estab-
lished using a large sample of Polish caregivers
of individuals with rare diseases. The norms
are stratified by gender, enabling researchers to
interpret an individual's score in relation to popu-
lation-specific reference values (see Table 5). We
provide the following information to gauge each
subgroup's distribution and potential score com-
pression: means, standard errors, percentile-
-based summaries (Q1, median, Q3), minima, and
maxima. These norms can be used for several
purposes, such as benchmarking individuals or
cohorts, identifying demographic segments with
relatively lower financial well-being, and informing
eligibility thresholds in screening or programme
evaluation. As subgroup sizes vary, interpretation
should consider standard errors and the width of
interquartile ranges. Taken together, the norms
enhance the practical utility of the scale by pro-
viding a clear demographic-specific context for
CFPB-FWBS scores in this population.

Table 5 provides gender-stratified referen-
ce values. On average, men have a higher cen-
tral tendency than women (mean = 53.8, stan-
dard error (SE) = 1.10 vs. mean = 50.0, SE = 0.42),
which equates to a difference of ~3.8 points on
the 0-100 scale (a small effect given the overall
standard deviation (SD) of approximately 12). The
medians mirror this pattern (55 vs. 50). Howe-
ver, quartiles indicate substantial overlap: men
Q1-Q3 = 46-63 (IQR = 17) and women Q1-Q3 =
42-58 (IQR = 16). Thus, while men score higher
on average, the distributions are similar.

Relative to the CFPB interpretive bands, both
medians fall within the 'Medium High' catego-
ry (50—57). For men, Q3 = 63 falls into the High
category (58-67), whereas for women, Q3 =
58 sits at the High threshold. Q1 places more
women in the Medium Low category (38—49) than

Table 5. CFPB-FWBS scale norms by gender for the Polish
population of caregivers of persons with RDs

Statistic Male Female
Mean 53.8 50.0
Standard error of the mean 1.10 0.42
Minimum 14.0 14.0
Q1 46.0 42.0
Median 55.0 50.0
Q3 63.0 58.0
Maximum 86.0 86.0

men (42 vs. 46). The observed ranges (14-86 in
both groups) suggest there is no compression
of the floor or ceiling. Standard errors are smal-
ler among women, reflecting the larger subgroup.
Overall, these norms indicate that men have
modestly higher financial well-being, but sub-
stantial overlap between the genders supports
the use of a standard cut-point system for practi-
cal interpretation.

Discussion

Caring for a person with RD results in a signifi-
cant economic burden, encompassing both dire-
ct medical costs and indirect productivity losses
[24-28]. In the United States, 379 RDs generated
an annual cost of $997 billion, of which $449 bil-
lion (45%) were direct medical costs, primarily
hospitalisations (32%). Prescription drugs (18%).
In comparison, $437 billion (44%) stemmed from
productivity losses such as absenteeism, pre-
senteeism, and early retirement [34]. Another
U.S. study of 24 RDs reported average per-patient
costs of $266,000, ten times higher than for com-
mon conditions, with indirect costs making up to
45% of the total [26]. Similar findings were repor-
ted in China, where annual direct medical costs
exceeded household income, with an additional
40-45% of income devoted to non-medical and
indirect expenses, posing a high or extremely
high burden on over half of families [35].

In Poland, studies on tuberous sclerosis
complex showed that indirect costs account for
17-39% of the total burden [36]. Similarly, for adult
patients with cystic fibrosis, the average annual
treatment cost was €19,581, with 70% related to
direct costs, mainly pharmacotherapy (€10,171)
and hospitalisations (€2,878), and 30% to indire-
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ct expenses, primarily lost productivity (€5,706)
[37]. A recent study on parents of individuals with
Angelman syndrome reported that while one-
-third of caregivers utilised psychological or psy-
chiatric services, 96.2% of their costs (€31,356.79
in 2024) were privately funded [27].

European studies further confirm the high
costs of RDs. Direct medical expenses for Dravet
syndrome average €16,000 annually, with hospita-
lisations and related care accounting for the majo-
rity of expenditures [38]. In Germany, annual costs
of Duchenne muscular dystrophy were €78,913
and of Becker muscular dystrophy €39,060, with
informal care, productivity losses, and rehabili-
tation as main expenses, all rising with disease
progression [39]. Numerous other studies indica-
te that indirect costs, lost income, reduced wor-
king hours, and job resignations remain the most
significant burden [40-42]. All these findings
demonstrate that the economic consequences of
RDs extend far beyond healthcare expenditures,
placing a profound strain on families.

This study presents the first psychometric
evaluation of the Polish adaptation of the CFPB-
-FWBS among family caregivers of people with
RDs [29]. The results indicate that the instrument
functions reliably and demonstrates solid struc-
tural validity in this distinct cultural and caregi-
ving setting.

The CFPB-FWBS was initially designed in
the United States as a standardised, public-
ly accessible measure of financial well-being. It
captures not only objective aspects of house-
hold finances but also subjective perceptions
of stability and security. The Consumer Finan-
cial Protection Bureau conceptualises financial
well-being as a state in which individuals can
meet their present and ongoing financial com-
mitments, feel confident about their future, and
maintain the freedom to make choices that bring
satisfaction in daily life. This definition was deve-
loped through extensive empirical research and
qualitative input from U.S. consumers and finan-
cial experts. The instrument operationalises four
interconnected domains: management of every-
day financial demands, resilience to unexpected
shocks, progress toward longer-term financial
goals, and the freedom to make discretionary
choices that improve quality of life [29].

Our analyses were consistent with the origi-
nal CFPB report (CFPB, 2017), which documen-
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ted a unidimensional factor structure. Principal
component analysis revealed a dominant under-
lying factor, while confirmatory factor analysis
provided strong support for a single-factor solu-
tion. Fit indices were uniformly favourable (CFI =
0.968, TLI = 0.959, SRMR = 0.03, RMSEA = 0.07),
indicating that the scale performs well in this
population. Although the chi-square statistic
reached significance, this is expected given the
large sample size and does not compromise the
interpretation of the other fit indices.

Reliability was also satisfactory. Cronbach's
alpha exceeded standard benchmarks, and all
items loaded meaningfully onto the latent con-
struct. These findings parallel results from other
adaptations. For instance, the Brazilian Portugu-
ese version reported by Howat-Rodrigues et al.
also confirmed a unidimensional structure [43].
The consistency of results across cultural conte-
xts underscores the instrument's robustness.

At the respondent level, scores rescaled to
a 0-100 metric displayed a meaningful distribu-
tion, reflecting variation in caregivers' financial
circumstances. This heterogeneity likely reflects
diverse caregiving demands, household resour-
ces, and differential access to social and health
system support. Caregivers of individuals with
RDs often face particularly acute challenges,
including high direct medical costs, uncovered
out-of-pocket expenses, and lost income due to
reduced labour market participation. The CFPB-
-FWBS's ability to capture such gradations of
perceived financial well-being underscores its
value for both policy and research applications.

Although initially designed for consumer-fo-
cused use in the United States, the CFPB-FWBS
has since been applied across a wide array of
settings, both domestically and internationally,
further supporting its versatility. Research with
individuals living with diabetes has shown consi-
stently lower financial well-being compared with
those without the condition, with marked dispari-
ties across racial and ethnic groups [44]. Among
health professionals and trainees, the scale
has been sensitive to external crises, such as
Lebanon's financial collapse, during which scores
declined sharply, and to structural factors, such
as socioeconomic background, income, and stu-
dent debt [45]. In U.S. family medicine residents,
scores have typically fallen in the mid-range, with
progression in training and financial education



linked to improvements [46]. Beyond these con-
texts, studies among trauma survivors in China
revealed widespread economic insecurity, while
research with older cancer patients in India found
that most participants experienced poor financial
well-being [47]. During the COVID-19 pandemic,
the instrument was also used to assess otorhino-
laryngologists in India, detecting sharp income-
-related declines, with higher scores observed in
older and more experienced physicians [48].

Importantly, the CFPB-FWBS not only mea-
sures financial standing but also helps illumina-
te the broader impact of financial strain. Lower
scores have been tied to psychological distress,
depressive symptoms, and post-traumatic stress
among trauma survivors [49]. Among patients
with cancer, poorer financial well-being correla-
ted with higher distress, greater caregiver bur-
den, and worse mental health outcomes. More
broadly, evidence shows that over-indebtedness
is associated with higher rates of depression
and anxiety, echoing social causation theories
that link economic hardship with mental health
difficulties. Lower financial well-being has also
been consistently associated with reduced quali-
ty of life across multiple domains, as well as with
socioeconomic vulnerabilities such as low inco-
me, debt, lack of insurance, illiteracy, and cogniti-
ve impairment.

The validation of the CFPB-FWBS in a Polish
caregiving population, therefore, contributes to
the international literature on financial well-being.
In addition to its methodological value, the instru-
ment provides a practical means for assessing
both financial strain and resilience in health eco-
nomics, social policy, and psychosocial research.
Conceptually, the findings resonate with frame-
works that integrate subjective perceptions and
objective resources in defining financial well-be-
ing [50]. Future research should extend this work
by assessing stability over time, evaluating pre-
dictive validity with health or quality-of-life out-
comes, and examining measurement invariance
across subgroups such as gender, employment
status, and rural versus urban residence.

Several limitations should be acknowledged.
The study drew on a large but non-random sam-
ple, which restricts generalizability. Its cross-
-sectional design prevents conclusions abo-
ut sensitivity to change or causal relationships.
Finally, although a unidimensional structure was

supported, multidimensional aspects of financial
well-being, such as short-term versus long-term
security, could be relevant in specific subgroups
and warrant further exploration. As only 130 fat-
hers completed the survey, the study is constra-
ined by an implicit gender bias. Furthermore,
reliance on online recruitment may have introdu-
ced selection bias.

Despite these caveats, the present valida-
tion strengthens confidence in the CFPB-FWBS
as a reliable and valid instrument for assessing
financial well-being in Poland. Its application
among caregivers of individuals with RDs addres-
ses a crucial methodological gap while also shed-
ding light on the economic challenges faced by
this vulnerable group. By enabling standardised
assessment, the CFPB-FWBS provides a founda-
tion for targeted interventions, policy initiatives,
and international comparisons to alleviate finan-
cial vulnerability among caregiving families.
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ABSTRACT

Introduction. Nesfatin-1 and Ghrelin O-acetyltransferase (GOAT) are peptide hormones involved in stress
response and pain modulation beyond their metabolic functions. This study investigated whether these
biomarkers differ between adolescents with headaches and healthy controls and examined their relation-
ship with temporomandibular disorders (TMD).

Material and methods. This cross-sectional study measured Nesfatin-1 and Ghrelin/GOAT levels in the
serum and saliva of 44 adolescents with headaches (aged 10-17 years, diagnosed per ICHD-3 beta criteria)
and 20 age-matched healthy controls. TMD was assessed using the Diagnostic Criteria for TMD (DC/TMD).
Statistical comparisons were performed using non-parametric tests, with significance set at p < 0.05.
Results. Nesfatin-1 was elevated in all headache patients compared to controls in both blood (patient medi-
an range: 39.5-45.0 ng/mL vs. control median range: 8.1-9.0 ng/mL, p < 0.001) and saliva (patient medi-
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an range: 6.6-8.2 ng/mL vs. control median range: 1.8-2.3 ng/mL, p < 0.001) regardless of headache type
(migraine vs. tension-type) or TMD status. Ghrelin/GOAT showed opposite patterns in blood versus saliva:
serum levels were higher in patients (median range: 5.9-6.6 ng/mL vs. 1.4 ng/mL in controls, p < 0.001), while
salivary levels were lower (median range: 0.2 ng/mL vs. 1.4 ng/mL in controls, p < 0.001). Gender differenc-
es emerged in clinical manifestations: females had more muscle pain (74% vs 38%, p = 0.016), while males
reported more psychological distress (90% vs 48%, p = 0.003).

Conclusions. This study reveals altered Nesfatin-1 and Ghrelin/GOAT levels in adolescents with head-
aches, independent of headache type or TMD status. These findings suggest potential utility as pain-related
biomarkers, though validation studies with larger sample sizes and receiver operating characteristic analy-
ses are needed before clinical implementation. Gender specific clinical patterns underscore the importance
of sex-stratified approaches in adolescent pain management.

Introduction

Headache is among the most common com-
plaints in pediatric neurology clinics, affecting
54-58% of children and adolescents globally
[1-3]. These headaches frequently lead to school
absences and impaired academic performance,
creating a substantial burden on young people
during critical developmental years [2,3]. Both
migraine and tension-type headache (TTH) can
significantly impact quality of life and functio-
ning, making early recognition and treatment
essential [4,5].

Temporomandibular disorders (TMD) encom-
pass pain and dysfunction of the masticatory
muscles, the temporomandibular joint (TMJ), and
surrounding structures. They are the most com-
mon cause of chronic orofacial pain and the pri-
mary source of non-dental pain in the craniofacial
region [6]. A notable clinical overlap exists between
TMD and headache, particularly tension-type hea-
dache (TTH), though this relationship is often over-
looked in clinical practice [7,8]. The International
Classification of Headache Disorders, 3rd edition
(beta version) (ICHD-3 beta), acknowledges this
diagnostic ambiguity, noting that when the TMD
diagnosis is uncertain, the headache may be clas-
sified as ‘'TTH or one of its subtypes' (presumably
with pericranial muscle tenderness) [9].

Current headache diagnosis in adolescents
relies primarily on clinical history and examina-
tion, with a limited objective markers available
to aid diagnosis or predict outcomes. The avai-
lability of reliable biomarkers would help resolve
diagnostic uncertainty and potentially guide tre-
atment decisions. While some biomarkers have
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been identified in adult migraine patients from
peripheral blood and cerebrospinal fluid [10,11],
research in paediatric populations remains limi-
ted.

Nesfatin-1, discovered in 2006, is a peptide
derived from the nucleobindin-2 (NUCB2) gene
that was initially characterised as a satiety signal
[12]. However, subsequent research revealed bro-
ader roles in stress response, anxiety, and pain
processing [13]. Nesfatin-1 is expressed in brain
regions involved in both stress and pain proces-
sing, including the hypothalamus, periaqueduc-
tal grey and rostral ventromedial medulla. The-
se areas are key components of the descending
pain-modulatory system, suggesting that Nesfa-
tin-1 may link stress and pain perception.

Similarly, ghrelin was identified in 1999 as
a growth hormone-releasing neuropeptide that
influences appetite and energy metabolism [14].
Ghrelinundergoes post-translational modification
by ghrelin O-acyltransferase (GOAT), which atta-
ches a fatty acid chain that is essential for biolo-
gical activity [15]. Beyond its metabolic functions,
ghrelin influences pain processing through cen-
tral nervous system actions. The ghrelin system
has been implicated in anxiety disorders and
stress responses [16], conditions that frequently
co-occur with chronic pain syndromes.

Adolescence represents a critical develop-
mental period characterised by dramatic hormo-
nal changes, brain maturation, and psychosocial
transitions. These factors may influence both the
pain experience and the expression of biomar-
kers. Additionally, gender differences in pain con-
ditions emerge during adolescence, with females
showing higher rates, including TMD [17,18].



Despite the clinical overlap between headache
and TMD and the theoretical rationale for neu-
roendocrine biomarkers, no previous study has
examined Nesfatin-1 and Ghrelin/GOAT levels in
adolescents with headaches. This study aimed to
address this gap with the following objectives:

« Primary Objective:

To compare serum and salivary levels of

Nesfatin-1 and Ghrelin/GOAT between adole-

scents with headaches and age-matched

healthy controls.
« Secondary Objectives:

1. To examine whether biomarker levels dif-

fer between migraine and TTH

2. To assess whether biomarker levels vary

across TMD diagnostic categories (myal-
gia, disc displacement with reduction, and
no TMD)

3. To evaluate gender-specific differences in

biomarker expression and clinical manife-
stations

Materials and methods

Study Design and Ethical Approval

This cross-sectional study was performed at the
Department of Developmental Neurology, Poznan
University of Medical Sciences, from November
2017 to December 2020. The study was conduc-
ted in accordance with the Declaration of Helsinki
and was approved by the Bioethical Committee of
Poznan University of Medical Sciences (approval
number 550/17) [19]. Written informed consent
was obtained from all participants and their legal
guardians following a comprehensive explana-
tion of the study protocol. Participant anonymity
was maintained throughout the study, and parti-
cipation was voluntary with no financial incenti-
ves offered. The study procedures were designed
to minimise any potential burden on the partici-
pants.

Participation Selection and Recruitment

Of the 700 patients initially screened, 44 adole-
scents met the inclusion criteria and were enrol-
led in the study (see Figure 1). Inclusion criteria
for patients: age 10-17 years; confirmed migrai-
ne or TTH according to the ICHD-3 beta criteria
[9]; at least one headache episode in the previo-
us 3 months; and ability to provide consent from

themselves and their parents. Exclusion criteria
for both groups: history of epilepsy or other cen-
tral nervous system disorders; current or previous
use of psychiatric medications; presence of seve-
re medical conditions; comorbid psychotic disor-
ders; current malignancy; body mass index (BMI)
exceeding 27; and presence of chronic inflamma-
tory, gastrointestinal, or nutritional disorders that
could potentially affect Nesfatin-1 and Ghrelin
levels. Additional exclusion criteria for the control
group included any history of headaches or TMD
symptoms. Subjects with a BMI greater than 27
were excluded from the study, as body mass sig-
nificantly affects the secretion and circulating
levels of both Nesfatin-1 and Ghrelin, which could
confound the interpretation of the results [20,21].

The control group consisted of 20 age-ma-
tched healthy adolescents from the same geo-
graphic area, who did not have headache or TMD
symptoms. Control patients met all exclusion cri-
teria listed above. The patient age range (10-17
years) was defined according to ICHD-3 beta
criteria. In comparison, the control group was
recruited from ages 12 to 17 years to match the
patient cohort's median age distribution. No sig-
nificant age differences were observed between
the final recruited patient group and the control
group.

The smaller control group size (n =20 vs. n =
44 patients) was determined based on power cal-
culations. Using pilot data showing mean Nesfa-
tin-1 levels of approximately 40 + 16 ng/mL in
patients versus 8 + 2 ng/mL in controls, with a
= 0.05 and power = 0.80, a minimum of 15 con-
trols were required to detect this significant effe-
ct (Cohen's d = 2.5). We recruited 20 controls to
allow for potential sample quality issues. The
unequal group sizes reflect pragmatic challen-
ges in recruiting healthy adolescents for research
procedures, including blood draws, which proved
more difficult than enrolling patients already pre-
senting for clinical care.

Headache diagnosis was established through
acomprehensive assessment protocol that inclu-
ded investigator-designed parental questionnai-
res, a detailed medical history, and a clinical exa-
mination performed by a certified child neurolo-
gist (M.Z. and B.S.).

