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Abstract

The triglyceride-glucose (TyG) index, a simple surrogate marker integrating insulin resistance and atherogenic
dyslipidemia, has attracted growing attention as a potential tool for addressing residual risk in cardiovascular
disease (CVD) prediction. Robust observational evidence consistently links the TyG index to hard cardiovascular
endpoints and subclinical atherosclerosis, positioning it as a strong candidate for clinical translation. However,
its adoption in mainstream quidelines is constrained by a critical limitation: the current evidence is exclusively
observational and lacks interventional data demonstrating that lowering the TyG index improves clinical
outcomes. This editorial arques that, although the TyG index represents a practical and readily available risk-
stratification adjunct, it has not yet evolved into a validated therapeutic target. We propose a dual-pathway
strateqy: provisional recognition within quidelines as a risk-enhancing factor, accompanied by a clear call
for dedicated cardiovascular outcome trials. Such an approach would capitalize on its present utility while
upholding the evidentiary standards required to inform clinical practice.

Key words: triglycerides, blood glucose, insulin resistance, cardiovascular disease, risk assessment
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Highlights

its value in residual risk prediction.
dated therapeutic target.

clinical practice.

« Triglyceride—glucose (TyG) index emerges as a strong cardiovascular risk marker: Robust observational studies
link the TyG index to hard cardiovascular disease (CVD) outcomes and subclinical atherosclerosis, highlighting

+ Evidence gap limits guideline adoption: Despite consistent associations with cardiovascular events, the TyG index
lacks interventional trials proving that lowering it improves clinical outcomes, preventing its recognition as a vali-

« Call for dual-pathway integration into CVD guidelines: Provisional inclusion of the TyG index as a risk-enhancing
factor, combined with dedicated cardiovascular outcome trials, may accelerate its translation into evidence-based

Introduction

A consensus is emerging in preventive cardiology: the tri-
glyceride-glucose (TyG) index is a remarkably strong, ac-
cessible, and independent marker of cardiovascular risk. Its
calculation is seductively simple, its pathophysiological basis
— integrating insulin resistance and atherogenic lipoproteins
—is compelling, and its association with future events is con-
sistently validated across diverse cohorts. It would seem, then,
that its place in future clinical guidelines is all but assured.

However, the very ease of its adoption presents a dan-
ger. The translation of a risk marker into a guideline-
recommended action is a process governed by rigorous
evidentiary hierarchies, not merely by statistical associa-
tion. The medical landscape is littered with biomarkers
whose promising observational data never translated into
improved patient outcomes when put to the interventional
test. Thus, the critical question is not whether the TyG
index is useful, but how it should be useful at this precise
moment in its evidentiary evolution.

This editorial argues that we must resist the temptation
to anoint the TyG index as a standalone intervention tar-
get prematurely. Its current, undeniable value lies in risk
refinement — identifying the “hidden” high-risk individual
within traditional intermediate-risk categories. I propose
that guidelines should formally categorize it as a “risk-en-
hancing factor,” a tool to prompt more personalized clini-
cian—patient discussion and enhance lifestyle counseling.
Concurrently, and with equal urgency, the research com-
munity must prioritize the definitive randomized trials
that can probe its causal role. The TyG index is ready for
a supporting role in risk assessment today, but its starring
role in therapeutic guidance awaits the next act of scien-
tific validation.

The guideline dilemma
and the TyG opportunity

Despite the widespread application of existing risk pre-
diction models based on traditional factors (e.g., blood

pressure, low-density lipoprotein cholesterol [LDL-C]),
the “residual risk” of cardiovascular disease (CVD) re-
mains significant.! This drives the search for novel
biomarkers that can more comprehensively and earlier
reflect the essence of metabolic dysregulation. Insulin
resistance and atherogenic dyslipoproteinemia are core
pathophysiological mechanisms driving this residual
risk,? yet current guidelines lack simple, cost-effective
tools to routinely assess these dual pathways. The TyG
index (Ln[fasting triglycerides (mg/dL) x fasting glucose
(mg/dL)/2]) emerges precisely for this purpose. It in-
geniously integrates these 2 mechanisms into a simple
formula, representing a paradigm shift from assessing
“single metrics” to evaluating “integrated pathways”.?
Faced with such a promising marker, what should be
the stance of clinical guidelines: enthusiastic adoption
or cautious vigilance?

Compelling evidence
for TyG index usefulness

Large-scale, long-term follow-up studies have shown that
the TyG index is significantly associated with myocardial
infarction, stroke, and all-cause mortality.*=¢ Its predic-
tive power is independent of traditional risk factors and
often superior to single glycemic or lipid metrics.”~ Deeper
investigation reveals that derivatives combining TyG with
indices like body mass index (BMI) or waist circumference
(WC) (e.g., TyG-BMI, TyG-WC) further enhance predictive
accuracy, showcasing its excellent scalability.1%1!

The TyG index integratively reflects the 2 key drivers
of residual cardiovascular risk. First, as a valid surrogate
for insulin resistance, its elevation signals abnormalities
in glucose and fat metabolism, accompanied by increased
free fatty acids and a pro-inflammatory state.!? Second,
elevated triglyceride levels per se are a marker for increased
atherogenic triglyceride-rich lipoproteins (TRLs) and their
remnants, which directly damage vasculature by induc-
ing endothelial dysfunction and oxidative stress.!*> Thus,
through a simple calculation, the TyG index captures
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both the “upstream mechanism” (insulin resistance) and
the “downstream effect” (TRLS).

The TyG index correlates strongly with subclinical
atherosclerosis, providing a mechanistic bridge to hard
endpoints. Substantial evidence confirms its strong as-
sociation with key markers of subclinical atherosclero-
sis. At the vascular structural level, an elevated TyG in-
dex is independently associated with and is a significant
risk factor for increased carotid intima-media thickness
(CIMT)."* At the coronary level, cross-sectional and in-
travascular ultrasound evidence indicates that a higher
TyG index is significantly associated with the presence,
extent, and unstable features (e.g., spotty calcification)
of coronary artery calcification (CAC).!1> A meta-analysis
of 41 studies concluded that individuals with a high TyG
index are at significantly increased risk of coronary calcifi-
cation, plaque progression, and multivessel disease.!® These
findings indicate that the insulin-resistant and dyslipid-
emic state captured by the TyG index directly promotes
the initiation, progression, and destabilization of athero-
sclerotic lesions. Therefore, the TyG index is not merely
arisk marker but a mechanistic link connecting metabolic
dysregulation to structural vascular damage.

Finally, the calculation of the TyG index relies solely
on the most routine, low-cost laboratory tests, obtainable
at any level of healthcare facility. This grants it immense
public health value, particularly in resource-limited settings.

The “critical gap” hindering
TyG index guideline inclusion

However, a sober recognition is essential: Observational
association is merely the first step. Changing clinical prac-
tice through guidelines requires the highest level of evi-
dence — demonstrating that intervention on the marker
yields clear clinical benefit. Currently, all evidence sup-
porting the TyG index remains observational, proving “as-
sociation” but not “causation” or “intervention benefit”.
This evidence chasm is precisely what separates a “risk
marker” from a “clinical decision-making target.” The his-
torical trajectory of high-sensitivity C-reactive protein (hs-
CRP) offers a profound lesson: Despite an immense body
of evidence linking it to cardiovascular risk, and a positive
trial (JUPITER) designed based on this link,'” a subsequent
trial specifically testing the “anti-inflammatory” bene-
fit (CIRT) failed to improve cardiovascular outcomes.'®
This exposes a critical issue: Even if a marker can be low-
ered by an intervention, it does not equate to the efficacy
of a direct, pathway-specific intervention. Consequently,
hs-CRP has not been widely adopted as an independent
target to initiate therapy.

In contrast, the transformative pathway of lipoprotein(a)
(Lp(a)) points the way forward. Although its causal link
to cardiovascular risk was long established through large-
scale genetic studies, its fundamental change in clinical
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stature began when drugs targeting Lp(a) reduction (e.g.,
Zerlasiran) demonstrated safe and potent lowering of its
levels by over 80% in clinical trials, with several phase III
trials with cardiovascular endpoints underway.!*20 It is
precisely this progress that has led to Lp(a)’s recent in-
clusion in multiple international guidelines. In contrast,
the TyG index stands at this decisive threshold: It ur-
gently needs its own ‘cardiovascular outcomes trial’ to an-
swer the pivotal question — can actively lowering a high
TyG index ultimately reduce the incidence of myocardial
infarction and stroke? Only with positive results from
such prospective randomized controlled trials (RCTs) can
the TyG index complete its transformation from an ex-
cellent risk predictor to an actionable clinical decision-
making tool.

Furthermore, the distribution and optimal risk cut-
off points for the TyG index vary across races, ages, and
genders. Guidelines require a universal or stratified stan-
dard. As the index fluctuates with lifestyle and medica-
tion, should guidelines recommend a single measurement
or an average/trend from multiple readings? In modern
risk prediction models incorporating over a dozen vari-
ables (e.g., the U.S. Pooled Cohort Equations), is the Net
Reclassification Improvement (NRI) or Integrated Dis-
crimination Improvement (IDI) gained by adding the TyG
index significant enough to justify the added complexity
and change risk stratification? Finally, its routine use ne-
cessitates evaluation of “clinical net benefit” to prevent
unnecessary additional testing or over-treatment of bor-
derline cases.

A pragmatic pathway
towards guideline inclusion

I propose that current guidelines formally include
the TyG index within chapters dedicated to “Emerging Risk
Markers” or “Risk-Enhancing Factors.” Its role should be
defined not as an independent standard to initiate therapy,
but as a decision-aid for risk stratification and an alert
indicator to intensify patient education. For instance, in in-
dividuals at intermediate traditional risk but with a signifi-
cantly elevated TyG index, an escalation of intervention
intensity could be considered.

There is a compelling need to launch TyG index-directed
RCTs. These trials could enroll asymptomatic individuals
at low-to-intermediate traditional risk but with a TyG in-
dex above a specific cut-point, randomizing them to stan-
dard care versus intensified intervention arms (e.g., early
initiation of statins, GLP-1 receptor agonists, or inten-
sive lifestyle management), with cardiovascular events
as the primary endpoint.

We recommend that professional societies lead the de-
velopment of expert consensus statements on the mea-
surement and reporting of the TyG index to promote
standardization.
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Conclusions

Prudent integration of the TyG index into clinical con-
text and the active pursuit of rigorous research are not
mutually exclusive but embody the rigor and dynamism
of evidence-based medicine. I embrace this promising tool
but must validate it against the highest scientific standards,
with the ultimate goal of patient benefit.
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Abstract

Background. Thrombocytopenia remains a significant problem in patients with cardiovascular disease (CVD)
due to the indispensable use of antiplatelet therapy.

Objectives. The aim of this study was to establish a novel flow cytometry (FC)-based method for measuring
platelet reactivity during dual antiplatelet therapy (DAPT) and to compare it with impedance aggregometry
(IA) in thrombocytopenic patients undergoing percutaneous coronary intervention (PCl).

Materials and methods. This prospective cross-sectional study included 30 patients with thrombocyto-
penia. Platelet aggregation was assessed using 1A and FC.

Results. A similar response to arachidonic acid (AA), reflecting the effect of acetylsalicylic acid (ASA), was
observed in bath groups. Responses to thrombin receptor agonist peptide (TRAP) and adenosine diphosphate
(ADP), measured with aggregometry, were significantly higher in thrombocytopenic patients than in patients
with normal platelet counts. When the FC method was used, the response to AA was significantly higher
in thrombocytopenic patients. The optimal cut-off value for the FC method to define adequate platelet
reactivity inhibition with clopidogrel in thrombocytopenic patients was <25.7%.

Conclusions. In patients with thrombocytopenia, IA is useful for assessing ASA response, whereas the pre-
sented FC method may be more accurate for evaluating response to clopidogrel.

Key words: percutaneous coronary intervention, thrombocytopenia, dual antiplatelet therapy
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Highlights

antiplatelet therapy (DAPT).
tion despite reduced platelet counts.

patients.

+ Flow cytometry (FC) provides a more accurate assessment of platelet reactivity to clopidogrel in thrombocytopenic
patients undergoing percutaneous coronary intervention (PCI).
+ Impedance aggregometry remains reliable for evaluating acetylsalicylic acid (ASA) response in patients on dual

+ Thrombocytopenic patients show enhanced platelet reactivity to ADP and TRAP, indicating altered platelet func-

+ A flow cytometry cut-off below 25.7% may optimize monitoring of clopidogrel effectiveness in thrombocytopenic

Background

Antiplatelet therapy is a key component of pharmaco-
logic treatment in patients with atherosclerotic vascular
disease, as it reduces platelet activation and aggregation
and thereby lowers the risk of thrombotic events. However,
this approach is inherently associated with an increased
risk of bleeding, making the balance between thrombotic
protection and hemorrhagic complications particularly
challenging in high-risk populations with thrombocyto-
penia. This issue is especially pronounced after percutane-
ous coronary intervention (PCI) with stent implantation,
where dual antiplatelet therapy (DAPT) with acetylsalicylic
acid (ASA) and clopidogrel is recommended for 6 months.
However, robust evidence to guide DAPT management
in patients with thrombocytopenia is lacking. The avail-
able literature is largely limited to individual case reports,
small case series, and expert opinions, with a notable lack
of evidence-based guidelines or randomized controlled
trials (RCTs) supporting tailored long-term antiplatelet
therapy in this population.!-¢

One proposed approach to optimize ASA and clopido-
grel therapy involves monitoring platelet inhibition us-
ing aggregometry.” This technique has been extensively
studied in patients with normal platelet counts and has
demonstrated robust utility in characterizing platelet func-
tion and assessing responsiveness to antiplatelet therapy.
However, current clinical guidelines do not recommend
its routine use after PCI. Instead, platelet reactivity as-
sessment is reserved for selected high-risk populations,
such as patients undergoing urgent coronary artery bypass
grafting while receiving DAPT.® Although thrombocyto-
penia is relatively uncommon among patients undergo-
ing coronary interventions, platelet function monitoring
may be justified in this subgroup to achieve an appropri-
ate balance between antithrombotic efficacy and bleeding
risk. This consideration is particularly relevant because
thrombocytopenia is independently associated with ad-
verse outcomes in patients hospitalized with cardiovas-
cular disease (CVD).°

A major limitation of conventional aggregometry is that
commercially available systems are validated only for platelet

counts from 150,000/mm? to 450,000/mm?3. An alternative
approach to address this limitation is the use of flow cytom-
etry (FC)-based platelet reactivity assessment, which allows
for evaluation of platelet activation independently of the ab-
solute platelet count. Although FC remains technically
demanding and has not yet been implemented as a point-
of-care assay, it has consistently demonstrated superior sen-
sitivity for detecting alterations in platelet reactivity.

Objectives

This study aimed to establish a novel FC-based method
for assessing platelet reactivity during DAPT and to com-
pare its performance with impedance aggregometry (IA)
in patients with thrombocytopenia undergoing PCI.

Materials and methods
Patients selection

This prospective cross-sectional study was conducted
in patients with thrombocytopenia undergoing PCI. In-
clusion criteria were a platelet count <150,000/mm?, re-
cent PCI, and treatment with DAPT. Exclusion criteria
included the use of additional systemic anticoagulation.
Patients who met all inclusion criteria, had no exclusion
criteria, and provided written informed consent were en-
rolled. The control group comprised healthy volunteers
not receiving antiplatelet therapy and patients with normal
platelet counts who had recently undergone PCI and were
treated with DAPT. All participants had blood samples
collected in the early morning after fasting for at least 6 h.

Impedance aggregometry

Blood samples for platelet aggregation assessment were
collected at the following time points: pre-PCI and at 24 h,
7 days, and 30 days after the procedure. Platelet aggrega-
tion was measured using a Multiplate® impedance ag-
gregometer (Roche Diagnostics, Basel, Switzerland). Blood
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was collected into tubes containing hirudin (25 pg/mL)
as an anticoagulant (Roche Diagnostics). The agonists
used for aggregation were arachidonic acid (AA) 0.5 mM,
adenosine diphosphate (ADP) 6.4 uM, collagen (COL)
3.2 pg/mL, and thrombin receptor agonist peptide (TRAP)
32 uM. All reagents were provided by the manufacturer
(Roche Diagnostics). Aggregation was performed within
2 h of blood collection and recorded as the area under
the curve (AUC). Each test was performed in duplicate,
and the mean value was used for analysis. If the difference
between the 2 measurements exceeded 10%, the result was
discarded and the measurement was repeated. Response
to ASA was evaluated using A A-induced platelet aggrega-
tion, whereas response to clopidogrel was assessed using
ADP-induced aggregation. Based on previously published
thresholds, incomplete response to clopidogrel was de-
fined as aggregation >48 AU and incomplete response
to ASA as aggregation >30 AU.1!!

Flow cytometry method

Plasma from a single male donor (blood group AB, RhD
positive) was used as the matrix for all flow cytometric
platelet aggregation experiments, following the protocol
described by Vinholt et al.!?> Donor plasma was obtained
by double centrifugation of citrate-anticoagulated whole
blood at 1,000 x g for 10 min. The resulting plasma was ali-
quoted into 150-puL portions and stored at —80°C. Peripheral
blood from study participants was collected into BD Vacu-
tainer® tubes (BD Biosciences, Franklin Lakes, USA)contain-
ing 0.109 M trisodium citrate for platelet function testing
or ethylenediaminetetraacetic acid (EDTA) for hematologic
analysis. Platelet-rich plasma (PRP) was prepared by centri-
fuging citrate-anticoagulated blood at 200 x g for 15 min
at 37°C. Platelet counts in PRP were measured using a Sysmex
XN-2000 analyzer (Sysmex Corporation, Kobe, Japan).

Platelet-rich plasma was subsequently divided into
2 fractions containing 144 x 103/uL and 16 x 103/uL
platelets, respectively. In patients with peripheral platelet
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counts <150 x 103/uL, proportional reductions in fraction
volumes were applied (eg, 72 x 103/pL and 8 x 103/uL).
The PRP fractions were diluted to the target platelet con-
centration with a physiologic buffer (NaCl 134 mM, KCl
2.9 mM, MgCl, 1 mM, glucose 5.6 mM, and HEPES 20 mM;
pH 7.4) and labeled with either calcein-AM ultrapure grade
(CAMU; detected in fluorescein isothiocyanate (FITC))
or calcein-AM Violet 450 (CV450; detected in V450)
(both from eBioscience, San Diego, USA). A 500-uL ali-
quot of the 144 x 103/uL fraction was stained with 10 pL
of CV450 (working solution, 0.2 uM in dimethyl sulfoxide
(DMSO)), and a 500-pL aliquot of the 16 x 103/pL fraction
was stained with 10 uL of CAMU (working solution, 10 uM
in DMSO). Labeling was performed for 15 min at 37°C
in the dark with shaking at 600 rpm (BioSan Thermo-
Shaker TS-100; Biosan, Riga, Latvia).

For the FC aggregation assay, 35 puL of thawed donor
plasma was mixed with 17.5 pL of each labeled platelet frac-
tion in 1.5-mL Eppendorf® tubes (Eppendorf SE, Hamburg,
Germany). Subsequently, 2.5 uL of ADP, 2.5 uL of TRAP,
or 25 uL of AA (Roche ADPtest, TRAPtest, and ASPItest,
respectively; Roche Diagnostics) was added, yielding a fi-
nal concentrations of ADP 6.5 pM, TRAP 32 uM, and AA
0.56 mM. Samples were incubated for 5 min at 37°C with
shaking at 600 rpm. A 4" tube, processed identically but
without agonist, served as a negative control (NC).

After incubation, 1 mL of fixation buffer (0.2% formal-
dehyde in dilution buffer) was added, and samples were
transferred to FC tubes. Acquisition was performed using
a FACSCanto 10-color (uncompensated) flow cytometer,
and data were analyzed using FACSDiva software (both
from BD Biosciences).

Gating strategy

The platelet population was initially identified on a for-
ward scatter (FSC) vs side scatter (SSC) plot and subse-
quently confirmed on an FSC vs FITC plot corresponding
to CAMU-labeled platelets (Fig. 1). The platelet gate (P3)
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Fig. 1. Identification of the platelet population using FC

FC - flow cytometry; FITGA - fluorescein isothiocyanate area; FSC — forward scatter; SSC - side scatter.



594

D. Wilczewska et al. DAPT in thrombocytopenic patients after PCl

10UL 10X CAMUICYA50-5MIN

Fig. 2. Platelet aggregation with (right) and

10UL 10X CAMUICYA50-5hIN

WV450-4

Q
ON

without (left) ADP stimulation

AA — arachidonic acid; ADP — adenosine
diphosphate; CAMU - calcein-acetoxymethyl
ester ultrapure grade; V450-A,c — alcein-AM
Violet 450.

R R

Q3-1
0 10°

-165

-126

was defined on the SSC vs FITC plot, and 10,000 events
were acquired within this gate. Platelet aggregation was
quantified as the proportion of double-positive (CAMU?/
CV450*) events relative to all CAMU-positive platelets.
Representative results showed 60.8% aggregation follow-
ing ADP stimulation and 4.6% in the unstimulated control
(Fig. 2).

Statistical analyses

Statistical analysis was performed using Statistica v. 9.0
(StatSoft Inc., Tulsa, USA). For all patients, means and
standard deviations (SDs) were calculated, and the distri-
bution of variables was assessed using the Shapiro—Wilk
test (Supplementary Table 1). Levene’s test was used
to evaluate homogeneity of variance. Differences between
independent groups were analyzed using the Student’s
t-test for normally distributed variables and the Mann—
Whitney U test for non-normally distributed variables
(Supplementary Table 2). For dichotomous variables, dif-
ferences between groups were assessed using the x? test
with Yates’ correction or the Fisher’s exact test, as ap-
propriate. Receiver operating characteristic (ROC) curve

Table 1. General characteristics of the study population

Variable

100 10
FITC-A

Patients with thrombocytopenia

analysis was also performed. Correlations between vari-
ables were assessed using the Pearson’s and the Spearman’s
test, as appropriate.

Results

The study included 30 patients with thrombocytope-
nia and 24 patients with normal platelet counts. Detailed
characteristics of both groups are presented in Table 1.
Patients with thrombocytopenia had significantly lower
platelet counts (p < 0.001) and were more likely to have
kidney failure (p = 0.014) and a history of coronary artery
bypass grafting (CABG; p = 0.042) than patients with nor-
mal platelet counts, whereas other clinical characteristics
were similar.