All diagnoses were made according to ICHD-3
beta criteria [9]. Patients were classified as having
either migraine or tension-type headache.
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Patients Initially Screened
N =700
(Department of Developmental Neurology
November 2017 - December 2020)

l

EXCLUSION CRITERIA
Excluded: N = 656

* Did not meet ICHD-3 beta criteria for migraine or TTH
* No headache episode in the previous 3 months

« History of epilepsy or other CNS disorders
e Current/previous psychiatric medications

¢ Severe medical conditions

e Comorbid psychotic disorders
e Current malignancy
e BMI > 27
e Chronic inflammatory, gastrointestinal, or nutritional disorders
¢ Declined to participate
e Unable to provide consent

l

PATIENTS ENROLLED IN STUDY
N =44
Age: 10-17 years
Females: n = 23 (52.3%)
Males: n = 21 (47.7%)

l l
MIGRAINE GROUP TENSION-TYPE HEADACHE (TTH)
N=14 N=30
(31.8%) (68.2%)

CONTROL GROUP RECRUITMENT
Healthy adolescents recruited from same geographic area

Inclusion criteria:
e Age-matched (12-17 years)
¢ No headache history
e No TMD symptoms
o Met all exclusion criteria listed above for patient group

l

HEALTHY CONTROLS ENROLLED
N=20
Age: 12-17 years
Females: n = 8 (40%)
Males: n = 12 (60%)

TMD CLASSIFICATION
(Among 44 patients)
e Myalgia: n = 18 (40.9%)
» Disc Displacement with Reduction (DDwR): n =5 (11.3%)
e No TMD: n =21 (48.0%)

FINAL ANALYSIS

e Patients: N = 44
e Controls: N =20
* Total: N = 64

All participants completed:
» Clinical examination (DC/TMD)
» Blood sample collection
» Saliva sample collection
* Biochemical analysis

BMI = Body Mass Index; CNS = Central Nervous System; DC/TMD = Diagnostic Criteria for Temporomandibular Disorders; ICHD-3 =
International Classification of Headache Disorders, 3rd edition; TMD = Temporomandibular Disorders; TTH = Tension-Type Headache

Figure 1. STROBE flowchart showing participant recruitment, selection, and classification in the cross-sectional study of Nesfatin-1
and Ghrelin/GOAT as potential biomarkers in adolescent headache with temporomandibular disorders.
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Temporomandibular Disorder Assessment
TMD examinations were performed by trained
dentists (Y.B. and A.S.M.) who were blinded to
participants' headache diagnoses and control-
-group status. The examination was conduc-
ted in accordance with the protocol outlined in
the Diagnostic Criteria for TMD (DC/TMD) Axis Il
guidelines [22,23].

A comprehensive clinical assessment inclu-
ded medical and dental histories, with particular
attention to parafunctional habits, such as bru-
xism. The intraoral examination assessed signs
of bruxism, including dental wear facets, fractu-
res, masseter hypertrophy, and soft tissue chan-
ges (linea alba and tongue scalloping). Bruxism
was identified based on clinical signs during exa-
mination rather than polysomnography, and we
did not differentiate between awake and sleep
bruxism in this study.

Two major diagnostic categories were
assessed: myalgia and disc displacement with
reduction (DDwR). Myalgia was evaluated by pal-
pation of the temporalis and masseter muscles
and by pain during jaw opening, whereas DDwWR
was identified by joint sounds (clicking or pop-
ping). Following DC/TMD protocols, pain pro-
vocation during examination was confirmed
as familiar pain matching the patient's primary
complaint. Functional measurements included
maximum mouth opening (measured from the
maxillary to mandibular incisal edges at midline),
with an opening of less than 40 mm considered
restricted [24]. Mandibular deviation was defi-
ned as a displacement of 2 mm or more to eit-
her side during opening movement. The assess-
ment also included a distress evaluation using
the Patient Health Questionnaire-4 (PHQ-4), the
PHQ-9, the Generalised Anxiety Disorder 7-item
scale (GAD-7), and the Oral Behaviour Checklist
(OBC) [23]. Parafunctional habits were systemati-
cally assessed using the OBC, which categorises
oral behaviours into 'bite' parafunctions (clen-
ching, grinding) and 'non-bite' parafunctions (nail
biting, cheek chewing, lip biting). Physical symp-
toms were defined using the somatic symptom
items from the PHQ-9 as part of the DC/TMD Axis
Il distress assessment [23].

Biochemical Sample Collection and Analysis
Fasting venous blood (5 mL) and unstimula-
ted whole saliva (2 mL) samples were collected

simultaneously between 08:00 and 09:00. Par-
ticipants fasted overnight and refrained from
eating, drinking (except water), and oral hygiene
procedures for at least 1 hour before sample col-
lection. Saliva was collected using the passive
drooling method: participants were instructed to
allow saliva to accumulate naturally in the flo-
or of the mouth and drool into sterile collection
tubes over approximately 5 minutes until 2 mL
was obtained.

Saliva samples underwent double centrifu-
gation (3046.4 g, 2 x 10 minutes), with superna-
tant collection between cycles, and were stored
at -20°C in 0.5 mL aliquots. Blood samples were
processed immediately and stored at -20°C until
analysis, a temperature compatible with the ELI-
SAkits used. Thyroid-stimulating hormone (TSH),
fasting plasma glucose, and total choleste-
rol were analysed using a Cobas 8000 platform
(Roche Diagnostics GmbH, Germany). Nesfatin-1
and Ghrelin/GOAT levels were duplicated using
commercial enzyme-linked immunosorbent
assay (ELISA) kits (Human NEFA/Nesfatin-1 and
Human MBOAT4/GOAT).

Nesfatin-1 and Ghrelin/GOAT levels were mea-
sured using commercial enzyme-linked immu-
nosorbent assay (ELISA) kits (Human NEFA/
Nesfatin-1, Cat# E8726h; Human MBOAT4/GOAT,
Cat# E3525h; Wuhan ElAab Science Inc., China).
Both kits had a detection range of 0.312-20 ng/
mL. The Nesfatin-1 kit demonstrated a sens-
itivity of <0.12 ng/mL, with an intra-assay coef-
ficient of variation (CV) of <6.2%, an inter-assay
CV of <8.5%, and an average recovery of 94%.
The Ghrelin/GOAT kit demonstrated a sensitivity
of <0.1 ng/mL, with intra-assay CV <5.9%, inter-
-assay CV <10.1%, and an average recovery of
102%.

Statistical Analysis:

Descriptive statistics included means, standard
deviations, and medians for continuous variab-
les. The Shapiro-Wilk test was used to assess the
normality of the distribution.

Due to non-normal distribution, between-
-group comparisons were conducted using non-
-parametric tests: the Mann-Whitney U test for
two-group comparisons and the Kruskal-Wallis
test for multiple-group analyses. Categorical
variables were presented as counts (N) and per-
centages, and differences in proportions were
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analysed using chi-square tests. Statistical sig-
nificance was set at p < 0.05. All analyses were
performed using Statistica v13.0 (Dell Inc., Round
Rock, TX, USA).

Although the Shapiro-Wilk test indicated non-
-normal distribution for some variables, data are
presented as both meantstandard deviation and
median for several reasons: (1) to facilitate com-
parison with existing literature which predomi-
nantly reports means, (2) the large effect sizes
observed reduce concern about violation of nor-
mality assumptions for descriptive purposes, and
(3) means provide information about the magni-
tude of differences. However, all inferential sta-
tistical tests (Mann-Whitney U and Kruskal-Wal-
lis) were nonparametric and did not require the
assumption of normality.

Results

Study Population and Characteristics

The study cohort comprised 44 adolescents with
headaches (23 females [52.3%] and 21 males
[47.7%] aged 10-17 years) (Figure 1). All partici-
pants had experienced the last episodes of hea-

daches within the previous three months, and
this was the main reason for their admission to
the Department. Based on ICHD-3 beta diagno-
stic criteria, 14 participants (31.8%) were diagno-
sed with migraine, while 30 (68.1%) met the requi-
rements for TTH [9]. According to DC/TMD Axis
| criteria [22], the distribution of TMD was as fol-
lows: 18 patients (40.9%) had myalgia, five patients
(11.3%) had DDwR, and 21 patients (48.0%) had
no TMD symptoms. The control group comprised
20 healthy adolescents (8 females [40%] and 12
males [60%], aged 12-17 years) without headache
or TMD symptoms.

Table 1 presents the demographic and bio-
chemical characteristics of patients with heada-
ches compared to controls, stratified by sex. No
statistically significant differences were obser-
ved between female patients and female controls,
or between male patients and male controls, in
anthropometric measurements (BMI, weight,
height) or in basic biochemical parameters (TSH,
total cholesterol, glucose). The mean BMI values
were comparable between groups (20.78 kg/m?
in female patients vs. 19.53 kg/m? in female con-
trols; 19.05 kg/m? in male patients vs. 19.90 kg/
m?2 in male controls).

Table 1. Characteristics of the investigated headache patients and controls.

Characteristic Female (N=23) Female control p-value Male(N=21) Malecontrol p-value
mean * SD mean * SD mean * SD mean * SD
(median) (median) (median) (median)
BMI [kg/m’] 21.05+2.41 2065+410 0603 20.23+2.53 19.74+2.63  0.708
(20.78) (19.53) (19.05) (19.90)
Weight [kg] 51914925  4525+16.74 0416 4867+13.67 48.63+1742 0.721
(52.00) (47.00) (50.00) (43.75)
Height [cm] 156.43 +10.41 144.88+1599 0.099 153.57+14.04 154.08+19.98 0.895
(155.00) (153.50) (155.00) (149.50)
TSH level [uU/ml] 347+1.73 3.08 +1.01 0.527 3.23+1.38 3.37+1.16 0.369
(3.47) (2.60) (2.83) (3.34)
Total cholesterol [mg/dl] 161.70+25.66 158.50+29.49 0.635 162.81+34.33 161.50+24.25 0.808
(158.00) (153.50) (167.00) (161.50)
Glucose level [mg/dl] 88.74 £ 6.05 90.63+496 0.286  89.7117.46 9392+565 0.106
(88.00) (88.50) (93.00) (94.50)
Nesfatin-1 (blood) [ng/mL] 39.12+18.28 9.14+0.63 <0.001 4397114.47 7.52+2.50 <0.001
(39.48) (9.04) (45.00) (814)
Nesfatin-1 (saliva) [ng/mL] 10.57 +9.62 2.16+0.68 <0.005 11.16%9.19 1.85+0.82  <0.001
(6.61) (2.32) (8.22) (1.76)
Ghrelin/GOAT (blood) [ng/mL] 6.35+2.75 147+0.22  <0.001  6.21+2.46 1461045  <0.001
(5.86) (1.43) (6.64) (1.39)
Ghrelin/GOAT (saliva) [ng/mL] 0.29+0.24 1.65+0.58 <0.001 0.24 +0.25 1.63+0.78 <0.001
(0.21) (1.47) (0.18) (1.37)

Data are presented as mean + SD (median) for continuous variables. Between-group comparisons were performed using the Mann-Whitney
U test. *p < 0.05 (statistically significant). BMI, Body Mass Index; GOAT, Ghrelin O-acetyltransferase; TSH, Thyroid-Stimulating Hormone.
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Primary Outcome: Neuroendocrine
Biomarker Levels

Blood Nesfatin-1 levels in blood were markedly
elevated in both female (patients 39.12 + 18.28 ng/
mL (median 39.48) vs. controls 9.14 + 0.63 ng/
mL (median 9.04), p < 0.001, Cohen's d = 2.57)
and male (patients 43.97 + 14.47 ng/mL (median
45.00) vs. controls 7.52 + 2.50 ng/mL, (median
8.14) p < 0.001, Cohen's d = 3.35) compared to
their controls.

Similarly,salivaryNesfatin-1levelsweresignifi-
cantly higher in females (patients 10.57 + 9.62 ng/
mL (median 6.61) vs. controls 2.16 + 0.68 ng/mL
(median 2.32), p < 0.005, Cohen's d = 1.12) and
males (patients 11.16 + 9.19 ng/mL (median 8.22)
vs. controls 1.85 + 0.82 ng/mL (median 1.76),
p < 0.001, Cohen's d = 1.30) (see Table 1).

A distinctive pattern was observed with Ghre-
lin/GOAT: blood levels were significantly eleva-
ted in both female (patients 6.35 + 2.75 ng/mL
(median 5.86) vs. controls 1.47 + 0.22 ng/mL
(median 1.43), p < 0.001, Cohen's d = 2.32) and
male (patients 6.21 + 2.46 ng/mL (median 6.64)
vs. controls 1.46 + 0.45 ng/mL, (median 1.39),
p < 0.001, Cohen's d = 2.47). In contrast, sali-
vary levels were markedly lower in both female
(patients 0.29 + 0.24 ng/mL (median 0.21) vs. con-
trols 1.65 + 0.58 ng/mL, (median 1.41), p < 0.001,
Cohen's d=-3) and male (patients 0.24 + 0.25 ng/
mL (median 0.18) vs. controls 1.63 + 0.78 ng/mL,
(median 1.37), p < 0.001, Cohen's d = 2.50) com-
pared to controls. The negative Cohen's d values
for salivary ghrelin/GOAT indicate lower levels in
patients than in controls (see Table 1).

Biomarker Levels Across Headache Types
No statistically significant differences were
observed between the migraine patients (n = 14)
and the TTH (n = 30) groups for any measured
parameter (see Table 2).

Biomarker Levels Across TMD Categories
Comparison between TMD subgroups revea-
led significant differences in physical symp-
toms. Patients with myalgia showed a signifi-
cantly higher prevalence of physical symptoms
compared to the no-TMD group (89% vs 47%,
p < 0.006). Similarly, the DDWR group demonstra-
ted substantially more physical symptoms than
the no-TMD group (100% vs. 47%, p < 0.035). The
Kruskal-Wallis test revealed no significant dif-
ferences in Nesfatin-1 levels (blood and saliva),
Ghrelin/GOAT levels (blood and saliva), or TSH
levels among the Myalgia, DDwR, and no-TMD
groups (see Table 3).

Comparison of Neuroendocrine Markers

Between All Patient Subgroups and Controls
Nesfatin-1 and Ghrelin/GOAT levels revealed con-
sistent patterns across all headache subgroups
compared to controls (see Table 4). Nesfatin-1
levels in blood were significantly elevated in
migraine patients (42.94 + 17.04 ng/ml), TTH
patients (40.73 + 16.58 ng/ml), those with TMD
symptoms (41.74 + 16.75 ng/ml), and those wit-
hout TMD symptoms (41.10 + 16.76 ng/ml) com-
pared to controls (all p < 0.001). Similarly, salivary
Nesfatin-1 levels were significantly higher in all
patient subgroups (ranging from 10.13 + 9.48 to

Table 2. Neuroendocrine Markers and Clinical Characteristics in Migraine versus Tension-Type Headache Patients.

Headache  Nesfatin-1 Nesfatin-1 Ghrelin/ Ghrelin/ TSH Myalgia DDwR Parafun- Distress Physical

(ng/ml) (ng/ml) GOAT GOAT (uU/ml) TMD TMD ctional N(%) symptoms

Blood Saliva (ng/ml) (ng/ml) N(%) N(%) bite or N(%)
mean * SD mean * SD Blood Saliva nonbite
(median) (median) mean*SD mean * SD N(%)
(median) (median)

Migraine 42.94+17.04 1098+8.23 6.26+265 025+0.26 3.57+195 8 1 14 8 23
(N=14) (42.94) (8.62) (5.91) (0.16) (2,89) (57%) (7%) (100%)  (57%) (76%)
TTH 40.73+16.58 10.79+9.91 6.30+2.60 0.27+0.23 3.25+1.36 10 4 18 20 8
(N =30) (41.70) (4.52) (6.09) (0.21) (3.20) (33%)  (13%) (93%) (66%) (57%)
p-value 0.998 0.457 0.990 0.296 0.990 0.131 0.555  0.399 0.564 0.224

Data are presented as mean * SD (median) for continuous variables and n (%) for categorical variables. Between-group comparisons were performed
using the Mann-Whitney U test for continuous variables and the chi-square test for categorical variables. *p < 0.05 (statistically significant). DDWR,
Disc displacement with reduction; GOAT, Ghrelin 0-acetyltransferase; TMD, Temporomandibular Disorders; TSH, Thyroid-Stimulating Hormone; TTH,
Tension-Type Headache.
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11.51 + 9.32 ng/ml) compared to controls (1.97 *
0.77 ng/ml) (all p < 0.001). Ghrelin/GOAT demon-
strated a tissue-specific pattern: blood levels
were significantly higher in all headache groups
(ranging from 5.92 + 2.13 to 6.61 + 2.95 ng/ml)
compared to controls (1.46 = 0.37 ng/ml) (all
p < 0.001), while salivary levels showed the oppo-
site trend, being significantly lower in all patient
groups (ranging from 0.19 + 0.06 t0 0.33 £ 0.33 ng/
ml) compared to controls (1.64 + 0.69 ng/ml) (all
p < 0.007).

Gender Specific Clinical Manifestations
Gender-specific analysis revealed significant
differences in TMD manifestations. Muscle pain
upon palpation was significantly more preva-
lent in females than males (74% n = 17/23 vs 38%
n = 8/21, p < 0.016). Conversely, males exhibi-
ted a higher prevalence of TMD-free cases than
females (66%, n = 14/21 vs. 30%, n = 7/23, p <
0.016). Psychological distress was significantly
more prevalent in males compared to females
(90% n = 19/21 vs 48% n = 11/23, p < 0.003) (see
Table 5).

Myalgia diagnosis, according to DC/TMD cri-
teria, is also more frequent in females (52%/23
vs. 28%, n = 6/23), but there is no significant dif-
ference (p < 0.105). While both groups showed
comparable rates of parafunctional habits, males
demonstrated a higher frequency of both bite
(52% vs. 21%, 43% vs. 23%, p < 0.550) and non-bi-
te (90% vs. 21%, 82% vs. 23%, p < 0.447) parafun-
ctions. Physical symptoms were similarly distri-
buted between females and males (70% vs. 23%

and 71% vs. 21%, respectively). No significant dif-
ferences were observed in any of the other asses-
sed parameters (see Table 5).

Discussion

The current study provides new perspectives into
the relationship between neuroendocrine mar-
kers and headaches with TMD in adolescents.
The most notable finding was the consistent and
significant increase in Nesfatin-1 levels in both
blood and saliva among all headache groups,
regardless of headache type or TMD status. This
pattern, together with the tissue-specific chan-
ges in Ghrelin/GOAT levels, suggests that these
peptides may serve as biomarkers for headache
disorders in adolescents.

Neuroendocrine Dysregulation in Adolescent
Headache

The elevated Nesfatin-1 levels reported in our
headache patients are consistent with recent evi-
dence regarding this peptide’s functions beyond
energy regulation. Nesfatin-1 has been associa-
ted with multiple stress-related disorders, as evi-
denced by Hofmann et al., who identified positive
associations between Nesfatin-1 levels and sco-
res of anxiety, depression, and perceived stress
in individuals of normal weight [25]. Xiao et al.
showed a favourable correlation between plas-
ma Nesfatin-1 levels and the degree of depres-
sion [26]. Considering the recognised correla-
tion between psychological discomfort and pain

Table 5. Gender Distribution of TMD, Parafunctional Habits, and Associated Symptoms in Ado-

lescents with Headache.

Signs and symptoms of TMD Female(N=23) Male(N=21) p-value
Pain symptoms in the temple area 16 (70%) 18 (86%) 0.203
Muscle pain with palpation 17 (74%) 8 (38%) 0.016
Bite parafunctions 10 (43%) 11 (52%) 0.550
Non-bite parafunctions 19 (82%) 19 (90%) 0.447
Signs of bruxism 10 (43%) 10 (48%) 0.739
Physical symptoms N(%) 16 (70%) 15 (71%) 0.942
Distress (Depression&Anxiety) N(%) 11 (48%) 19 (90%) 0.003
Diagnosis of TMD - Myalgia 12 (52%) 6 (28%) 0.105
Diagnosis of TMD — DDWR 3(13%) 2 (9%) 0.673
No TMD 7 (30%) 14 (66%) 0.016

Data are presented as n (%). Between-group comparisons were performed using the chi-square test.
*p<0.05 (statistically significant). DDWR, Disc displacement with reduction; TMD, Temporomandibular

Disorders.
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problems, our findings further substantiate that
Nesfatin-1 may function as a neurobiological
mediator connecting stress and pain perception
in adolescents experiencing headaches.

The tissue-specific distribution of Ghrelin/
GOAT, augmented in blood yetdiminished in saliva,
is particularly intriguing. The mechanisms under-
lying this differential expression across body flu-
ids remain unclear and warrant further investiga-
tion. Potential explanations include differences in
local production, degradation rates, or transport
mechanisms between systemic circulation and
salivary glands, though these hypotheses requi-
re direct experimental validation. Previous rese-
arch has shown elevated plasma Ghrelin levels in
children with anxiety disorders [16], but our stu-
dy is the first to demonstrate this distinct pattern
in adolescents with headaches. The mechanism
underlying the inverse association between blood
and salivary Ghrelin/GOAT levels warrants further
examination and may vyield insights into the pat-
hophysiology of headache disorders.