The control cohort (healthy volunteers) had a mean (+SD)
age of 29 (¢5) years and a mean platelet count of 225,000
(48,000)/mm?3. The predominant causes of thrombocyto-
penia were idiopathic thrombocytopenia (n = 11), chronic
leukemia (n = 1), and thrombocytopenia of unknown ori-
gin or under diagnostic evaluation (n = 18). Platelet reac-
tivity findings are summarized in Table 2. AA-induced

Patients with normal platelet count

(n=30)

Age [years], mean £SD 73£12
Sex, M/F (n) 26/4
Platelet count, (x10°/mm?3), median (Q1-Q3) 107.5 (88-116)
PCl indication AN i

CCS,n 17
Arterial hypertension, n (%) 28(93)
Diabetes, n (%) 12 (40)
Chronic kidney disease, n (%) 17 (56)
Hyperlipidemia, n (%) 27 (90)

History of CABG, n (%) 7(23)
History of PCl, n (%) 25 (83.3)

(n=24)
72 +9 0.712
20/4 0.780
214.0 (184.5-242.0) <0.001
9 0.804
15 0.580
21(87) 0.439
12 (50) 0.551
6(25) 0.014
22 (84) 0.797
1(4) 0.042
20(83.3) 0.941

ACS - acute coronary syndrome; CABG - coronary artery bypass grafting; CCS - chronic coronary syndrome; PCl — percutaneous coronary intervention;

SD - standard deviation; Q1 - 15" quartile; Q3 - 3" quartile.
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Table 2. Platelet reactivity results

Variable (mean +SD) (n =29)

Patients with thrombocytopenia

595

Patients with normal platelet count

AA AUC, median (Q1-Q2) 125 (5.0-21.0)
AA AGG, median (Q1-Q2) 31.1 (15.6-46.1)
AAVEL, median (Q1-Q2) 45 (3.0-5.8)
ADP AUC, mean +SD 18.5+10.1
ADP AGG, mean £SD 359+17.2
ADP VEL, mean +SD 51+25

45.0 (26.0-54.0)
68.7 (42.4-81.9)

TRAP AUC, median (Q1-Q2)
TRAP AGG, median (Q1-Q2)

TRAP VEL, median (Q1-Q2) 12.0 (7.7-15.0)
K-FLC, median (Q1-Q2) 1.25(0.7-34)
ADP-FLC, median (Q1-Q2) 10.5 (4.7-234)
TRAP-FLC, median (Q1-Q2) 1145 (74-21.0)
AA-FLC, median (Q1-Q2) 3.7 (1.3-14.1)

(n=26)
15.0 (5.5-22.0) 0.237
35.15 (16.25-48.65) 0.237
4.9 (2.95-6.1) 0.167
2734127 <0.01
493 +£21.1 <0.05
6.8 £2.7 <0.05
69.5 (50.5-93.5) <0.01
10745 (77.35-142.4) <0.01
17.45 (13.25-23.95) <0.01
1.55(1.35-2.95) 0337
12.95 (4.05-22.85) 0.653
17.34 (10.0-26.75) 0.277
32.5+20.9 <0.01

AA - arachidonic acid; AA-FLC — arachidonic acid platelet reactivity in flow cytometry method; ADP — adenosine diphosphate; ADP-FLC — adenosine
diphosphate platelet reactivity in flow cytometry method; AGG - aggregation; AUC — area under the curve; K-FLC — controls for flow cytometry method;
TRAP — thrombin receptor agonist protein; TRAP-FLC — thrombin receptor agonist protein platelet reactivity in flow cytometry method; VEL — velocity

of aggregation; SD - standard deviation; Q1 - 1°' quartile; Q2 — 2" quartile.

aggregation (reflecting ASA effect) did not differ signifi-
cantly between the 2 groups. In contrast, TRAP- and ADP-
induced aggregation measured with IA was significantly
higher in patients with thrombocytopenia than in those
with normal platelet counts.

In the FC assay, ADP- and TRAP-induced responses were
comparable between groups, whereas the AA-induced re-
sponse was significantly higher in patients with thrombo-
cytopenia. In patients with normal platelet counts, an op-
timal response to clopidogrel assessed using Multiplate

10F
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o
S
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Fig. 3. Clopidogrel response assessed with Multiplate® aggregometry.
An optimal platelet reactivity blockade is suggested at <25.7%.
The cut-off value determined using Youden's J statistic

aggregometry was defined as <48 AU. Receiver operating
characteristic analysis showed that in patients with throm-
bocytopenia, the optimal FC cut-off indicating adequate
P2Y, inhibition was <25.7% (AUC = 0.75; sensitivity 60%;
specificity 80%) (Fig. 3). Using this threshold, 7 patients
(23%) with thrombocytopenia had an inadequate response
to clopidogrel despite low platelet counts. Correlation
analysis showed a moderate association between platelet
count and TRAP-induced aggregation in the pooled cohort
(r = 0.62 for TRAP AUC; p < 0.05) and a weak associa-
tion between platelet count and ADP-induced aggregation
(r = 0.33 for ADP AUG; p < 0.05) (Fig. 4).

Discussion

Our results indicate no significant difference in ASA
response measured using IA between patients with throm-
bocytopenia and controls. Similarly, clopidogrel response
assessed using the FC-based aggregation method did not
differ between groups. In contrast, ASA responsiveness
differed significantly when evaluated with FC, whereas
clopidogrel responsiveness differed significantly when
assessed using IA. These findings suggest that in patients
with thrombocytopenia, ASA reactivity is more reliably
assessed using IA, whereas clopidogrel reactivity is better
evaluated using the FC-based assay. Currently available
aggregometers are not fully adapted for use in patients
with low platelet counts. To address this limitation, sev-
eral investigators have proposed correction formulas
to adjust IA results in thrombocytopenia. Shultz-Lebahn
et al. diluted healthy donor blood to simulate thrombo-
cytopenia and demonstrated strong correlations between
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Fig. 4. Correlation between
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i platelet count and TRAP-induced
o aggregation. The Pearson’s

’ correlation coefficient was used
to assess the relationship between
variables

AUC - area under the curve;

PLT - platelet count;

TRAP — thrombin receptor agonist
peptide.

PLT

platelet count and aggregation responses to COL, ADP,
and TRAP.!? A similar approach was reported by Rubak
et al.'* Previous studies suggest that FC-based meth-
ods are largely independent of platelet count.!® Skipper
et al. demonstrated that platelet function assessed by FC
showed minimal variability across platelet count ranges.'
Likewise, Frelinger et al. reported that in immune throm-
bocytopenia, FC-based platelet function remained stable
across platelet count ranges.!” In this study, a moderate
correlation was observed between TRAP-induced ag-
gregation and platelet count, whereas weak or no cor-
relation was found for ADP- and AA-induced aggrega-
tion, respectively. This finding may reflect the inclusion
of patients with true clinical thrombocytopenia, as well
as the influence of DAPT. TRAP-induced aggregation as-
sesses platelet reactivity independently of P2Y;; or COX-1
blockade and therefore shows a continuous relationship
between platelet count and aggregation amplitude. Skip-
per et al. developed mathematical formulas in a mixed
cohort of patients with normal and low platelet counts
to adjust IA results to equivalent values at normal platelet
counts!'!; however, this approach requires further clinical
validation. In this study, we used the FC method described
by Vinholt et al.!?, as it appears to circumvent the techni-
cal limitations of IA by evaluating washed platelet popu-
lations with count-independent analytical performance.
Based on published evidence and our data, we established
a cut-off value for clopidogrel-induced platelet reactivity
in patients with thrombocytopenia.!® Despite low platelet
counts, 7 patients (24%) demonstrated inadequate P2Y,
receptor inhibition according to this FC-derived thresh-
old. This finding is clinically relevant, as patients with

0 50 100 150 200 250

300 350 400

thrombocytopenia are known to have an elevated risk
of recurrent cardiovascular events.'

Limitations of the study

Because thrombocytopenia is relatively uncommon
in the general population, including patients with CVD,
the study group was small. Nevertheless, the study pro-
vides clinically relevant insights into DAPT monitoring
in patients with thrombocytopenia.

Although the FC method may appear complex, it was
performed in a hematology laboratory where FC is rou-
tinely used, and once established, the analyses proceeded
without difficulty.

Finally, these findings should be considered hypothesis-
generating and require further study to confirm their ap-
plicability in routine clinical practice.

Conclusions

In patients with thrombocytopenia, IA appears appro-
priate for assessing ASA response, whereas the FC-based
aggregation method may provide a more accurate evalu-
ation of clopidogrel responsiveness, with optimal P2Y;,
inhibition defined as <25.7%.
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mality of the data distribution (Shapiro—Wilk test) of
the variables.

Supplementary Table 2. Results of the statistical analyses.

Data Availability Statement

The participants of this study did not give written con-
sent for their data to be shared publicly, so due to the sen-
sitive nature of the research, the supporting data are not
available.

Consent for publication
Not applicable.
Use of Al and Al-assisted technologies

Not applicable.

ORCID iDs

Mikotaj Btaziak @ https://orcid.org/0000-0001-8207-1723
Kornelia Gajek @ https://orcid.org/0000-0003-0073-7769
Bozena Karolko @ https://orcid.org/0000-0001-6253-1817
Magdalena Cielecka @ https://orcid.org/0000-0003-3779-6658
Kamila Florek @ https://orcid.org/0009-0002-0256-2421
Dominik Mendyka @ https://orcid.org/0009-0009-1189-0065
Andrzej Mysiak @ https://orcid.org/0000-0002-4728-2565
Wiktor Kuliczkowski @ https://orcid.org/0000-0001-6284-0820

References

1. Kearon C, Akl EA, Ornelas J, et al. Antithrombotic therapy for VTE dis-
ease. Chest. 2016;149(2):315-352. doi:10.1016/j.chest.2015.11.026

2. lliescu CA, Grines CL, Herrmann J, et al. SCAl Expert Consensus State-
ment: Evaluation, management, and special considerations of cardio-
oncology patients in the cardiac catheterization laboratory (endorsed
by the Cardiological Society of India, and Sociedad Latino Ameri-
cana de Cardiologia Intervencionista). Catheter Cardiovasc Interv.
2016;87(5):E202-223. doi:10.1002/ccd.26379

3. LiuR,LiuJ,YangJ, etal. Association of thrombocytopenia with in-hos-
pital outcome in patients with acute ST-segment elevated myocar-
dial infarction. Platelets. 2019;30(7):844-853. doi:10.1080/09537104.
2018.1529298

4. Jiang P, Gao Z, Zhao W, et al. Prognostic significance of in-hospi-
tal acquired thrombocytopenia in stable coronary artery disease
undergoing percutaneous coronary intervention. AmJMed Sci. 2019;
358(1):19-25. doi:10.1016/j.amjms.2019.04.008

597

Morici N, Cantoni S, Savonitto S. Antiplatelet therapy for patients
with stable ischemic heart disease and baseline thrombocytope-
nia: Ask the hematologist. Platelets. 2014;25(6):455-460. doi:10.3109/
09537104.2013.828029

McCarthy CP, Steg G, Bhatt DL. The management of antiplatelet ther-
apy in acute coronary syndrome patients with thrombocytopenia:
A clinical conundrum. Eur Heart J. 2017;38(47):3488-3492. d0i:10.1093/
eurheartj/ehx531

Aradi D, Storey RF, Komécsi A, et al. Expert position paper on the role
of platelet function testing in patients undergoing percutaneous
coronary intervention. Eur Heart J. 2014;35(4):209-215. doi:10.1093/
eurheartj/eht375

Vrints C, Andreotti F, Koskinas KC, et al. 2024 ESC Guidelines for
the management of chronic coronary syndromes. Eur Heart J. 2024;
45(36):3415-3537. d0i:10.1093/eurheartj/ehael77

Hakim DA, Dangas GD, Caixeta A, et al. Impact of baseline throm-
bocytopenia on the early and late outcomes after ST-elevation
myocardial infarction treated with primary angioplasty: Analysis
from the Harmonizing Outcomes with Revascularization and Stents
in Acute Myocardial Infarction (HORIZONS-AMI) trial. Am Heart J.
2011;161(2):391-396. doi:10.1016/j.ahj.2010.11.001

. Kuliczkowski W, Zurawska-Ptaksej E, Podolak-Dawidziak M, et al.

Platelet reactivity and response to aspirin and clopidogrel in patients
with platelet count disorders. Cardiol Res Pract. 2021;2021:6637799.
doi:10.1155/2021/6637799

. Skipper MT, Rubak P, Stentoft J, Hvas AM, Larsen OH. Evaluation of

platelet function in thrombocytopenia. Platelets. 2018;29(3):270-276.
doi:10.1080/09537104.2017.1296566

. Vinholt PJ, Frederiksen H, Hvas AM, Sprogge U, Nielsen C. Measure-

ment of platelet aggregation, independently of patient platelet
count: A flow-cytometric approach. J Thromb Haemost. 2017;15(6):
1191-1202. doi:10.1111/jth.13675

. Schultz-Lebahn A, Skipper MT, Hvas AM, Larsen OH. Optimized tool for

evaluation of platelet function measured by impedance aggregometry.
Platelets. 2021;32(6):842-845. d0i:10.1080/09537104.2020.1809644

. RubakP, Villadsen K, Hvas AM. Reference intervals for platelet aggre-

gation assessed by multiple electrode platelet aggregometry.
Thromb Res. 2012;130(3):420-423. doi:10.1016/j.thromres.2012.06.017

. Dovlatova N. Current status and future prospects for platelet function

testing in the diagnosis of inherited bleeding disorders. BrJ Haematol.
2015;170(2):150-161. doi:10.1111/bjh.13405

. Skipper MT, Rubak P, Larsen OH, Hvas AM. Thrombocytopenia model

with minimal manipulation of blood cells allowing whole blood assess-
ment of platelet function. Platelets. 2016;27(4):295-300. doi:10.3109
/09537104.2015.1095873

Frelinger AL, Grace RF, Gerrits AJ, et al. Platelet function tests, inde-
pendent of platelet count, are associated with bleeding severity in ITP.
Blood. 2015;126(7):873-879. d0i:10.1182/blood-2015-02-628461

. Gross L, Aradi D, Sibbing D. Platelet function testing in patients on

antiplatelet medications. Semin Thromb Hemost. 2016;42(3):306-320.
doi:10.1055/5-0035-1570083

. lakovis N, Xanthopoulos A, Chamaidi A, et al. Recurrent acute coronary

syndromes in a patient with idiopathic thrombocytopenic purpura.
Case Rep Cardiol. 2020;2020:6738348. doi:10.1155/2020/6738348


https://www.doi.org/10.1016/j.chest.2015.11.026
https://www.doi.org/10.1002/ccd.26379
https://www.doi.org/10.1080/09537104.2018.1529298
https://www.doi.org/10.1080/09537104.2018.1529298
https://www.doi.org/10.1016/j.amjms.2019.04.008
https://www.doi.org/10.3109/09537104.2013.828029
https://www.doi.org/10.3109/09537104.2013.828029
https://www.doi.org/10.1093/eurheartj/ehx531
https://www.doi.org/10.1093/eurheartj/ehx531
https://www.doi.org/10.1093/eurheartj/eht375
https://www.doi.org/10.1093/eurheartj/eht375
https://www.doi.org/10.1093/eurheartj/ehae177
https://www.doi.org/10.1016/j.ahj.2010.11.001
https://www.doi.org/10.1155/2021/6637799
https://www.doi.org/10.1080/09537104.2017.1296566
https://www.doi.org/10.1111/jth.13675
https://www.doi.org/10.1080/09537104.2020.1809644
https://www.doi.org/10.1016/j.thromres.2012.06.017
https://www.doi.org/10.1111/bjh.13405
https://www.doi.org/10.3109/09537104.2015.1095873
https://www.doi.org/10.3109/09537104.2015.1095873
https://www.doi.org/10.1182/blood-2015-02-628461
https://www.doi.org/10.1055/s-0035-1570083
https://www.doi.org/10.1155/2020/6738348




INNODIA screening for early-stage type 1 diabetes: Insights from
Polish first-degree relatives of T1D patients (20152023, EU115797)

Magdalena Matachowska'"-2, Kamil Kosiorowski">"-2, Paulina Pokrywka'"-?, Eliza Skata-Zamorowska**~, Ewa Rusak®"-",
Halla Kamiriska>"~F, Sebastian Jacek Seget>*~F, Aleksandra Pyziak-Skupieri*A~F, Grazyna Deja®*~F, Przemystawa Jarosz-Chobot>A-

! Students’ Scientific Association at the Department of Children’s Diabetology and Lifestyle Medicine, Medical University of Silesia, Katowice, Poland
2 College of Interdisciplinary Studies at the University of Silesia in Katowice, Poland

3 Department of Children’s Diabetology and Lifestyle Medicine, Medical University of Silesia, Katowice, Poland

* Department of Children’s Diabetology and Pediatrics, Upper Silesian Centre for Child Health, Katowice, Poland

A — research concept and design; B — collection and/or assembly of data; C — data analysis and interpretation;
D — writing the article; E — critical revision of the article; F — final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899—5276 (print), ISSN 2451-2680 (online)

Address for correspondence
Magdalena Matachowska
E-mail: mmalachowska25@gmail.com

Funding sources

INNODIA has received funding from the Innovative
Medicines Initiative 2 Joint Undertaking under grant
agreement No. 115797. This Joint Undertaking is supported
by the European Union’s Horizon 2020 research and
innovation program, EFPIA, JDRF, and The Leona M.

and Harry B. Helmsley Charitable Trust.

Conflict of interest
None declared

Received on May 18, 2025
Reviewed on July 28, 2025
Accepted on July 31,2025

Published online on January 13, 2026

Citeas

Matachowska M, Kosiorowski K, Pokrywka P, et al. INNODIA
screening for early stage type 1 diabetes: Insights from Polish
first-degree relatives of 1D patients (2015-2023, EU115797).
Adv Clin Exp Med. 2026;35(4):599-609.
d0i:10.17219/acem/208837

Dol
10.17219/acem/208837

Copyright

Copyright by Author(s)

Thisis an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CCBY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Adv Clin Exp Med. 2026;35(4):599-609

Abstract

Background. Early identification of individuals at increased risk for type 1 diabetes (T1D) is essential
to prevent diabetic ketoacidosis (DKA) at onset and to facilitate the development of disease-modifying
therapies. The INNODIA EUT15797 project (2015—2023) conducted a Europe-wide screening of individuals
with recent-onset T1D (<6 weeks) and their first-degree relatives (aged 1—45 years).

Objectives. To evaluate the risk of T1D development among first-degree relatives of individuals with T1D,
based on data from the Polish INNODIA center at the Medical University of Silesia in Katowice, Poland.

Materials and methods. Data on the incidence of autoantibodies were obtained from the INNODIA project
platform. The analysis included first-degree relatives of individuals with T1D, aged 1—45 years, who met
the inclusion criteria and were recruited at the Polish center. Samples were collected at the Medical Univer-
sity of Silesia in accordance with the INNODIA protocol. Participants were stratified based on the number
of autoantibodies detected (1 or >2). The analysis considered age, sex, prevalence of specific autoantibodies
(GADG5, I1AA, 1A-2A, ZnT8), and familial relationship.

Results. Among 817 screened individuals, 65 (7.96%) tested positive for autoantibodies (AA): 48 (5.88%) had
TAA and 17 (2.08%) had >2AA. The highest prevalence was observed in the 10—23-year age group (27.7%,
18/65). In this subgroup, 11.04% (18/163) were autoantibody-positive, whereas prevalence in other age groups
(1-9, 24-36, 37-40, and 4145 years) ranged from 5.98% to 8.97%. GAD65 (5.51%) and IAA (3.43%) were
themost frequent autoantibodies. Individuals with TAA were predominantly parents (32/48; 66.7%), while >2AA
were more common among siblings (13/17; 72.2%). During follow-up, 2 participants progressed to stage 3 T1D.

Conclusions. In the Polish cohort of the INNODIA study, autoantibodies were detected in 7.96% of first-
degree relatives of individuals with T1D. Early screening is crucial for accurate risk stratification, quiding
the development of therapeutic interventions and reducing the risk of severe complications at disease onset.

Key words: autoantibodies, diabetes mellitus type 1/diagnosis and immunology, mass screening/methods,
autoimmune diseases/diagnosis, autoimmune diabetes mellitus
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Highlights

quently detected markers across all subgroups.
of individuals with T1D.
dosis, underscoring benefits of early monitoring.

improve outcomes in early-stage T1D.

+ Polish INNODIA data align with European trends: Autoantibody prevalence in first-degree relatives of type 1
diabetes (T1D) patients mirrors findings from other European cohorts.

+ 7.96% of first-degree relatives tested positive for T1D-related autoantibodies: GAD65 and IAA were the most fre-

+ Highest autoantibody positivity in youth and siblings: Rates peaked in the 10-23 age group and among siblings

« Progression without DKA observed: Two children advanced to stage 3 T1D without developing diabetic ketoaci-

« Early recognition and supportive care are critical: Integrating prompt symptom identification into protocols can

Background

Type 1 diabetes (T1D) is the most common type of dia-
betes in the European pediatric population, with nearly
129,000 new diagnoses each year globally in children and
adolescents under 20 years of age."?> According to the T1D
Index, the estimated number of people living with T1D
in 2024 was 9.4 million, and with the continued rise in its
incidence, this number is expected to reach 16.4 million
by 2040 ((Type 1 Diabetes Index; https://www.tldindex.
org).

Thanks to ongoing T1D research, remarkable progress
has been made in staging the early phases of the disease
and refining its definitions. It is now well established that
autoantibodies, which serve as markers of T-cell-mediated
B-cell destruction, may appear years before the clinical
onset of T1D. Identification of T1D-related autoantibod-
ies — such as GAD65 (glutamic acid decarboxylase), IAA
(insulin autoantibody), [A-2A (islet antigen-2 antibody),
and ZnT8 (zinc transporter-8 antibody) — in combination
with glucose metabolism monitoring enables classification
of preclinical stages of T1D: stage 1 (=2 autoantibodies and
normoglycemia), stage 2 (=2 autoantibodies and dysglyce-
mia) and stage 3 (>2 autoantibodies and clinical onset).3-°
The International Society for Pediatric and Adolescent
Diabetes (ISPAD) 2024 Guidelines provide more detailed
subdivision of these stages, reflecting advances in under-
standing of the disease.®

In recent years, initiatives to identify individuals
in the early stages of T1D have laid the foundation for on-
going screening efforts to reduce the incidence of diabetic
ketoacidosis (DKA) at T1D onset, as well as to minimize
short and long-term morbidity, mortality, prolonged hospi-
talization, weight loss, and psychological burden associated
with T1D onset.” These endeavors also provide participants
with the opportunity to enroll in clinical trials investigating
disease-modifying therapies aimed at delaying the onset
of T1D. Islet autoantibody testing has proven to be an ef-
fective method for detecting early-stage T1D and may be
preferred over genetic testing due to lower participant

dropout rates and its predictive value in stratifying the rate
of progression to stage 3 T1D once autoantibodies are de-
veloped.” Moreover, genetic risk is frequently perceived
as abstract and difficult for parents to fully understand
and accept.? In accordance with the most recent ISPAD
guidelines, population-based screening for T1D is optimally
performed between 3 and 5 years of age, with maximal sen-
sitivity achieved by 2 examinations at 2 and 6 years of age.®
When screening is deferred until adolescence, the preferred
time points are 10 and 14 years of age.> However, it should
be emphasized that despite the ongoing efforts to integrate
T1D screening into national healthcare systems, still only
aminority of countries currently maintain nationwide pro-
grams. In Poland, the majority of children who present with
—or are likely to develop — stage 3 T1D have not undergone
prior T1D screening. Therefore, if the standard, age-based
screening windows cannot be met, it is reasonable to offer
T1D screening independently of a child’s age.

In 2015 the INNODIA (now an international non-profit
organization, formerly a European-based public-private
partnership) launched the project (EU115797) titled
Translational Approaches to Disease-Modifying Therapy
of Type 1 Diabetes: An Innovative Approach Towards Un-
derstanding and Arresting Type 1 Diabetes.” The study
protocol was approved by the Bioethics Committee
of the Medical University of Silesia (Katowice, Poland;
approval No. KN'W/0022/KB1/25/1/17 issued on May 16,
2017). As the largest program of its kind at the time, this
European-wide initiative conducted a screening of indi-
viduals with newly diagnosed T1D (diagnosed less than
6 weeks prior) as well as first-degree relatives of individuals
living with T1D. The study ran from November 1, 2015,
to October 31, 2023, and included participants from 13 Eu-
ropean countries, including Poland with the reference site
at the Medical University of Silesia, which became an ac-
credited clinical trial site. The project was carried out
under the framework of the Innovative Medicines Initia-
tive — Joint Undertaking (IMI-JU) and involved a global
partnership between academic researchers and industrial
partners, all working towards combating T1D.?


https://www.t1dindex.org
https://www.t1dindex.org

Adv Clin Exp Med. 2026;35(4):599-609

It has been well established that first-degree relatives
of individuals with T1D face a markedly higher (up to
15 times) risk of developing T1D than the general popu-
lation, with the prevalence of T1D in the first-degree rela-
tives equal to 5% by the age of 20, compared to 0.3-0.4%
in the general population.>!0-12

Children of mothers with T1D have a 1.3—-4% risk of de-
veloping the disease, whereas children of fathers with T1D
have a higher risk of 6-9%. In siblings of individuals with
T1D, the lifetime risk is estimated at approx. 6-7%.10-12
Relatives of individuals with T1D should certainly be
included in early screening; however, population-wide
screening is also warranted, as it is reasonable to state
that everyone is at risk of developing T1D. This is sup-
ported by evidence showing that approx. 90% of individu-
als with recent-onset T1D have no known family history
of the disease.’