Comparison with Established Headache
Biomarkers

Our findings should be contextualised within the
broader landscape of headache biomarker rese-
arch. Calcitonin gene-related peptide (CGRP)
is the most extensively studied biomarker for
migraine in adults, and therapeutic agents tar-
geting CGRP are now approved for migraine
prevention [10, 11]. Pituitary adenylate cyclase-
-activating polypeptide (PACAP) also shows pro-
mise as a migraine marker [27]. However, these
established biomarkers have limitations in pedia-
tric populations, and their specificity for particu-
lar headache types may limit utility in mixed or
uncertain diagnoses [3,10,11,27].

Compared to these established markers,
Nesfatin-1 and Ghrelin/GOAT offer potential
advantages: they can be measured in both blood
and saliva (which is essential for pediatric popu-
lations, where minimally invasive sampling is
preferred) [13,16,20], and they may reflect broa-
der pain and stress mechanisms relevant to mul-
tiple headache types, rather than being specific
to migraine alone [1-5]. However, without receiver
operating characteristic (ROC) curve analysis, we
cannot determine diagnostic accuracy parame-
ters (sensitivity, specificity, optimal cutoffs) nee-
ded for clinical implementation.
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Gender-Specific Clinical Manifestations

Our data revealed prominent gender-specific
differences, with palpation-induced muscu-
lar discomfort occurring significantly more fre-
quently in females (74%) than in males (38%; p
< 0.016). In contrast, males demonstrated eleva-
ted levels of psychological distress (90% vs 48%,
p < 0.003) and were more frequently asymptoma-
tic for TMD (66% vs 30%, p < 0.016). These gender
disparities align with previous research demon-
strating higher TMD prevalence in females [28,
29], possibly due to hormonal influences, diffe-
rent pain thresholds, and gender-specific stress
responses. The paradoxical observation of incre-
ased psychological distress in boys, despite lower
incidences of TMD symptoms, indicates intricate
gender-specific correlations between psycholo-
gical factors and pain expression in adolescents.

Headache-TMD Comorbidity and
Parafunctional Habits

A correlation between TMD and headache was
apparent in our population, with 52% of patients
with headache exhibiting TMD symptoms. This
association corroborates the findings of Nilsen et
al. regarding the strong correlation between TMD
pain and headache in adolescents [30]. Recent
Polish studies have also documented high preva-
lence and significant overlap between headaches
and TMD, with headache being more frequent
among those with painful TMD [7, 31]. Liljestrom
et al. also reported connections between TMD
and headaches in teenagers, urging the diagnosis
of TMD when headaches are accompanied by ear
pain, difficulty in mouth opening, and tiredness
[32]. Our data support these suggestions, indica-
ting that a thorough evaluation of TMD should be
included in the standard assessment for adole-
scents presenting with headaches.

The lack of significant differences in Nesfa-
tin-1 and Ghrelin/GOAT levels between patients
with migraine and those with TTH is particular-
ly noteworthy. This finding suggests that chan-
ges in these neuroendocrine markers may reflect
overarching pain mechanisms rather than heada-
che-specific pathways. Similarly, the lack of sig-
nificant differences in these markers across TMD
subgroups (myalgia, DDWR, no TMD) supports
their potential as general biomarkers of pain and/
or stress rather than as indicators of specific
diseases.



Parafunctional habits were prevalent in our
study group, with both bite and non-bite para-
functions observed in more than 80% of cases.
This prevalence is more than the reported ranges
in literature (5.9-49.6%) [33, 34] and highlights
the possible contribution of these activities to
the onset and persistence of TMD and headache
symptoms. The elevated incidence of physical
symptoms in individuals with myalgia (89%) and
disc displacement with a decrease (100%) relati-
ve to those without TMD (47%) underscores the
clinical importance of these conditions and their
effect on adolescents’ quality of life [34]. Recent
evidence from Polish TMD populations further
emphasises the complex relationships between
sleep bruxism, reported pain, headache, and
various health factors in patients with temporo-
mandibular disorders [31].

Study Limitations

Several limitations of our study should be ackno-
wledged. The limited sample size, particularly
within specific subgroups, restricts the genera-
lizability of our results. Subgroup analyses are
statistically underpowered (e.g., DDWR, n = 5)
and should be considered exploratory rather than
confirmatory. The cross-sectional approach inhi-
bits our ability to establish causality or ascertain
whether the identified neuroendocrine abnor-
malities are primary factors or indirect effects of
headache and TMD.

There is a slight difference in age ranges
between the patient (10-17 years) and control
(12-17 years) groups. However, it did not result in
significant age differences in the final recruited
cohorts, which warrants consideration of uniform
age criteria in future studies.

Although TMD examinations were conducted
according to standardised DC/TMD protocols,
we did not formally assess inter-rater reliabili-
ty between examiners, which would strengthen
diagnostic accuracy in future studies.

We did not perform formal correlation analysis
between blood and salivary biomarker levels. The
opposing directional changes observed (Ghre-
lin/GOAT elevated in blood but decreased in sali-
va) indicate differential regulatory mechanisms
in distinct biological compartments rather than
simple linear relationships. Future mechanistic
studies examining production, degradation, and
transport in different tissues would better eluci-

date these tissue-specific patterns than correla-
tion analysis.

We did not apply multiple-comparison cor-
rections (e.g., Bonferroni or Benjamini-Hochberg)
to our statistical analyses. Our primary compa-
risons (patients vs. controls for four biomarkers)
were pre-specified, and the observed effect sizes
were extensive (Cohen's d = 2.3-3.4), making fal-
se-positive findings highly unlikely. Subgroup
analyses (headache type, TMD categories, gen-
der) were clearly identified as exploratory. Apply-
ing strict multiple comparison corrections in this
context would be overly conservative and risk
false-negative conclusions in this hypothesis-
-generating study.

Moreover, although we controlled for several
confounding factors (BMI via exclusion criteria;
age, sex, and basic biochemical parameters via
group balancing and stratification), our sample
size (n = 44) precluded multivariable regression
analyses that would have allowed simultaneous
adjustment for multiple confounders. Future stu-
dies with larger cohorts are needed to perform
multivariable modelling incorporating stress,
parafunctional habits, TMD status, and heada-
che type. Additionally, we did not assess pubertal
stage (Tanner staging), which may influence neu-
roendocrine marker levels and represents a signi-
ficant biological variable in adolescent research.

Clinical Implications and Future Directions
Future research should focus on longitudinal
studies to investigate the temporal relationship
between neuroendocrine indicators and hea-
dache/TMD symptoms, as well as the potential
predictive value of these markers for treatment
efficacy. Investigating the processes governing
the tissue-specific patterns of Ghrelin/GOAT may
yield significant insights into the pathophysio-
logy of headache diseases. Ultimately, interven-
tional studies focusing on these neuroendocrine
pathways may provide novel therapeutic strate-
gies for adolescents suffering from headaches
and TMD.

Conclusion
This cross-sectional study demonstrates con-

sistent elevations in Nesfatin-1 and contrasting
patterns of Ghrelin/GOAT expression (elevated
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in blood, reduced in saliva) in adolescents with
headaches compared to healthy controls, inde-
pendent of specific headache type or TMD sta-
tus. These findings suggest that neuroendocrine
dysregulation may represent a common pathway
in adolescent headache rather than being speci-
fic to particular diagnostic subtypes.

In conclusion, our findings reveal substantial
changes in Nesfatin-1 and Ghrelin/GOAT levels in
adolescents experiencing headaches, irrespec-
tive of headache classification or TMD status.
The persistent increase in these markers across
various clinical manifestations indicates their
potential utility as biomarkers in adolescent hea-
dache disorders. The gender-specific disparities
in TMD symptoms and psychological suffering
underscore the necessity of treating sex as a bio-
logical variable in pain studies. These findings
enhance our comprehension of the intricate inte-
ractions among neuroendocrine variables, psy-
chological distress, and pain perception in adole-
scents experiencing headaches and TMD.
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ABSTRACT

Aim. To investigate the possible effects of Passiflora extract on VEGF and TGF-B1 mRNA expression — gro-
wth factors closely related to the development of diabetes in the cardiovascular system.

Material and methods. The animal model of type 2 diabetes, rich-fat/STZ Wistar rats, was used. Animals
were randomised into four groups: Passiflora-treated type 2 diabetes mellitus model group; metformin-trea-
ted type 2 diabetes mellitus model group; placebo-treated type 2 diabetes mellitus model group; and place-
bo-treated non-diabetic control group. Passiflora incarnata leaf extract was administered orally once daily
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for eight consecutive weeks. mRNA VEGF, VEGF-R1, VEGF-R2 and TGF-B1 expression were measured in the

myocardium and the aorta.

Results. Passiflora incarnata extract increases VEGF and VEGFR2 mRNA expression in the myocardium
of rats with type 2 diabetes and decreases expression in the aortal wall. The expression of TGF-B1 mRNA
in both the myocardium and the aorta is reduced in Passiflora incarnata-treated rats with diabetes. Most
observed effects are independent of the animals’ current metabolic status.

Conclusions. The current data provide novel findings on the beneficial effects of Passiflora extract on the
myocardium in the context of type 2 diabetes, potentially through mechanisms involving VEGF and TGF-B1.
However, the significance of the impact of Passiflora extract on the aorta wall via VEGF and TGF-B1 is

uncertain.

Introduction

It is undeniable that diabetes mellitus and its
cardiovascular complications constitute a serio-
us health problem due to the high frequency of
occurrence and mortality rates [1]. Disturbed
angiogenesis leads to the progression of athe-
rosclerosis. It is widely believed that neovascu-
larisation of the atherosclerotic plaque increases
its susceptibility to damage, potentially leading
to rupture [2]. On the other hand, collateral or
compensatory arteriogenesis in response to
occlusive ischaemia appears to be beneficial for
patients with diabetes [3]. Overexpressed fibrosis
is another process that is closely linked to car-
diovascular dysfunction in diabetes [4]. In these
two processes, growth factors and their recep-
tors play a crucial role. This particularly con-
cerns vascular endothelial growth factor (VEGF)
and its receptors, as well as transforming growth
factor-B1 (TGF-B1).

VEGF is a proangiogenic factor acting direct-
ly on vascular endothelial cells. VEGF exerts its
effects primarily through binding to appropriate
receptors: VEGF receptor 1 (VEGFR-1; fms-rela-
ted tyrosine kinase 1 — Flt1) and VEGF receptor 2
(VEGFR-2; kinase insert domain receptor — KDR;
foetal liver kinase 1 — Flk1). VEGFR-1 has appro-
ximately ten times higher affinity for VEGF than
VEGFR-2, but its tyrosine kinase activity is rela-
tively weaker, and thus the primary signal trans-
ducer in the endothelium is VEGFR-2 [5]. TGF-B1
activates a matrix-preserving phenotype in car-
diac fibroblasts and is the central effector of myo-
cardial fibrosis [6]. The role of TGF-B1 as a regu-
lator of the vascular endothelium is complex;
among other effects, it strongly induces VEGF
production, thereby promoting angiogenesis and

vascular remodelling [7]. Moreover, TGF-B1 affe-
cts atherosclerotic plaque formation by stimula-
ting multiple pro-inflammatory factors that are
important in the early phase of atherosclerotic
lesion formation [6].

Passiflora incarnata possesses numerous
pharmacological properties and contains fla-
vonoids, maltol, cyanogenic glycosides and
indole alkaloids [8]. In several experiments,
Passiflora incarnata extracts exhibited poten-
tial effects for the treatment of anxiety, insom-
nia, hypertension, and epilepsy [9]. The posi-
tive influence of Passiflora species on the gly-
caemic profile has also been demonstrated in
numerous experimental studies, including Pas-
siflora incarnata leaves [10]. Some studies have
focused on the anti-inflammatory and antioxi-
dant activities of Passiflora incarnata [8], which
may have cardioprotective effects. It's neces-
sary to underline that glucose control is not the
only therapeutic goal for patients with diabetes.
Very essential, but highly complex to achieve, is
to delay the onset of chronic diabetic complica-
tions, especially those affecting the cardiovas-
cular system.

The current study aimed to investigate the
possible effects of Passiflora extract on the mRNA
expression of VEGF and TGF-B1- key growth fac-
tors that are closely related to the development of
diabetic complications within the cardiovascular
system.

Materials and methods
Animals

The animal experiment was performed in accor-
dance with Directive 2010/63/EU of the European
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Parliament and of the European Council and with
Polish governmental regulations (2005.01.21). It
was approved by the Local Ethics Committee on
the Use of Laboratory Animals in Poznan, Poland
(No. 54-55/2013).

The experiment was carried out on 51
8-week-old male Wistar rats. The animals were
housed in individual cages in an environmentally
controlled room at 22°C under a reversed 12:12
h light: dark cycle to acclimatise for 1 week. The
animals were randomly assigned to one of four
groups: Passiflora-treated type 2 diabetes mel-
litus model group (P-DM), n = 13; a metform-
in-treated type 2 diabetes mellitus model group
(M-DM), n = 14; a placebo-treated type 2 diabetes
mellitus model group (DM), n = 12; and a place-
bo-treated control group without diabetes melli-
tus (nonDM), n = 12.

Developing a model of type 2 diabetes
mellitus

The type 2 diabetes model (low-dose-STZ-treat-
ed/fat-fed rats) was induced by an intraperito-
neal injection of 20 mg/kg streptozotocin (STZ)
(streptozotocin — Sigma-Aldrich, Saint Louis,
USA) dissolved in a citrate buffer, followed by 4
weeks of feeding with a rich-fat diet (Labofeed B,
61% of fat) (groups P-DM, M-DM, DM). Animals in
the non-diabetic control group (nonDM) received
citrate buffer as a vehicle and commercial stan-
dard chow (Labofeed B standard, 2.8% fat) for the
same duration. All animals received water ad libi-
tum. Such a model was previously described to
replicate the natural history and metabolic char-
acteristics of type 2 diabetes mellitus in humans,
including obesity, insulin resistance, and mildly
impaired insulin secretion [11].

To confirm or exclude the development of
diabetes, an intragastric glucose tolerance test
(GTT) was performed. After 12 h of overnight
fasting, the rats were given 1 g/kg b.w. of glucose
dissolved in sterile water via intragastric gavage.
The glucose concentration in the blood was mea-
sured using a glucometer at 0 and 1 h in samples
obtained from superficial capillary vessels at the
tip of the rats' tails. Rats showing a fasting glu-
cose of 126 mg/dL (7.0 mmol/L) and/or a glu-
cose concentration measured one hour after glu-
cose solution administration of 140 mg/dL (7.8
mmol/L) were designated for the study. Rats with
glucose levels > 200 mg/dL (11.1 mmol/L) and/or
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with clinical symptoms of hyperglycaemia were
excluded from the study.

Study design

The main experiment lasted for 8 weeks. Dur-
ing this period, rats in the P-DM group received
Passiflora extract (200 mg/kg) [12] via intragas-
tric gavage, and rats in the M-DM group received
300 mg/kg of metformin (Siofor®, Berlin Che-
mie) suspended in 1 % methylcellulose solution.
Participants in the DM and non-DM groups were
administered an equivalent volume of 1% methyl-
cellulose as a placebo. All rats were treated simi-
larly with respect to daily handling. At the end of
the experiment, the animals were euthanised by
decapitation. Samples of blood and selected tis-
sues, including heart muscle and aortic wall, were
collected and stored for further analysis.

Plant material

Leaves of Passiflora incarnata L. were obtained
from plants grown in the greenhouse of the
Botanical Garden, Poznan University of Medical
Sciences (Poland). The material was identified
by the Department of Medicinal and Cosmetic
Natural Products, Faculty of Pharmacy, Poznan
University of Medical Sciences. The following
conditions for cultivated plants were: tempera-
ture (25—-40 °C), humidity (60-70%), and a peat
substrate in pots. The voucher specimen has
been deposited in the Herbarium of the Institute
of Natural Fibres and Medicinal Plants in Poznan,
Poland.

Preparation of the extracts

Healthy leaves after drying, comminuting (0.5kg),
and portioning (5 portions, 100g each) were
extracted with pure methanol (Sigma-Aldrich,
Poznan, Poland) (1:10, m/V) three times (each
part) for one hour by reflux using a rotavapor. All
collected extracts were combined and concen-
trated under vacuum to remove methanol. The
yield of the dry extract was 22% for P. incarnata.
The extraction conditions and efficiency were the
same as in our previous studies [13]. The analy-
sis performed at that time identified 52 chemical
compounds (C-glycosides, O-glycosides, pheno-
lic acids, and others). The most representative
metabolites were glycosides of apigenin, luteolin,
vitexin, isovitexin, isoorientin, chrysin and quer-
cetin [13].



Analysis

Metabolic parameters and angiogenic factors
The glucose concentration in the blood samples
was measured using a glucometer (Diagnostic
GOLD Strip/System; Diagnosis S. A.; Poland). The
concentration of 1,5-anhydro-D-glucitol (1,5-AG),
a retrospective marker of acute hyperglycaemia,
was analysed using the enzymatic colourimetric
method [14]. C-peptide in the serum was mea-
sured with a rat-specific ELISA (C-peptide rat
ELISA, R&D Systems, Minneapolis, USA).

mRNA expression

Relative mRNA expression of VEGF, VEGF-R1,
VEGF-R2, and TGF-B1 in the myocardium and
aortic wall was determined by reverse tran-
scription and real-time quantitative polymerase
chain reaction (RQ-PCR). The tissue samples
derived from the rats' heart muscles and aortas
were stored at -80 °C until homogenisation in
liquid nitrogen. Total RNA was isolated with Tri-
zol reagent (Thermo Fisher Scientific, Waltham,
USA) [15] and treated with DNase | (Roche, Man-
nheim, Germany). RNA quantity was assessed
using a Nano-100 spectrophotometer (Hangzhou
Allsheng, Zhejiang, China), and RNA integrity was
evaluated by gel electrophoresis. Reverse tran-
scription of 1 pg of RNA isolated from each rat
tissue sample into cDNA was performed accord-
ing to the manufacturer's protocol (Life Technol-
ogies, Carlsbad, USA). RQ-PCR was carried out in
a Light Cycler480 Il Real-time PCR detection sys-
tem (Roche Diagnostics GmbH, Mannheim, Ger-
many). SYBR® Green | was used as the detection
dye. Transcript levels in tissues were expressed
as the multiplicity of the cDNA concentration rela-
tive to the calibrator. The calibrator was prepared
as a cDNA mix from all the rat samples. Succes-
sive calibrator dilutions were used to construct
a standard curve and to estimate reaction effi-
ciency, according to the manufacturer's instruc-
tions. For amplification, one pL of the cDNA solu-
tion was added to 9 pL of gPCR Master Mix (EURX,
Gdansk, Poland) containing the following primer
sequences: VEGF, 5'-CTCCACCATGCCAAGTG-
GTC-3' and 5'-AATAGCTGCGCTGGTAGACG-3';
VEGFR-1, 5'-GCAGAGCCAGGAACATATAC-3' and
5'-GAGGTTTTGAAGCAGGAGTG-3’; VEGFR-2,
5'-CGCGTTTTCAGAGTTGGTGG-3' and 5'-TGAG-
GTAGGCAGGGAGAGTC-3'; TGF-B1 5'-CCATCT-

GTTGTTGTGCCTC-3' and 5'-CAGTATGTGGGT-
TCAATTCC-3'. Primers for VEGF amplification
were previously published [16,17], whereas the
remaining primers were designed using OLIGO
Primer Analysis Software (version 5.0; Molecu-
lar Biology Insights, Inc., Colorado Springs, USA).
The number of transcripts for the analysed genes
in each sample was standardised to the B-actin
reference gene level.