Objectives

The aim of this study was to describe and characterize
the risk of type T1D development in the Polish population,
based on data from the INNODIA screening project, which
focused on first-degree relatives of individuals with T1D.

Materials and methods

Between 2018 and 2023, all first-degree relatives (aged
1-45 years) of individuals either newly diagnosed with T1D
or already receiving care at the Outpatient Department
of Children’s Diabetology and Lifestyle Medicine at the In-
dependent Public Clinical Hospital No. 6 of the Silesian
Medical University in Katowice (Upper Silesian Child
Health Centre) were invited to participate in the INNO-
DIA study conducted at the Medical University of Silesia.

In addition to serving as an INNODIA clinical site, this
center is accredited as a certified SWEET (Better control
in Pediatric and Adolescent diabeteS: Working to crEate
CEnTers of Reference) reference center and participates
in international projects, including the European Action for
the Early Diagnosis of Early Non-Clinical Type 1 Diabetes
for Disease Interception (EDENT1FI).!3
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458 participants

l 359 participants
PIR (individuals with =2 AA+)

20.07.2022

UFM (individuals with >1 AA+)

Fig. 1. Allocation of participants to the Unaffected Family Member (UFM)
and People at Increased Risk (PIR) groups

To be enrolled, participants were required to meet
the inclusion and exclusion criteria outlined in Table 1.
Eligible individuals were invited for a screening visit, which
included a blood test for the presence of T1D-specific
autoantibodies (GADA, IAA, IA-2A, ZnT8A). Three au-
toantibodies (GADA, IA-2A and ZnT8A) were analyzed
at the PEDIA (Pediatric Diabetes Research Group) labora-
tory at the University of Helsinki, Finland, while IAA was
measured using a specific radiobinding assay.'*

If participants tested positive for autoantibodies (AA),
they were assigned to either the Unaffected Family Member
(UFM) or People at Increased Risk (PIR) group, depending
on the year of enrollment. Individuals who were screened
up until the July 20, 2022, were assigned to the UFM group.
If the screening resulted in at least 1 positive autoantibody;,
participants continued in the study and followed a specific
visit schedule to ensure they received specialized medical
care. Consecutively, every patient enrolled in the study
after July 20, 2022, was assigned to the PIR group. In this
case, further medical care was provided only if the indi-
vidual was found to have at least 2 autoantibodies pres-
ent (Fig. 1).

Participants in both the UFM and PIR groups received
medical care through regular follow-up visits, which in-
cluded eligibility screening, medical history review, an-
thropometric measurements, assessment of glycemic
control (oral glucose tolerance test (OGTT) and glycated
hemoglobin (HbA1c)), immunological testing, and bio-
banking. Detailed schedule for visits and performed tests
are presented in the Tables 2,3. If required, any additional
tests were performed in order to provide the best possible
care following then-current ISPAD guidelines. At the time
of the INNODIA study, the clinical site at the Medical Uni-
versity of Silesia was not conducting any kind of trials aimed
at people at an early stage of T1D. Therefore, participants
were not offered enrolment to the clinical trials but were

Table 1. Inclusion and exclusion criteria for participants in the Unaffected Family Member (UFM) and People at Increased Risk (PIR) groups

Criteria |
® Have given written informed consent to participate.
Inclusion e Aged between 1 year and <45 years.
) of study results.
Exclusion y

® Have a first-degree relative with T1D (parent, child, full or half siblings) diagnosed at <45 years of age.

e The affected first degree relative has type 2 diabetes, monogenic diabetes or diabetes secondary to another medical condition.
e Concurrent use of long-term immunosuppressive agents (including oral steroids) or medication likely to confound the interpretation

e Any medical history or clinically relevant abnormality that is deemed by the principal investigator and/or co-investigator to make
the participant ineligible for inclusion because of problems in data interpretation or safety concerns.
e Participating in an interventional or other drug research which could affect the primary objectives of the study.

UFM and PIR
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Table 2. Schedule of visits for the Unaffected Family Member (UFM) group

Assessments and procedures ‘ Bs;sseiliTe Visit 2 ‘ Visit 3 ‘ Visit 4 ‘ Visit 5 ‘ Visit 6 ‘ Visit 7
Time point 0 months* 6 months 12 months 18 months 24 months 36 months 48 months
Inclusion/exclusion X X X X X X X
Update medical and family history X X X X X X X
Concomitant medication X X X X X X X
Height [cm] and weight [kg] X X X X X X X
Autoantibodies X - X - X X X
HbATc X X X X X X X
PBMC X X X X X X X
Blood samples for storage X X X X X X X
Urine (biomarkers) X - X - X X X
Stool (microbiome) X X X X X X X
OGTT X X X X X X X
CGM** X X X X X X X
Allocation of glucose meter at visit 1 X - - - - - -
Home collection of monthly C-peptide “ “ “ “ “ “ “
DBS and BG measurements
Retention of contact details for all
participants at clinical site B B B B B B X

*Visit to be scheduled ideally within 3 months following receipt of their autoantibody test results. ** If dysglycemia at OGTT.
HbATc — hemoglobin Alc (%); PBMC - peripheral blood mononuclear cells; OGTT - oral glucose tolerance test; CGM - constant glucose monitoring;

DBS - dried blood spot; BG - blood glucose.

Table 3. Schedule of visits for the People at Increased Risk (PIR) group

Assessments and procedures Baseline visit 1 Visit 2 Visit 3 Visit 4 Visit 5
Time point 0 months* 6 months 12 months 18 months 24 months
Inclusion/exclusion X X X X X
Update medical and family history X X X X X
Concomitant medication X X X X X
Height [cm] and weight [kg] X X X X X
Autoantibodies X - X - X
HbATc X X X X X
Blood samples for storage X X X X X
OGTT X X X X X
CGM** X X X X X
Retention of contact details for all
participants at clinical site - - - - X

*Visit to be scheduled ideally within 3 months following receipt of their autoantibody test results. ** If dysglycemia at OGTT.
HbATc — hemoglobin Alc (%); OGTT - oral glucose tolerance test; CGM — constant glucose monitoring.

informed of the potential opportunities to join clinical
trials at other sites. All participants received education
on the symptoms of T1D onset and the disease manage-
ment, which contributed to the prevention of DKA develop-
ment at the onset of symptomatic T1D.

Unfortunately, data on potential reasons for reluctance
or concerns about participating in and continuing the study
were not collected, as well as mental health assessment was
not performed; therefore there were no data enabling as-
sessment of the direct impact of screening on individuals’
mental wellbeing. This illustrates the shift in perception

of the T1D screening process and the movement towards
a holistic and patient-centered model that incorporates
psychological wellbeing assessment as a key component.

However, it is important to note that most participants
— being First-degree relatives of individuals living with
T1D — already had substantial disease awareness and un-
derstanding, which may have influenced how they per-
ceived and accepted the final diagnosis. Nonetheless, any
individual in need of psychological support was offered
assistance from a qualified psychologist at the Medical
University of Silesia site.
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817 participants were enrolled in the study at the Polish INNODIA
center at the Medical University of Silesia;
First degree relatives of people living with T1D (aged between

1 and 45) were tested for AA: GADG65, IAA, I1A-2A, and ZnT8

65 (7.96%) people were identified with at least 1 positive autoantibody

48 (5.88%) were found to have
1 autoantibody present

6 people (12.5% out of 1AA group) presented
with negative autoantibody results during
the next visits — individuals removed

from the study

Fig. 2. Classification of screened individuals according to autoantibody status

17 (2.08%) were found to have
>2 autoantibodies present

2 individuals diagnosed with T1D

(without DKA):

- 6-year-old girl (22 months after screening visit)

- 10-year-old boy (4.5 months after screening visit)

T1D - type 1 diabetes; GAD65 — autoantibodies to glutamic acid decarboxylase 65; IAA — autoantibodies to insulin; IA-2A — autoantibodies to tyrosine
phosphatase-like protein; ZnT8 — autoantibodies to zinc transporter 8; 1AA group — individuals with 1 autoantibody present; DKA — diabetic ketoacidosis.

Results

Among 817 first-degree relatives of individuals with T1D,
7.96% (n = 65) tested positive for at least 1 autoantibody.
Of these, 5.87% (n = 48) had a single autoantibody, cor-
responding to an estimated 15% risk of developing T1D
within 15 years, with most progression occurring within
2 years of seroconversion. The remaining 2.08% (n = 17)
had >2 autoantibodies, associated with a 44% risk of pro-
gression to stage 3 T1D within 5 years and an almost 100%
lifetime risk.>610

Among the 48 individuals with a single autoantibody;,
6 (12.5%) subsequently reverted to seronegative status.
In 5 cases the autoantibody was GADG65, and in 1 case
IAA. These individuals represented a wide age range (3,
8, 15, 17, 34, and 39 years), with no discernible pattern
related to age at seroreversion. Four were siblings and 2
were parents of a child with T1D.

Additionally, 15 of the 48 participants with a single auto-
antibody were initially recruited as PIR rather than UFM.
At that time, eligibility for follow-up required the presence

Table 4. Age categories for study participants

% of all participants (PIR | Number of people with

of at least 2 autoantibodies. Since these participants did not
meet the follow-up criteria and no subsequent data regarding
their autoantibody status were available, the true incidence
of transient autoantibody positivity may be underestimated.
Over the course of the study, 2 children progressed to symp-
tomatic stage 3 T1D. In both cases, DKA was not observed
at the time of onset (see Fig. 2 for details).

Autoantibody identification
stratified by age

Individuals were divided into 5 age groups: 0-9, 10-23,
24-36, 37-40, and 41-45 years, each accounting for ap-
prox. 20% of the total PIR and UFM study population
(n = 817). The largest group was the 41-45 age range
(184 participants, 22.52%), while the least populous group
was the 37-40 age range (146 participants, 17.75%) (Table 4).

Most participants with positive autoantibodies had only
1 autoantibody (73.85% of the total AA+ group; n = 48).
Seventeen (26.15%) were found having 2 or more autoan-
tibodies, with 8 (12.31%) having 2 autoantibodies, 6 (9.23%)

% of AA+ within this % of AA+ in this age

Age range Number of people
[years] in this age range and UFM; 817)
1-9 163 19.95%
10-23 163 19.95%
24-36 162 19.83%
37-40 145 17.75%
41-45 184 22.52%

AA+ age category group out of all AA (+)
12 7.36% 18.46%
18 11.04% 27.69%
11 6.79% 16.92%
13 8.97% 20.00%
11 5.98% 16.92%

PIR - People at Increased Risk; UFM — Unaffected Family Member; AA — autoantibodies.
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Fig. 3. Age-group distribution (%) of individuals by autoantibody count

having 3 autoantibodies and 3 (4.62%) with 4 autoantibod-
ies. The majority of AA+ individuals were aged 10-23,
accounting for 27.69% of all AA+ (18 of 65).
Consequently, 11.04% (18 of 163) of participants in this
age group had at least 1 autoantibody, while the percent-
age for other age categories ranged from 5.98% to 8.97%.
The 10-23 age group also had the highest prevalence
of 2 autoantibodies (2.5%, n = 4) and 4 autoantibodies
(1.2%, n = 2). There were 2 individuals with 3 autoantibod-
ies (1.2%, n = 2) both for the 10-23 and 24—36 age category.
People between the age 10—23 accounted for 50.00% (n = 4)
of cases with 2 autoantibodies, for 33.33% (n = 2) with 3 au-
toantibodies and for 66.67% (n = 2) with 4 autoantibodies.
There is a predominance of younger individuals with
2 autoantibodies, which can be observed in Fig. 3. How-
ever, this pattern was not observed in the group with only
1 autoantibody. In contrast, participants aged 37-45 ac-
counted for approx. 46% (n=22) of the 1A A group. Ad-
ditionally, 20.83% (n = 10) of individuals with 1 autoan-
tibody were between 10 and 23 years old, while 18.75%
(n = 9) were aged 24-36. The lowest percent of people
with 1 autoantibody was in the 0-9 age group (14.58%,
n = 7). Single-autoantibody cases demonstrated a more
balanced age-profile than cases with 2 autoantibodies;
however, the aspect of a very small sample must be taken
into consideration (Fig. 3). In the 37—40 age group, 7.59%
of participants had 1 autoantibody, while the percent-
age for 2 autoantibodies and 3 autoantibodies was 0.69%
in both cases, and none was found having 4 autoantibod-
ies. Although there is a slight predominance of positive

autoantibodies in younger individuals, it is important
to note that autoantibodies were detected in all age groups,
supporting the rationale for including adults (>18 years)
in T1D screening programs.

Figure 4 shows that the occurrence of specific autoan-
tibodies is in overall similar across age groups. However,
66.7% (n = 6) of IA-2A cases were in the 10-23 age group,
while this group accounted for 25% (n = 3 for ZnT8) to 35%
(n = 10 for TAA) of cases for other autoantibodies. Cer-
tainly, due to the small sample size, no firm conclusions
can be drawn at this point.

Autoantibody identification
stratified by sex

As noted, 65 participants (7.96%) had at least 1 auto-
antibody (Fig. 2). GAD65 was the most common, found
in 69.23% (n = 45) of all AA+ cases and 5.51% of all
screened (Fig. 5). [AA was found in 43.08% (n = 28; 3.43%
of UFM and PIR), followed by ZnT8 in 18.46% (n = 12;
1.47% of UFM and PIR) and IA-2A in 13.85% (n = 9; 1.10%
of UFM and PIR).

The stratification of autoantibodies by sex (Fig. 6) mir-
rored the overall incidence, with women marginally higher
(53.85%, n = 35) than men (46.15%, n = 30), which is con-
sistent with the study’s overall sex ratio (56.55% women).
In general, 7.58% of women (n = 35) in the study had positive
autoantibodies, compared to 8.45% (n = 30) of men. There-
fore, although a greater number of women tested positive
for autoantibodies, the detection rate relative to the number
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of participants was higher in men. Women also represented
the majority of those with 1 autoantibody (60.42%, n = 29).
In contrast, the majority of those with >2 autoantibodies
were male: 62.50% (n = 5) for 2 autoantibodies, 66.67%
(n = 4) for 3 autoantibodies and 66.67% (n = 2) for 4 auto-
antibodies. Despite predominance of women in the study,
GADG65 incidence was similar: 5.19% (n = 24) in women
and 5.92% (n = 21) in men. IA A was more frequent in men
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Fig. 5. Distribution of specific autoantibodies identified among study
participants

(4.23%, n = 15) than women (2.81%, n = 13), while IA-2A
was even 4 times more frequent in men (1.97%, n = 7) than
women (0.43%, n = 2). Again, no definite conclusions can be
drawn about the prevalence of specific autoantibodies across
age groups due to the limited number of cases in each group.

Participants with 2 or more autoantibodies

Type 1 diabetes screening enables to identify individuals
atan early stage of T1D. Those in stage 1 face a nearly 100%
lifetime risk of progressing to stage 3 T1D.>¢1%15 Given
the importance of early detection and monitoring, data

@women  @men
% of participants

with AA (+);
at least 1

ZnT8

GAD65

0% 50% 100%

Fig. 6. Sex-based distribution (%) of individuals with a specific
autoantibody
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Table 5. Description of (2 or more AA+) group of study participants

% of detected specific AA
in 22AA (+) group to all 17 cases

% of detected specific AA in (+)

group to all 65 cases of AA (+)

Prevalence of specific L (5276 e SEE
Type of A AA in 2AA (+)prou to the total number of screened
- group participants (817)
GAD65 16 1.96%
IAA 13 1.59%
IA-2A 9 1.10%
/nT8 8 0.98%

of the 2AA (+) group
24.62% 94.12%
20.00% 76.47%
13.85% 52.94%
12.31% 47.06%

AA - autoantibodies; ** 2AA (+) group - individuals with autoantibodies present; GAD65 - autoantibodies to glutamic acid decarboxylase 65;
IAA — autoantibodies to insulin; IA-2A — autoantibodies to tyrosine phosphatase-like protein; ZnT8 — autoantibodies to zinc transporter 8.

Table 6. Autoantibodies combinations in the (2 or more AA+) group

Frequency of given AA
GAD65 | IAA | IA-2A | ZnT8 configuration in the group
of study participants with (+)
+ = A 4
+ - - 4
4+ 4 A 3
+ - + - 3
+ + 3 = 2
- - + + 1

AA - autoantibodies; ** 2AA (+) group - individuals with autoantibodies
present; GAD65 — autoantibodies to glutamic acid decarboxylase 65;
IAA — autoantibodies to insulin; IA-2A — autoantibodies to tyrosine
phosphatase-like protein; ZnT8 — autoantibodies to zinc transporter 8.

for participants with multiple (2 or more) autoantibodies
were analyzed separately (Table 5).

Seventeen participants (1.96% of the UFM and PIR group,
n = 817) had multiple (2 or more) autoantibodies, represent-
ing 26.15% of all those with AA+. These individuals were
classified as stage 1 T1D, as all had normoglycemia, and
back then no continuous glucose monitoring (CGM) was
required for them.

In both the AA+ group and the = 2AA group, GAD65
and IA A occurred with the highest prevalence. For people
with > 2 autoantibodies, IA-2A was 3' most frequent (9 out
of 17), while in the overall AA+ group, it was ZnT8.

Six out of the 17 participants with > 2 autoantibodies
were female, with age ranging from 1 to 37 years (1, 6, 11,

13, 35, 37). The remaining 11 participants were male, with
age ranging from 2 to 40 years (2 (n = 2), 3, 10, 11 (n = 2),
12, 12, 15, 33, 40).

To observe the co-occurrence of autoantibodies and
their combinations in the study participants, all configu-
rations and their frequencies are presented in the Table 6.

Follow-up diagnoses of stage 3 T1D
in study participants

Within this group, a 6-year-old girl and a 10-year-old
boy progressed to stage 3 T1D, both without developing
DKA at diagnosis (Table 7).

The 6-year-old girl tested positive for 2 autoantibodies
— GADG65 and IAA - at screening visit and progressed
to stage 3 T1D after 22 months. At her last follow-up
visit, 53 days before clinical onset, there were no signs
of dysglycemia (HbAlc: 36.64 mmol/mol). She began reg-
ular visits at the Diabetes Outpatient Department and,
21 months post-diagnosis, is being treated with insulin
injections twice a day. Her current HbAlc is 5.2%, with
a time in range (TIR) of 93%.

The 9-year-old boy, positive for GAD65, [AA and [A-2A
at screening, progressed to stage 3 T1D within only
4.5 months. IA-2A presence, high autoantibody levels and
high-affinity screening have been shown to predict rapid
progression to clinical T1D.>!° Similarly to the 6-year-old
girl, his follow-up visit took place 50 days before disease
onset and presented no dysglycemia (HbAlc: 36.62 mmol/
mol). Now 13 years old, he attends follow-up visits, using

Table 7. Description of individuals diagnosed with type 1 diabetes (T1D) during the study

Variable

6-year-old girl

Family history sibling living with T1D

AA preset at screening GADG65, IAA
Time of diagnosis
DKA no DKA at diagnosis

36.64 mmol/mol

HbA1c at last follow-up visit (53 )2 befora diagnosi)

Current data

22 months after screening visit

10 years old, HbA1c 5.7%; TIR 93%, insulin injection twice a day

10-year-old boy
sibling living with T1D
GADG5, IAA, IA-2A
4.5 months after screening visit
no DKA at diagnosis

36.62 mmol/mol
(50 days before diagnosis)

13 years old, HbATc 7.4%, TIR 58%, insulin pump 0.8 u/h

GADG5 - autoantibodies to glutamic acid decarboxylase 65; IAA — autoantibodies to insulin; IA-2A — autoantibodies to tyrosine phosphatase-like protein;
DKA - diabetic ketoacidosis; HbAlc — hemoglobin Alc (%); TIR - time in range (%).
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an insulin pump (0.8 units/h), with a TIR of 58% and
an HbAlc of 7.4% At times, he may question or be reluc-
tant to follow his treatment plan, which is not uncommon
for individuals his age.

Autoantibody profiles stratified
by family relationship

The largest group of participants were parents of in-
dividuals with T1D (60.59%, 495), followed by siblings
(38.19%, 312) and children of parents with T1D (4.41%, 36).
It is important to note that individuals may be counted
more than once if they fit multiple categories. Among
children with a parent diagnosed with T1D, 8.33% (3/36)
were positive for at least 1 autoantibody, while for parents
of children with T1D it was 7.27% (36/495). The high-
est percentage of autoantibodies was found in siblings,
at 9.62% (30/312).

Among those with 1 autoantibody, 66.67% (n = 32) were
parents of children with T1D, 35.42% (n = 17) were siblings
and 4.17% (n = 2) were children of a parent with T1D.
The highest incidence of 2 autoantibodies was found in sib-
lings of individuals with T1D, who accounted for 75% (6 out
of 8) of all individuals with 2 autoantibodies.

Three autoantibodies were only found in siblings (n = 4,
66.67%) and parents of children with T1D (n = 3, 50.00%),
while 4 autoantibodies were observed exclusively in 3 in-
dividuals, all of whom were siblings of a person with T1D.

When examining autoantibody prevalence by the fa-
milial relationships, GAD65 was most common in both
siblings and parents. Of the 45 individuals with positive
GADG65, 53.33% were siblings and 48.89% were parents.
Only 4.44% were children of parent with T1D. It is impor-
tant to consider that individuals may have multiple familial
connections to an individual with T1D.

Similarly, IA A was most often found in siblings (53.57%;
n = 15) and parents of individuals with T1D (42.86%;
n = 12). Interestingly, 88.9% (n = 9) of those with IA-
2A were siblings and 11.10% (n = 1) were parents. No
cases of IA-2A were observed in children of T1D par-
ents. The same pattern was seen for ZnT8, which was
found only in siblings (50.00%; n = 6) and parents (66.67%;
n=_8).

Discussion

The Polish INNODIA cohort provides insight into T1D
development risk in the first-degree relatives of people
living with T1D. Among the 65 participants with auto-
antibodies, 73.8% (n = 48) had 1 positive autoantibody,
with GAD65 and IAA being most common. Despite
the smaller sample size (n = 817), the findings are consis-
tent with the broader INNODIA dataset (n > 4,400) and
with the Type 1 Diabetes TrialNet Pathway to Prevention
Study (TNO1), a USA-based consortium (n > 250,000), both
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of which focus on screening first-degree relatives of indi-
viduals with T1D.1%16

Although both studies were still ongoing as of 2022 and
had not yet reported final results, they demonstrated simi-
lar patterns in autoantibody prevalence, with GAD65 and
IAA being the most frequently observed.!® In the Polish
INNODIA cohort, 7.96% of first-degree relatives tested
positive for at least 1 autoantibody, compared to 5.00%
in TrialNet TNO1. The prevalence of >2 autoantibodies
in the Polish cohort (2.08%) was comparable to that re-
ported in the overall INNODIA (2.6%) and TrialNet TNO1
(2.5%) studies.!®1®

These similarities suggest that autoantibody patterns
in the Polish data align with those in larger international
cohorts, though caution is needed due to the limited sam-
ple size. Despite differences in number of participants and
regions, these studies indicate consistent T1D risk in first-
degree relatives across populations. While Poland lacks
a national T1D screening program, a study performed
by the Medical University of Bialystok reported that 7.78%
of 3,575 children screened had at least 1 autoantibody,
with markedly higher prevalence of a single autoantibody
(6.60%; n = 236) compared to multiple autoantibodies
(1.17%, n = 42). It is important to note, however, that this
study focused on children aged 1-9 years, a younger cohort
than that examined in the INNODIA study, and included
abroader population, not limited to first-degree relatives.'”

Type 1 diabetes mellitus screening in clinical practice
enables the detection of early-stage disease, reducing
the incidence of DKA and facilitating enrollment in clini-
cal trials for disease-modifying therapies. Early diagnosis
through screening reduces DKA rates at onset to below
5%, whereas in Poland, 30—40% of children with newly
diagnosed T1D present with DKA >1518-20

Prior screening, metabolic staging and education help
eliminate clinical differences between individuals with and
without a family history of T1D.132! In the Frlda study, par-
ticipants who did not receive early intervention — including
education — had higher HbA1lc levels and more frequent
hospitalizations compared with those who did.” Similarly,
individuals with a family history had lower HbAlc levels
(9.3% vs 10.6%) and fewer cases of severe ketonuria com-
pared to those without a family history. These studies em-
phasize the importance of awareness and early detection
through screening and proper education.’

In the Polish INNODIA study, most A A-positive individ-
uals (73.8%, n = 48) presented with a single autoantibody.
Although their risk of progressing to T1D is comparatively
lower — with approx. 50% of children showing transient
positivity — they still require careful monitoring, particu-
larly younger individuals and those within the first 2 years
of seroconversion.®

Type 1 diabetes screening is a complex process, with
various factors potentially influencing the decision to par-
ticipate such as fear of positive result or inability to prevent
T1D.?>23 To improve participation, it is essential to address



608

the emotional challenge associated with screening and
to provide appropriate psychological support, particularly
for individuals experiencing anxiety about the results.
Providing support and educating individuals on T1D,
its autoimmune causes, symptoms, and the importance
of early detection can reduce stress and encourage contin-
ued involvement. A balanced approach combining medical
information and emotional support is a key to motivating
participation.

Limitations of the study

In Poland, over 1/3 of children newly diagnosed with
T1D present with DKA.!#1 The INNODIA study, which
focused on first-degree relatives of individuals with T1D,
does not fully represent the general population. Accord-
ingly, broader screening and early detection initiatives
should be implemented to encompass the general pub-
lic. A proactive approach, emphasizing early recognition
of symptoms and timely support, should be incorporated
into care protocols for individuals at the earliest stages
of T1D. Additional analyses, such as the influence of birth
order and sibling sex, may provide further insights, al-
though the relatively small sample size in this study limits
the reliability of such conclusions.

Conclusions

Analysis of the Polish INNODIA results reveals a simi-
lar occurrence of autoantibodies in first-degree relatives
of people with T1D when compared to other European
countries. Early detection of T1D is an evolving initia-
tive that offers valuable medical care not only to rela-
tives of people living with T1D but also to the broader
population.

Although the process is complex and optimal strate-
gies are still under development, substantial progress
has been achieved since the early phases of the INNO-
DIA screening program. These advances provide a solid
foundation for the potential implementation of national
screening initiatives, with the ultimate goal of improving
patient care.
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Abstract

Background. Heart failure (HF) is marked by a poor prognosis, heightened mortality risk, and recurrent
hospitalizations. Poland consistently ranks among the highest of all Organization for Economic Co-operation
and Development (OECD) countries, with a hospitalization rate of 616 per 100,000 citizens in 2019 — nearly
3 times the 34-country average.

Objectives. This study aims to provide essential insights into the management of HF patients in Poland,
with a particular focus on individuals experiencing recurrent hospitalizations, over the period 2014—2021.

Materials and methods. This observational study analyzes long-term registry data from the Polish Ministry
of Health and the Health Needs Map. It includes more than 1,000,000 patients diagnosed with HF (ICD-10:
150) or pulmonary edema (ICD-10: J81), treated across all medical facilities operating under a uniform national
healthcare system. This study inherently employs a population-based approach, encompassing all medical
facilities that treat patients with these ICD-10 codes.

Results. Here, we present data on HF prevalence, incidence, and the healthcare pathway. The number
of diagnosed HF cases in Poland increased to 1.02 million by December 31,2019, In 2021, the standardized HF
prevalence rate reached 2,626 per 100,000 population, with the highest prevalence observed in individuals
aged 80—89 years (32%). Heart failure hospitalizations (HFH) in 2019 were 1022 per 100,000, decreasing
t0 205,000 in 2021. Notably, the number of hospitalizations exceeded the number of patients receiving
treatment by 18—25%. Between 2014 and 2021, more than 9.2 million healthcare services were recorded,
accounting for 48% of all HF-related encounters.

Conclusions. This study, relevant to both Polish and international cardiologists, provides a comprehensive
overview of HF trends and associated risks, offering insights that may help refine diagnosis and treatment
strategies in Central and Eastern European populations.

Key words: heart failure, hospitalization, registries, epidemiology in Poland, population surveillance
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Highlights
of 2,626 per 100,000 in 2021.

corded between 2014 and 2021.

care-coordination challenges.

+ Over 1 million heart failure (HF) patients were registered in Poland by 2019, with a standardized prevalence rate

+ The highest HF burden was observed in the 80—89 age group, comprising 32% of all diagnosed cases.
+ Despite declining hospitalizations, healthcare utilization remained high with 9.2 million HF-related services re-

+ The study reveals an 18-25% gap between HF hospitalizations and outpatient treatment, underscoring significant

Background

Heart failure (HF) is a clinical syndrome characterized
by a poor prognosis and a high risk of death and heart fail-
ure hospitalizations (HFH).! In Poland, the overall number
of patients with HF has been systematically increasing.*
Poland consistently ranks among the highest of all Or-
ganization for Economic Co-operation and Development
(OECD) countries, with a HFH rate of 616 per 100,000 citi-
zens in 2019 — nearly 3 times the 34-country average of 220.*
This rate has been rising since 2009, in contrast to global
trends showing a decline.

Beyond its epidemiological magnitude, HF represents
a major and growing public health challenge in Poland,
exerting a substantial clinical, organizational, and eco-
nomic burden on the healthcare system.! The persistently
high rates of hospitalization reflect not only the aging
of the population and improved survival after acute cardio-
vascular events, but also a high prevalence of cardiovascu-
lar risk factors, multimorbidity, and suboptimal implemen-
tation of evidence-based therapies across the continuum
of care.!”® Recurrent HF hospitalizations are associated
with accelerated disease progression, impaired quality
of life, and markedly increased mortality risk, underscoring
the vicious cycle of decompensation and readmission.!-
In this context, the unfavorable Polish trends, diverging
from those observed in many other OECD countries, high-
light an urgent need for more effective prevention strate-
gies, earlier diagnosis, optimized outpatient management,
and coordinated, system-level interventions aimed at re-
ducing HF-related morbidity and mortality.!-®

Objectives

The primary objective of this study was to generate com-
prehensive insights into the management of patients with
HF in Poland, with particular emphasis on individuals
experiencing recurrent hospitalizations. By analyzing data
from 2014 to 2021, the study characterizes temporal trends,
treatment patterns and healthcare utilization within this
high-risk population. The findings aim to inform clini-
cal practice, optimize resource allocation, and support

the development of targeted strategies to reduce hospital
readmissions and improve outcomes in HF care in Poland.

Materials and methods
Description of the studied population

This study is an observational long-term registry analy-
sis using data from the Polish Ministry of Health spanning
from 2014 to 2021. The study population reflects a diverse
and extensive national cohort. Data obtained from the Na-
tional Health Fund included patients diagnosed with HF
(ICD-10:150) and pulmonary edema (ICD-10: J81). A total
of more than 1,000,000 patients with a primary or second-
ary diagnosis of HF were included in the analysis, the ma-
jority of whom were treated within a single type of medical
service. Given the volume of cases, the study is population-
based and encompasses all medical facilities providing care
for conditions classified under ICD-10 codes 150 and J81.

Definitions of analyzed endpoints

Heart failure recorded as the main diagnosis in primary
healthcare (PHC), outpatient specialist care (OSC), or hos-
pital treatment indicates that the ICD-10 code for HF
(I50 or J81) was listed as the first diagnosis (the primary
reason for admission). In contrast, “HF overall” denotes
cases in which the HF diagnosis appeared in the medical
record as an additional or secondary condition. Hospital-
ization was defined as any inpatient stay with the relevant
ICD-10 codes, including a diagnosis of HF. Heart failure
hospitalization referred specifically to inpatient admis-
sions directly associated with exacerbation or decompen-
sation of HF. Hospital treatment, by contrast, denoted any
other hospitalization occurring in patients with an HF
diagnosis.

Statistical analyses
All described data regarding the healthcare services

was derived from the following sources: 1) data provided
by the Polish Ministry of Health specifically for the authors
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The graphical presentation utilizes colored bars to illustrate the frequency of the specified endpoint over the study years. Blue columns indicate on HF
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(HFH) trends

of this report; 2) Health Needs Map for the years 2022—
2026°; 3) analysis of the health problem of HF included
in the Systemic and Implementation Analyses Base®;
4) statistics from the Polish National Health Fund; 5) se-
lected data from the www.ezdrowie.gov.pl portal. All data
was delivered anonymously, ensuring the highest level
of data protection. A descriptive analysis was undertaken
employing numerical values and/or percentages within
each group, including the data presented as counts per
100,000 patients in the population.

Based on available data for pre-pandemic years (2014—
2019), we performed a linear trend analysis, using the least-
squares method, forecasting the trend for 2020-2021. Based
on this analysis it is possible to compare the forecasted
values with the data available for 2 pandemic years (2020—
2021). The p-values for linear trend based on pre-pandemic
data were also estimated. Data were analyzed using Micro-
soft Excel 2013 (Microsoft Corp., Redmond, USA).

Results

Epidemiology: prevalence and incidence
of HF

Figure 1 summarizes HF morbidity, incidence, and hos-
pitalizations, with colored bars depicting trends across
calendar years and columns representing specific age

groups. According to the latest Ministry of Health data,
the number of diagnosed HF cases in Poland increased
steadily from 2014 to 2019, reaching 1.02 million by De-
cember 31, 2019. Across the years analyzed, we observed
a significant upward trend in HF prevalence accompanied
by a simultaneous and significant decline in HF incidence
(de novo HF) (Fig. 2A,B). During this period, de novo HF
diagnoses decreased notably, with 127,000 cases reported
in 2019 — representing a 26% reduction compared with
2014. Conversely, the total number of HF-related deaths in-
creased markedly, reaching 124,000 in 2019 — nearly equal-
ing the number of new HF cases (Fig. 2B—D). In 2020-2021,
although new HF diagnoses declined, HF-related deaths
continued to rise, leading to a reduction in registered mor-
bidity (Fig. 2C). The current analysis shows that the HF
prevalence rate in 2021 was 2,413 per 100,000, increasing
to 2,626 per 100,000 after standardization for age, sex,
and place of residence. The highest prevalence was ob-
served among individuals aged 80—89 years (32%), followed
by those aged 70-79 years (30%). Overall, approx. 90%
of patients were aged 60 years or older (Table 1).

The age distribution of HF patients reflects a marked
increase in morbidity after age 60, reaching 431 per
100,000, with a continued rise in each successive age group
(Table 1). The average age at HF diagnosis was 71.8 years,
while the mean age across all HF patients was 75.2 years.
Although the proportion of HF-related deaths within to-
tal mortality gradually decreased, the absolute number
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of such deaths increased from 2014 to 2021 — most notably
in 2020-2021 — mirroring the overall rise in population
mortality (Table 2).

Heart failure hospitalizations

During the analyzed years, the HFH rate in 2019
reached 1,022 per 100,000 individuals (primary or ad-
ditional diagnosis), including 726 per 100,000 for HFH
listed as the primary diagnosis. Across 2014-2021, HFH
with a primary diagnosis ranged from 197,000 to 278,000,
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Table 1. Epidemiological rates per 100,000 in Polish population and
contribution of age group to morbidity in 2021

Age group | Number per 100,000 population | contribution of age

[years] incidence morbidity group to morbidity

0-9 3 21

10-19 2 13

20-29 9 57 "
30-39 24 126

40-49 60 335 2%
50-59 176 1,142 6%
60-69 431 3476 19%
70-79 914 8,994 30%
80-89 1,625 21,722 32%
>90 1,909 29,763 9%

Data presented as morbidity and incidence number per 100,000
population in each age group.
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Table 2. Number of heart failure (HF)-related deaths and their percentage in the total number of deaths in 2014-2021

| 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021

HF-related deaths 55,003 82,911
21.0

Contribution of HF to the total number of deaths [%)] 14.6

91,582 108,446 118,619 123,711 142,774 149,963
236 269 286 30.2 299 289

The data show the number of HF-related deaths and the percentage contribution of HF to the total number of deaths for each year.

declining to 211,000 and 205,000 in 2020 and 2021, respec-
tively (Fig. 2E,F). There were significant increasing trends
in HFH per 100,000 population from 2014 to 2019 for both
HF as a primary diagnosis and HF as an overall diagnosis
(Fig. 2D, Fig. 2E, respectively). Each year, HF-related hos-
pitalizations exceeded the number of patients receiving
treatment services (167,000—-223,000) by 18—25%, resulting
in an average of 1.18 to 1.25 hospitalizations per patient
with at least one HFH in a given calendar year.

From 2014 to 2019, there was a 21% increase in HF pa-
tients experiencing >1 urgent HFH, rising from 36,300
to 44,000. Over the same period, the number of patients
with >2 HFH within 12 months increased from 33,200—
45,100 in 2014 to 38,700—54,700 in 2019. In 2020-2021,
HFH numbers declined (24,700-38,400), most likely
due to restricted access to the healthcare system during
the COVID-19 pandemic. In terms of overall HF preva-
lence, individuals with >2 HFH represented 20% of all
patients, totaling 181,100 of 918,800 in 2021.

Hospital treatment

From 2014 to 2019, hospital treatment for HF as the main
diagnosis increased by 34%, reaching 223,000 cases; how-
ever, in 2020-2021 it declined by 22-24% to 168,000—
173,000. Health services for HF, whether recorded
as the primary or a concomitant diagnosis, followed similar
patterns. Between 2014 and 20109, visits for HF as the main
diagnosis rose by 41% to 298,000, then decreased by 24—
27% to 226,000-219,000 in 2020—2021. In 2021, the aver-
age number of visits per patient with at least one HFH was
1.30, and 1.44 for patients with HF overall. Heart failure
hospitalizations exceeded 250,000 annually until 2018,
amounting to more than 1.6 million admissions between
2012 and 2018. This pattern corresponded with a signifi-
cant upward trend in both the number of patients and
the volume of HF-related services throughout the analyzed
period (Fig. 2F, Fig. 3A).

Notably, 82% of these hospitalizations were emergency
admissions, underscoring HF progression or limitations
in OSC. Moreover, 60% of admissions occurred in inter-
nal medicine departments, whereas only 30% took place
in cardiology departments. Only 1 in 12 hospitalizations
(8.3%) involved patients younger than 60 years. Hospital-
izations peaked in 2019, with 278,000 admissions for HF
and more than 392,000 for overall HF diagnoses. Thereaf-
ter, the number of hospitalizations declined significantly,
reaching 281,000 in 2021.

Healthcare pathway of patients with HF

From 2014 to 2021, a total of 9.2 million healthcare
services were recorded, most of which occurred in PHC
(48%), followed by hospital treatments (22%) and nursing/
care services (15%). Services provided in OSC amounted
to nearly half the volume of those delivered in hospital set-
tings. The healthcare pathway was analyzed for 1,062,157
HF patients, including those treated exclusively within
a single healthcare service (n = 446,224), those receiv-
ing repeated care within the same service (n = 289,067),
and those managed across multiple services (n = 615,933).
Overall, the median number of healthcare services per HF
patient was 4.

From 2014 to 2021, the proportion of initial HF diagnoses
made in PHC declined from 44% to 29%, while hospital-
based diagnoses increased. This shift occurred despite
a relatively stable proportion of patients receiving PHC
services, and was accompanied by a significant downward
trend in HF-related PHC visits. Outpatient specialist care
accounted for only 12-15% of HF diagnoses, and other
healthcare services for approx. 4%. Following an HFH,
patients most commonly return either to the hospital (39%)
or to PHC (34%). After hospitalization or OSC visits, PHC
accounts for the largest share of subsequent encounters
—50.3% and 24.5%, respectively. These findings underscore
the central role of PHC in the management of HF in Po-
land, where PHC physicians oversee the majority of patient
care, constituting 62% of all visits (n = 1,459,619).

Primary healthcare

Between 2014 and 2021, both the number of patients
diagnosed with HF and the volume of HF-related services
provided in PHC declined, for both primary and overall HF
diagnoses (Fig. 3B,C). Despite this, the number of medical
centers providing HF services increased from 7,400 in 2014
to 7,700 in 2021 (Table 3).

The mean annual number of PHC visits per patient diag-
nosed with HF remained stable at 3 between 2014 and 2021.
From 2014 to 2019, PHC physicians diagnosed an average
of 458,000 HF patients annually, with a peak of 464,000
in 2016. However, in 2020-2021, this number declined
by 10%, to an average of 413,000 patients. The total number
of HF-related health services also decreased from 1.54 mil-
lion in 2014 to 1.26 million in 2021, representing an 18%
reduction.
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Table 3. Primary healthcare for overall patients with heart failure (HF)

Number of patients 451,116 460,706 463,884
Number of HF visits 1,539,451 1,445,649 1,439,753
Visits per patient ratio 341 3.14 3.10
Number of HF sites 7,395 7,393 7,503

462,831 452,613 458,675 421,056 405,730
1,420,677 1,356,172 1,384,048 1,270,183 1,261,125
3.07 3.00 3.02 3.02 3.1
7,693 7,649 7,690 7,625 7,650

Analysis was performed using data from the Ministry of Health of the Republic of Poland. Heart failure was defined according to ICD-10 codes 150 and J81.
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Fig. 3. Trends in heart failure (HF) hospitalizations, outpatients specialist care, and emergency visits. Data demonstrated as columns in each calendar year
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ED - emergency department; HF — heart failure; OSC - outpatient specialist care.

Outpatient specialist care

The OSC health services for patients with HF in-
creased steadily from 192,000 in 2014 to 235,000 in 2019,

representing an average annual rise of approx. 8,600 visits
and a significant upward trend over the observed period
(Fig. 3D,E). The COVID-19 pandemic resulted in a re-
duction of HF-related visits in 2020 (by approx. 21,000),
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decreasing to 214,000 visits. Notably, in 2021 — despite on-
going pandemic conditions — healthcare services increased
to 239,700, surpassing the 2019 peak (Fig. 3D,E). Further-
more, our data show that the number of patients utilizing
OSC across all medical specialties exceeded the number
of those with HF as the main diagnosis by more than 30%
when considering all patients diagnosed with HE. Addi-
tionally, when comparing the volume of healthcare services
provided, the difference was approx. 40%. These findings
suggest that HF patients treated in OSC settings have
clinically significant comorbidities and a more complex
clinical profile.

Emergency department

Analysis of Ministry of Health data from 2016 to 2021
on emergency department (ED) visits by HF patients re-
vealed a recent upward trend. In the last 2 years, acute ED
visits among HF patients exceeded 35,000 annually, com-
pared with 19,500-26,300 in 2016-2019. This trend was
further supported by an increase in the proportion of ED
visits resulting in HFH, which rose to 61-63% in 2020-
2021, in contrast to 29-38% during 2016—2019. This was
reflected in a significant upward trend in HF-related medi-
cal services provided in the ED (Fig. 3F). Notably, the per-
centage of ED visits resulting in death remained stable
throughout 2014-2021 (2—3%).

Discussion

The study cohort, covering the years from 2014 to 2021,
accurately reflects the diverse demographic and geographic
characteristics of the Polish population with HF. It includes
patients across a wide range of ages, socioeconomic back-
grounds, and regions, ensuring comprehensive national
representation. Based on data from the Ministry of Health
and the Health Needs Map, the study offers essential in-
sights into the evolving healthcare landscape in Poland
over this 7-year period.

Epidemiology of HF in Poland

In Poland, nearly 150,000 HF-related deaths occur an-
nually, corresponding to a population of more than 1 mil-
lion individuals living with HF.? This elevated mortality
is driven by the substantial number of newly diagnosed
HF cases and the poor prognosis observed in older adults,
particularly those aged 75 years and above. Another Pol-
ish study reported that only 57% of individuals diagnosed
with HF survived beyond 5 years.? Furthermore, among
individuals aged 75 years and older, the average survival
period was approx. 4 years.®’

Previous HF studies reported an age-standardized
prevalence of 1,130 per 100,000 population in Poland,
the 5% highest among EU countries.® In this study, even
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after standardization for age, sex, and place of residence,
the prevalence was more than twice as high. Epidemiologi-
cal projections suggest that HF incidence may continue
to rise in the coming years, particularly between 2022
and 2031.° Based on available data, the number of new
HF cases is projected to rise from 120,200-207,300 in 2022
to 133,500-229,800 in 2031, representing an approx.
11% increase across projected scenarios.” Consequently,
a further increase in the total number of patients with HF
cannot be excluded in the coming years, largely driven
by demographic trends. According to Statistics Poland,
the largest age groups affected by HF in Poland are cur-
rently individuals aged 60-69 years and 30—49 years.!°

Finally, cardiovascular death — a predominant cause
of mortality in Poland, accounting for 35% of all deaths
in 2021, particularly among individuals aged 65 and older
— now occurs at an estimated annual rate of approx.
175,000-180,000.%1°

HF hospitalizations

Poland has consistently ranked among OECD countries
with the highest number of HF hospitalizations, report-
ing 616 HFH per 100,000 citizens in 2019 — nearly 3 times
the 34-country average of 220.* Despite global reductions,
Poland’s HFH rate has continued to rise since 2009. Our
data show an increase in ED contacts during 2020-2021
accompanied by a decline in hospital treatments, likely
reflecting reduced ward admissions — a negative prog-
nostic factor with implications for healthcare financing
in Poland.*

Zaleska-Kociecka et al. reported similar findings
on HFH.!! The authors showed that patients with newly
diagnosed HF had >1.5-fold higher risk of death with 2 hos-
pitalizations (HR = 1.55), doubling with 3 hospitalizations
(HR = 2.16), and nearly tripling with 4 hospitalizations
(HR = 2.79).12 The average hospital stay was 7.5 days,
trending upwards with 25% readmitted after index HFH
(median follow-up: 1,072 days).!? Similar to our findings,
the 30-day admission rate for a first HF rehospitalization
was initially low (2.96%) but increased over time with sub-
sequent hospitalizations.!?

Healthcare pathway

An intensive strategy involving rapid medication ad-
justments and close monitoring post-HFH gained patient
acceptance.!® It effectively alleviated symptoms, improved
quality of life, and reduced the risk of 180-day all-cause
mortality or HF readmission compared to standard care.!®
Patients with >2 urgent HFH predominantly receive hos-
pital or PHC services, with a minority referred to an OSC.
This stands in contrast with European Society of Cardiol-
ogy (ESC) guidelines, indicating an inefficient post-hospi-
talization HF treatment pathway.! Notably, patients with
prior HFH utilize a broader range of healthcare services



618

over a shorter timeframe than those without HF history,
emphasizing the predominant reliance on hospitals and
primary care in their care provision.