Statistical analysis

Statistical calculations were performed with STA-
TISTICA v. 13 on the licence owned by Poznan
University of Medical Sciences. All data is shown
as mean = standard deviation and/or median.
ANOVA or Kruskal-Wallis tests were used to com-
pare the four groups with regular or non-normal
distribution, respectively. Analysis of covariance
(ANCOVA) was performed to adjust for the influ-
ence of metabolic factors on group differences.
The correlation between variables was analysed
using Spearman's rank correlation test. A p-val-
ue = 0.05 was considered to be significant.

Results

Characteristics of the studied groups

There were no differences in initial and final body
weight or serum C-peptide levels across groups.
Fasting glycemia, glucose levels at 1 hour in the
GTT and HbATc blood concentrations were high-
er in all groups with diabetes than in the control
group. In contrast, the plasma 1,5-AG level was
lower in all diabetic groups than in the control
group (see Table 1).

The effect of Passiflora incarnata extract on
VEGF expression
VEGF mRNA and VEGFR2 mRNA expression in the
myocardium were higher in the P-DM group than
in the DM group, while there were no differences
in these two factors between the P-DM group and
all the other groups (see Figure 1A and 1C; tags
for ANOVA or ANOVA Kruskal-Wallis test). VEG-
FR1 mRNA expression in the myocardium in the
P-DM group was lower than in the M-DM group
and similar to the other groups (see Figure 1B;
tags for ANOVA or ANOVA Kruskal-Wallis test).
VEGF mRNA expression in the aorta wall in the
P-DM group was higher than in the non-DM group,
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Table 1. The general characteristics of the examined groups.

P-DM M-DM DM nonDM

n=13 n=14 n=12 n=12
Initial body weight 230.00+14.14 23214 +17.62 238.33+13.37 245.83 +11.65
[a] (230.00) (230.00) (235.00) (250.00)
Final body weight 553.85+50.75 541.43 £+ 70.59 568.33 +44.48 569.17 + 32.88
[q] (530.00) (569.00) (555.00) (570.00)
GTT Oh 131.23 £ 19.28° 136.21+9.70° 160.83 + 34.34° 94.00 + 8.46
[mg/dL] (129.00) (135.00) (159.50) (93.50)
GTT 1h 220.54 +94.18° 230.29 + 74.72* 286.08 +98.13* 116.67 + 30.31
[mg/dL] (192.00) (206.50) (279.50) (170.50)
HbAc 4.82+0.84 4.51+0.77 6.58 % 0.56° 3.47+0.38°
[%] (4.50) (4.60) (6,70) (3.65)
1,5-AG 8.54+0.55° 9.02+2.07° 9.43+2.02° 15.68 £ 0.56
[ug/mL] (8.63) (8.42) (9.15) (15.79)
C-peptide 511.65 + 219.88 554.74 + 208.22 452.04 +174.41 693.97 + 479.55
[pmol/L] (507.79) (603.29) (425.90) (562.85)

Values are expressed as Mean * SD (Median); a - statistically significant against the nonDM group; p < 0.05 (ANOVA Kruskal-Wallis test); b -
statistically significant against the other groups; p < 0.05 (ANOVA Kruskal-Wallis test).
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Figure 1. VEGF, VEGFRT1, and VEGFR2 mRNA expression in the myocardium of the examined groups.
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Figure 2. VEGF, VEGFR1, and VEGFR2 mRNA expression in the aorta of the examined groups.

and there were no differences between the P-DM,
M-DM and DM groups (see Figure 2A; tags ANO-
VA or ANOVA Kruskal-Wallis test). No differences
were found among the studied groups consider-
ing VEGFRT mRNA expression in the aorta wall,
while VEGFR2 expression in the P-DM group was
lower compared to the DM group and similar to
the M-DM and non-DM groups (see Figure 2B and
2C; tags ANOVA or ANOVA Kruskal-Wallis test).
Taking into consideration the possible influ-
ence of some metabolic factors, such as HbAc,
1,5-AG or C-peptide, on VEGF, VEGFRI1, and
VEGFR2 expression, the analysis of covariance
(ANCOVA) was performed. The ANCOVA results

revealed that the therapeutic model (group) deter-
mined mRNA expression for all examined param-
eters, except for VEGFR1T mRNA in the aorta and
VEGFR2 mRNA in the myocardium (see Table 2).
However, the ANCOVA post hoc test results indi-
cate that VEGF mRNA expression in the myocar-
dium of the P-DM group is not only higher than in
the DM group but also higher than in the M-DM
group (see Figure 1A, 1B, 1C; ANCOVA tags).
Simultaneously, VEGF mRNA expression in the
aorta wall was not only lower in the P-DM group
than in the DM group, but also higher in compari-
son to the non-DM group (see Figure 2A, 2B, 2C;
tags for ANCOVA).
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Table 2. Analysis of covariance (ANCOVA) results - the model with C-peptide,1,5-AG and
HbAc as independent variables and VEGEF, VEGFR1, VEGFR2 and TGF-B1 mRNA expression
In the myocardium or in the aorta wall as dependent variables.

Fvalue for R’value for p for the independent variable which determines
the model the model model intergroup differences in the dependent variable
dependent variable: VEGF mRNA in myocardium
46.38 0.84 0.001* Group
dependent variable: VEGF mRNA in aorta
8.26 0.47 0.000005+* Group
dependent variable: VEGFRT mRNA in myocardium
8.85 0.49 0.000002+ Group
dependent variable: VEGFRT mRNA in aorta
0.88 -0.01 0.51 None
dependent variable: VEGFR2 mRNA in myocardium
9.74 0.52 0.000001* HbA,c
dependent variable: VEGFR2 mRNA in aorta
5.07 0.33 0.0005* Group
dependent variable: TGF-B1 mRNA in myocardium
34.78 0.80 0.000001+* Group
dependent variable: TGF-B1 mRNA in aorta
35.50 0.80 0.000001+* Group

+statistically significant

The effect of Passiflora incarnata

extract on mRNA expression of TGF-f31

in the aorta wall and in the myocardium
TGF-B1 mRNA expression in the myocardium of
the P-DM group was lower than in the DM group
and similar to the other groups, while expression
of TGF-B1 mRNA in the aorta wall of the P-DM
group was also higher compared to the DM
group and lower than observed in the non-DM
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group (see Figure 3A, 3B; tags for ANOVA or
ANOVA Kruskal-Wallis test). For both TGF-B1
mMRNA expression in the myocardium and in the
aorta wall, ANCOVA confirmed that the differ-
ences among the groups are determined only
by the examined group, and the post-hoc tests
proved the same differences among the groups
as the ANOVA tests (see Figure 3A, 3B; tags for
ANCOVA).
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a - statistically significant against the DM group; b - statistically significant against the DM and non-DM groups; p < 0.05; ANOVA
or ANOVA Kruskal-Wallis test for data with normal or non-normal distribution, respectively; * - statistically significant against the
M-DM and DM groups; # - statistically significant against the DM group; * - statistically significant against the M-DM group; @ —
statistically significant against the non-DM and DM groups; p < 0.05; ANCOVA, Scheffe test.

Figure 3. TGF-B1 mRNA expression in the myocardium and the aorta wall of the examined groups.
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The relationship between metabolic

control in the course of type 2 diabetes and
angiogenic factors

HbA,c was correlated with TGF-B1 mRNA expres-
sion in the myocardium [r = 0.7] and in the aorta
[(-0.76)], with VEGF mRNA expression in the myo-
cardium [(-0.64)] and with VEGFR2 mRNA expres-
sion in the myocardium [(-0.67)]. There were no
correlations between plasma 1,5-AG levels or
serum C-peptide levels and the analysed growth
factors.

Discussion

In recent years, there has been growing interest
in plant-derived substances for the treatment of
type 2 diabetes mellitus, as these compounds
may offer additional benefits beyond standard
therapeutic regimens with a relatively low risk of
adverse effects.

It is also well established that effective man-
agement of diabetes should go beyond metabol-
ic control, aiming not only to regulate glycaemia
but also to provide additional benefits that help
reduce the risk of long-term cardiovascular com-
plications [18].

Both angiogenesis and fibrosis are processes
closely related to atherosclerosis and can mod-
ify cardiovascular function [19,20]. However, the
relationship between pharmacological treatment
for patients with diabetes and these two pro-
cesses remains poorly established, particularly
for plant-derived substances. A promising source
of new medicinal drugs may be species from the
Passifloraceae family [21].

It is well established that diabetes interferes
with angiogenesis in the heart muscle, increas-
ing its susceptibility to hypoxia, creating condi-
tions favourable for the development of ischae-
mic heart disease and raising the risk of myocar-
dial infarction [22]. In the Passiflora extract-treat-
ed animals with type 2 diabetes, VEGF mRNA
expression in the myocardium was higher than
in the placebo-treated rats with diabetes; more-
over, VEGF mRNA expression in the myocardium
in the Passiflora extract-treated animals did not
differ from that of the non-diabetic control group.
These observations suggest that Passiflora
extract may stimulate angiogenesis, which plays
a protective role for the heart muscle affected by

metabolic derangement. Interestingly, in Pas-
siflora extract-treated rats, VEGF mRNA expres-
sion in the myocardium was even higher than in
metformin-treated animals with type 2 diabetes.
The metformin-treated group in our study served
as an additional control to compare the pharma-
cological effects of Passiflora extract with those
induced by the standard antidiabetic agent. The
same conclusion supports the observation of
VEGFR2 mRNA expression in the myocardium of
Passiflora extract-treated animals because the
main effect of VEGFR2 stimulation by VEGF is the
induction of angiogenesis [23].

Angiogenesis in the course of diabetes
involves two opposing angiogenic tissue-spe-
cific conditions. In the myocardium under dia-
betic conditions, angiogenesis plays a crucial
role in collateral vessel growth [24,25]. It is worth
emphasising that a very similar observation was
made by Sasso et al. [26], who also revealed an
increase in VEGF mRNA expression in the myo-
cardium of animals with induced type 2 diabetes.
Our results are noteworthy, given that TGF-B1
mRNA expression in the myocardium of ani-
mals treated with Passiflora extract was low-
er than in placebo-treated diabetic rats. Liu et
al. [27] and Jesmin et al. [28] also observed an
increase in myocardial TGF-B1 mRNA expres-
sion in the course of diabetes, just as it was
found in our experiment. Increased expression of
TGF-B1 in the myocardium is considered to initi-
ate the process of fibrosis and, consequently, the
loss of contractile function of the heart muscle.
It increases extracellular matrix synthesis and
reduces its degradation by inhibiting proteinases.
Consequently, excessive TGF-B1 activity in the
heart muscle appears unfavourable [7]. It cannot
be overlooked, however, that TGF-B1 in the car-
diovascular system may promote both pro- and
anti-angiogenic effects, and these effects are
highly context-dependent [29].

VEGF activity has been confirmed in aortic
endothelial cells, foam cells, and smooth muscle
cells that cover the plaque, demonstrating a cru-
cial role for this molecule in the progression of
atherosclerotic lesions [30]. VEGF functions as
a pro-angiogenic and pro-inflammatory factor
within the vascular wall, and newly formed ves-
sels constitute the primary route for inflamma-
tory cells to reach the atherosclerotic plaque [31].
The ingrowth of vessels within the atherosclerot-
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ic plague may rupture it and, consequently, accel-
erate the clinical progression of coronary artery
disease [32]. VEGF mRNA expression in the aorta
wall of the rats with type 2 diabetes was signifi-
cantly lower than in the placebo-treated animals
with diabetes. Simultaneously, it was higher than
in the placebo-treated non-diabetic rats. At the
same time, the expression of VEGFR2 mRNA in
the Passiflora extract-treated group was signifi-
cantly lower in comparison to the placebo-treat-
ed diabetic animals.

The role of TGF-B1 in the development of ath-
erosclerotic lesions in the aortic wall appears
complex. According to previous research, TGF-f1
expression in the aorta was reduced in the ear-
ly stages of atherosclerotic lesions (stages I-II
according to the American Heart Association). In
contrast, in advanced stages (Il and VI), TGF-B1
expression was increased to levels higher than
in healthy vessels [30]. TGF-B signalling may
contribute to the development of atherosclero-
sis. Still, it promotes a stable lesion phenotype
by stimulating smooth muscle cell differentia-
tion and preventing the switch from contractile to
proliferative smooth muscle cells [29].

On the other hand, TGF-B1 modulates the
inflammatory components of the early athero-
sclerotic lesion [29,33]. In our study, groups of
animals with early-phase type 2 diabetes do
not develop atherosclerosis; therefore, the lower
TGF-B1 mRNA expression in the aortic wall than
in placebo-treated rats with diabetes is not asso-
ciated with limited fibrosis, which does not play
asignificantrole at this stage of diabetes-induced
vasculature impairment. Instead, it appears to be
linked to anti-inflammatory effects in the aortic
wall, potentially playing an important role in pro-
tecting against the progression of atherosclero-
sis in diabetes.

It should be emphasised that most of the
effects of Passiflora extract on the analysed
growth factors were independent of the current
metabolic status (ANCOVA test) expressed by
HbA,c, 1,5-AG and C-peptide concentrations in
the serum. The only exception was VEGR2 mRNA
expression in the myocardium, as HbAlc values
accounted for the observed differences among
groups. This observation appears particularly
important because it is well established that the
expression of VEGF and TGF-B1 is modified by
hyperglycaemia [5,6].
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In summary, the current data provide nov-
el findings on the beneficial effects of Passiflo-
ra extract on the myocardium in the context of
type 2 diabetes, potentially mediated by VEGF
and TGF-B1. However, the precise significance of
Passiflora extract's influence on the aortic wall
mediated by these factors remains uncertain. To
our knowledge, Passiflora incarnata extract has
been first documented to be beneficial in inhib-
iting or delaying cardiovascular fibrosis and pro-
moting angiogenesis in the heart muscle, which,
in turn, may positively affect chronic cardiovas-
cular complications associated with diabetes.
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ABSTRACT

Evaluating a classifier's performance is critical for its successful application. This paper explores various
metrics used for binary classification tasks, highlighting their strengths and limitations.

Simple threshold metrics, such as Accuracy and Sensitivity, are efficient for binary data and a single cutoff
point. However, their reliance on a single threshold and sensitivity to imbalanced data can be drawbacks.
For more robust evaluation, ranking metrics such as Receiver Operating Characteristic (ROC) and Preci-
sion-Recall (PR) curves provide a threshold-agnostic approach, enabling comparison across different cutoff
points. Additionally, probabilistic metrics like Brier Score and Log Loss assess the model's ability to predict
class probabilities.

The choice of metric depends on the specific classification problem and the characteristics of the data.
When dealing with imbalanced data or complex decision-making processes, using multiple metrics is rec-
ommended to gain a comprehensive understanding of the model's performance.

This paper emphasises the importance of understanding metric limitations and of selecting appropriate
metrics for a specific classification task. By doing so, researchers and practitioners can ensure a more accu-
rate and informative evaluation of their models, ultimately leading to the development of reliable tools for
various applications.

Introduction is crucial across various sectors. Diagnostic

tests play a vital role in medicine, public health,
In today's data-driven world, accurately distin- and research by enabling objective evaluation
guishing between healthy and sick individuals of patients and the diagnosis of conditions [1].
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With challenges like the COVID-19 pandem-
ic, there's a growing awareness of the need
for accurate diagnostic tests and continual
improvement [2,3].

There is a vast array of diagnostic tests (clas-
sifiers), each with its own set of quality metrics.
Choosing the appropriate metric depends on sev-
eral factors.

First, the disease prevalence must be consid-
ered. Is the disease common or rare in the popu-
lation being tested? Screening tests for diseases
with low prevalence, like mammograms for breast
cancer, use different metrics than tests for sus-
pected cases. Secondly, the type of variable mea-
sured by the test is crucial. Can the test result be
a number (e.g., body temperature), an ordered
category (e.g., mild pain), or something else (e.g.,
gender or smoking status) [4]? Thirdly, the pur-
pose of the test must be determined. Are we sim-
ply classifying someone as healthy or sick, or are
we trying to predict future health outcomes, like
dead or alive?

Classification vs. Prediction: Two Sides of
the Same Coin

Classification and prediction are closely linked.
While we often think of classifying things in the
present and predicting future events, the techni-
cal difference is not always clear-cut. Although
it is possible to study attachments in many cat-
egories, we will focus on just two. We can clas-
sify both present ("sick” vs. "healthy") and future
("will get sick” vs. "will stay healthy") states.
We can also estimate the likelihood of an event
occurring now (sick vs. healthy) or in the future
(becoming sick vs. remaining healthy). Studies
use a "training set” of data to determine how to
classify or predict future situations and then test
this method on new data sets.

A perfect classifier would flawlessly assign
people to the sick or healthy groups. A useless
classifier would not distinguish between groups
and would always guess randomly.

This review explores various tools scientists
use to assess test quality, like Sensitivity, Speci-
ficity, Matthews Correlation Coefficient (MCC),
Area Under the Receiver Operating Character-
istic — AUC (ROC) curve, Brier Score, and more.
We will discuss their strengths, weaknesses, and
limitations for classifying and predicting health
outcomes. We will also show how to interpret

Journal of Medical Science 2025 December;94(4)

these matrices and compute them using widely
used software such as R and Python.

The Power of Metrics:
Assessing Classification
Quality in Diverse Fields

Accurately evaluating diagnostic tests and pre-
dictive models enables a wide range of applica-
tions in healthcare. These tools play a crucial role
in forecasting disease outbreaks [5,6], patient
admissions, and treatment outcomes across var-
ious fields like epidemiology, general healthcare,
and therapeutic interventions [7,8]. They also
contribute significantly to clinical trials by aid-
ing in participant selection, identifying patients
at higher risk of complications, and assessing
individual risk for chronic diseases [9,10]. Beyond
trials, they assist in clinical practice by support-
ing disease diagnosis through patient data and
biomarkers [11,12], personalising treatment plans
and predicting their effectiveness [13,14], evalu-
ating genetic disease risk and susceptibility to
adverse drug reactions [15,16], and guiding pre-
ventive interventions [17,18].

While numerous metrics exist to evaluate the
predictive capabilities of variables, algorithms,
and models, choosing the most appropriate set
can be challenging. Mathematicians and statis-
ticians continually develop new metrics to bet-
ter characterise the nuances of various tasks and
their outcomes [19-21]. This review introduces
and explains the most commonly used metrics
in the health sciences, with particular emphasis
on those designed explicitly for recent machine
learning techniques.

Metrics to assess the
quality of classification

A classifier categorises objects based on their
characteristics. For example, it can classi-
fy patients into specific classes, categories, or
groups. Classifiers can be simple, relying on
a single variable for categorisation. Conversely,
they can be complex, derived from models that
consider multiple variables.

Evaluating classifiers and prediction models
often involves multiple metrics. With dozens of



indicators available, selecting the appropriate one
can be challenging. Ferri et al. categorise classifi-
cation metrics into three groups: Threshold, Rank,
and Probability Metrics (see Figure 1) [22].

Threshold metrics evaluate classification per-
formance at a fixed threshold, such as the com-
monly used 6.5% cutoff for diagnosing diabe-
tes using glycated haemoglobin Alc (HbAlc). If
a patient's HbAlc is above this, they are classified
as having diabetes.

Rank metrics assess how well a classifier
ranks predictions. They consider the ordering of
all scores, rather than a single cutoff, for example,
in diagnosing diabetes using HbAlc, where sorted
values of this variable can serve as consecutive
cutoff points. Among the possible values, those

above the cutoff point (6.5%) are generally con-
sidered indicative of diabetes [23]. Similarly, on
the BIRADS (Breast Imaging Reporting and Data
System) scale, sorted cut-off points range from 1
(negative) to 5 (high cancer probability) [24]. Con-
versely, probability metrics are used in models
that calculate the exact likelihood of a disease or
event, focusing on the specific value rather than
a single cut-off or order.

In a nutshell, Threshold metrics are like on/off
switches, ignoring prediction order. Rank metrics
are like assigning grades (A, B, C), focusing on the
order of predictions. Probability metrics are like
percentages, considering both order and close-
ness to reality.