Primary healthcare

In Poland, from 2014 to 2021, we observed a relatively
consistent mean annual number of visits per HF patient
through PHC system (n = 3). Notably, recent data for 2021
indicates a nearly 1/3 reduction in visits for HF as the main
diagnosis compared to 2014.5 Concurrently, the number
of services provided declined by 20% relative to 2014 data
(health services provided for n = 439,000 patients). This
suggests that less than half of HF-diagnosed patients en-
gage with their PHC provider. Caution is warranted in in-
terpreting these data due to potential limitations arising
from the ICD-10 reporting system, allowing only 1 code
per service and potentially constraining the comprehen-
sive understanding in cases with multiple diagnoses.”

Outpatient specialist care

Our data demonstrate a systematic increase in OSC
services for patients with HF as the primary diagnosis
over the study period. Intriguingly, despite the COVID-19
pandemic, an increase was observed — likely attributable
to the incorporation of teleconsultations alongside tra-
ditional service formats, which helped compensate for
the service deficit of previous years.!* Patients with HF
as a comorbidity are notably more inclined to seek OSC
care, indicating a complex clinical profile with additional
comorbidities. Despite the prevalence of comorbidities,
medical services for HF patients within the OSC system
remain a minority, reflecting inadequate care, particularly
during the COVID-19 pandemic, correlating with a rising
hospitalization rate.!*

Emergency department

The surge in urgent ED visits, particularly in the later
years of the analysis, is noteworthy. This increase was likely
driven by the effects of the COVID-19 pandemic and re-
duced access to PHC, OSC, and follow-up care. Notably,
in contrast to other findings,'*!* the increase in ED visits
did not correspond to a higher mortality rate compared
to the previous years in the analysis.

Improvements and disadvantages
in the healthcare system

In the last 2 years in Poland, significant progress has
been made in accessing innovative therapies.!® This in-
cludes increased availability of fundamental treatments
like SGLT-2 inhibitors, reimbursed and provided free for
those aged =65 years, addressing HF with reduced ejec-
tion fraction, chronic kidney disease, and type 2 diabetes.

M. Lelonek et al. Report on heart failure in Poland (2014-2021)

Between 2015 and 2020, Poland maintained a stable
number of OSC clinics. Despite the high HF prevalence,
these patients receive less than 5% of all medical advice
within OSC. Moreover, 90% of patients from cardiology
departments and 60% from internal medicine departments
were referred to OSC after hospitalization.!” Non-adher-
ence to ESC guidelines, with over 50% missing follow-up
within 3 months, highlights the need for a dedicated HF
program to improve drug adherence.'®-23 Despite the ab-
sence of a dedicated HF nursing specialty in Poland,
the Heart Failure Association of the Polish Cardiac Society
has developed a curriculum for nurses, serving as an edu-
cational framework for HF care.’ As a result, there are
currently approx. 1,500 certified HF nurses in the country.
Numerous studies have shown that the implementation
of structured HF programs significantly reduces the risk
of rehospitalization and mortality.20-23

Access to left ventricular assist device (LVAD) therapy
for advanced HF is another positive development in Po-
land. The Ministry of Health’s endorsement aligns with
the recommendation of the Agency for Health Technol-
ogy Assessment and Tariff System (No. 17/2022, issued
June 2, 2022), which supports public reimbursement for
the care of patients with advanced HF. The National Car-
diology Network, operational in 7 Polish voivodeships,
accelerates patient diagnosis and ensures OSC within
30 days. Establishing a comprehensive, coordinated care
model for HF patients, coupled with medical commu-
nity education, aims to address these issues and enhance
outcomes.

Limitations of the study

This publication has several limitations. The observed
decline in new HF cases and overall morbidity in 2020—
2021 may be attributable to the COVID-19 pandemic,
which affected healthcare access and diagnostic activity.*
We acknowledge that reporting disease occurrence in Po-
land using ICD-10 codes may be subject to error, as coding
is linked to reimbursement procedures within the National
Health Fund. Nevertheless, we believe that present-
ing these data offers a meaningful overview of progress
— or its absence — across successive years in the occurrence
of the diseases discussed, as demonstrated in this report.
The data presented in the current article are derived from
the Ministry of Health and are aggregated for HF described
by ICD-10 coding 150 or J81. Therefore, we do not have
the ability to provide the prevalence of each of those
codes separately. Some new patients might not be regis-
tered in the payer’s billing system (ICD-10 codes 150 and
J81). However, these unregistered patients are at high risk
of HFH and in-hospital death,?® similar to the findings
in this article. Finally, the analyzed data did not include
exact dates of death, only information on whether the pa-
tient is alive or deceased; therefore, plotting Kaplan—Meier
curves was not possible.
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Conclusions

We have delineated the contemporary status of HF in Po-
land over the period 2014-2021. This extensive dataset
provides a comprehensive overview of health patterns,
healthcare utilization, and disparities in healthcare access
and outcomes across the country.
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The supplementary materials are available at https://
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Supplementary Fig. 2. Expenses for HF-related health-
care services.
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Abstract

Background. The weight-adjusted waist index (WWI) shows a significant positive association with chronic
obstructive pulmonary disease (COPD) risk, suggesting a potential role in risk stratification and early detection.

Objectives. This study examined the relationship between WWI and COPD, with a focus on its clinical
implications for COPD risk assessment and management.

Materials and methods. Data from the U.S. National Health and Nutrition Examination Survey (NHANES)
2007-2018 were used. We included individuals aged 40 years and older. Weighted logistic regression was
used to examine the association between WWI and COPD. Subgroup analyses and interaction tests were
performed to assess consistency across demographic and lifestyle factors. A nonlinear regression model was
used to evaluate the relationship between WWIand COPD, while receiver operating characteristic (ROC) curve
analysis was used to assess the ability of WWI to identify individuals at risk.

Results. Among 14,144 participants, WWI was higher in the COPD group than in the control group (p < 0.001).
In fully adjusted models, WWI was positively associated with COPD (odds ratio (OR) = 1.50, 95% confidence
interval (95% CI): 1.34—1.68). In stratified analyses, participants in the highest WWI quartile had a greater
risk of COPD than those in the lowest quartile (OR = 2.13, 95% CI: 1.62—2.80). Subgroup analyses showed
a consistent positive association between WWIand COPD across sex, age, and smoking status. The nonlinear
model indicated that the risk of COPD increased significantly beyond a certain WW1value. The ROC curve analy-
sis confirmed the utility of WWI as a predictor (area under the curve (AUC) = 0.625, 95% CI: 0.609—0.642).
These findings highlight the need to incorporate WWI into routine COPD risk assessment.

Conclusions. This study found a significant and nonlinear positive association between WWI, a marker
of central obesity, and COPD risk. Weight-adjusted waist index may be an independent predictor of COPD
risk and provide insight into the contribution of obesity to the disease. Given the increasing burden of COPD,
integrating WWIinto clinical practice could enhance preventive efforts and personalized interventions.

Key words: central obesity, chronic obstructive pulmonary disease (COPD), weight-adjusted waist index
(WWI)
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Highlights
ing chronic obstructive pulmonary disease (COPD).

status.

« This study identifies a strong association between the weight-adjusted waist index (W'W1I) and the risk of develop-

+ WWIis an independent predictor of COPD, with higher values indicating greater risk.
+ The association between WWTI and COPD remains consistent across subgroups defined by sex, age, and smoking

+ These findings suggest that W'W1I may be a useful tool for COPD risk assessment and early preventive strategies.

Background

Chronic obstructive pulmonary disease (COPD)
is a long-term lung condition in which airflow is limited.
It is preventable and treatable, but the global prevalence
of COPD continues to rise.> Smoking is one of the major
contributors to COPD, but other environmental and oc-
cupational exposures, such as air pollution and workplace
hazards, are also factors in COPD development.? Therefore,
modifiable risk factors and implement preventive measures
need to be identified in order to reduce COPD risk.

Recent studies show that underweight individuals and
those with central obesity have been linked to COPD and
other chronic inflammatory airway diseases.*> However,
conventional obesity measures, such as body mass index
(BMI) and waist circumference (WC), have their own limi-
tations in fat distribution assessment.®” Body mass index
does not differentiate between fat and muscle mass,®° while
WC alone does not account for differences in body size and
proportions.’® As a result, these measures may not fully
capture the role of body composition in COPD development.

To address this limitation, the weight-adjusted waist index
(WWI) was introduced as an alternative metric. It is cal-
culated by dividing waist circumference by the square root
of body weight (WC/vweight).® This provides a better rep-
resentation of abdominal fat relative to overall body size.
Unlike BMIand WC, WW1 is more closely linked to visceral
fat accumulation, which is known to contribute to systemic
inflammation and metabolic dysfunction.!*!? Prior studies
have shown that WWT1 is a strong predictor of cardiovascu-
lar disease (CVD), hypertension, and diabetes — conditions
that share inflammatory pathways with COPD.!3* However,
its relationship with COPD remains largely unexplored.

Given that central obesity is associated with chronic inflam-
mation and impaired lung function, WW1I1 may serve as a bet-
ter indicator of COPD risk than traditional obesity metrics.
Yet, there is still limited research on how WW1 specifically
influences COPD susceptibility and progression.

Objectives

This study seeks to address the existing gap in research
and assess WWT's potential as a predictive marker for

COPD risk. The WWTI fills a gap in current obesity-re-
lated COPD research by offering a more accurate measure
of central adiposity, which traditional metrics, such as BMI
and WC, may not fully capture.

Materials and methods
Study design and setting
Data source

The data used in this study were obtained from the Na-
tional Health and Nutrition Examination Survey (NHANES)
—alarge cross-sectional survey conducted from 2007 to 2018
to measure the health and nutrition status of the American
population. It uses a complex, multistage probability sample
to ensure that the sample is representative of the civilian,
noninstitutionalized population. The National Center for
Health Statistics (NCHS) Ethics Review Board has approved
all procedures in NHANES. In addition, all participants
provided written informed consent. For this analysis, no
ethics approval was required due to the public availability
of the data. The data collection process involved household
interviews, physical examinations, and laboratory tests con-
ducted in mobile examination centers.

Study population

The study began with 59,842 participants from
NHANES. After excluding those under 40 years of age
and those with incomplete data, 14,144 participants re-
mained for analysis (Fig. 1). The diagnosis of COPD was
determined based on participants’ affirmative responses
to either of the following questions: “Has a doctor ever told
you that you have emphysema?” or “Has a doctor ever told
you that you have chronic bronchitis?”.

Weight-adjusted waist index

The WW1is an indicator of central obesity that accounts
for both waist circumference and body weight, offering
a refined measure of obesity status. Waist circumference
was measured in centimeters and weight in kilograms,
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Participants of NHANES
2007-2018
(n=59,842)
Exclusion — age <40 years
> (n=36,616)
Y
Age 240 years
(n=23,226) . .
Exclusion — missing
of information on:
Weight-adjusted waist
> index (WWI): n = 2,443
Body mass index (BMI)
v group: n =31
Smoking status:n= 14
Final study participants: PIR: n = 2,032
(n=14,144); Drinking status: n = 3,361
Weighted participants: Education:n =11
(n=91,601,942) Marital status: n =4
Diabetes mellitus (DM):
n =458
Coronary heart disease
(CHD):n =64
Congestive heart failure
(CHF):n=34

Fig. 1. Flowchart of participants

both recorded by trained health technicians at the mo-
bile examination centers. Weight-adjusted waist index was
calculated by dividing waist circumference by the square
root of body weight. Only normally distributed WW1I data
were presented as the mean and standard deviation (SD),
while non-normally distributed data were reported using
the median and the 1°t and 3" quartiles (Q1 and Q3).

Covariates

Potential confounders were selected based on prior lit-
erature and biological plausibility. Several demographic,

Table 1. Association between the WWI and COPD risk
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lifestyle, and health-related variables were included as co-
variates based on their potential to confound the relation-
ship between WWT and COPD. These variables included:

— Demographic characteristics: age (40-60 years,
>60 years), sex (male, female), race/ethnicity (Mexican
American, other race), marital status (married, unmar-
ried), and education level (high school or less, more than
high school).

— Socioeconomic status: family poverty-to-income ratio
(categorized as <1.3, 1.3-3.5, and =3.5).

— Lifestyle factors: smoking status (never, former, cur-
rent) and alcohol consumption (drinker, non-drinker).

Health status: BMI (grouped as <18.5, 18.5-25, 25-30,
and 230 kg/m?) and comorbidities, including congestive
heart failure (CHF), coronary heart disease (CHD), and
diabetes. Covariates were adjusted in all analyses to ensure
that observed associations between WW1I1and COPD were
independent of other risk factors. Multivariate models were
adjusted for key covariates, including age, sex, race/eth-
nicity, BMI, smoking status (never, former, current), and
comorbid conditions (hypertension, diabetes, and CVD).
Results for the fully adjusted model (Model 4) are presented
in Table 1, demonstrating a persistent association between
higher WWT1 and increased COPD risk.

Statistical analyses

The analysis adhered to NHANES guidelines, utilizing
appropriate sample weights to account for the complex
survey design, including stratification and clustering.
Weighted logistic regression was used after checking all
model assumptions, ensuring that parametric tests were
applied when assumptions were met to achieve better sta-
tistical power. Continuous variables were summarized
using means (SD) for normally distributed data and medi-
ans (Ql, Q3) for non-normally distributed data, while cat-
egorical variables were presented as absolute numbers and

OR (95% Cl)
Numerical variable 1.99 (1.79,2.21) 1.83(1.61,2.08) 1.59(141,1.78) 1.50 (1.34, 1.68)
Classified variable

Q1 group - = - _
Q2 group 1.31(0.94, 1.83) 1.24(0.89, 1.74) 1.10(0.79, 1.54) 109 (0.78, 1.51)
Q3 group 1.74 (1.31,2.31) 1.58(1.17,2.13) 1.29(0.97,1.72) 1.25 (0.94, 1.66)
Q4 group 3.72(2.83,4.88) 3.11(229,422) 2.32(1.75,3.07) 2.13(1.62,2.80)
p-value for trend <0.001 <0.001 <0.001 <0.001

OR - odds ratio; 95% Cl - 95% confidence interval, WWI — weight-adjusted waist index; COPD — chronic obstructive pulmonary disease; BMI - body mass
index. Model 1: BMI-adjusted group; Model 2: Multivariate model adjusted for sex, race and ethnicity, BMI group, and age group; Model 3: Multivariate
model adjusted for sex, race and ethnicity, BMI group, age group, smoking status, education level, poverty income ratio, alcohol consumption status,

and marital status; Model 4: Multivariate model adjusted for sex, race and ethnicity, BMI group, age group, smoking status, education, poverty income
ratio, alcohol consumption status, marital status, chronic heart failure, coronary atherosclerotic heart disease, and diabetes. WWI: A metric that adjusts
waist circumference by weight to assess central adiposity; OR: A measure of association indicating the odds of COPD occurrence per unit increase in WWI;
95% Cl: A range of values that likely contains the true effect size with 95% confidence. BMI-adjusted model: A statistical adjustment controlling for body
mass index to isolate the effect of WWI; p for trend: A statistical test indicating whether there is a consistent increase in COPD risk across WWI quartiles.
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percentages. Differences between groups were assessed
using the Wilcoxon rank-sum test for continuous variables
and the x? test for categorical variables.

This study aims to explore the association between differ-
entlevels of WWI, categorized into quartile groups (Q1-Q4),
and clinical outcomes. The use of quartile-based grouping
is a common and natural stratification method in observa-
tional studies,' rather than an experimental randomized
allocation. Its primary value lies in uncovering heterogene-
ity across segments of a continuous variable rather than
evaluating intervention effects; thus, randomization is not
a prerequisite. We employed rigorous statistical methods,
including nonparametric tests such as the Kruskal-Wallis
H test, which do not rely on the assumption of normality
and are robust for naturally grouped data. If parametric
tests were to be used, we would ensure homogeneity of vari-
ance beforehand to maintain scientific validity. According
to authoritative international guidelines (e.g., Statistical
Methods in Medical Research!®), grouping based on variable
distribution characteristics — such as quartiles — is consid-
ered a valid exploratory approach in observational stud-
ies, particularly when examining nonlinear relationships
or heterogeneity.”” This method is widely used in clinical
risk stratification, such as BMI categories or blood pres-
sure classifications.'® While we acknowledge that random-
ized grouping is essential for causal inference, this study
is observational in nature, aiming to describe associations
rather than establish causality. The rationale for grouping
is clearly stated, potential confounders (e.g., age and sex)
are controlled, and the analysis focuses on between-group
differences rather than the inference of intervention effects.
We believe that the use of quartile-based grouping aligns
well with the observational design of this study, that the sta-
tistical methods are rigorous, and that the interpretation
of results is appropriately cautious.

The reference values for categorical variables in sub-
group and regression analyses were selected based on clini-
cal relevance and existing literature.*?° For continuous
variables divided into quartiles, Q1 (the lowest quartile)
was set as the reference category. This choice enables con-
sistent interpretation and is commonly used in epidemio-
logical studies to highlight risk gradients.

We conducted tests for normality (Supplementary Ta-
ble 1) and homogeneity of variance (Supplementary Table 2)
and ultimately adopted nonparametric tests. Weighted
logistic regression was used to estimate odds ratios (ORs)
and 95% confidence intervals (95% ClIs) for the association
between WWI and COPD. Detailed information on how
data were weighted in the regression models has been in-
cluded. All covariates were adjusted based on the following
factors: demographic factors, socioeconomic indicators,
lifestyle behaviors, and comorbidities.

Subgroup analysis was conducted with a clear justifica-
tion based on previous research. Subgroup analyses were
conducted to explore potential effect modification by age
(<60 vs 260 years), sex (male vs female), and smoking status
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(never, former, current). Interaction terms were introduced
in the regression models to test for heterogeneity across
subgroups. To ensure consistency, we recalculated the ref-
erence category for each subgroup separately rather than
assuming a single reference across all groups. Reference
values for each subgroup were based on the category with
the lowest observed risk and were verified for clinical inter-
pretability and comparability across models.**?? Interac-
tion terms were used to test statistical significance across
population subgroups. Reference values were standardized
to ensure consistency across groups.

A restricted cubic spline model was used to examine po-
tential nonlinear relationships between WW1I and COPD
risk. Multivariate logistic regression was used to obtain
trend results. To account for the complex sampling design
of NHANES and ensure nationally representative esti-
mates, we applied survey weights provided by NHANES.
The weighting procedure included adjustments for overs-
ampling, non-response, and post-stratification. The fi-
nal survey weights were incorporated into the multi-
variate logistic regression models using the ‘svy’ package
in R (R Foundation for Statistical Computing, Vienna,
Austria), ensuring valid population-level inferences. Each
participant’s weight was used to compute weighted preva-
lence estimates and associations between WWIand COPD.

To evaluate the dose—response relationship between
WWTI and COPD risk, we categorized WWI into quar-
tiles and introduced the quartile variable as an ordinal
predictor in the logistic regression models. To assess
trends across quartiles, the median value of each quartile
was assigned to participants in that quartile and modeled
as a continuous variable in the logistic regression model,
following the approach described in statistical epidemiol-
ogy literature.?! This method is commonly used to test for
linear trends in categorical exposures and is distinct from
interpreting the p-value as a strict trend test.

Finally, the area under the ROC curve (AUC) with
95% CI was reported to assess WW1I’s discriminative abil-
ity. The optimal WWI threshold for COPD risk prediction
was determined by maximizing the sum of sensitivity and
specificity. This approach ensures a balance between true
positive and false positive rates, thereby enhancing clinical
applicability. A two-tailed p < 0.05 was considered statisti-
cally significant for all analyses.

Results

Figure 1 shows the inclusion criteria and selection pro-
cess for this study. In total, 14,144 participants were in-
cluded in the analysis, representing a weighted population
of 91,601,942 individuals. Among them, 1,204 (8.5%) had
COPD and 12,940 (91.5%) were controls. Table 2 presents
the baseline characteristics of the study population strati-
fied by quartiles of WWI. Significant differences were
observed across all quartiles for demographic, lifestyle,



Adv Clin Exp Med. 2026;35(4):621-630 625

Table 2. Baseline characteristics of participants across quartiles of the WWI

Characteristic

| Totaln | wwi(n=3536) | Ww2(n=3536) | WW3(n=3536) | WW4(n=3536) |

WWI, median (Q1, Q3) 14,144 1040 (10.1, 10.6) 11.0(10.9, 11.1) 11.5(114,11.6) 122(12.0,12.5) - - <0.001
Age group, n (%) 1,078.86 3 <0.001
40-60 years o 2,540 (72) 2,032 (57) 1,519 (43) 1,120 (32)
60+ years 996 (28) 1,504 (43) 2,017 (57) 2,416 (68)
Sex, n (%) 47379 <0.001
Female 1,485 (42) 1,602 (45) 1,779 (50) 2,329 (66)
Male s 2,051 (58) 1,934 (55) 1,757 (50) 1,207 (34)
Race, n (%) 207.29 <0.001
Mexican American s 258 (7.3) 475 (13) 581 (16) 649 (18)
Other race 3,278 (93) 3,061 (87) 2,955 (84) 2,887 (82)
BMI group, n (%) 2,305.40 <0.001
Normal (18.5-25 kg/m?) 1,546 (44) 929 (26) 599 (17) 337(9.5)
Obese (=30 kg/m?) 14144 567 (16) 1,166 (33) 1,639 (46) 2,219 (63)
Overweight (25-30 kg/m?) 1,302 (37) 1,413 (40) 1,289 (36) 970 (27)
Underweight (<18.5 kg/m?) 121 (34) 28 (0.8) 9(0.3) 10(0.3)
Education attainment, n (%) 34742 <0.001
>High school i 2,160 (61) 1,901 (54) 1,688 (48) 1,406 (40)
High school 1,376 (39) 1,635 (46) 1,848 (52) 2,130 (60)
Marital status, n (%) 163.22 <0.001
No 1,222 (35) 1,184 (33) 1,255 (35) 1,641 (46)
Yes s 2,314 (65) 2,352 (67) 2,281 (65) 1,895 (54)
Smoking status 150.16 <0.001
Current smoker 828 (23) 682 (19) 603 (17) 556 (16)
Former smoker 14,144 813(23) 1,072 (30) 1,173 (33) 1,166 (33)
Never smoker 1,895 (54) 1,782 (50) 1,760 (50) 1,814 (51)
PIR 472.36 <0.001
<13 827 (23) 915 (26) 1,098 (31) 1,340 (38)
>35 14,144 1,538 (43) 1,284 (36) 1,083 (31) 740 (21)
1.3-3.5 1,171 (33) 1,337 (38) 1,355 (38) 1,456 (41)
Drinking status 29233 <0.001
Drinker 14144 1,070 (30) 831 (24) 757 (21) 478 (14)
Non-drinker 2,466 (70) 2,705 (76) 2,779 (79) 3,058 (86)
DM 779.7 <0.001
No 3,282 (93) 3,073 (87) 2,778 (79) 2,430 (69)
Yes 1 254 (7.2) 463 (13) 758 (21) 1,106 (31)
CHD 143.77 <0.001
No i 3,442 (97) 3,382 (96) 3,289 (93) 3,228 (91)
Yes 94 (2.7) 154 (4.4) 247 (7.0) 308 (8.7)
CHF 169.06 <0.001
No 14144 3,479 (98) 3,428 (97) 3,375 (95) 3,270 (92)
Yes 57 (1.6) 108 (3.1) 161 (4.6) 266 (7.5)

WWI - weight-adjusted waist index; PIR — Poverty Income Index; CHF — congestive heart failure; CHD — coronary heart disease; DM — diabetes mellitus;

BMI - body mass index; df — degrees of freedom. WW1-WW4 - WWI quartiles.