DIAGNOSTIC I

PARAMETER C1 C2 C3C4

CONFUSION MATRIX

HAS THE DISEASE

A
el TP FP

DISEASE IN THE TEST

‘iy THRESHOLD I
| METRICS
N : )

e o 0.

FN TN
e o

TN

Figure 1. lllustration of the fundamental concepts underlying threshold, ranking, and probabilistic metrics in binary classification.
The diagram uses colour coding, with blue indicating patients (positive class) and red indicating healthy individuals (negative class),
to represent the core components of classification evaluation visually.
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Confusion matrix
A confusion matrix is a table used to define the
performance of a classification algorithm. The
matrix has two dimensions: predicted classifi-
cation and actual classification. The predicted
classification is the classification the investiga-
tor assigns to each patient (or other test sub-
ject), whereas the actual classification is the cor-
rect classification of each patient. The confusion
matrix is shown in Figure 2, using the BIRADS
scale for breast cancer detection as an example.
Such confusion matrices are used to compute
threshold metrics. For Rank Metrics, multiple
confusion matrices are created by varying cutoff
points; in the example, separate tables are pro-
duced for BIRADS = 1, BIRADS = 2, BIRADS = 3,
BIRADS = 4, and BIRADS = 5. Probability Metrics
do not use such a matrix; instead, they are derived
directly from a disease-specific probability value
calculated for each patient and from the patient's
distance to the actual value.

Metrics for assessing the quality of
classification

Table 1 summarises commonly used measures
to assess the quality of a classifier, divided into
Threshold Metrics, i.e. based on a single con-
fusion matrix, Rank Metrics based on multiple
confusion matrices determined for sequentially
ordered cut-off points, and Probabilistic Metrics
based on classifiers that determine the probabil-
ity of an event occurring, i.e. a value between 0
and 1.

Threshold Metrics

A simple classifier is binary. For instance, wheth-
er a patient exhibits symptoms or has a disease.
There are also more complex binary classifiers,
such as Naive Bayes, decision trees, and neu-
ral networks. Many of these models output con-
tinuous scores or class probabilities rather than
direct class labels, and a confusion matrix can be
obtained only after selecting a decision thresh-

BREAST CANCER

=4

Cut-Off

)
M
O
)
wv
(@)
<
E2
m
R
(]
=
0
0
e
O

)
D-
=10 )=ss0

90 =20

Figure 2. Example of a confusion matrix. In the columns of this matrix, a positive value indicates a positive class (occurrence of an
event, in this case, breast cancer), and a negative value indicates a negative class (no event). In the rows of the table, a positive value
indicates the detection of an event by the classifier (BIRADS scale >=4 indicates breast cancer), and a negative value indicates the

non-detection of this event.

+ The four cells of the confusion matrix represent the following: True Positive (TP): 90 patients (who have cancer) and are classified
correctly as positive patients (cancer detected according to BIRADS).

+ False Positive (FP): 20 patients (healthy), but are classified incorrectly as positive (cancer detected according to BIRADS).

+ True Negative (TN): 880 patients (healthy) are classified correctly as negative (no cancer detected according to BIRADS).

+ False Negative (FN): 10 patients (who have cancer), but are classified incorrectly as negative (no cancer detected according to

BIRADS).
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Table 1. Main metrics to evaluate the quality of classification and their definitions.

Term Definition and ranges of metrics along with interpretation
Measures based on the Threshold Metrics
Accuracy The proportion of correct predictions among all predictions. Takes a value between 0 (no accuracy) and 1
@ @ (complete accuracy).
@ TP + TN
TP + TN + FP +FN
Error The proportion of incorrect predictions among all predictions. Takes a value between 0 (no error) and 1
@ @ (maximum error). Complementary metrics to Accuracy.
@ FP + FN
TP + TN + FP +FN
Sensitivity (Recall The proportion of true positive predictions (correctly identified sick individuals) out of all actual sick
or True Positive Rate) individuals. Takes a value between 0 (no sensitivity) and 1 (maximum sensitivity).

O _r
() TP + FN

Specificity The proportion of true negative predictions (correctly identified healthy individuals) out of all actual healthy
/) @ individuals. Takes a value between 0 (no specificity) and 1 (maximum specificity)
pe TN
@ TN + FP
G-mean The geometric mean is sensitivity and specificity combined into a single result that balances both

@ @ concerns. A G-mean value of 1 indicates a perfect balance between sensitivity and specificity, while a value
close to 0 indicates an imbalance or poor performance of the classifier

@ [ TP TN

\I."sensiﬁuify ¥ speci ficity = ,JlTP + FN x TN + FP

PPV (Precision)  Precision, otherwise known as Positive Predictive Value (PPV) is the proportion of true positives among all
@ positive predictions. Takes a value between 0 (lack of prediction skills for the positive class) and 1 (perfect
prediction skills for the positive class)

Q TP

re + FP
NPV Negative Predictive Value (NPV) is the proportion of true negatives among all negative predictions. Takes
() a value between 0 (lack of prediction skills for the negative class) and 1 (perfect prediction skills for the
N negative class)
TN

TN + FN
F1-score It focuses on the model's ability to identify positive instances. Precision and Recall combined into one
@ @ result that tries to balance both concerns. It is calculated as the harmonic average of Precision and Recall.

F-score values range from 0 to 1. The higher the F-score value, the better the classifier performs in
() balancing precision and recall.
o a precision xrecall IuTE
precision + recall - 1:3:><:]'}='+;T'}='+Fi'.f]'

F(B) -score It focuses on the model's ability to identify positive instances. A weighted harmonic mean of Precision and
@ @ Recall. In this formula, B determines the weight assigned to Recall compared to Precision. A higher value of
beta gives more weight to Recall, while a lower value of B favors Precision. When beta is equal to 1, the

() F-beta score is equivalent to the F1-score, which balances Precision and Recall equally
B - 3 TP TP
(I+ 8°) x (precision x recall) (+EB) % (Fp FFP “TP + N
7% precision + recall - 7 TP TP

B*X 55y FP T TP + FN
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Table 1. Continuued.

Term

Definition and ranges of metrics along with interpretation

DOR
Q@

Diagnostic Odds Ratio (DOR) is the ratio of two chances: the chance of a positive classifier result from
a diseased person to the chance of a positive classifier result from a healthy person. A higher DOR indicates
a better discriminatory power of the classifier, with values greater than 1 suggesting higher odds of
a positive classifier result in individuals with the condition compared to those without.

TP =FN
FP =TN

McCC [26]

Mathews Correlation Coefficient (MCC) metrics the correlation of the true classes with the predicted labels.
MCC ranges in the interval [-1,+1], with =1 meaning perfect misclassification and +1 perfect classification.
MCC generates a high score in its interval only if the classifier scores a high value in all of the following:
sensitivity, specificity, precision, and negative predictive value.

(TP x TN) — (FP x FN)
JTP +FP)x (TP + FN) x (TN + FP) x (TN + FN)

Kappa (Cohen's

Kappa Coefficient)

00

This metric evaluates the agreement between predicted and actual classes. Also, it considers that some
correspondence between predicted and actual classes could occur by chance and eliminates random
correspondence. Cohen's Kappa value ranges from -1 to 1, where a value of 1 indicates full agreement and
avalue of 0 indicates complete randomness. Negative values denote agreement weaker than random is
rarely achieved in practice.

obzerved agreement — expected agresment - TPxTN-FN=®FP

or =
(TP+FP}x(EP+TN)}+(TP+EN}<FN+TN

l-expacted agresment

Measures based on the Ranking Metrics (Methods)

ROC Curve

(re I e

The Receiver Operating Characteristic Curve (ROC) is a graphical representation of the performance of
a binary classifier system as its discrimination cut-off is varied. The higher the ROC curve rises above the
diagonal (random line), the better the performance of the classifier. A classifier without skill formulates
a line that winds along the diagonal.

The Y-axis presents sensitivity (true positive rate, TPR), X-axis presents 1- specificity (false positive rate,
FPR). Both values are obtained from the successive confusion matrices determined for each of the possible
classifier cut-off points.

AUC(ROC)
@ ( P )
D

The AUC(ROC) (Area Under the Curve (Receiver Operating Characteristic Curve) is interpreted as the
probability that the model will return a higher probability of illness to an arbitrarily selected sick person
than an arbitrarily selected healthy person. Where a value of 1 indicates ideal classification (perfect skill
classifier), and a value of 0.5 indicates random classification (no skill classifier).

AUC(ROC) is calculated as the sum of the areas of the trapezoids where the area under the ROC curve is
divided.

PR Curve

Precision-Recall Curve (PR Curve) is a graphical representation of the performance of a binary classifier
system that focuses on TP cases at different decision cut-offs. The closer the Precision-Recall curve is to
the point (1,1), the better the performance of the classifier is. The no-skill line changes according to the
balance of the classes. This is a horizontal line representing the proportion of positive cases in the data
set. In the case of a balanced dataset, it is 0.5; if, for example, the sickness rate is 20%, the line is at 0.2.

Build a graph with Precision as the y-axis and Recall as the x-axis. Both values are obtained from the
successive confusion matrices determined for each of the possible classifier cut-off points.

AUC(PR)

QO

/

The area under the Precision-Recall curve (AUC(PR) is used as a measure of the overall performance of the
classifier, where a value of 1 indicates perfect classification (perfect skill classifier) and a value of 0
indicates the worst possible result (no skill classifier).

AUC(PR) is calculated as the sum of the areas of the trapezoids where the area under the Precision-Recall
curve is divided.
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Table 1. Continuued.

Term Definition and ranges of metrics along with interpretation

Probabilistic Metrics

LogLoss
(cross-entropy)

Logarithmic Loss (LogLoss), also known as the logarithmic loss function or cross-entropy loss, is
ameasure of the magnitude of error used in classification problems. It measures the degree of deviation
between the actual values (0 for the no-event class and 1 for the event class) and the probabilities
predicted by the classifier. LogLoss values are always non-negative, where a value of 0 indicates a perfect
match between actual class values and predicted probabilities, a random model would have a log loss of

around 0.693. The higher the LogLoss value, the greater the deviation between the predicted and actual

values

For binary classification is calculated as:

Log Luss==;xz

[y xlog(y)+({ —¥) X (I —y) = log(I —y)]

where y is the actual value of the class (0 or 1), and ¥ is the predicted probability of an event (disease)

Brier Score [Brier
GW, Mean squared

Brier's score measures the mean square error between actual values (0 for the no-event class and 1 for the
event class) and the probabilities predicted by the classifier. Brier's index takes values from 0 to 1. Lower

error) values indicate better classification. An ideal classification would achieve a Brier index of 0, while
a completely wrong, unreliable model would achieve a Brier index value of 1 and a random model would
have a Brier score of around 0.25.

n

I \
Erier Score = N ® Z o —w)

i
]
1=l

old that converts these scores into binary predic-
tions. Once such a threshold is specified, a con-
fusion matrix can be constructed and thresh-
old-based metrics derived from it.

Variables with multiple possible cut-off points
are standard. During model development and
comparative evaluation, relying on a single con-
fusion matrix at a single chosen threshold can be
problematic because threshold-based measures
are sensitive to the selected cutoff, and the “opti-
mal" threshold may differ across datasets, even
for the same biomarker. In contrast, for a clini-
cally implemented biomarker or diagnostic test,
establishing and validating a single, pre-spec-
ified threshold that can be applied consistently
across laboratories and settings is a strength
rather than a limitation. Accuracy and Error may
also be misleading in imbalanced datasets, which
are frequent in medical studies where patient
groups are much smaller than control groups
(healthy individuals). Their practical application
in current medical research often leads to the
"Accuracy Paradox,” particularly in imbalanced
datasets. For instance, in rare disease screen-
ing where pathology prevalence is low (e.g., 1%),
a naive classifier predicting all patients as healthy

achieves 99% accuracy but fails clinically due to
0% sensitivity. This phenomenon is frequently
observed in large-scale health record analyses,
where neglecting metrics like Balanced Accura-
cy or G-mean can obscure a model's inability to
detect the minority class of interest [25]. Positive
predictive value (PPV) and negative predictive
value (NPV) are often more clinically informa-
tive in these settings because they quantify the
probability of disease given a test result; howev-
er, they are strongly dependent on disease preva-
lence, which limits their transportability between
populations.

Threshold metrics, by contrast, offer great-
er versatility. These metrics can be determined
regardless of the type of data on which the mark-
er was measured. It is possible to decide on both
quantitative and qualitative data, structured and
binary data. The simplicity of calculating and
interpreting these metrics is also essential. For
instance, utilising a confusion matrix facilitates
straightforward computation of various per-
formance measures (as shown in Table 1) for
BIRADS with the cut-off shown in Table 2.

As outlined in Figure 6, these metrics are the
primary choice only when the core task is binary
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Table 2. The calculation results obtained for the confusion matrix presented in Figure 1, together with their interpretation

Threshold Metric
Accuracy

Calculations and Conclusions
(880+90) /1000 = 0.97
97% of individuals were classified correctly
Error (10 +20) /1000 = 0.03
3% of individuals were classified incorrectly
90/(10+90)=0.9
90% of sick individuals were correctly classified

Sensitivity (Recall or
True Positive Rate)

Specificity 880/ (20 +880) = 0.98
98% of healthy individuals were correctly classified
G-mean sqrt(0.9+0.98) = 0.94
Mean sensitivity and specificity is 94%
PPV (Precision) 90/ (20 +90) = 0.82

82% of individuals with a positive result (BIRADS>=4) were actually sick.
NPV 880/ (10 +880) = 0.99
99% of individuals with a negative result (BIRADS < 4) were actually healthy.

F1-score 2+((0.82+0.9)/(0.82+0.9)) =0.86
0.86 indicates a very good balance between precision and recall.
F2-score F2 score = (1 +2*2) = ((0.82 0.9) / ((2*2 * 0.82) + 0.9)) = 0.88
With the assumption that recall is twice as important as precision, we still point out that BIRADS
classifies fairly accurately.
DOR (90/10)/(20/880) = 396

388

An individual with a positive test result is 396 times more likely to have the disease compared to
someone with a negative test result.

Mcc ((90+880)-(10+20))/sqrt((90+20)+(90+10)*(880+20)*(880+10)) = 0.842

0.842 indicates a strong positive correlation and a substantial agreement between BIRADS and reality.

Kappa (Cohen's Kappa

2+(90+880-10%20)/((90+20)*(20+880)+(90+10)*(10+880)) = 0.84

Coefficient)

Agreement for classification between BIRADS and reality after taking into account the agreement.

classification, and the chosen threshold is fixed
and clinically validated.

Threshold Optimisation: Selecting the Optimal
Cut-off Point

The selection of an optimal cut-off point is cru-
cial for threshold-based classification metrics
such as Sensitivity, Specificity, and Accuracy.
The choice of threshold directly impacts the clas-
sifier's performance and its clinical utility. While
a fixed threshold may be appropriate in some
cases, optimal threshold selection is often nec-
essary to balance false positives and false nega-
tives effectively. Several methods exist for deter-
mining the best threshold, including Youden's
Index, cost-benefit analysis, and clinically rele-
vant decision-making frameworks.
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Youden's Index: Maximising Sensitivity and
Specificity

Youden's Index is one of the most commonly
used methods to select an optimal threshold. It
is defined as:

] = Sensitivity + Specificity - 1

The optimal threshold is the point at which
Youden's Index is maximised, meaning it provides
the best trade-off between true positive rate and
actual negative rate. This method is widely used
in diagnostic tests where equal importance is
placed on detecting disease (high Sensitivity)
and avoiding misclassification of healthy individ-
uals (high Specificity).



Cost-Benefit Analysis: Accounting for Clinical
Consequences

In many real-world applications, the costs associ-
ated with FP and FN classifications are not equal.
A cost-benefit analysis helps determine a thresh-
old that minimises the overall impact of classi-
fication errors. This approach assigns a weight
or cost to each type of error based on its clinical
consequences. The optimal threshold is the one
that minimises the expected total cost, which is
calculated as:

Total Cost = (CFP x FP Rate) + (CFN x FN Rate)

Where CFP and CFN represent the rela-
tive costs of false positives and false negatives,
respectively, for example, in cancer screening,
a false negative (missed diagnosis) may have
a significantly higher price (delayed treatment)
than a false positive (leading to additional but
unnecessary testing).

Clinically Relevant Decision-Making Frameworks
Beyond mathematical optimisation, clinical deci-
sion-making frameworks integrate real-world
impact into threshold selection. For instance, in
sepsis prediction models, a lower threshold may
be preferred to increase early detection rates,
even at the cost of a higher false-positive rate.
Conversely, in cardiac risk stratification, a stricter
threshold may be needed to prevent unnecessary
interventions.

One example is the Net Benefit Approach,
which considers both the relative utility of true
positives and the harm of false positives in medi-
cal decision-making. This approach is frequently
used in risk-based screening guidelines.

Ranking Metrics
Receiver operating characteristic (ROC) and pre-
cision-recall curves are standard methods for
evaluating classifier performance. They enable
comparison of different diagnostic parameters
(or classification models), regardless of the deci-
sion threshold. We adjust the threshold by clas-
sifying test results as positive (sick) or negative
(healthy) to derive these curves (see Figure 4). We
then construct a confusion matrix to plot the ROC
and PR curves for each threshold.

The ROC curve is based on Sensitivity (True
Positive Rate, TPR) and a value of 1 1-Specifici-

ty (False Positive Rate, FPR = 1-Specificity). For
different thresholds, points are plotted on the
graph, creating an ROC curve that shows how the
test balances between Sensitivity (Y-axis) and
1-Specificity (X-axis) as the classifier's thresh-
olds are successively applied. The PR curve is
based on Precision (PPV) and Recall (Sensitivity).
We plot points for different thresholds, creating
a PR curve that shows how the test balances Pre-
cision (Y-axis) and Recall (X-axis) as a function
of the classifier's successive tapping thresholds.

Although each of these metrics is based
on successive cut-off points (thresholds) and
successive confusion matrices, they take into
account slightly different aspects of the assess-
ment of classification quality and have distinct
advantages and disadvantages (see Table 3)

The widespread use of ROC curves is support-
ed by the development of statistical tests to assess
the significance of the AUC and to compare ROC
curves, such as the DeLong method and the Han-
ley-McNeil test [26]. Additionally, techniques such
as Youden's method facilitate the determination of
optimal cutoff points based on ROC curves [26]. It
is critical to distinguish two properties: while AUC
(ROC) is robust in the sense that its value is math-
ematically independent of changes in class prev-
alence (resampling), it can be highly misleading
or overly optimistic in imbalanced settings. This
"optimism" stems from the fact that AUC (ROC)
treats all false alarms (FP) and missed diagnoses
(FN) equally, regardless of the actual costs and the
clinical dominance of the minority class.

Consider a dataset with a 99:1 ratio of negative
to positive examples. A conservative, non-trivial
classifier might achieve very high Specificity (low
FPR) but low Sensitivity TPR), leading to a mis-
leadingly good AUC(ROC). This optimism arises
because the ROC curve does not reflect the low
overall prevalence of the positive class. To avoid
this misleading optimism, a different metric, such
as PR curves, is often preferred.

There are several ways to address this prob-
lem. One is to use a different metric, such as Pre-
cision-Recall curves. This metric is more sensi-
tive to class distribution and can give a more
accurate picture of a model's performance when
the minority class is the sick class. See the exam-
ples of L-selectin and P-selectin in the detection
of psoriasis, and the example of heart rate in the
detection of coronary disease (see Figure 5).
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Threshold Metrics

Easy to understand, it gives a general idea of the
correctness of the classifier.

High accuracy can mislead in imbalanced datasets. In
such cases, the classifier may favor the majority class.
Disease prevalence worsens this, as rarer diseases
skew accuracy.

Accuracy

@I,

Easy to understand, tells us the total error of the
classifier.

Similar to Accuracy, it can be confusing in imbalanced
datasets (when classes are imbalanced).

Imbalanced classes has less impact on Sensitivity, as
it focuses on identifying sick individuals, regardless of
their size in the population.

Only evaluates classification for the sick group,
neglecting the healthy group. A high-sensitivity test
can give false positives, leading to unnecessary
additional testing, treatment and stress for the patient.

Imbalanced classes has less impact on Specificity, as
it focuses on identifying healthy individuals,
regardless of their size in the population.

Focuses solely on classifying the healthy group,
ignoring the sick group. A test with high Specificity may
fail to detect some cases of disease (false negatives),
which is particularly dangerous when the condition
requires rapid intervention.

Considers both sensitivity and specificity, it gives a
general idea of the correctness of the classifier - a
good choice for balanced datasets.

Extreme values in the confusion matrix, particuraly with
a small sample size, heavily affect the G-mean. If the
classes are imbalanced and the Sensitivity is significantly
different from the Specificity, the G-mean may not
accurately reflect the clasifier's overall preformance.

Determines the probability of having a true disease
with a positive result: This is especially important for
expensive or invasive diagnostic procedures or
treatments.

In imbalanced datasets, it can be confusing. PPV rises
with prevalence since more people are sick, increasing
the likelihood of a positive test indicating the true
disease presence.

PPV

Precision

Determines the probability of not having the disease
with a negative result: This is especially important
when a false negative result could delay or prevent
proper diagnosis and treatment.

It can be confusing in imbalanced datasets. NPV
decreases as prevalence increases, because with higher
prevalence, there is a higher risk that a negative test
result is a false negative.

Combines Sensitivity (Recall) and Precision
(Positive Predictive Value) into a single value,
giving a general idea of the correctness of the
classifier - a good choice when the class of the

event is more important.

F-measure

m Itignores TN (True Negatives) results completely. In
-score

some cases, depending on the problem, it may be
important to include this category as well.

Combines Sensitivity and PPV with weighting using the
parameter in the F-measure score. Adjusting this demands
carefulness and possible experimentation, particularly
when the event class is of interest and less numerous.

The primary drawback is the difficulty in selecting the
appropriate Beta value. The choice is subjective and depends on
a deep understanding of the medical context and the relative
costs of FP and FN. An incorrect choice of Beta can lead to
optimizing a metric that does not reflect the true objective.

F(B) -measure

A concise quotient for easy understanding,
incorporating all diagnostic test outcomes (TP, FP, TN,
FN). Offers a broad assessment of test performance.
Great for balanced dataset and datasets with little
imbalance

Prone to extreme value influence, especially in small
datasets. Very high or low values in TP, TN, FP, or FN
can heavily impact the DOR score. May not accurately
reflect the true test-disease relationship.

Considers TP, FP, TN, and FN, offering a holistic
perspective. Ideal for situations where both
sensitivity and specificity matter. Great for balanced
dataset and datasets with little imbalance.

Small datasets can lead to the influence of extreme
values, affecting the MCC score. Very high or low
values in aclass (TP, TN, FP, or FN) may distort the true
relationship between the test and the disease.

Kappa considers random concordance, separating it
from true concordance. This distinction enhances
reliability compared to simple accuracy.

Kappa may depend to some extent on data balancing,
but its dependence is weaker than that of accuracy,
sensitivity, and specificity.

Figure 3. Advantages and disadvantages of individual Threshold Metrics.
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Figure 4. Outcomes of cut-off point (threshold) selection for a continuous biomarker as a potential classifier. The field sizes
obtained at the indicated cutoff point yield four quantities: TP, TN, FP, and FN, which are entered into the confusion matrix.

Table 3. Advantages and Disadvantages of Ranking Metrics.

Ranking Metrics

Advantages

Disadvantages

ROC

Visual Representation: ROC curves provide a visual
representation of the performance of a classification
model across all possible thresholds.
Comprehensive Performance Summary: AUC
(ROC) is a single metric that summarizes the overall
performance of a diagnostic test. Represents the
probability that a randomly chosen positive case will
receive a higher test score than a randomly chosen
negative case.

Threshold-Independent Comparison: Two or
more ROC curves can be compared directly even if they
are derived from different variables with different
units.

Independence from Prevalence: The ROC
coordinates (TPR, FPR) are mathematically
independent of the class distribution (prevalence),
making the AUC (ROC) value determinable even if the
prevalence changes

Limited Clinical Interpretation: AUC (ROC), despite
its popularity, may not directly translate into
meaningful information for clinicians, patients, or
healthcare providers. A test with an AUC of 0.9 might
be considered "better” than one with an AUC of 0.8, but
this difference may not have a significant impact on
patient outcomes or treatment decisions.

Focus on All Thresholds: AUC (ROC) considers the
performance of a test across all possible thresholds,
including those that may not be clinically relevant or
useful in practice. This can lead to an overemphasis on
thresholds that are not practical or important for
decision-making.

Can be misleading in imbalanced settings: This
is because AUC (ROC) gives equal weight to TPR and
FPR, regardless of the actual prevalence. In highly
imbalanced datasets, the resulting high AUC may mask
poor performance on the minority class, as the FPR
remains small due to the dominant TN count. This
often leads to a misleadingly high AUC (ROC) when
compared to AUC (PR)

precision

PR

Visual Representation: PR curves provide a visual
representation of the performance of a classification
model at different Recall levels. This allows for a quick
and intuitive understanding of the model's ability to
identify positive cases (e.g., disease presence) while
considering the trade-off between Precision and Recall
Focus on Positive Class: PR curves specifically
focus on evaluating the performance of a model in
identifying positive cases (e.g., disease presence),
making them particularly useful in scenarios where the
detection of these cases is of primary importance.
They provide precise information about the model's
ability to correctly classify positive instances, even
when they are rare or difficult to identify.

Focus on Positive Class: PR curves primarily focus
on evaluating the performance of a model in
identifying positive cases (e.g., disease presence),
disregarding the number of true negative results (e.g.,
disease absence). This can make them less suitable for
tasks where both positive and negative classifications
are equally important.

Neglect of Healthy Individuals: PR curves do not
directly assess the model's ability to correctly classify
healthy individuals (true negatives).

Sensitivity to Data Imbalance: This sensitivity
makes it challenging to compare PR curves from
different studies or datasets with varying class
imbalances.
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Methodological note for illustrative
examples

To ensure consistency, calculations for the pro-
vided examples (L-selectin, P-selectin, Heart
Rate) were performed using individual probabili-
ties obtained from a univariate Logistic Regres-
sion model trained on the respective variable
(Table 6, Figure 5). Ranking metrics (AUC-ROC
and AUC-PR) and probability metrics (Brier
Score, Log Loss) were calculated directly from
these continuous outputs without applying any
arbitrary classification thresholds. The R code
used to perform these calculations is available on
GitHub  (https://github.com/marpatra/Metrics.
Selectins-HR)

The ROC curve for L-selectin lies along the
line of identity. At the 0.5 level with a balanced
dataset (50:50 ratio), the prevalence line is at
0.5 on the PR curve, indicating that L-selectin is
a minimal-skill classifier (see Figure 5). While the
AUC(PR) of 0.523 is technically above the random
expectation baseline of 0.50, the value is negligi-
bly close to the no-skill classifier line, justifying
its practical classification as non-discriminatory.
The ROC and PR curves for P-selectin indicate
that low levels of this selectin have discrimina-
tory potential; at high levels, the curves lie along
a line indicating no skill.

For the balanced cardiac dataset, we obtained
ROC and PR curves, yielding high fields and their
plots, and also demonstrating strong classifi-
cation performance for the heart rate variable.
However, for the imbalanced data, the AUC(ROC)
value of 0.776 is higher than that for the balanced
data (0.745). This finding is due to the substantial
increase in the TN, which pushes the FPR close to
zero across many thresholds. This results in the
ROC curve appearing overly optimistic. In sharp
contrast, the AUC(PR) for the same imbalanced
data drastically drops to 0.494 (from 0.704 in the
balanced setting). This low AUC (PR) indicates
the classifier's weakness in the minority class
(patients). Specifically, the optimistic AUC(ROC)
masks a clinically unacceptable drop in PPV,
where many optimistic predictions are actu-
ally FP relative to the few TP available. In clini-
cal practice, this would mean a high rate of false
alarms, wasting resources and causing unneces-
sary patient anxiety, a critical factor missed by
the ROC curve alone.
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To mitigate imbalance during model training,
techniques such as SMOTE (Synthetic Minor-
ity Over-sampling Technique) or undersampling
can be employed to balance class distribution.
Alternatively, cost-sensitive learning can be used
to assign higher penalties to misclassifying the
minority class.

Figure 6 directs the user to these ranking met-
rics when the primary goal is classification, but
when the data are imbalanced or a threshold-ag-
nostic comparison between models is required.

Real-World Applications: Robust Metrics and
Resampling Genomic Studies (Metric Selection):
As highlighted in recent bioinformatics literature,
standard metrics like F1-score can be misleading
when the 'negative’ class is biologically signifi-
cant. Chicco and Jurman [21] demonstrated that,
in genomic binary classification, the F1-score
remained optimistically high even when the mod-
el failed to detect negative samples correctly. In
contrast, the Matthews Correlation Coefficient
(MCC) declined markedly in these scenarios,
indicating the model's poor performance. Thus,
for omics data, MCC is recommended over F1 as
a more truthful performance indicator.

Pandemic Surveillance (Data Resampling):

In scenarios such as a COVID-19 diagnosis, data-
sets are often skewed toward negative cases.
Research on radiomics applied to COVID-19 [2]
has shown that models trained on imbalanced
internal cohorts typically exhibit high Sensitiv-
ity but suffer a sharp decline in Specificity when
validated externally due to overfitting. To miti-
gate this, techniques such as SMOTE (Synthetic
Minority Over-sampling Technique) have been
successfully employed to balance training sets,
preventing the model from becoming biased
toward the majority class (healthy individu-
als) and ensuring reliable detection of infected
patients.

Robust Metrics and Resampling

Probabilistic Metrics

As shown in Figure 6, these metrics become the
priority when the core modelling objective is the
prediction of a trustworthy probability value (P),
essential for accurate clinical risk assessment
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Figure 5. ROC and PR curves for balanced data: no-skill classifier using the example of L-selectin in psoriasis detection, partial-
ly-skill classifier using the example of P-selectin in psoriasis detection, skilful classifier using the example of heart rate in coronary
disease detection for balanced data; partially skilful classifier using the example of heart rate in coronary disease detection for imbal-
anced data. Calculations were performed using individual probabilities obtained from a logistic regression model trained on the input
variable. The results obtained without using the logistic regression model are identical.
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When to Prefer Brier Score and Log Loss
Brier Score and Log Loss are essential metrics for
evaluating probabilistic models, particularly when
the focus is on the accuracy of predicted prob-
abilities rather than binary classifications. These
metrics are preferred over threshold-based met-
rics (e.g., accuracy, F1-score, sensitivity, speci-
ficity, ROC curves, and PR curves) in the following
scenarios:

1. Probabilistic Models: When using models
such as logistic regression, neural networks,
or Bayesian classifiers, which output prob-
abilities rather than binary predictions. These
metrics are particularly suited for assessing
the quality of probability estimates, which are
often more informative than binary decisions
in medical applications.

2. Calibration Assessment: When evaluating
how well the predicted probabilities align with
actual outcomes. For example, a well-cali-
brated model predicting a 30% risk of an event
should observe the event occurring approxi-
mately 30% of the time. Calibration is critical
in clinical decision-making, where accurate
probability estimates are necessary for risk
stratification and treatment planning.

3. Sensitivity to Small Errors: When the model's
performance depends on accurately predict-
ing probabilities, especially for rare events or
imbalanced datasets. Log Loss, in particular,
penalises overconfidence in incorrect predic-
tions, making it a valuable tool for training and
fine-tuning probabilistic models.

Evaluation of Continuous Probabilities: The
Two-Stage Process
The evaluation of a diagnostic test often involves
a critical two-stage process that requires different
metrics: Stage 1: probability prediction (calibration),
and Stage 2: final classification (thresholding).
Stage 1 metrics, such as the Brier Score and
Log Loss, assess the quality of the model's raw
probability output (P) before any decision thresh-
old is applied. They quantify the model's calibra-
tion, ensuring that if the model predicts a prob-
ability P, the outcome occurs approximately P per
cent of the time. This is critical because, for clini-
cal decision-making, the expected probability P
must be trustworthy.

The importance of calibration: an illustrative
example
Metrics such as AUC (ROC) are primarily ranking
metrics; they assess only the model's ability to
correctly order positive cases above negative cas-
es, regardless of the actual probability values. Two
models can have identical AUC values but vast-
ly different calibration quality. Consider a small
dataset of 10 cases (4 positive (1), 6 negative (0)).
Two hypothetical models, Model M1 (well-cali-
brated) and Model M2 (poorly-calibrated), pro-
duce the following probabilities (see Table 4):
Despite providing different probability scores,
the rank order of cases is identical for both mod-
els. Consequently, both Model M1 and Model M2
achieve a perfect AUC(ROC) of 1.0. Based solely
on the AUC, we would conclude that both models

Table 4. Comparison of Ranking (AUC) and Probabilistic (Brier Score) Metrics for Two
Models with Identical Ranking Ability but Different Calibration (Numerical Example). The R
code used to perform these calculations is available on GitHub (https://github.com/mar-

patra/Metrics.Selectins-HR)

Case True label M1 (calibrated prob.) M2 (uncalibrated prob.)

1 1 0.60 0.90
2 1 0.55 0.85
3 1 0.40 0.70
4 1 0.30 0.60
5 0 0.25 0.55
6 0 0.15 0.40
7 0 0.10 0.30
8 0 0.05 0.20
9 0 0.02 0.10
10 0 0.01 0.05
Summary AUC-ROC 1.00 1.00

Brier Score 0.09 0.13
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are perfect classifiers. However, when assess-
ing calibration using the Brier Score (BS), the dif-
ference becomes clear: BS(M1) = 0.089, BS(M2)
= 0.131. Since a lower Brier Score indicates bet-
ter performance, Model M1 is significantly bet-
ter calibrated than Model M2. Model M2 system-
atically underpredicts the risk for positive cases
(e.g., predicting 0.60 instead of 0.90 for Case 1).
Using Model M2 in a clinical setting would lead
practitioners to be consistently overconfident that
patients are not sick when a moderate probability
is predicted, resulting in poorer clinical decisions
despite the model's perfect AUC ranking.

For a more comprehensive visualisation and
assessment of calibration, it is standard prac-
tice to use Calibration Plots or Reliability Dia-
grams alongside Brier Score and Log Loss. These
graphical tools compare predicted probabilities
with observed frequencies across multiple bins,
providing an intuitive way to identify system-
ic biases in the probability output (e.g., over- or
underestimation).

Stage 2 involves applying a decision threshold
(cutoff point) to the calibrated probability output
to produce the final binary classifications (e.g.,
'sick’ or 'healthy’). At this stage, threshold-depen-
dent metrics such as Sensitivity, Specificity, PPV,
NPV, F1-Score and Accuracy are used to assess
the final classification performance based on the
chosen trade-off.

Practical Applications in Medicine

Prognostic Models in Oncology:

In cancer survival prediction, binary classification
(alive/dead) is often insufficient; clinicians require
the survival probability to weigh treatment risks.
Steyerberg et al. [27] emphasise that a model can
have high Accuracy but poor calibration (e.g.,
consistently predicting 60% risk for patients who
actually have a 40% risk). In such cases, the Brier
Score is the superior metric because it quanti-
fies the distance between the predicted probabil-
ity and the actual outcome. A lower Brier score
is associated with more reliable risk estimates,
which are crucial for deciding whether to admin-
ister toxic chemotherapy.

Cardiovascular Risk Scoring:
Similarly, in predicting 10-year cardiovascu-
lar event risk (e.g., the Framingham Risk Score),

Log Loss is widely used to penalise confident but
incorrect predictions. If a model predicts a 99%
chance of 'no heart attack' for a patient who sub-
sequently suffers one, Log Loss applies a heavy
penalty, forcing the algorithm to be more cau-
tious and realistic in its probability estimates
during training."

By incorporating Brier Score and Log Loss
into the evaluation process, researchers and cli-
nicians can ensure that their models provide
not only accurate classifications but also reli-
able probability estimates, ultimately improving
patient outcomes.

Implementations in Practice

Implementations of these measures are less
widely available than other performance met-
rics, such as Accuracy or Precision. This can
make it challenging to use these metrics in some
programming environments. It is important to
emphasise that Brier Score and Log Loss have
strengths and weaknesses, and the choice of
appropriate metrics depends on the specifics of
the task (see Table 5).

Depending on the software used, the values
obtained for these measures may vary minimal-
ly. In our examples (L-selectin and P-selectin for
psoriasis detection, and heart rate for coronary
disease detection), we first fitted simple logistic
regression models with the respective variable
as the predictor, yielding an individual predicted
probability of the outcome for each patient. Brier
Score was then calculated as the mean squared
difference between these case-wise predicted
probabilities and the observed outcomes, and
Log Loss was computed using the exact indi-
vidual probabilities. The results for calculations
performed in R and in Python are presented in
Table 6.

Validation

The data used to build and assess a classifier's
quality is called learning or training data. In the
following steps, each classifier, whether sim-
ple (based on a single variable) or complex, like
a logistic regression model, neural network, or
decision tree, should be validated with indepen-
dent data, called test or validation data. Repeat-
ed testing of the same classifiers or models on
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Table 5. Advantages and disadvantages of the chosen Probability Metrics.

Probability Metrics Advantages

Disadvantages

Brier score Interpretability: Brier Score is easier to interpret No penalty for overconfidence: does not penalize

than Log Loss. It repre sents the mean squared
difference between the predicted probabilities
and the actual outcomes (0 or 1). A lower Brier
Score indicates better model performance,
making it intuitive to understand how well the
model performs on average.

Robustness to calibration issues: Even if
amodel's predicted probabilities are not perfectly
aligned with the actual outcomes, Brier Score can
still provide a reasonable assessment of
performance.

models for being too confident but incorrect in their
predictions. This can lead to preferring models that
predict outstanding high/low values, even if they are
wrong.

In the case of extremely imbalanced data, where one
class accounts for less than 1% of observations, may
not reflect the true effectiveness of the model.

Log Loss Suitable for training models: Minimizing Log
Loss during training encourages the model to
learn accurate probability estimates.

More sensitive to probability differences:
Log Loss is more sensitive to differences in
predicted probabilities compared to Brier Score.
This allows it to better distinguish between
models that make subtle but significant
improvements in probability estimation.

Discourages overconfidence: Log Loss
heavily penalizes models that are overly confident
in their wrong predictions. This can be beneficial
for tasks where assigning the correct probabilities
is crucial.

Limited interpretability: Log loss is difficult to
interpret in real-world terms. The metric is based on
logarithmic values, which makes it difficult to interpret
intuitively.

Assumes well-calibrated probabilities: Log loss
works best when a model predicts probabilities with high
Accuracy. If a model is inaccurate or poorly calibrated,
log loss may not be a reliable measure of performance.
This can lead to preferring models that underpredict
positive class probabilities, even if they better identify
actual outcomes.

In the case of extremely imbalanced data, where one
class accounts for less than 1% of observations, may
not reflect the true effectiveness of the model.

Table 6. Brier Score and Log Loss for balanced data for: no-skill classifier using the example of L-selectin in psoriasis detection,
partially-skilled classifier using the example of P-selectin in psoriasis detection, skilful classifier using the example of heart rate in
coronary disease detection; and for imbalanced data for a partially skilful classifier using the example of heart rate in coronary dis-
ease detection. Calculations were performed using individual probabilities obtained from a logistic regression model trained on the
input variable and a null model (without variables). Results were presented using the LogLoss function from the MLmetrics package
in R, and based on the LogisticRegression, log_loss, and NumPy functions from the scikit-learn and NumPy packages in Python. The
data used for these calculations, along with the functions necessary to perform them, are available at https://github.com/marpatra/

Metrics.Selectins-HR

Classifier Brier Score Log Loss
Python R Python R
Lalsullin TUeriils R 0.23050299261287152 0.230503 0.692726390827548  0.6927264

detection

P-selectin in psoriasis partially

. . 0.23457753518070662  0.2345775 0.656469675228019  0.6564697
detection skillful

heart rate in coronary skillful 0.22963327943711911 0.2296331  0.6517807033032978 0.65178
disease detection

heartratein coronary  partially ) ,)q09357943717977 0.2296331 0.65178 0.65178
disease detection skillful

*The R and Python implementations produce similar outputs with slight differences due to numerical precision, optimisation algo-

rithms, library settings, and convergence criteria.
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a new dataset will indicate how well the original
predictive model and its classifiers perform on
new, unseen data. All listed metrics can be cal-
culated on both the training set, to assess the
current quality of classification and prediction,
and on new validation and test datasets, to gen-
eralise this quality to future data on which it may
be used.