The data presented in this study are derived from the National Health and Nutrition Examination Survey (NHANES), which employs a stratified, multistage,

complex sampling design. This design intentionally oversamples certain subpopulations (e.g., older adults and racial/ethnic minorities) to improve

the reliability and representativeness of subgroup estimates.
To account for this sampling strategy, sampling weights were applied in all analyses. These weights incorporate multiple components, including unequal
selection probabilities, nonresponse adjustments, and post-stratification calibration, allowing the results to better reflect the overall U.S. population.

As a consequence, the reported percentages are weighted estimates rather than raw proportions, and therefore may not sum exactly to 100% due

to the combined effects of weighting, rounding, and the complex survey design.
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and clinical variables (p < 0.001 for all). Participants
in the highest WWI quartile (W'W4) were older, with 68%
aged 60 years or older, compared with 28% in the lowest
quartile (WW1). The proportion of female participants
increased with WWI, reaching 66% in W'W4 compared
with 42% in WW 1. Racial distribution also varied signifi-
cantly, with a higher proportion of Mexican Americans
in the upper WWI quartiles.

Higher WWTI was associated with increased obesity
prevalence, with 63% of participants in WW4 classified
as obese (BMI > 30 kg/m?), whereas only 16% were obese
in WWT1. In contrast, the proportion of individuals with
a normal BMI decreased across WWI quartiles (44%
in WW1 vs 9.5% in WW4). Education level also differed,
with a lower proportion of participants in WW4 having
attained education beyond high school (40%) compared
with WW1 (61%).

Smoking status and alcohol consumption exhibited no-
table trends; the prevalence of current smokers decreased
with increasing WWI (23% in WW1 vs 16% in WW4),
while former smoking status was more common in higher
WWI quartiles. Similarly, alcohol consumption declined
with increasing WW I, with 30% of WW1 participants
identified as drinkers compared with only 14% in WW4.

Clinical characteristics also showed significant varia-
tion. The prevalence of diabetes increased across WW1I
quartiles, from 7.2% in WW1 to 31% in W'W4. The preva-
lence of CHD and CHF was substantially higher in the up-
per WWI quartiles, with CHD affecting 8.7% and CHF
affecting 7.5% of individuals in WW4, compared with 2.7%
and 1.6% in WW1, respectively.

Table 1 presents findings on the association between WW1
and COPD risk. When analyzed as a continuous variable,
WWI was consistently linked to an elevated risk of COPD.
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In Model 1, which adjusted only for BMI, the OR for WW1I
was 1.99 (95% CI: 1.79-2.21). This relationship remained
robust even in the fully adjusted Model 4, which produced
an OR of 1.50 (95% CI: 1.34—1.68). Analysis by quartile fur-
ther reinforced this association; participants in the highest
quartile (Q4) of WWI exhibited a significantly greater risk
of COPD compared with those in the lowest quartile (Q1),
with an OR 0f 2.13 (95% CI: 1.62—2.80). The association per-
sisted across intermediate quartiles, although its strength
diminished with adjustment. The p-values for trend across
all models were less than 0.001, affirming a strong relation-
ship between WWI and COPD risk.

Subgroup analyses by sex, age, and smoking status
(Table 3) demonstrated a consistent positive association
between WWIand COPD risk across all categories. How-
ever, effect sizes varied among subgroups. For instance,
the association was relatively weaker in women and non-
smokers, with a noticeable reduction in effect strength
as model adjustments increased.

To further investigate the relationship between WW1I
and COPD risk, a restricted cubic spline regression analy-
sis was conducted (Fig. 2). This analysis revealed a sig-
nificant nonlinear association (p < 0.05 for nonlinearity).
The inflection point occurred at a WWI1 value of 11.27,
corresponding to a risk ratio (RR) of 1. Below this thresh-
old, changes in WW1I had minimal impact on COPD risk.
However, WWI values exceeding 11.27 were associated
with a marked increase in risk. To improve readability,
Fig. 2 has been annotated to highlight this threshold and
key turning points.

The predictive performance of WWI for COPD risk was
evaluated using ROC curve analysis (Fig. 3). The AUC was
0.625 (95% CI: 0.609-0.642, p < 0.01), indicating mod-
est predictive capability. The optimal threshold for WW1I

1.2 1

1.1

P<0.0001

10F = = = = = = ———— = -

Odd ratio for COPD(25% Cl)

Threshold = 11.27

Fig. 2. Nonlinear association
between the weight-adjusted

9 10 11
WWI index

waist index (WWI) and
the risk of chronic obstructive
pulmonary disease (COPD)
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Table 3. Subgroup analysis of the association between the WWI and COPD risk

Subgroup

Variable type

Model 1 OR (95% Cl)

Model 2 OR (95% Cl)

Model 3 OR (95% Cl)

Model 4 OR (95% Cl)
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p-value for trend

numerical variable 3.30 (2.69-4.05) 3.08 (2.51-3.77) 261(2.10-3.24) 246 (1.97-3.08)
Vel Q2vs Q1 1.75(1.10-2.80) 1.67 (1.03-2.69) 145 (0.88-2.38) 143 (0.87-2.35) 0001
Q3vs Q1 3.17 (2.14-4.69) 2.83(1.87-4.26) 2.23(145-3.43) 2.15(1.39-3.31)
Q4 vs Q1 822 (5.44-124) 6.92 (4.56-10.5) 5.10(3.21-8.11) 4.65 (2.90-7.45)
numerical variable 1.49 (1.29-1.72) 148 (1.26-1.74) 1.29 (1.12-1.50) 1.23 (1.07-142) <0.001
Female Q2 vs Q1 1(0.77-1.59) 1.09 (0.75-1.59) 0.91(0.63-1.32) 0.88 (0.62-1.27) 0.001
Q3vs Q1 1.07 (0.69-1.66) 1.05 (0.67-1.65) 0.94 (0.61-1.46) 0.93 (0.60-1.44) 0.041
Q4 vs Q1 2.05(1.39-3.02) 1.99 (1.31-3.03) 1.50 (1.03-2.18) 140 (0.97-2.03) 0.100
numerical variable 1.88(1.28-2.76) 1.76 (1.19-2.60) 145 (1.00-2.11) 1.35(0.95-1.93) <0.001
Age 40-60 Q2 vs Q1 143 (0.89-2.30) 140 (0.88-2.25) 1.23(0.78-1.93) 1.19 (0.76-1.86) <0.001
Q3vs Q1 1.91 (1.52-2.39) 1.77 (140-2.25) 147 (1.19-1.81) 1.36 (1.11-1.68) 0.001
Q4 vs Q1 3.32(1.99-5.51) 2.88(1.69-4.89) 1.97 (1.25-3.09) 1.70 (1.08-2.69) 0.010
numerical variable 2.87 (2.06-3.99) 2.87 (2.05-4.02) 2.36 (1.64-3.38) 222 (1.55-3.18)
Age 260 Q2vs Q1 1.27 (0.88-1.83) 1.28 (0.88-1.85) 1.08 (0.74-1.55) 1.05 (0.72-1.52) 0001
Q3vs Q1 1.88 (1.61-2.20) 1.90 (1.60-2.24) 1.73 (1.45-2.07) 1.65 (1.39-1.97)
Q4 vs Q1 0.98 (0.67-1.43) 0.98 (0.67-1.43) 0.90 (0.61-1.32) 0.88 (0.60-1.30)
numerical variable 227(1.38-3.74) 1.54 (0.88-2.68) 147 (0.83-2.62) 140 (0.78-2.51) 0.004
Non- Q2 vs Q1 1.05 (0.65-1.70) 0.92(0.57-1.48) 0.90 (0.55-1.47) 0.90 (0.55-1.47) 0.200
smokers Q3vs Q1 1.10 (0.68-1.80) 0.88 (0.51-1.52) 0.87 (0.50-1.52) 0.86 (0.49-1.50) 0.300
Q4 vs Q1 1.54 (1.23-1.92) 1.28 (0.99-1.66) 1.26 (0.96-1.64) 1.21(0.93-1.58) 0.300
numerical variable 3.79 (241-5.94) 3.01 (1.95-4.64) 2.54 (1.65-3.91) 231 (147-3.62)
Former Q2 vs Q1 0.99 (0.58-1.69) 0.90 (0.53-1.52) 0.86 (0.51-1.46) 0.85 (0.50-1.44)
smokers Q3vs Q1 1.72 (1.14-2.59) 1.48 (1.00-2.20) 1.35(0.91-2.00) 1.30 (0.86-1.95) <0001
Q4 vs Q1 2.20(1.76-2.75) 1.98 (1.57-2.49) 1.79 (1.43-2.26) 1.68(1.33-2.12)
numerical variable 5.71 (3.66-8.93) 4.10(2.37-7.10) 3.51(2.09-5.89) 3.14 (1.86-5.30)
Current Q2vs Q1 1.82 (1.09-3.04) 1.69 (0.99-2.89) 1.77 (1.02-3.07) 1.69 (0.98-2.92)
smokers Q3vs Q1 2.35(1.51-3.68) 1.92 (1.16-3.17) 1.86 (1.10-3.15) 1.72 (1.05-2.80) <0001
Q4 vs Q1 2.52(2.05-3.09) 2.1501.67-2.77) 1.95 (1.54-2.46) 1.85 (1.45-2.34)
OR - odds ratio; 95% Cl — 95% confidence interval, WWI — weight-adjusted waist index; COPD - chronic obstructive pulmonary disease; BMI — body mass

index. Reference group: Q1 (lowest quartile of WWI). Model 1: BMI-adjusted group; Model 2: Multivariate model adjusted for sex, race and ethnicity,
BMI group, and age group; Model 3: Multivariate models adjusting for sex, race and ethnicity, BMI group, age group, smoking status, alcohol consumption,
education, poverty income ratio, and marital status; Model 4: Multivariate model adjusted for sex, race and ethnicity, BMI group, age group, smoking status,

alcohol consumption, education, poverty income ratio, marital status, chronic heart failure, atherosclerotic heart disease of coronary artery disease, and
diabetes. Subgroup analysis: The assessment of the WWI-COPD association within different; demographic and clinical groups; Effect size: A quantitative

measure of the strength of the association between WWI| and COPD in each subgroup; Fully adjusted model: A model incorporating adjustments for age,
sex, smoking status, socioeconomic factors, and comorbidities; Non-smoker category: Includes individuals who have never smoked or have quit smoking
for more than 10 years.

was identified as 11.49, yielding a sensitivity of 0.568 and
a specificity of 0.630. While WWI alone may not serve
as a definitive diagnostic tool, its predictive value suggests
that it could enhance risk stratification when combined
with other clinical factors.

Discussion

This study explored the association between WW1T and
the risk of COPD in a nationally representative sample.
The findings demonstrated a clear positive relationship
between WWI and COPD risk, with this association

remaining consistent across various demographic and
lifestyle subgroups. These results suggest that elevated
WWI is an independent risk factor for COPD, and that
central obesity should be targeted in prevention and man-
agement strategies.

Body fat distribution has been recognized as an impor-
tant factor in COPD risk. Unlike BMI or WC, WWT ac-
counts for central obesity and minimizes the confound-
ing effect of overall body weight.?? This unique feature
allows WWI to provide a more precise measurement
of central fat accumulation. Previous studies have shown
the value of WWT1 in predicting various health outcomes.
For example, a study in South Korea found WWTI to be
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Fig. 3. Receiver operating characteristic (ROC) curve of the weight-
adjusted waist index (WWI) for predicting the risk of chronic obstructive
pulmonary disease (COPD)

a better predictor of cardiovascular and metabolic dis-
eases and mortality than BMI, WC, and waist-to-height
ratio.?? Another study showed a strong positive association
between WWTI and asthma prevalence and asthma on-
set.® Higher WW1 was also associated with all-cause and
cause-specific mortality, including respiratory mortality,
among adults with asthma.?* Building on this evidence, our
study is the first to specifically investigate the relationship
between WWIand COPD risk, further solidifying the po-
tential of WWI as a sensitive and independent marker
of disease susceptibility.

Mechanistically, the observed association between WW 1
and COPD may be explained by several biological pro-
cesses. Central obesity, as measured with WWTI, is char-
acterized by excess fat accumulation in the abdominal
region.?® This type of adiposity contributes to systemic
inflammation by releasing pro-inflammatory cytokines,
such as tumor necrosis factor alpha (TNF-a) and inter-
leukin-6 (IL-6), which are known to promote airway
inflammation and lung function decline.?~2® Chronic
low-grade inflammation driven by central obesity is in-
volved in the pathogenesis of COPD.?-3! Adipose tissue
is a source of reactive oxygen species (ROS), which ex-
acerbate oxidative stress, impair the body’s antioxidant
defense mechanisms, and increase COPD risk.3233 Excess
abdominal fat can also exert pressure on the diaphragm
and chest wall, restricting respiratory movement and re-
ducing lung capacity and pulmonary function. This me-
chanical limitation, combined with reduced respiratory
muscle strength, can worsen dyspnea and other respiratory
symptoms in individuals with central obesity.3* Metabolic
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abnormalities in central obesity, such as insulin resistance
and dyslipidemia, can also indirectly contribute to COPD
progression by altering the pulmonary microenvironment
and immune function.33%

Although BMI was included as a covariate in our anal-
ysis, it is closely correlated with both WWI and COPD
risk. This correlation could have led to an underestima-
tion of the true association between WWI and COPD
risk. Future research should explore models excluding BMI
to assess whether the strength of the association changes,
providing additional clarity on the role of WWTI as an in-
dependent predictor.

Additionally, our study accounted for certain comor-
bidities, including CHF, CHD, and diabetes. However,
other conditions, such as gastrointestinal diseases, re-
nal diseases, and dyslipidemia, may also affect the rela-
tionship between WWTI and COPD.3¢-38 Further studies
including these additional comorbidities could provide
a more comprehensive understanding of the observed
association.

Our results also show a dose—response relationship be-
tween WWI and COPD risk, with a significant increase
inrisk beyond a certain WW1 threshold. This pattern was
observed across all subgroups stratified by sex, age, and
smoking status, suggesting that WW1 is a robust predictor.
These findings suggest that interventions aimed at reduc-
ing central obesity, such as targeted dietary and physi-
cal activity interventions, may have a substantial impact
on reducing COPD risk. By reducing visceral fat accumula-
tion, these interventions may not only improve respiratory
health but also metabolic and cardiovascular health.

A key strength of this study is the use of NHANES data,
which ensures a diverse and nationally representative sam-
ple, thereby enhancing the generalizability of our findings.
The comprehensive adjustment for confounders makes
the results more robust. The study also highlights the im-
portance of considering body fat distribution, rather than
just overall obesity, in disease prevention and management.

The findings of this study align with previous research
that emphasizes the role of central obesity in COPD risk,
suggesting that central fat distribution, as captured with
WWTI, may be a more precise indicator of COPD risk than
other obesity metrics, such as BMI or WC.3 However,
WWT’s predictive ability, as reflected by the modest AUC
of 0.625, suggests that it may not be sufficiently robust
to act as a standalone risk assessment tool. This modest
predictive capability should be explicitly acknowledged,
and future research should consider combining WW1I with
other biomarkers or clinical measures to enhance its utility
in clinical practice.?® Compared with other studies that
used WC or BMI as markers, WW1I demonstrated a similar
but slightly improved ability to predict COPD risk. Despite
this, the relatively modest predictive capability warrants
consideration of combining WW1I with other biomark-
ers or clinical measures to enhance its utility in clinical
practice.
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Limitations of the study

However, this study is not without limitations. As a cross-
sectional study, it cannot establish causality between WW1
and COPD risk. Although many confounders were adjusted
for, there may still be residual confounding, as unmeasured
factors such as genetic predisposition and environmental
exposures may influence the observed association. Self-
reported COPD diagnosis introduces the potential for
misclassification bias. The generalizability of the results
may be limited by the racial and geographic characteris-
tics of the NHANES dataset, which primarily represents
the U.S. population. Although WWI appears promising
as arisk assessment tool, more research is needed to refine
its specificity and sensitivity for COPD and other health
outcomes. Prospective cohort studies and interventional
trials are needed to determine optimal WWT cutoff val-
ues and to evaluate whether targeted interventions based
on WWTI can effectively reduce COPD risk and improve
disease outcomes.

Conclusions

Weight-adjusted waist index was positively associated
with COPD risk. As a measure of central obesity, WWI
provides more detailed information on fat distribution and
may serve as an independent predictor of COPD. These
results suggest that WWI could be included in routine
clinical assessments to help identify individuals at risk
of COPD and to inform targeted weight management pro-
grams aimed at reducing central obesity. Such programs
should support individuals in reducing central obesity
through healthier lifestyle choices, such as improved diet
and increased physical activity. These changes could lower
the risk of COPD and improve lung health.

Public health campaigns should raise awareness of how
central obesity affects breathing. This approach could en-
courage early prevention. Clinicians can use WW1 to iden-
tify individuals who may be at higher risk, allowing for per-
sonalized advice and interventions to reduce COPD risk.

To make WWI more useful in preventing and managing
COPD, more research is needed. Scientists should identify
the optimal WWT threshold for risk identification and ex-
amine how interventions targeting central obesity affect
COPD progression. In addition, further studies are required
to determine whether combining WW 1 with lung function
tests and other health markers can improve early detection.
These findings could inform better health policies and treat-
ments, leading to more effective care for at-risk individuals.
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629

Supplementary Table 1. Results of normality test (Sha-
piro—Wilk test) for WW1-W W4.

Supplementary Table 2. Results of homogeneity of vari-
ance test (Levene’s test, center = median).
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Abstract

Background. Osteoporosis is a majorrisk factor for fractures in middle-aged and elderly individuals. Globally,
osteoporotic fractures of the hip, spine, and forearm are associated with limited mobility, disability, chronic
pain, deformity, loss of independence, and decreased quality of life.

Objectives. To explore differences in hip bone density measurements between the iCare and Mindways
bone densitometers.

Materials and methods. The iCare and Mindways quantitative computed tomography (QCT) post-
processing software were used to measure high-, medium-, and low-density vertebrae within a Furopean
Spine Phantom (ESP) to compare the average values obtained with each QCT software and to assess poten-
tial differences. Hip joint CT scans were performed in 230 subjects, and osteoporosis detection rates were
calculated using both Mindways QCT and iCare QCT. The detection rates of hip osteoporosis obtained with
Mindways QCT and iCare QCT were compared across different age groups and sexes.

Results. There were no statistically significant differences (p > 0.05) in measurements of the high-, medium-,
and low-density vertebrae between iCare QCT and Mindways QCT using the European Spine Phantom.
The hip osteoporosis detection rate obtained with iCare QCT was significantly higher than that obtained
with Mindways QCT (p = 0.01). iCare QCT demonstrated significantly higher detection rates of hip osteopo-
rosis in both women and men compared with Mindways QCT (p < 0.05). Furthermore, iCare QCT showed
asignificantly higher detection rate of hip osteoporosis in subjects aged 50 years and older compared with
Mindways QCT (p = 0.02).

Conclusions. iCare QCT provides reliable bone density measurements and demonstrates a superior detection
rate for hip osteoporosis compared with Mindways QCT.

Key words: osteoporosis, bone density, iCare, Mindways QCT
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Highlights

women aged over 50 years.

timely clinical intervention.

» Enhanced osteoporosis detection: iCare quantitative computed tomography (QCT) demonstrated a significantly
higher detection rate of hip osteoporosis than Mindways QCT, supporting earlier diagnosis in both men and

« Accurate hip bone mineral density measurement: No significant differences were observed in phantom vertebrae
measurements between iCare QCT and Mindways QCT, confirming the reliability and accuracy of iCare QCT.

+ Improved screening in older adults: iCare QCT showed a higher detection rate of hip osteoporosis in individuals
aged 50 years or older, supporting its use in proactive osteoporosis screening and fracture prevention.

« Implications for osteoporosis management: Given the substantial impact of osteoporosis-related fractures on mo-
bility and quality of life, iCare QCT may provide a more effective approach for hip osteoporosis detection and

Background

Osteoporosis is a major risk factor for fractures in mid-
dle-aged and elderly individuals. Globally, osteoporotic
fractures of the hip, spine, and forearm are associated with
limited mobility, disability, chronic pain, deformity, loss
of independence, and decreased quality of life."? Addition-
ally, osteoporotic fractures are particularly devastating, ac-
counting for approx. 5% of all-cause mortality in both men
and women, with 21-30% of patients dying within 1 year.>*
Therefore, proactive prevention and early intervention are
key to reducing the incidence of osteoporotic fractures.

Bone density testing is the primary basis for the early
diagnosis of osteoporosis. Bone densitometers are simple
to use, highly accurate, and well accepted by patients, mak-
ing them widely used for the early detection of osteopo-
rosis. iCare quantitative computed tomography (QCT)
is a newly developed Chinese bone densitometry system
that offers a cost advantage compared with the traditional
Mindways QCT. However, the accuracy of iCare QCT
in detecting hip bone density requires further validation.

With the global progression of population aging, the in-
cidence of osteoporotic fractures is increasing rapidly,
with approx. 9 million new cases occurring annually.®
The resulting familial and socioeconomic burdens are
substantial.®*” Among these, hip osteoporotic fractures
are the most devastating, with approx. 50% of patients los-
ing the ability to live independently, and annual mortality
rates ranging between 22% and 40%.%° The causes of hip
fractures are multifactorial, including factors such as ag-
ing, sex, and decreased bone density, with decreased bone
density being the most significant risk factor.!° Therefore,
early bone density testing is essential for middle-aged and
elderly patients, as bone density assessment is the primary
basis for the early diagnosis of osteoporosis.'t

Among the methods used for bone density testing, dual-
energy X-ray absorptiometry (DXA) is considered the clini-
cal standard for assessing osteoporosis.!>3 However, DX A
cannot distinguish between calcification and other degen-
erative changes, which may lead to inaccurate bone density

measurements.'*!> Quantitative CT overcomes these limi-
tations by providing 3-dimensional (3D) structural analysis
of cortical thickness and direct measurements of trabecu-
lar bone density.!17 Its ability to bypass artifacts from
degenerative changes makes it particularly valuable for pa-
tients with spinal pathologies or metabolic bone disorders.
This study employs equivalence testing (TOST) to confirm
clinical comparability between the iCare and Mindways
QCT systems, ensuring that the statistical design directly
addresses the hypothesis that iCare QCT demonstrates
a superior osteoporosis detection rate.

Objectives

This study aimed to explore the differences in hip bone
density measurements between iCare and Mindways bone
densitometers.

Materials and methods
Subjects

This study included 230 patients who underwent hip joint
CT examinations at the Department of Orthopedics, Tai-
cang Traditional Chinese Medicine Hospital, affiliated with
Nanjing University of Chinese Medicine (China), between
December 2022 and April 2023. The inclusion criteria were
as follows: 1) patients who underwent hip joint CT exami-
nation; 2) age between 18 and 70 years; and 3) provision
of written informed consent. The exclusion criteria were
as follows: 1) presence of hip tumors, tuberculosis, or frac-
tures; 2) presence of lumbar spine or hip joint tumors, frac-
tures, or tuberculosis; and 3) use of medications that could
affect bone metabolism (such as hormones, bisphospho-
nates, or fluoride salts) within the previous 6 months. This
study was approved by the Ethics Committee of Taicang
Traditional Chinese Medicine Hospital, Nanjing University
of Chinese Medicine (approval No. 2021-047).
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Experimental materials

Two bone densitometers were used: Mindways (Mind-
ways Corporation, Los Angeles, USA) and iCare (Beijing
Aikair Medical Instruments Co., Ltd., Beijing, China).
The phantom used was an internationally standardized
European Spine Phantom (ESP; Moehrendorf, Germany),
with a water-equivalent resin as its main component.
The phantom contained three vertebral inserts (low-, me-
dium-, and high-density) with varying amounts of hydroxy-
apatite (HA). The trabecular bone densities of the low-, me-
dium-, and high-density vertebral inserts were 197 mg/cm?,
102 mg/cm?, and 50 mg/cm?, respectively. The ESP was
placed on the scanning bed, aligned along its long axis, and
scanned, with positioning and scanning repeated ten times.
The high-, medium-, and low-density vertebrae within
the ESP were measured using both iCare and Mindways
QCT post-processing software to compare the average
values obtained with the 2 QCT systems.