Model Validation and Overfitting

Model validation is a critical step in ensuring
the reliability and generalizability of classifica-
tion models. Overfitting occurs when a model
performs exceptionally well on the training data
but fails to generalise to new, unseen data. This
typically happens when the model learns noise or
specific patterns in the training data that do not
apply to the broader population.

Techniques to Prevent Overfitting
k-Fold Cross-Validation: In k-fold cross-valida-
tion, the dataset is divided into k subsets (folds).
The model is trained on k-1 folds and validated
on the remaining fold. This process is repeated
k times, with each fold used exactly once as the
validation set. The results are averaged to provide
an estimate of model performance. For instance,
k-fold cross-validation is essential for obtaining
a stable estimate of AUC(ROC) for the Heart Rate
classification model, ensuring that the report-
ed performance is not specific to a single data
split. Leave-One-Out Cross-Validation (LOOCV):
LOOCYV is a special case of k-fold cross-valida-
tion in which k equals the number of samples in
the dataset. Each sample is used once as a vali-
dation set, while the remaining samples form
the training set. This method is beneficial for
small datasets, as it maximises the use of avail-
able data. This technique could be employed to
rigorously estimate the Sensitivity and Specific-
ity of the BI-RADS scale classifier (e.g., at the >4
threshold) when validating its performance in
small, limited patient cohorts.

Bootstrap Methods: Bootstrap resampling is
a resampling technique used to assess the vari-
ability and internal stability of model performance
within the same underlying population (e.g., the
same dataset). By repeatedly drawing samples
with replacement from the original data and refit-
ting or re-evaluating the model, bootstrap meth-
ods provide estimates of the uncertainty and opti-

mism of performance measures (e.g. AUC, Brier
Score). However, bootstrap resampling cannot
replace evaluation in genuinely different patient
populations. Assessment of model performance
across settings or populations requires exter-
nal validation on separate datasets, rather than
resampling from a single cohort. Bootstrapping is
highly useful for assessing the stability and con-
fidence intervals of the AUC(PR) and Brier Score
values reported for the selectin and heart rate
models, providing a measure of how much these
metrics might vary across different potential
patient samples, and thus detecting overfitting.

Implications for classification Metrics:
practical examples

Validation techniques are not merely procedur-
al steps; they often reveal critical flaws in met-
ric interpretation that theoretical calculations on
training data miss.

Consider a study that employs high-dimen-
sional genomic data to predict cancer subtypes
(e.g., the MAQC-II study [28]). A classifier might
achieve an Accuracy of 98% and an AUC of 0.99
on the training set due to the model memoris-
ing noise (overfitting). However, when subjected
to 10-fold cross-validation, the AUC might drop
drastically to 0.60. This discrepancy serves as
a red flag that the initial high metrics were illu-
sory.

Similarly, in radiomics studies for COVID-19
detection [2], models often show high Sensitiv-
ity on training cohorts. However, external vali-
dation on data from a different hospital typically
indicates a significant drop in Specificity, result-
ing in a high number of False Positives. This hap-
pens because the model may learn scanner-spe-
cific artefacts rather than disease pathology. In
such cases, relying solely on training F1-scores
would be misleading; cross-validation highlights
the need for metrics such as the Matthews Cor-
relation Coefficient (MCC), which is more robust
to such shifts in confusion-matrix distributions
than the F1-score or Accuracy.

Practical Considerations in Medical
Applications

In medical applications, where the stakes are
high, ensuring that a model generalises well to
new data is crucial. Overfitting can lead to over-
ly optimistic performance estimates, poten-
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tially resulting in the deployment of unreliable
diagnostic tools. Proper validation techniques
help mitigate this risk, ensuring that the mod-
el's performance is consistent across different
datasets and populations. For example, a model
trained to predict sepsis must be validated on
diverse patient cohorts to ensure its reliability in
real-world clinical settings.

Discussion

Summary of Metric Strengths and
Weaknesses within the Clinical Context

No single metric is universally optimal. Their
selection must reflect the clinical context, priori-
ties, and data characteristics.

Holistic Metrics: Accuracy (ACC) and Error
Rate are useful when data are balanced, and mis-
classification costs are symmetric. Cohen's Kap-
pa corrects these scores for chance agreement
[27]. Matthews Correlation Coefficient (MCC)
combines holistic assessment with robustness to
class imbalance, making it a recommended met-
ric in projects requlated by the U.S. FDA [29,30].
The Diagnostic Odds Ratio (DOR) summarises the
overall discriminatory effectiveness of a test. The

Class Classification

ROC curve and the area under it (AUC) are used
to assess a test's ability to distinguish between
groups across various thresholds [31-33]. The PR
(Precision-Recall) curve is more informative than
the ROC curve for detecting rare events [34]. The
selection of an optimal cutoff point can be per-
formed using Youden's index or, better adapted
to clinical realities, the tangent (cost) method,
which explicitly incorporates the relative costs of
FP and FN and prevalence.

Class-Oriented Metrics: As indicated above,
Sensitivity, Specificity, PPV, and NPV are funda-
mental, and their relevance depends on the clini-
cal objective. The F1 score (and its variants) is
instrumental in settings with class imbalance, as it
combines precision (PPV) and sensitivity (recall).

Calibration Assessment Metrics: Brier Score
and Log Loss assess the accuracy of estimat-
ed probabilities. The Brier Score is easier to
interpret, whereas log loss is more sensitive to
minor errors and is commonly used in machine
learning.

Guidelines for Metric Selection and Their
Clinical Rationale

The prevalence of a disease has a fundamental
impact on the interpretation of diagnostic test

D

Prediction

Type of variable (

Binary

( Are both classes important?

YES

F Score

F1 Score (FN, F2 Score (FN
FP equally modare-tely
costly) costly)

Sensitivity (FN
costly), PPV (FP
costly)

ACC, error, G-mean,
DOR, Kappa, MCC

F0.5 Score (FP
more costly)

NO, healthy group
is more important

Specificity (FP
costly), NPV (FN
costly)

)

Ordinary/continous [FEEEES Combination of
(find cut-off point) A model’s variables

YES

Class
Bl Clasification
needed

~

Brier Score,
LogLoss

Figure 6. Graph facilitating the selection of a metric depending on the purpose for which it is determined (assignment to classes, pre-
diction of probability of assignment to classes), type of data, validity or balancing of classes of events (sick) and no events (healthy).
While this graph helps establish the primary objective, in practice, it is common to use a combination of indicators to evaluate the
model's performance fully.
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results and the choice of evaluation metrics.
A structured selection framework, presented as
a decision tree (see Figure 6), comprises three
steps: the problem type (classification vs. predic-
tion), the type of target variable, and the relative
importance of classes for a given task.

The decision in the final step in medicine is
critically determined by the asymmetry of mis-
classification costs, which varies with the stage
of the diagnostic process. This is vividly illus-
trated in Figure 7, which presents the trade-off
in cancer screening. At the screening stage, the
primary goal is to rule out the disease, making
a False Negative (FN) — missing a sick patient —
the most critical error, as it delays potentially
life-saving treatment. Consequently, screening
tests are optimised for high Sensitivity and Nega-
tive Predictive Value (NPV). It is crucial to note,
however, that a positive screening result typically
triggers further confirmatory steps rather than
immediate aggressive therapy. At this subsequent
confirmatory diagnostic stage, the cost of a False
Positive (FP) — subjecting a healthy person to
invasive procedures and psychological distress —
becomes predominant. Therefore, confirmatory
tests must exhibit high Specificity and Positive
Predictive Value (PPV) to ensure that treatment
is administered only to those who genuinely need

it. In practice, minimising one type of error often
increases the other, and a common compromise
is to use balanced metrics such as the G-mean or
metrics from the F-score family.

A Critical Overview and Future Directions

A conscious selection of metrics — often involv-
ing a combination of several — is essential for
reliable evaluation. The metrics discussed thus
far represent established, mathematically rigor-
ous approaches to model assessment. However,
the field continues to evolve, driven by the need
for more intuitive, actionable, and human-centric
evaluation tools.

Classical metrics, together with consider-
ations of disease prevalence and the asymmet-
ric clinical costs of errors at different stages of
the patient pathway, enable the selection of mea-
sures that ensure a clinically sound and accurate
evaluation of diagnostic and predictive models.
The future of model evaluation in medicine, how-
ever, lies in the synergy between these traditional
foundations and the development of new tech-
niques necessary for deploying Al systems (e.g.,
Shapley Additive exPlanations [35], U-smile [36].
New methods are constantly being introduced,
and it was not possible to discuss and present
them in a single summary.

Cancer Diagnosis Involves Multiple Steps

‘ Risk of Missing
the Cancer

‘FN}

HARM: Delayed Diagnosis,
Cancer Undetected

Early Screening;:
Focus on Sensitivity & NPV

Risk of False Alarm ‘
& Overtesting

FP

ARM: Unnecessary Tests,
Patient Anxiety

Confirmatory Tests:
Focus on Specificity & PPV

Figure 7. The harms caused by false negative and false positive prediction errors in the BI-RADS
scale. A False Negative (FN) is typically weighted more heavily than a False Positive (FP), as the pri-
mary goal is to identify all potential cases to avoid the risk of disease progression.
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Figure 8. Algorithm for statistical decision-making.

It is important to note that this tutorial focuses
on binary classification. In contrast, multi-class
problems—along with their corresponding met-
rics, interpretability estimation methods, and
associated evaluation challenges—constitute an
essential and natural direction for future work in
this rapidly evolving field.
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ABSTRACT

Introduction. Heart failure with reduced ejection fraction (HFrEF) remains a major clinical challenge, partly
due to suboptimal implementation of guideline-directed medical therapy and complications such as pulmo-
nary hypertension (PH) that worsen symptoms and prognosis.

Material and methods. PRESENT-HF (ClinicalTrials.gov Identifier: NCT05487261, https://clinicaltrials.gov/
ct2/show/NCT05487261) is a multicenter, randomised, double-blind, comparator-controlled clinical tri-
al investigating whether sacubitril/valsartan, compared to enalapril, lowers pulmonary artery pressure and
pulmonary vascular resistance as measured by right heart catheterisation in patients with HFrEF and sec-
ondary PH. The study will recruit approximately 230 patients, with a 1:1 randomisation to either sacubitril/
valsartan or enalapril, and a 52-week follow-up that includes both in-hospital and out-of-hospital treatment
phases.

Results. The primary endpoint is the change from baseline in mean pulmonary artery pressure and pulmo-
nary vascular resistance; secondary outcomes include clinical events, quality of life, functional capacity, and
safety.

Conclusions. This trial will offer new insights into targeted strategies for improving outcomes in patients
with HFrEF complicated by PH, potentially expanding treatment options and informing future guidelines.

Introduction

Despite massive progress in the treatment of
heart failure with reduced ejection fraction
(HFrEF), prognosis and quality of life (QoL) are
still poor. The reasons for this situation are mul-
tiple, including poor implementation of guideli-
ne-directed medical therapy (GDMT) and multi-
morbidity in many patients. A special problem in
many patients is pulmonary hypertension (PH)
associated with heart failure (HF), the true preva-
lence of which is unknown. It is estimated prima-
rily based on indirect echocardiographic assess-
ment [1,2]. Pulmonary hypertension related to
left heart disease (PH-LHD) is the most prevalent
among patients with PH and is related to a worse
prognosis. A critical issue is PH in patients being
evaluated for heart transplantation, as high pul-
monary vascular resistance (PVR) is a contrain-
dication for the procedure. Pulmonary hyperten-
sion in HFrEF has garnered the interest of nume-
rous researchers investigating its pathophysiolo-
gy and potential treatment. It is known that spe-
cific pharmacological agents used for Pulmonary
Arterial Hypertension are contraindicated in the
PH-LHD study, which aims to assess the effe-
cts of angiotensin receptor-neprilysin inhibitor
(ARNI) treatment on RHC parameters in patients
with HFrEF and secondary PH.

Methods and analysis

Trial design
PRESENT-HF is a multicenter, randomised,
double-blind, comparator-controlled clinical trial
that will include patients with chronic HFrEF (Cli-
nicalTrials.gov Identifier: NCT05487261). Approxi-
mately 260 participants will be screened, resulting
in around 230 patients being randomised across
five centres. Subjects will be randomised to rece-
ive either an investigational medicinal product -
sacubitril/valsartan or a comparator, enalapril.

The study will consist of 5 phases:

+ Screening (Vs),

+ Randomisation (VO - day 0) — the eligible
patients will be randomly assigned (1:1) to the
intervention or comparator arms,

+ In-hospital initiation of therapy (with wash-
-out strategy) (from day 0 to the day of dis-
charge),

+ Out-of-hospital phase — increasing the dose
of the drug (up-titration phase),

+ Out-of-hospital and hospital phase — follow-
-up on the target dose.

The observation period will span 52 weeks,
consisting of a 4-week active up-titration pha-
se followed by 48 weeks of follow-up (see Figu-
re 1). Functional capacity is assessed by 6-mi-
nute walk distance, New York Heart Association
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V1 V2 V3 v4 V5
(-21-0 days) (Randomization, Day 0) (Discharge) (Week 2) (Week 4)
Screening: N
RHC, Echo, Randomization .
6MWT, CPET Start drug Safety labs Titration visit Titration visit S
N V6 v7 v8 V9
. (Week 8) (Amb, W12) (Hosp, W16) (Tel, W24)
> ® e ®
Hospital visit: N
Labs, QoL, TEE, .
Follow-up Follow-up 6MWT, CPET, RHC Follow-up S
V10 V1l V12 V13

(Hosp, W28)

(Amb, W40) (Hosp, W52) (Hosp)

Hospital visit:
Labs, QoL, TEE,
6MWT, CPET, RHC

Follow-up + Labs

Amb visit: Hospital visit:

Safety + Events review End of Study

[ Abbreviations:

RHC - Right Heart Catheterization

Echo - Echocardiography

6MWT - 6-Minute Walk Test

CPET - Cardiopulmonary Exercise Testing
TEE - Transesophageal Echocardiography
QoL - Quality of Life Questionnaires

Amb - Ambulatory Visit | Tel - Telehealth | Hosp - Hospitalization

. Ambulatory
. Telehealth

. Hospitalization

Figure 1. Present-HF: Visit Schedule (V1-V13) with Abbreviations Legend.

(NYHA) class (secondary endpoints) and cardio-
pulmonary exercise testing (CPET) as exploratory
outcomes, with centralised analysis.

Primary and secondary objectives

The trial's objective is to assess the effect of
sacubitril/valsartan therapy in comparison to

Journal of Medical Science 2025 December;94(4)

angiotensin-converting enzyme inhibitors (ACE-
-1) — enalapril, on the parameters of right heart
catheterisation in terms of reduction of pulmona-
ry artery pressure (PAP) and PVR in patients with
developed PH due to HfrEF.

Secondary objectives are to assess the tre-
atment efficacy as evaluated by the incidence



of major adverse cardiac and cerebrovascular
events (MACCE) as a composite endpoint, and
separately, to determine the quality of life, and
treatment safety and tolerance — assessment of
Adverse Events (AE) and Serious Adverse Events
(SAE) and their assessment in terms of severity
and relationship to the tested substance. Additio-
nally, as part of the exploratory part of the study,
the influence of therapy on the selected biomar-
kers will be analysed.

The primary endpoint for efficacy assessment
will be the change from baseline in mean pulmo-
nary artery pressure (mPAP) and PVR.

Secondary endpoints:

1. Change from baseline in pulmonary wedge
pressure (PWP) — measured by RHC.

2. Change from baseline in the diastolic pressure
gradient (DPG; where DPG = diastolic mPAP —
mean PWP).

3. Change meters from baseline in the 6-minute
walk test (6BMWT).

4. Evaluation of the parameters of the cardio-
pulmonary exercise test — peak VO,, VE/VCO,
slope.

5. Assessment of echocardiographic parame-
ters (LVEF, LV volumes, TAPSE, RV function
indices, estimated sPAP).

6. The incidence of the composite endpoint of
MACCEs, such as death from all causes, car-
diac death, hospitalisation due to worsening/
decompensation of HF, heart transplantation,
and the need for a left ventricular or biventri-
cular assist device.

7. Hospitalisation or an unplanned visit to an
Emergency Department or an unplanned
outpatient visit related to HF.

8. The need for an unplanned intravenous admi-
nistration of diuretics and/or an unplanned
hospitalisation, an outpatient visit due to the
need to administer intravenous diuretics or
requiring an increase in the dose of diuretics
>50% from baseline.

9. Quality of life assessment will be conduc-
ted between 0-52 weeks — Kansas City Car-
diomyopathy Questionnaire (KCCQ-12), WHO
(WHOQOL-BREF), SF-36 questionnaire, EQ-5D
-3L questionnaire.

10. Assessment of the New York Heart Associa-
tion (NYHA) classes — change from baseline.

Sample size calculation
Estimating the proportion of patients meeting the
study criteria in the general population is difficult.
According to the 2016 report of the Heart Failure
Section of the Polish Cardiac Society, there are
about 1.2 million patients with HF in Poland (2.6%
of the population), with 220,000 new cases annu-
ally. Pulmonary hypertension occurs in 12-38%
of HF patients, nearly half due to HfrEF, giving
an estimated study-eligible population of up to
200,000 (0.5—1% of the general population).
Sample size calculations were based primarily
on the primary endpoint, PVR (expected reduction
from 2 to 1 Wood unit, SD 1), giving @ minimum of
23 patients. Additional calculations were perfor-
med for 6GMWT (n = 86 for a 50 m improvement)
and for MACCE analysis using survival models
(n = 89 for survival 0.90 vs. 0.70, expected deat-
hs = 35). Taking all endpoints and potential data
loss into account, the required sample size was
set at 230 patients (including 5% dropout)

Study population - inclusion and exclusion
criteria

The study population will consist of patients of
both sexes aged 18 years or older with HFrEF in
NYHA class II-1V functional classes, who have been
diagnosed and treated for at least 3 months before
inclusion in the study, and in whom the suspicion
of PH has been confirmed based on right heart cat-
heterisation. Participants will be recruited from five
tertiary referral cardiology centres in Poland. Eli-
gible patients are identified during routine care or
planned hospitalisations for HF diagnostic evalu-
ation. Before randomisation, all participants must
undergo right heart catheterisation (RHC) to con-
firm pulmonary hypertension (PH). Recruitment will
be coordinated centrally to ensure standardised
screening, consent, and data collection procedures
across sites. Patients will meet all inclusion criteria
and do not meet any exclusion criteria (see Supple-
mentary Table 1). The original definition of PH used
a mean pulmonary artery pressure (mPAP) =25
mmHg; hence, according to the ESC 2022 guideli-
nes, PH is diagnosed when mPAP is >20 [3].

Treatment protocol — interventional
methods

Randomisation process will be performed cen-
trally via an electronic automatic system IVRS as
a part of eCRF. Numbered study treatment packs
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will contain either IMP (S/V) or comparator (ena-
lapril) according to a computer-generated rando-
misation plan. Each eligible subject will be ran-
domly assigned to either active treatment (S/V)
or comparator (enalapril) using a validated, cen-
tralised procedure via eCRF, which automates
the random assignment of treatment groups to
randomisation numbers (see Figure 2). Subje-
ct randomisation (1:1) will be determined by an
algorithm including a random variable and acco-
unting for the following stratification factors: sex,
age (<70 years/=70 years), HF aetiology (ische-
mic/ non-ischemic), HF duration (newly diagno-
sed at Index hospitalisation/known documented
HF before Index hospitalisation). Eligible partici-
pants are randomised 1:1 to receive either sacu-
bitril/valsartan (S/V) or enalapril. For patients
previously treated with ACE inhibitors, a 36-hour
washout is mandatory before the first S/V dose
(see Figure 2). After the patient's last dose of the
current therapy, randomisation occurs at Visit 2
(V2). A 36-hour washout period is required before
the patient takes the first dose of the new inve-
stigational product (IP). Discharge is possible at
least six hours after the first IP administration.

Dosing and Up-Titration

Study Arm Starting Dose

Dose adjustments are based on blood pressu-
re, renal function, and potassium levels, which are
assessed at each visit. Temporary down-titration
is permitted for symptomatic hypotension, wor-
sening renal function, or hyperkalemia.

Administration

Study medications are given orally, twice daily, in
the morning and evening, preferably at the exa-
ct times each day. Patients are instructed to take
doses with water, with or without food.

Follow-Up Schedule

* In-hospital phase: Initiation under supervi-
sion, with discharge allowed =6 hours after
first dose if stable.

* Outpatient phase: Visits at 2 and 4 weeks
for dose titration, then every 3 months until
week 52.

Background therapy

All enrolled patients will be treated in accordance
with the current ESC guidelines and receive stan-
dard chronic HF treatment. GDMT includes beta-
-blockers, diuretics, ACE-I or ARB, mineralocor-

Titration Schedule Target Dose

Sacubitril/Valsartan 24/26 mg twice daily (or 49/51 mg Dose doubled every 97/103 mg twice
twice daily if baseline SBP =110 mmHg 2 weeks as tolerated daily
and eGFR =60 mL/min/1.73m?)

2.5-5 mg twice daily Dose doubled every

2 weeks as tolerated

Enalapril 10 mg twice daily

l Last intake of the s0-far used medicaton I

U

Firgt intaka of 17
Discharge posaibly »6h after 1P sdminstration

Figure 2.
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ticoid receptor antagonists (MRA), and sodium-
-glucose cotransporter-2 inhibitors (SGLT2-I), if
those above are not contraindicated. In patients
with atrial fibrillation and/or coronary artery
disease, the current standard therapy will be con-
tinued.

Ethical issues

This clinical trial received approval from the
Ethics Committee of the Medical University of
Poznan, Poland (approval number: 77/21, 4 Feb
2021).

The study will be conducted in accordan-
ce with the International Conference on Harmo-
nisation Guidelines for Good Clinical Practice,
the Declaration of Helsinki, European Directi-
ve 2001/20/EC, the Act of 6 September 2001 on
Pharmaceutical Law in Poland, and applicable
local health laws and authorities, as well as the
Ethics Committee requirements.

Results

Statistical analysis

All data collected will be analysed descriptively.
Standard descriptive statistical methods, inclu-
ding the number of patients, arithmetic mean,
standard deviation, upper and lower quartiles,
minimum, median and maximum, will be applied.
For categorical variables, tables of frequencies
(both absolute and relative) will be presented.
The number of patients for whom the data are
missing will be provided where appropriate.

Reported adverse events and comorbidities
will be coded using the MedDRA dictionary
(a version current at the time of the study initia-
tion), and all adverse event summaries will pre-
sent preferred terms and System Organ Class.

All data up to the time of study completion or
withdrawal will be included in the analysis, regar-
dless of treatment duration.

Results will be compared between study arms.
For continuous outcomes, distribution will be first
tested for normality using the Shapiro-Wilk test.
Then, Student's t-test will be used to compare
the distribution of normally distributed variab-
les between study arms, and the Mann-Whitney
test will be used otherwise. For categorical out-
comes, Fisher's exact test of chi-squared test
will be used, depending on the expected sizes of

the categories. Time-to-event data will be ana-
lysed using survival analysis methods. Specifi-
cally, survival curves will be estimated using the
Kaplan-Meier method and compared between
study arms using the log-rank test.

Additionally, the effect of treatment (stu-
dy arm) on the risk of event occurrence will be
assessed using Cox regression. The level of sta-
tistical significance will be set at 0.05. Two-sided
tests will be used.

Safety monitoring

All patients involved in the study will be monito-
red according to the visit schedule. On each vis-
it, the patient will have blood samples taken for
laboratory tests, among others, for creatinine
and electrolytes. The dose level received by the
patient will depend on the mean values of the
systolic blood pressure (SBP), which is assessed
on each visit.

The administration of the study medication
will be stopped when any of the following occurs:
significant, symptomatic and persistent hypo-
tension (SBP<=90 mmHg), worsening of renal
function (defined as an increase in serum cre-
atinine 0.5 mg/dL and/or worsening of eGFR =
25%) or development of hyperkaliemia (defined
as K= 5.5mEq/L/L). All adverse events that could
be potentially associated with the drug will be
identified and reported in the form of AE and SAE
reports, in accordance with the ICH guideline for
Good Clinical Practice. Additionally, the study will
be monitored by an Independent Data Monitoring
Committee (IDMC), which will also provide a the-
rapy safety assessment throughout the entire
study duration.

Discussion

Pulmonary hypertension associated with HFrEF
influences symptoms, QoL and prognosis. The
original definition of PH used a mean pulmona-
ry artery pressure (mPAP) =25 mmHg. Findings
from extensive studies have shown, for the first
time, that a significant increase in mortality and
hospitalisation risk arises in patients with mPAP
> 20 mmHg. Hence, according to the ESC 2022
guidelines, PH is diagnosed when mPAP is grea-
ter than 20 mmHg [7]. However, despite this, there
is still no specific treatment for PH-LHD. One of
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the promising drugs is sacubitril/valsartan. S/V
combines the effects of an angiotensin receptor
blocker with a neprilysin inhibitor, which enhan-
ces the activity of the natriuretic peptide system
and other vasoactive peptides, thus strengthe-
ning the protective effect of endogenous natriu-
retic peptides in the treatment of HF, an ARNI,
functions as an activator of particulate guanylyl
cyclase, leading to increased levels of vasoacti-
ve peptides and belongs to the peptide signal
cascade through cyclic guanosine monopho-
sphate (cGMP), producing significant antimitoge-
nic and vasodilatory effects [10,11].

The main clinical confirmation of the effecti-
veness of S/V was provided by the PARADIGM-
-HF study from 2014, which showed that S/V
was superior to enalapril in reducing the risk of
death and hospitalisation for heart failure. It
received the first class of recommendation, hen-
ce it constitutes the basic treatment for patients
with HFrEF. However, no study has confirmed the
influence of ARNI on PH that can complicate the
course of HFrEF. There is no specific treatment
for PH in HF.

According to the Prospective comparison of
an ARNI with an ACE-I to Determine the Impact
on Global Mortality and morbidity in Heart Fai-
lure (PARADIGM-HF)[10] trial, the S/V in compa-
rison with enalapril showed a robust 20% relati-
ve risk reduction in cardiovascular mortality and
hospitalization due to worsening of HF among
the ambulatory HF patients with a left ventricu-
lar ejection fraction (LVEF) <40% (i.e., changed to
<35% by an amendment to the protocol midtrial)
and New York Heart Association functional class
[I-1V symptoms.

The trial was stopped early, according to pre-
specified rules, after a median follow-up of 27
months, because the boundary for an overwhel-
ming benefit with S/V had been crossed, resul-
ting in a reduction in the primary outcome in the
study group.

Scientific reports indicate that S/V, in the
absence of targeted therapy for PH-LHD, appears
to improve outcomes in these patients significan-
tly. The beneficial effects of NPs occur through
a complex signalling system, which induces dire-
ct vasodilation, increases glomerular filtration,
promotes natriuresis, reduces renin secretion,
and exhibits antihypertrophic and antifibrotic
myocardial effects.

Journal of Medical Science 2025 December;94(4)

Most of the evidence supporting the effe-
cts of S/V on PH derives from experimental and
echocardiographic studies, mostly retrospective.
In experimental studies of pulmonary hyperten-
sion in rats, treatment with S/V, but not valsartan,
resulted in a significant reduction in right ven-
tricular (RV) pressure (62 *+ 4 vs. 46 £+ 5 mmHg)
compared with the placebo. This was associated
with reduced pulmonary vascular wall thickness,
increased lung levels of atrial natriuretic peptide,
brain natriuretic peptide, and cGMP, and decrea-
sed plasma endothelin-1 levels. S/V reduces pul-
monary pressures, vascular remodelling, and RV
hypertrophy in a rat model of PH. It is suggested
that it may be appropriate for the treatment of
pulmonary hypertension and RV dysfunction [5].

In another experimental study in which rats
were treated with monocrotaline or a hypoxic
environment for 14 days to induce PH, S/V was
given thereafter for the next 14 days. This study
indicated that S/V reduced pulmonary pressure,
adverse vascular remodelling and right ventricu-
lar hypertrophy in rats [14].

In the retrospective observational study of 93
patients with HFrEF with RV dysfunction based on
echocardiographic parameters, it was found that
S/V treatment was associated with significant
improvements in the following RV function indi-
cators: tricuspid annular plane systolic excursion,
tri, including cuspid annular s' peak velocity (S"),
RV fractional area change, and pulmonary arte-
ry systolic pr[15]. The authors suggested that this
improvement may be independent of left heart
dysfunction, and in patients with RV dysfunction
and HFrEF, S/V may improve RV remodelling.

The systematic review and meta-analysis
by Zhang et al. confirmed that S/V significan-
tly enhances proper ventricular function and
reduces PH in patients with HFrEF [16]. Across
10 observational studies involving 875 patients
(mean age 62.2 years, 74% men), S/V led to sig-
nificant improvements in key parameters: tricu-
spid annular plane systolic excursion increased
by 1.26 mm (95% ClI, 0.33-2.18 mm; P = 0.008),
tricuspid annular peak systolic velocity rise by
0.85 cm/s (95% Cl, 0.25-1.45 cm/s; P = 0.005),
and estimated systolic pulmonary arterial pres-
sure decreased by 7.21 mm Hg (95% Cl, 5.38-9.03
mm Hg; P < 0.001). These improvements suggest
that S/V positively affects proper ventricular per-
formance and pulmonary pressures, effects that



are not solely dependent on left ventricular rever-
se remodelling.

The prospective observational study by Poli-
to et al. evaluated the effects of S/V on clinical
outcomes and echocardiographic parameters in
areal-world cohort of 90 patients with HFrEF [17].
Over a 12-month follow-up, S/V treatment signifi-
cantly reduced the risk of the composite primary
outcome (cardiac death and HF rehospitalisation)
with a hazard ratio (HR) of 0.31 (95% ClI, 0.11-
0.83; P = 0.019). S/V also lowered the risk of HF
rehospitalisation (HR: 0.27; 95% CI, 0.08-0.94; P
= 0.039) compared to a control group of patients
receiving standard medical therapy. Additional-
ly, improvements were observed in NYHA class,
LVEF and systolic PAP at 6 months. Importantly,
S/V preserved renal function and reduced the
need for furosemide at 6 and 12 months. The-
se findings suggest that S/V offers significant
clinical benefits in reducing adverse outcomes
and improving functional and echocardiographic
parameters in patients with HFrEF.

Another prospective study by Yamaguchietal.,
based on echocardiographic assessments after
the 6BMWT, examined the effects of ARNI on pul-
monary circulation in 39 HF patients [18]. Signi-
ficant improvements were observed in LV volume
(160.7 £ 49.6 mL vs 136.0 £ 54.3 mL, P < 0.001) and
LVEF (37.6 £ 11.3% vs 44.9 + 11.5%, P < 0.001) for
the 31 patients who completed both baseline and
follow-up assessments. Follow-up 6MWT stress
echocardiography revealed an increase in the
6MWT distance from 380 m to 430 m (P = 0.003).
Significantly, the ratio of mean PAP to cardiac out-
put decreased with ARNI treatment (6.9 mmHg/L/
min vs 2.8 mmHg/L/min, P = 0.002), indicating
improved pulmonary pressure-flow dynamics.
These findings suggest that ARNI treatment not
only enhances LV function and exercise capacity
but also optimises the pulmonary pressure-flow
relationship in heart failure patients.

In the two cases reported by De Simone et al.,
the use of ARNI was noted in patients with advan-
ced HFrEF. This has resulted in an improvement in
pH, as measured during RHC, and, consequently,
in both clinical status and prognosis. These two
cases demonstrate that natriuresis and vasodila-
tion may play a crucial role in reducing pulmona-
ry pressures [19].

ARNIMEMS-HFpEF was a single-arm inter-
ventional study with a short observation period

(7 days), investigating patients with heart failure
with preserved ejection fraction (HFpEF), [20]. The
sample size consisted of 14 patients. The results
indicated a significant reduction in mPAP by 4.14
+ 5.7 mmHg after 7 days of S/V treatment (P =
0.019), as assessed using the CardioMEMS devi-
ce. Furthermore, a notable improvement in fun-
ctional capacity was observed in the 6BMWT, with
distances increasing from 270.6 * 101.3 meters
to 298.3 + 88.4 meters (P < 0.001) following the
ARNI therapy.

Another retrospective case series involved 18
patients with HFrEF and pulmonary pressures
as measured using the CardioMEMS device over
5 days after S/V initiation [7]. The study showed
a significant reduction in median (interquarti-
le range) mMPAP by -3.6 mmHg (-9.8, -0.7) post-
-ARNl initiation. Additionally, the baseline median
(interquartile range) PVR was significantly higher
at 357 (320, 548) dyn/s/cm°® compared to 137 (73,
172) dyn/s/cm® (P = 0.001), suggesting a mar-
ked reduction in pulmonary resistance following
treatment. These studies emphasise the early
hemodynamic benefits of S/V, including cuts in
pulmonary pressures and improvements in fun-
ctional capacity, which contribute to a broader
understanding of S/V therapeutic effects in both
HFpEF and HFrEF populations.

Conclusions

Pulmonary hypertension secondary to HFrEF
remains a major contributor to symptom bur-
den, hospitalisations, and adverse prognosis, yet
no specific pharmacological treatment has been
proven to modify its course. Sacubitril/valsartan,
a cornerstone therapy for HFrEF, has demonstra-
ted robust clinical benefits in reducing mortali-
ty and hospitalisations for heart failure. Eviden-
ce from preclinical models, echocardiographic
studies, and limited invasive hemodynamic data
suggests that sacubitril/valsartan may also redu-
ce pulmonary pressures, improve proper ventri-
cular function, and favorably remodel the pulmo-
nary vasculature.

The PRESENT-HF trial is the first randomised,
double-blind, controlled study to prospectively
investigate the effect of sacubitril/valsartan on
invasively measured pulmonary artery pressures
and pulmonary vascular resistance in patients
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with HFrEF and confirmed PH. By combining
gold-standard hemodynamic assessment with
clinical, functional, and quality-of-life endpoints,
this trial aims to address a critical knowledge gap
and expand the therapeutic role of ARNI therapy
to include the management of PH-LHD.
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Inclusion criteria

Supplementary Table 1. Inclusion and exclusion criteria for the PRESENT-HF study.

Exclusion criteria

. Age =18 years of age who are ableto 1. Current treatment with S/V.
complete and sign the informed 2. Cardiogenic shock.
consent form. 3. Current treatment with sildenafil.

. HF patients in NYHA lI-1V in whom RHC 4. Patients ineligible or contraindicated for treatment with S/V.
reveals post-capillary pulmonary 5. Patients with a history of angioedema.
hypertension; both IpcPH as well as 6. Patients who have had a heart transplant or have had a circulatory support device.
CpcPH(Humbert et al., 2022) 7. Patient on the urgent list for heart transplantation.

. Stable patients haemodynamics, 8. Isolated right HF secondary to lung disease.
which is defined as no change in 9. Documented untreated significant ventricular arrhythmia with syncope within the
diuretic use for at least 4 weeks prior previous 3 months.
to study entry. 10. Symptomatic bradycardia or second or third degree atrioventricular block not

. HF during optimal treatment with protected by a pacemaker.
ACE-1/ ARB, beta-blocker, MRA, 11. Factors that prevent RHC testing (e.g. very serious condition of the patient that
SGLT2-1 except in cases where the makes it impossible to lie down, cardiogenic shock, allergy to contrast agents, etc.).
above-mentioned treatment was 12. Pregnant or lactating women.
contraindicated or not tolerated. 13. Women of childbearing age, defined as the physiological possibility of becoming

. Understanding and acceptance of the pregnant, unless using two methods of contraception.
research assumptions and methods,  14. Acute coronary syndrome, including myocardial infarction (STEMI, NSTEMI),
and signing the informed consent by a ondition with carotid revascularization or major cardiovascular surgery in the
the patient. last 30 days.

15. Stroke or TIA within the last 3 months.

16. Previous CRT implantation in the last 3 months or planning for CRT implantation.

17. Life expectancy < 6 months.

18. Severe renal failure, eGFR < 30 ml / min / 1.73 m2 (calculated according to the
MDRD formula).

19. Serum potassium > 5.2 mEqL.

20. Liver failure or elevated liver transaminases (total bilirubin > 3 mg / dL and/or ALT
and/or AST 23x ULN).

21. A major surgery planned within 6 months of randomization.

22. Planned coronary angioplasty or pacemaker/ICD/CRT implantation within the next
6 months.

23. Severe primary valve disease (NOT secondary mitral regurgitation) or obstructive
hypertrophic cardiomyopathy.

24. The presence of a malignant neoplasm of any organ system, i.e. clinical signs or
no stable remission for at least 3 years after the end of the last treatment, with the
exception of non-invasive basal cell carcinoma, squamous cell carcinoma of the
skin or cervical epithelial dysplasia.

25. Diseases that significantly reduce physical performance:

- a) severe COPD putting off oxygen therapy,

- b) severe asthma,

- ¢) morbid obesity (BMI>40 kg/m?),

- d) significant lower limb atherosclerosis with intense intermittent claudication.

26. Uncontrolled hypertension (SBP>170 mmHg and / or DBP>100 mmHg).

27. Symptomatic hypotension (SPB < 90 mmHg).

28. Any situation that may make it impossible to perform the research in accordance
with the protocol or express written consent in the opinion of the researcher,
including abuse of alcohol, drugs or other psychoactive substances.

29. Participation in a study with a device or medicinal product within 3 months prior to

randomization or 5 half-lives, whichever is longer, prior to the screening visit.

Abbreviations: ACE-1 - Angiotensin-Converting Enzyme Inhibitors; ALT — Alanine Aminotransferase; ARB — Angiotensin Receptor Blockers;
AST - Aspartate Aminotransferase; BMI - Body Mass Index; CpcPH — Combined Post- and Pre-capillary Pulmonary Hypertension; COPD -
Chronic Obstructive Pulmonary Disease; CRT — Cardiac Resynchronization Therapy; DBP - Diastolic Blood Pressure; eGFR — Estimated
Glomerular Filtration Rate; ESC — European Society of Cardiology; HF — Heart Failure; ICD - Implantable Cardioverter-Defibrillator; IpcPH —
Isolated Post-capillary Pulmonary Hypertension; MDRD - Modification of Diet in Renal Disease; MRA - Mineralocorticoid Receptor
Antagonists; NSTEMI - Non-ST-Elevation Myocardial Infarction; NYHA — New York Heart Association; mPAP — Mean Pulmonary Artery
Pressure; PAWP — Pulmonary Artery Wedge Pressure; PH — Pulmonary Hypertension; PVR — Pulmonary Vascular Resistance; RHC - Right
Heart Catheterization; S/V - Sacubitril/Valsartan (sakubitryl/walsartan); SBP — Systolic Blood Pressure; SGLT2-I - Sodium-Glucose
Cotransporter-2 Inhibitors; STEMI — ST-Elevation Myocardial Infarction; TIA — Transient Ischemic Attack; ULN - Upper Limit of Normal; WU
- Wood Units.
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