Experimental methods
CT scanning of subjects

Spiral CT was performed using a Philips IQON CT scan-
ner (Koninklijke Philips N.V., Amsterdam, the Netherlands).
The scanning parameters were as follows: 228 mA, 120 kV,
slice thickness of 0.8 mm, a matrix size of 512 x 512, high
pitch (HP) of 15.0, and a field of view (FOV) of 40 cm. Based
on weekly calibration using a quality assurance (QA) phan-
tom, the bed height was set to 90 cm and adjusted as needed
according to the actual scanning conditions. The scanning
procedures followed the protocol described by Liu et al.”

QCT measurement software and method

The CT scan data were transferred to the iCare and
Mindways QCT workstations, where the software auto-
matically delineated the regions of interest (ROIs). Hip
joint T-scores were then measured. The iCare software
measured volumetric bone density of the hip and auto-
matically converted it to a T-score, whereas the Mindways
software measured areal bone density of the hip and au-
tomatically converted it to a T-score.

Comparison of hip QCT osteoporosis detection rates

Prior to comparative analysis, equivalence testing was
performed using 2 one-sided t-tests (TOST) with an equiv-
alence margin of 0.5 standard deviations (SDs) to confirm
clinical comparability between the systems. Osteoporosis
detection rates were compared based on QCT diagnostic
criteria (T-score < -2.5 SD, referenced to peak bone density
in young Chinese adults). Subjects were stratified by age
(50-year cutoff) and sex, and differences in detection
rates were analyzed using McNemar’s test with continuity
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correction for paired proportions. To ensure robustness
against distributional assumptions, all statistical models
were validated using 10,000-iteration bootstrap resam-
pling, generating bias-corrected 95% confidence inter-
vals (95% Cls). Sensitivity analyses incorporated Bayesian
hierarchical modeling (Stan v. 2.31; https://github.com/
stan-dev/cmdstan) with weakly informative priors (normal
(1 =0, 0=1)). Inter-method agreement was quantified us-
ing Cohen’s kappa (k) and Bland—Altman limits of agree-
ment, with clinical discordance defined as a difference
in T-scores >1.0 SD.

Statistical analyses

Data normality was assessed using the Shapiro—Wilk
test, and non-normal data were transformed using
the Box—Cox transformation (A = 0.34) to meet paramet-
ric assumptions. Homogeneity of variances was confirmed
using Levene’s test (p > 0.05). Equivalence testing (2 one-
sided t-tests, TOST) with an equivalence margin of 0.5 SD
was performed to evaluate clinical comparability between
iCare QCT and Mindways QCT. Diagnostic agreement
was analyzed using McNemar’s test with continuity cor-
rection for paired proportions and Cohen’s weighted kappa
(Fleiss—Cicchetti) to assess inter-rater reliability. Bootstrap
resampling (10,000 iterations) generated bias-corrected
95% Cls to ensure robustness against distributional as-
sumptions, while Bayesian hierarchical modeling (Stan
v2.31) with weakly informative priors (u = 0, 0 = 1) ad-
dressed multiple comparisons (Bonferroni correction,
a =0.017). Youden’s index (] = sensitivity + specificity — 1)
was calculated to determine optimal T-score cutoffs: iCare
QCT <-2.3SD (J =0.78,95% CI: 0.70—0.86) and Mindways
QCT < -2.5SD (J = 0.62, 95% CI: 0.55-0.69), with these
thresholds marked on receiver operating characteristic
(ROC) curves (Supplementary Fig. 1). Subgroup analyses
stratified by age (=50 vs <50 years) and sex (male vs fe-
male) used McNemar’s test to compare detection rates,
while Bland—Altman analysis and Cohen’s kappa were
used to quantify inter-method agreement. Outliers were
identified using Cook’s distance (D > 0.5) and excluded,
and Markov chain Monte Carlo (MCMC) convergence was
validated using R-hat statistics (<1.05). Statistical assump-
tions, data transformation parameters, and model valida-
tion details are summarized in Supplementary Tables 1,2.

Results

Comparison of iCare QCT and Mindways
QCT measurements of the European
spine phantom

There were no statistically significant differences

in the measurements of high, medium, and low-density
vertebrae in the ESP between iCare and Mindways QCT
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Table 1. Measurements of low-, medium-, and high-density vertebral
inserts in the ESP using iCare and Mindways QCT

Method | L1 (50) L2(102) L3 (197)
iCare QCT 10 | 51342052 & 10696069 & 20389052
MindwaysQCT | 10 | 51.56+048 | 107164045 | 20407 £0.54
t - 0994 0816 0757
p-value - 0.333 0425 0459

ESP — European Spine Phantom (ESP) QCT - quantitative computed
tomography. The trabecular bone densities of the low-, medium-, and
high-density vertebral inserts were 50 mg/cm3 (L1),102 mg/cm3 (L2),
and 197 mg/cm3 (L3).

(206.25 +22.47 vs 204.55 +1.61, p = 0.814; 109.44 +12.42
vs 108.08 +1.1, p = 0.734; 53.38 +5.61 vs 51.77 +0.69,
p = 0.379). The results are presented in Table 1.

Comparison of hip osteoporosis
detection rates between iCare QCT
and Mindways QCT

The iCare QCT detected 57 cases of hip osteoporosis
(24.78%), demonstrating a significantly higher detection
rate compared with the 35 cases (15.22%) identified us-
ing Mindways QCT (McNemar’s x> = 5.56, p = 0.008).
Bland-Altman analysis revealed clinically acceptable
agreement between the 2 systems, with 94.8% of mea-
surements falling within the £1.96 SD limits (Table 3).
The mean T-score difference of 0.2 +£0.5 SD indicated
minimal systematic bias, although 4% of cases showed
clinically significant discrepancies (>1.0 SD). Further
analysis using the McNemar—Bowker test confirmed
significant asymmetry in discordant pairs (p = 0.006),

with iCare QCT identifying 18 additional osteoporosis
cases missed by Mindways. These discrepancies pri-
marily occurred in men aged >60 years (n = 12) and
women with a body mass index (BMI) <22 kg/m? (n = 6).
Bootstrap analysis (10,000 iterations) validated the ro-
bustness of these findings (bias-corrected p = 0.009),
with the 95% CI for the discordance proportion rang-
ing from 4.8% to 11.2%. Complete results are presented
in Tables 2,3.

Comparison of hip osteoporosis detection
rates between iCare and Mindways QCT
in different genders

The detection rates of hip osteoporosis in men were
33.04% (38 cases) with iCare QCT and 20.87% (24 cases)
with Mindways QCT, with a statistically significant differ-
ence between the 2 methods. Notably, the female cohort
had a younger median age (52 +8 years) compared with
men (61 +9 years), potentially contributing to the observed
sex-related disparity in detection rates. For women, the de-
tection rates were 20.00% (23 cases) with iCare QCT and
9.57% (11 cases) with Mindways QCT, also demonstrat-
ing a statistically significant difference. The results are
presented in Table 4.

Comparison of hip osteoporosis detection
rates between iCare QCT and Mindways
QCT in different age groups

When detecting hip osteoporosis in subjects aged

>50 years, the detection rate was significantly higher with
iCare QCT than with Mindways QCT. However, among

Table 2. Comparison of hip osteoporosis detection rates between iCare quantitative computed tomography (QCT) and Mindways QCT

QCTmethod | TP | FP | PN | TN |

iCare QCT 52 5 13 160
Mindways QCT 35 0 30 165

Detection rate (95% Cl)
24.78% (19.3-30.9) 5.56 0.008
15.22% (11.0-20.4) - - -

| McNemar’s x?t | p-value |

Agreement (k, 95% Cl)
0.72 (0.65-0.79)

T continuity correction applied; TP - true positive; FP - false positive; FN - false negative; TN - true negative; 95% Cl — 95% confidence interval; OR — odds
ratio. Key discordance: 18 pairs (7.83%) showed diagnostic disagreement (iCare+/Mindways—). Effect size: OR = 3.25 (95% Cl: 1.62-6.51) for iCare detecting

additional cases.

Table 3. Differences in hip osteoporosis detection rates between iCare and Mindways quantitative computed tomography (QCT) by gender

Group Number of cases Age (mean +SD)
Men 115 6149
Women 115 52 +8*

iCare QCT detection rate
38 (33.04%)
23 (20.00%)

Mindways QCT detection rate
24 (20.87%) 4328 0.037

11(9.57%) 4.970 0.026

Female participants were significantly younger than male participants (52 £8 vs 61 £9 years, p < 0.01). The lower detection rate in women may reflect
underrepresentation of postmenopausal women (typically >55 years), a high-risk population for osteoporosis; SD — standard deviation.

Table 4. Differences in hip osteoporosis detection rates between iCare and Mindways quantitative computed tomography (QCT) by age group

Number of cases

iCare QCT detection rate

>50 years 131 46 (35.11%)

<50 years 99 11 (11.11%)

Mindways QCT detection rate
29 (22.14%) 5399 0.020

6 (6.06%) 1.609 0.205




Adv Clin Exp Med. 2026;35(4):631-637

Table 5. Bland-Altman agreement analysis

Parameter iCare vs Mindways | Clinical threshold
Mean difference (SD) 0.2 (0.5 SD -
95% limits of agreement -0.8to+1.2SD -
Within LoA (%) 94.8 >90% (acceptable)
Critical discordance* 9 (3.9%) >1.05SD

*defined as T-score difference exceeding +1.0 SD; LoA — Limits
of Agreement; SD - standard deviation.

Table 6. Diagnostic accuracy against dual-energy X-ray absorptiometry
(DXA)

iCare QCT

Mindways QCT

Metric (95% Cl) (95% Cl) A (95% Cl)
AUC 0.89 (0.83-0.94) 0.82 (0.75-0.88) +0.07 (0.02-0.12)
Sensitivity 86% (78-92) 74% (65-82) +12% (5-19)
Specificity 92% (85-96) 88% (80-93) +4% (—2-10)
LR+ 10.75 6.17 -

AUC - area under the ROC curve; ROC - receiver operating characteristic;
95% CI - 95% confidence interval; LR - likelihood ratio; QCT - qualitative
computed tomography.

subjects younger than 50 years, no significant difference
in osteoporosis detection rates was observed between
the 2 methods. The results are presented in Table 5.

Diagnostic performance against DXA
reference

When validated against DXA as the reference standard,
iCare QCT demonstrated superior diagnostic accuracy,
with an area under the curve (AUC) of 0.89 (95% CI:
0.83-0.94), which was significantly higher than that
of Mindways QCT (0.82; 95% CI: 0.75-0.88) (DeLong’s
test, p = 0.016) (Supplementary Fig. 1). Receiver operating
characteristic analysis further revealed that iCare QCT
achieved an optimal T-score cutoff < 2.3 SD, correspond-
ing to the maximum Youden’s index of 0.78. In contrast,
Mindways QCT demonstrated a Youden’s index of 0.69
at a T-score threshold < -2.5 SD. At the optimal thresh-
old < -2.3 SD, iCare QCT maintained a sensitivity of 86%
without compromising specificity (92%), outperforming
Mindways QCT in both metrics (Table 6). The positive
likelihood ratio (LR+) of 10.75 for iCare QCT suggests
strong confirmatory power in clinical practice.

Discussion

Quantitative CT provides unique advantages in bone
density assessment through volumetric measurement
of trabecular bone and direct visualization of cortical
thickness. While QCT demonstrates higher sensitivity
in detecting early trabecular bone loss — particularly
valuable for monitoring therapies such as romosozumab
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— clinicians should weigh its risk of overdiagnosis (speci-
ficity 78% vs 92% for DX A in postmenopausal cohorts) and
higher radiation exposure (effective dose 100—300 puSv vs
1-10 puSv for DXA) against clinical needs. Mindways QCT,
as a classic system widely used in clinical practice,'®!
has served as a benchmark in multiple comparative stud-
ies. For example, Therkildsen et al.!® utilized Mindways
QCT to validate non-phantom-calibrated protocols, while
Ziemlewicz et al.'” employed it to compare non-contrast
and contrast-enhanced CT measurements of the proxi-
mal femur. These applications highlight the strengths
of QCT in research settings; however, its limited availabil-
ity in primary care — particularly in rural China, where
fewer than 25% of county hospitals have QCT-capable
CT scanners — reinforces the role of DXA as a pragmatic
first-line modality in resource-limited regions.

In this study, we used the Mindways QCT system
as a control to evaluate the osteoporosis detection capa-
bility of the newly developed iCare QCT system. The re-
sults showed no statistically significant differences between
iCare QCT and Mindways QCT in measurements obtained
using the European Spine Phantom, indicating that iCare
QCT provides stable and reliable results and further sup-
porting the findings of Liu et al.> Moreover, consistent with
the results reported by Liu et al.,” we also found a signifi-
cant difference in the detection rates of hip osteoporosis,
with iCare QCT demonstrating a higher detection rate than
the Mindways QCT system. This difference may be attrib-
uted to the fact that iCare QCT measures volumetric bone
density of the hip and automatically converts it to a T-score,
whereas Mindways QCT measures areal bone density.

Age is a significant risk factor for the development of os-
teoporosis, and postmenopausal women are at particularly
high risk.?° Bone synthesis and resorption are regulated
by various molecules, including estrogen, calcitonin, and
parathyroid hormone.? As individuals age, hormone levels
decrease, leading to increased bone remodeling in both tra-
becular and cortical bone, reduced cortical bone mass, and
decreased bone formation and trabecular integrity. This
results in bone loss, disruption of bone microarchitecture,
and an increased prevalence of osteoporosis.!!

Therefore, in this study, we considered age as a con-
founding factor and conducted a subgroup analysis.
We found that in subjects aged =50 years, the detection
rate of hip osteoporosis was higher with iCare QCT than
with Mindways QCT. However, in subjects younger than
50 years, there was no significant difference in osteopo-
rosis detection rates between iCare and Mindways QCT.
This finding may be attributable to the lower prevalence
of osteoporosis in individuals aged <50 years. Previous
research has shown that the prevalence of osteoporosis
differs between sexes.??

In China, among individuals aged =50 years, 29.1%
of women and 6.5% of men have osteoporosis. The most
significant factor contributing to this sex difference in os-
teoporosis prevalence is the decline in estrogen levels with
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aging, with postmenopausal women being 5-10 times
more likely to develop osteoporosis than men.?2* Con-
trary to these established epidemiological patterns,
our study observed higher osteoporosis detection rates
in males (33.04%) than in women (20.00%) using iCare
QCT. This apparent discrepancy likely stems from the sig-
nificantly younger age distribution of female participants
(mean age 52 +8 years vs 61 £9 years in males). As more
than 60% of female participants were premenopausal
or perimenopausal (age <55 years), this cohort underrep-
resented the highest-risk population of postmenopausal
women. In this study, we used the iCare and Mindways
QCT systems to detect hip osteoporosis in male and fe-
male participants. The results showed that osteoporosis
detection rates were higher with iCare QCT than with
Mindways QCT in both sexes, further confirming the su-
periority and reliability of the iCare QCT system.® Given
that bone mineral density declines most rapidly during
the first 5-10 years after menopause, the observed sex-
related disparity in detection rates underscores the criti-
cal need for future studies to prioritize the recruitment
of women older than 60 years to better characterize sex-
specific osteoporosis prevalence.

In this study, we found that the osteoporosis detection
rate was higher in men than in women, which differs from
previous reports. This discrepancy may be attributed
to the relatively younger age of the female participants
in this study, resulting in a lower proportion of postmeno-
pausal women and, consequently, a higher observed in-
cidence of osteoporosis in men. Osteoporosis in women
predominantly occurs after menopause, when ovarian
function and circulating estrogen levels decline sharply.
The decline in estrogen levels accelerates bone loss, lead-
ing to a rapid increase in the prevalence of osteoporosis
with advancing age.'*!> This limitation is particularly evi-
dent in complex spinal pathologies such as axial spondy-
loarthritis, where Zuchowski et al.?® demonstrated that
overreliance on DXA-derived bone mineral density alone
may result in significant underdiagnosis of fracture risk,
thereby necessitating complementary imaging approaches
for accurate risk stratification.

The innovation of this study lies in the evaluation
of the performance of the newly developed iCare QCT
system in detecting osteoporosis using a larger sample
size at a different center. Our findings further support
the reliability and superiority of the iCare QCT system
in osteoporosis detection. From a clinical implementation
perspective, the cost-effectiveness of iCare QCT (approx.
40% lower per-scan cost than Mindways QCT at our cen-
ter) may make it particularly advantageous in resource-
limited settings where osteoporosis screening rates remain
critically low. The high sensitivity of iCare QCT in de-
tecting early bone loss may also prove valuable for moni-
toring therapeutic responses to emerging osteoanabolic
agents, such as icariin, which has recently been shown
to ameliorate osteoporosis through autophagy activation
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in preclinical models.?® However, its implementation
would require access to CT infrastructure and appropri-
ate technician training.

Limitations of the study

This study has several limitations that should be in-
terpreted in context. The single-center design, while en-
suring protocol consistency, may limit generalizability
to more diverse populations. The observed sex-related
disparity in detection rates, with men showing a higher
prevalence of osteoporosis (33.04% vs 20.00%), likely re-
flects the younger age profile of the female cohort (median
age 52 vs 61 years in males), particularly given that approx.
60% of female participants were premenopausal. Practical
implementation barriers persist, as evidenced by the lim-
ited accessibility of QCT in rural China, where only 23%
of county-level hospitals possess compatible CT scanners.
Future multicenter studies should prioritize age-stratified
recruitment (particularly women older than 60 years), in-
corporate spine and forearm measurements, and validate
emerging ultra-low-dose protocols (<50 uSv) against gold-
standard assessments.

Conclusions

iCare QCT provides reliable bone density measurements
and demonstrates a superior detection rate for hip osteo-
porosis compared with Mindways QCT.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15783669. The package contains
the following files:

Supplementary Fig. 1. ROC curves with Youden’s index
of iCare QCT and Mindways QCT.

Supplementary Table 1. Statistical assumptions and data
transformation.

Supplementary Table 2. Bootstrap and Bayesian analysis
parameters.
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Abstract

Background. Gastric cancer (GC) remains highly lethal, with limited available biomarkers. The Pathway
Mutation Accumulation Perturbation Score (PMAPscore), which leverages pathway-level mutations, provides
anovel approach to predicting immunotherapy response and survival outcomes.

Objectives. To evaluate the prognostic and predictive value of the PMAPscore in patients with advanced
GC undergoing immunotherapy.

Materials and methods. Three cohorts of patients with GC treated with immunotherapy were analyzed:
PUCH (Peking University Cancer Hospital; n = 39, training cohort), MSK (Memorial Sloan Kettering; n = 19,
validation cohort) and SMC (Samsung Medical Center; n = 43, validation cohort). A PMAPscore-based risk
model was developed and validated for survival outcomes. Immune mechanisms in high- and low-risk groups
were explored using The Cancer Genome Atlas (TCGA) GC data (n = 431).

Results. Low-risk patients identified by the PMAPscore model exhibited significantly better progression-free
survival (PFS), overall survival (0S) and durable clinical benefit (DCB). In the PUCH cohort, low-risk patients
had higher DCB rates (85.7% vs 44.0%, p = 0.02), longer PFS (p < 0.001), and longer OS (p < 0.001). Similar
trends were observed in the MSK and SMC cohorts. Multivariate analysis confirmed low-risk status as an in-
dependent predictor of improved PFS and OS, outperforming tumor mutation burden (TMB), programmed
death-ligand 1 (PD-L1) expression, microsatellite instability (MSI) status, and the gastrointestinal immune
prognostic signature (GIPS). The TCGA data indicated enhanced antitumor immune activity in low-risk
tumors, with increased human leukocyte antigen (HLA)-related gene expression and greater B-cell and
natural killer (NK) cell infiltration.

Conclusions. The PMAPscore-based risk model is a robust tool for predicting survival and immunotherapy
responses in patients with advanced GC, supporting its clinical application for treatment stratification.

Key words: gastric cancer (GC), prognostic biomarker, immunotherapy response, Pathway Mutation Ac-
cumulate Perturbation score (PMAPscore)
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Highlights

+ The Pathway Mutation Accumulate Perturbation Score (PMAPscore) is a novel pathway-level, mutation-based
biomarker for predicting immunotherapy response and survival outcomes in advanced gastric cancer (GC).

» Low-risk patients identified by the PMAPscore demonstrated significantly improved progression-free survival and
overall survival across three independent GC cohorts.

+ The PMAPscore outperformed established biomarkers, including tumor mutation burden, programmed death-
ligand 1 expression, microsatellite instability status, and the gastrointestinal immune prognostic signature, in pre-
dicting immunotherapy response.

» The Cancer Genome Atlas analyses showed that low-risk tumors exhibit enhanced antitumor immune activity,
including increased human leukocyte antigen gene expression and greater B-cell and natural killer cell infiltration.

» The PMAPscore-based risk model offers a clinically applicable tool for treatment stratification in advanced GC

Z.Zhang et al. PMAPscore: A Biomarker for GC Immunotherapy

immunotherapy.

Background

In China, gastric cancer (GC) is the 3" most common
cause of cancer-related fatalities. It is also one of the most
aggressive cancers worldwide. This high mortality rate
is mainly associated with rapid progression to advanced
stages and a high metastatic potential.? Historically,
the treatment approach for advanced GC has relied on che-
motherapy consisting of platinum compounds and fluoro-
pyrimidines, with the addition of radiation therapy or tar-
geted agents. These recommendations are aligned with
the National Comprehensive Cancer Network (NCCN)
guidelines.? However, in recent years, immunotherapy has
become an effective treatment approach. Immune check-
point inhibitors (ICIs) targeting programmed cell death
protein 1 (PD-1) and programmed death-ligand 1 (PD-L1)
have shown promising outcomes. This represents a major
paradigm shift in GC management.*~” However, response
rates to ICIs vary, highlighting a crucial need for reproduc-
ible biomarkers to predict which patients will benefit from
immunotherapy.®?

There have been several attempts to identify predic-
tive biomarkers for GC immunotherapy. For example,
first-line treatment with nivolumab and chemotherapy
may be beneficial for HER2-negative patients with ad-
vanced or metastatic GC who exhibit PD-L1 positiv-
ity (combined positive score (CPS) > 5).1° Furthermore,
pembrolizumab monotherapy has demonstrated posi-
tive results as a second-line or subsequent treatment
in patients with high tumor mutation burden (TMB-H,
>10 mutations per megabase) or high microsatellite in-
stability (MSI-H).!'-* Nevertheless, inconsistent or con-
tradictory results have been obtained from clinical trials
that included these biomarkers.!>-7 Biomarkers such
as the gastrointestinal immune prognostic signature
(GIPS), which consists of 6 prognosis-related genes,
have shown potential to guide treatment decisions for
gastrointestinal cancers. In addition, previous studies

have indicated that mutations in patched homolog 1
(PTCHI) may serve as predictive biomarkers for immune
checkpoint inhibitors in gastrointestinal cancers.!® Yet,
their applicability is limited due to their narrow genetic
scope.!® Similarly, transcriptomic biomarkers, includ-
ing the T-cell-inflamed gene expression profile (GEP)
and chromatin assembly factor 1 subunit A (CHAF1A)
expression, have been linked to ICI responses but fail
to reliably predict survival outcomes in GC, largely due
to the lack of high-quality mRNA data.?%2! This lack
of a universally effective biomarker highlights the com-
plexity of the immune response in GC.

According to recent research, biological pathways af-
fected by cumulative genetic mutations may offer valu-
able insights into predicting the efficacy of immuno-
therapy.??-2¢ Building on this, the Pathway Mutation
Accumulation Perturbation Score (PMAPscore) was
developed to evaluate pathway mutation perturbation
levels by integrating the cumulative impact of mutated
genes and their positions within biological pathways.?”
Although the PMAPscore has demonstrated predictive
and prognostic utility in several cancers, including mela-
noma and non-small cell lung cancer, its role in advanced
GC remains unexplored.

Objectives

In this study, we utilized data from 3 advanced GC im-
munotherapy cohorts, along with The Cancer Genome
Atlas (TCGA) GC cohort (https://www.cancer.gov/ccg/re-
search/genome-sequencing/tcga), to investigate the prog-
nostic and predictive value of a multiple pathway-based
risk model constructed using the PMAPscore. In addi-
tion, we investigated the biological mechanisms underlying
this risk model. Our aim is to facilitate the development
of a reliable biomarker for GC patient stratification and
prediction of immunotherapy response.


https://www.cancer.gov/ccg/research/genome-sequencing/tcga
https://www.cancer.gov/ccg/research/genome-sequencing/tcga
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Materials and methods
Data sources and processing

This multicohort study followed a 3-step framework
encompassing biomarker discovery, validation and mecha-
nistic exploration. Supplementary Fig. 1 describes the pa-
tient selection process in detail. Genomic and clinical data
from 3 cohorts of patients receiving immunotherapy for
GC were examined.

The multiple pathway-based risk model was developed
and validated using the following cohorts:

Training cohort: PUCH (Peking University Cancer Hos-
pital,’® n = 39); used to identify genetic characteristics with
prognostic potential and to construct the pathway-based
risk model.

Validation cohorts:

1) MSK (Memorial Sloan Kettering,?®?° n = 19): used
to validate the predictive performance of the model;

2) SMC (Samsung Medical Center,?° n = 43): used for
additional external validation.

Additionally, the molecular processes underlying
the correlation between the pathway-based risk model and
the clinical outcomes of immunotherapy were examined
using the TCGA GC cohort, which included 431 patients.
In Supplementary Table 1, the clinicopathological features
of the 3 groups are summarized.

Outcome assessment standards

Tumor responses were assessed using the Response
Evaluation Criteria in Solid Tumors (RECIST) v. 1.1.3!
Achieving complete response (CR), partial response (PR)
or stable disease (SD) lasting longer than 24 weeks was
defined as durable clinical benefit (DCB), whereas pro-
gressive disease (PD) or SD lasting less than 24 weeks was
defined as non-durable benefit (NDB).?® Patients with CR
or PR were classified as responders (R), whereas those with
SD or PD were classified as non-responders (NR). Over-
all survival (OS) and progression-free survival (PFS) were
the primary survival endpoints. Progression-free survival
was defined as the time from initiation of immunotherapy
to disease progression or death, whereas OS was defined
as the time from initiation of treatment to death or the date
of the most recent follow-up.

PMAPscore calculation and risk model
construction

In accordance with prior work, the PMAPscore, which
represents the cumulative effects and locations of genetic
mutations within pathways, was computed.?” The PMAP-
scores were obtained by analyzing 123 Kyoto Encyclopedia
of Genes and Genomes (KEGG; http://www.kegg.jp) path-
ways using a modified R-based tool (https://CRAN.R-proj-
ect.org/package=PMAPscore). To further narrow the scope
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of candidate pathways and prevent overfitting, univari-
able Cox proportional hazards regression analyses were
performed first, and pathways with p < 0.2 were selected.
Subsequently, the least absolute shrinkage and selection
operator (LASSO) regression was applied to the Cox model
by penalizing its likelihood function using a 10-fold cross-
validation approach, and a prognostic risk model was con-
structed by integrating the PM A Pscores of prognostic path-
ways. The risk score formula was expressed as follows: risk
score = ¥ (PMAPscore x regression coefficient). Patients
were stratified into high- and low-risk groups based on their
scores. In conjunction with clinical factors, the independent
prognostic significance of the risk score was assessed using
multivariate Cox regression analysis.

Bulk RNA-sequencing analyses

Associations between the PM APscore-based risk model
and immune-related characteristics were investigated
using the TCGA GC cohort, which included both DNA
and RNA sequencing data. Differential gene expression
analyses were conducted using DESeq2 v1.30 (https://bio-
conductor.org/packages/release/bioc/html/DESeq2.html),
with a fold-change threshold of >2 and a p-value cutoff
of <0.05. The ClusterProfiler software (v. 4.4.4) (https://
bioconductor.org/packages/release/bioc/html/cluster-
Profiler.html) was used to conduct enrichment analysis
of the identified genes. Gene set variation analysis (GSVA,
v. 1.46) (https://bioconductor.org/packages/release/bioc/
html/GSVA html) was employed to calculate enrichment
scores for 50 hallmark gene sets, followed by comparisons
between high- and low-risk groups. The CIBERSORT al-
gorithm and the Immuno-Oncology Biological Research
(IOBR) R package (https://github.com/IOBR/IOBR) were
applied to determine the proportions of 22 immune cell
types and immuno-oncology-related signatures in both
groups. To further elucidate the relationship between im-
mune microenvironment subtypes and therapeutic out-
comes, dynamic changes in the tumor immune micro-
environment (TIME) were examined using 2 established
approaches.?>3? Metrics related to the immune repertoire
were also compared.

Statistical analyses

R software v. 4.2.2 (R Foundation for Statistical Com-
puting, Vienna, Austria) was used for all analyses. Overall
survival and PFS were assessed using Kaplan—Meier sur-
vival curves, with significance determined with the log-
rank test. Fisher’s exact test was used to assess categorical
data, and the two-sided Mann—Whitney U test was used
to compare groups. We assessed the normality of continu-
ous variables using the Kolmogorov—Smirnov or Shapiro—
Wilk tests. For samples of size <50, the Shapiro—Wilk test
was applied; otherwise, the Kolmogorov—Smirnov test was
used. A p > 0.05 indicated a normal distribution. When


http://www.kegg.jp
https://CRAN.R-project.org/package=PMAPscore
https://CRAN.R-project.org/package=PMAPscore
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/GSVA.html
https://bioconductor.org/packages/release/bioc/html/GSVA.html
https://github.com/IOBR/IOBR
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analyzing differences between 2 sets of variables, an F-test
was used to assess the homogeneity of variance. Equal vari-
ance was assumed if p > 0.05. The results of the assump-
tion assessment are listed in Supplementary Tables 6-9. For
normally distributed data with equal variance, Student’s
t-test was used to compare differences between groups.
If either assumption was violated, the Mann—Whitney
U test was used. For categorical variables, the x? test
or Fisher’s exact test was used to compare group differ-
ences. The x? test was applied when the total sample size
exceeded 40 and the minimum expected frequency was
greater than 5. If the total sample size exceeded 40 but
the minimum expected frequency was between 1 and 5,
the corrected x? test was applied. Fisher’s exact test was
used when the total sample size was below 40 or the mini-
mum expected frequency was less than 1. Group differ-
ence results are presented in tables and visualized using
box-and-whisker plots, showing the estimated maximum,
upper quartile, median, lower quartile, and estimated
minimum. Outliers were defined as values above QU +
1.5 x QR or below QL - 1.5 x QR (QR = QU - QL). The sig-
nificance level for statistical analyses was set at a = 0.05,
with p < 0.05 considered statistically significant.

Results

Clinicopathological features
of the patients

This study established a predictive model using
the PUCH cohort, comprising 39 GC patients receiving
ICIs, with a median follow-up of 6 months. Validation was
performed using data from the MSK and SMC cohorts,
which included 19 and 43 GC patients, respectively. Among
these patients, DCB or response (R) to PD-1 inhibitors was
observed in 14 patients (35.9%) in the PUCH cohort, 6 pa-
tients (31.6%) in the MSK cohort and 13 patients (30.2%)
in the SMC cohort. Supplementary Table 1 summarizes
the clinical and pathological features of all 3 cohorts, and
the study design is illustrated in Supplementary Fig. 1.

Construction of the pathway-based
risk model in the PUCH cohort based
on PMAPscore profiles

The PMAPscore was calculated for 123 pathways re-
trieved from the KEGG database for each patient, yield-
ing a comprehensive PMAPscore profile. Pathways with
PMAPscores of 0 in more than 70% of patients were ex-
cluded from further analysis, resulting in 86 pathways re-
tained for univariable Cox proportional hazards regression
analyses. Based on the results of the univariate Cox analy-
sis, a filtering criterion of p < 0.2 was applied, and 11 candi-
date pathways were subsequently entered into the LASSO
regression model to mitigate overfitting (Supplementary
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Fig. 2). A prognostic risk model was then developed using
the PMAPscores of 10 pathways weighted by their LASSO
regression coefficients. Risk scores for individual patients
were calculated using the formula:

The risk score was calculated as the weighted sum
of PM APscores for 10 pathways (Supplementary Table 2).

Negative contributions (associated with lower risk):

-0.0617 x mTOR signaling pathway

—-0.2052 x Gap junction

—-0.4438 x Thermogenesis

—-0.0446 x Insulin signaling pathway

—-0.0867 x Type II diabetes mellitus

Positive contributions (associated with higher risk):

+0.1249 x Longevity regulating pathway

+0.0410 x Platelet activation

+0.2726 x Long-term potentiation

+0.2186 x Regulation of actin cytoskeleton

+0.7536 x Cortisol synthesis and secretion

Similar to the validation cohorts, participants in
the PUCH cohort were divided into high- and low-risk
groups based on the 60" percentile threshold of the risk
score. Risk score distributions, survival outcomes and
PMAPscores of the pathways are shown in Fig. 1A-C.
Notably, low-risk patients exhibited significantly improved
OS in the PUCH cohort (p < 0.001, Fig. 1D). The c-index
for OS was 0.835 (Supplementary Table 3). Additionally,
the DCB group had a higher proportion of patients classi-
fied as low-risk (85.7% vs 44.0%, p = 0.017, Fig. 1E).

Correlation of the pathway-based risk
model with clinical and immunological
features

The pathway-based risk score showed no significant as-
sociation with clinical or immunological features, including
sex, MSI, GIPS, PD-L1 expression, and TMB score, except
for copy number variation (CNV) (Fig. 2A-E, p > 0.05).
The CNV showed a trend toward a positive correlation with
risk score level (Fig. 2F, p = 0.053). The pathway-based signa-
ture was confirmed as an independent prognostic factor for
progression-free survival by Cox regression analyses (mul-
tivariate: p = 0.023, hazard ratio (HR) = 0.114 (low vs high),
95% confidence interval (95% CI): 0.018—0.744) (Fig. 3).

Validation of prognostic and predictive
significance in independent cohorts

To verify the prognostic and predictive value of the model,
analyses were conducted in the MSK and SMC cohorts (Sup-
plementary Table 4). In the MSK cohort, patients in the low-
risk group demonstrated a higher proportion of DBC, as well
as better PFS and OS, compared with the high-risk group
(Fig. 4A-D). The c-index for OS was 0.707 (Supplementary
Table 3). Consistent with these findings, in the SMC cohort,
patients in the responder group experienced greater clinical
benefit than those in the non-responder group (Fig. 5A,B).
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A similar pattern was observed when comparing the DBC
and NDB groups; however, the differences were not statisti-
cally significant (Fig. 5C,D).

Differential gene expression and
enrichment analyses

Transcriptomic data analysis identified 1,094 differen-
tially expressed genes (DEGs) between the high- and low-
risk groups (Fig. 6A, Supplementary Table 5). Enrichment
analysis indicated significant involvement of pathways re-
lated to extracellular matrix (ECM) organization among
both upregulated and downregulated DEGs in the low-risk
group (Fig. 6B,C). Gene set variation analysis (GSVA) re-
vealed that pathways such as DNA repair, interferon alpha
response, oxidative phosphorylation and the p53 pathway
had decreased activity in the low-risk group (Fig. 6D).

Associations of the pathway-based
signature with TIME

The role of the TIME in tumor growth and immunother-
apy response was examined. The expression levels of class II
HLA-related genes were significantly higher in the low-risk

group (Fig. 7A). Chemokines including CCL18, CXCL3,
CCL3, and CCL4 exhibited higher expression in the low-
risk group (Fig. 7B). In contrast, the expression of immune
checkpoint inhibitors, such as CD274, ENTPD1, VTCNI,
and transforming growth factor beta receptor 1 (TGFBR1),
was markedly lower in the low-risk group (Fig. 7C). Addi-
tionally, the low-risk group showed increased expression
of TNFRSF13 and TNFRSF9, which are co-stimulators
of T cells (Fig. 7D). Immune cell infiltration was then as-
sessed, and as shown in Fig. 7E, the low-risk group exhib-
ited higher infiltration of naive B cells and plasma cells.
Furthermore, immuno-oncology signature analysis derived
from the IOBR package revealed a significant increase
in the infiltration abundance of B cells and natural killer
(NK) cells in the low-risk group, along with a significant de-
crease in oxidative phosphorylation (Supplementary Fig. 3).

Discussion

Gastric cancer exhibits significant tumor heterogene-
ity due to diverse genetic alterations, making it essential
to identify patients who are likely to benefit from immune
checkpoint inhibitors and to tailor treatment plans for
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those who may not respond. In this study, we developed
and validated a pathway-based risk score model derived from
the PMAPscore to improve the precision of predicting im-
munotherapy outcomes in patients with GC. This approach
effectively stratifies patients into high- and low-risk catego-
ries, identifying those with a higher likelihood of respond-
ing to immune checkpoint inhibitor therapy. Additionally,
it serves as a robust prognostic indicator for patients with
GC undergoing immunotherapy. Notably, the median OS
was prolonged to nearly 14 months in patients with low-
risk status. Importantly, our findings reveal that patients
with GC with different PMAPscores display distinct TIME
characteristics, with enhanced antitumor immune activity
observed in the low-risk group.

Biomarker-guided immunotherapy holds great promise
for the development of novel antitumor therapies by enrich-
ing responder populations through biomarker-based patient
selection. Extensive research has been conducted to identify
predictive markers of immune checkpoint inhibitor efficacy;

however, existing biomarkers, including PD-L1 expression,
TMB and MS], have notable limitations. These limitations
include inconsistent results, limited generalizability and low
prevalence in certain cancers. For instance, PD-L1 expres-
sion has demonstrated limited predictive value in colorec-
tal, esophageal, and gastric cancers.>*-%" Variability in exon
sequencing platforms and a lack of consensus on cutoff
points contribute to mixed findings regarding the prognos-
tic value of tumor mutation burden.®3%3° Additionally, high
status of MSI is rare, occurring in only 0—-5% of metastatic
gastrointestinal cancers.*** Recently, several genetic mu-
tations and expression markers have emerged as potential
biomarkers for GC immunotherapy, such as PTCHI muta-
tion and CHAFIA expression. Nevertheless, the limited
scope of genetic alterations and the scarcity of high-quality
mRNA data may restrict their true clinical utility.!32! Al-
though the GIPS, a potential predictor of immune check-
point inhibitor efficacy in gastrointestinal malignancies,
is a genetic mutation signature involving 6 genes,'® our
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multivariate analysis demonstrated that the PMAPscore-
based risk model outperformed these markers as an inde-
pendent predictor of OS. Therefore, cancer-specific models
are necessary for clinical application.

Biological pathways provide valuable insights into dis-
ease mechanisms, drug responses, tumor markers, and
altered cellular processes.*?~*¢ Risk models constructed
using multiple pathways have demonstrated superior pre-
dictive capabilities. By integrating comprehensive networks
for prognostic and efficacy prediction, these models en-
hance the reliability and stability of their outcomes. Higher
PMAPscores suggest increased neoantigen generation,
which may enhance T-cell recognition and improve im-
munotherapy efficacy. Previous studies have shown that
pathway-based risk models effectively stratify patients with
melanoma and non-small cell lung cancer into distinct
groups with significantly different prognoses and responses
to immunotherapy.?” However, these findings highlight
the necessity of cancer-specific models for clinical appli-
cation, as melanoma-specific models did not perform well
in patients with non-small cell lung cancer. Consistent with
our results, pathway-based models have demonstrated bet-
ter predictive value for immunotherapy efficacy compared

with tumor mutation burden. Additionally, multivariable
Cox analyses in this study confirmed that the PMAPscore-
based risk model is an independent predictor of both OS
and PFS in patients with GC.

Limitations of the study

Despite the encouraging findings, several limitations
must be acknowledged. First, the relatively small sample
size across the included cohorts limits the statistical power
and generalizability of the results; some observations may
reflect trends rather than reaching statistical significance.
Second, drug-related biases may have been introduced due
to the heterogeneity of anti-PD-1 and PD-L1 antibodies
used across the training and validation cohorts, which
were sourced from different pharmaceutical manufac-
turers. Third, the construction of the PMAPscore-based
risk model was constrained by the high dimensionality
of variables relative to the sample size. As a result, not all
candidate variables could be incorporated into the regu-
larized Cox regression model. Instead, univariate Cox
regression was applied to preselect variables, which may
have led to the exclusion of features that exert effects
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only through interactions with other variables. Finally, predictive validity require further confirmation through
although the PMAPscore demonstrated robust predictive large-scale prospective studies involving patients treated
performance across multiple cohorts, its clinical utility and with a uniform immune checkpoint inhibitor regimen.
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Fig. 7. Relationship between risk score and tumor immune microenvironment in the The Cancer Genome Atlas (TCGA) gastric cancer (GC) cohort.
A-D. Volcano plot showed the comparison result of human leukocyte antigens (HLA) genes expression (A), chemokine genes expression (B), immune
checkpoint inhibitors expression (C) and immune co-stimulators expression (D) in low- vs high-risk group; E, Boxplot of immunocytes proportion for

the patients in the high- and low-risk groups (Mann-Whitney U test)

Conclusions

In summary, the PMAPscore-based risk model repre-
sents a promising biomarker for forecasting and predicting
the therapeutic benefits of immune checkpoint inhibitors
in patients with GC. This model provides a useful tool for
optimizing treatment strategies by enabling the identi-
fication of potential immunotherapy responders, which
we plan to evaluate in future prospective studies.

This study highlights the PMAPscore as a novel biomarker
for GC patients receiving immunotherapy. The PMAPscore-
based risk model efficiently stratifies patients into high- and
low-risk groups by integrating multiple pathway alterations,
providing reliable predictions of OS, PFS and DBC. Im-
portantly, this approach identified low-risk patients with
favorable clinical outcomes, characterized by distinct TIME
features, including enhanced antitumor immune activity.

The PMAPscore demonstrates superior predictive power
and is less influenced by confounding variables than con-
ventional biomarkers, including PD-L1 expression, MSI and
TMB. Beyond advancing our understanding of GC tumor
biology, the PM APscore paves the way for more individual-
ized and effective immunotherapy strategies. This approach
may support clinical decision-making and ultimately im-
prove outcomes for patients with advanced GC. Moreover,
it may improve cost-effectiveness by enabling a smaller

and more personalized panel of genes involved in relevant
pathways, based on the PMAPscore-based risk model. Such
a panel could be readily translated into a practical, easy-to-
use clinical assay to better identify patients with GC who
are most likely to benefit from immunotherapy. Although
these results highlight the PMAPscore’s potential as both
a prognostic and predictive tool, further randomized clini-
cal trials are required to validate its clinical utility.
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Abstract

Background. Nasopharyngeal carcinoma (NPC) is a rare but aggressive malignancy that originates in the epi-
thelial cells of the nasopharynx.

Objectives. This study aimed to investigate the causal relationship between Epstein—Barr virus (EBV)
susceptibility, dietary factors (specifically preserved food intake), and NPC risk using Mendelian randomiza-
tion (MR). The goal of this study was to provide insights into the genetic and environmental factors that
contribute to NPC pathogenesis.

Materials and methods. We performed MR analyses using genome-wide association study (GWAS) data
to identify genetic variants associated with EBV susceptibility and preserved food consumption. These genetic
variants were used as instrumental variables to assess their causal effects on NPCrisk, while controlling for
potential confounding and reverse causality. Subgroup and sensitivity analyses, including the MR-Eqger,
weighted median, and leave-one-out methods, were conducted to evaluate the robustness of the findings.

Results. Our MR analysis identified a significant causal effect of EBV genetic susceptibility on NPC risk
(B = 147,95% confidence interval (95% (l): 1.12-1.83, p = 0.001). Additionally, genetic predispositions
related to higher preserved food intake were associated with an increased risk of NPC (f = 0.75, 95% Cl:
045-1.05,p=10.001). Subgroup analysis showed consistent results across different age groups (p for interac-
tion =0.45), and sensitivity analyses confirmed the robustness of the findings, with no evidence of pleiotropy.

Conclusions. This study provides strong evidence that genetic susceptibility to EBV and preserved food
intake are causal risk factors for NPC. These findings offer valuable insights into NPC prevention strategies,
particularly in high-risk populations, and highlight the need for further research on gene—environment
interactions in NPC pathogenesis.

Key words: genetic susceptibility, Epstein—Barr virus (EBV), Mendelian randomization (MR), nasopharyngeal
carcinoma (NPC), dietary factors
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Highlights

nasopharyngeal carcinoma (NPC) risk.
butions to carcinogenesis.

across age groups.

» Mendelian randomization (MR) confirms that genetic susceptibility to Epstein—Barr virus (EBV) causally increases
+ Genetic predisposition to preserved food intake is associated with elevated NPC risk, highlighting dietary contri-
+ GWAS-based MR analyses (MR-Egger, weighted median, leave-one-out) robustly validate causal associations

« Findings support gene—environment interactions and inform targeted NPC prevention strategies.

Background

Nasopharyngeal carcinoma (NPC) is a rare but aggres-
sive malignancy arising from the epithelial cells of the na-
sopharynx. It is characterized by a distinct geographic and
ethnic distribution, with significantly higher incidence rates
reported in Southeast Asia, North Africa, and certain in-
digenous populations. Nasopharyngeal carcinoma is highly
prone to metastasis and is associated with a complex inter-
play of genetic, environmental, and viral factors. Although
NPC accounts for only a small proportion of global cancer
cases, it is associated with disproportionately high mortal-
ity in endemic regions, where it may constitute up to 90%
of head and neck cancer cases.!

The pathogenesis of NPC is multifactorial and involves
a complex interplay among viral infection, host genetic sus-
ceptibility, and environmental exposures. One of the most
well-established risk factors for NPC is infection with
Epstein—Barr virus (EBV), a ubiquitous herpesvirus that
infects more than 90% of the global population. However,
it is essential to distinguish between EBV infection and
the incidence of NPC. Although EBV infection is nearly
universal, NPC remains a relatively rare malignancy, in-
dicating that additional genetic and environmental de-
terminants are required for progression from infection
to cancer. The disproportionate burden of NPC in specific
geographic regions and ethnic populations further under-
scores the role of genetic susceptibility and environmental
exposures in modulating individual risk.2

Epstein—Barr virus infection has long been implicated
in the development of NPC, particularly in endemic regions.
Studies indicate that nearly 100% of NPC cases in high-in-
cidence areas, such as Southern China and Southeast Asia,
are associated with EBV infection. However, only a small
proportion of individuals infected with EBV develop NPC,
underscoring the contribution of additional cofactors.
Genetic susceptibility — especially polymorphisms in im-
mune-related genes, including those within the human
leukocyte antigen (HLA) region — is believed to influence
host immune responses to EBV and thereby modify NPC
risk. Environmental exposures, such as dietary factors,
tobacco use, and contact with carcinogenic substances,
also contribute to the initiation and progression of NPC.?

Dietary factors, in particular, have been strongly impli-
cated in NPCrisk. Certain traditional foods, such as salted
fish and fermented products, have been identified as po-
tential contributors due to their content of carcinogenic
nitrosamines. These dietary practices, which are prevalent
in NPC-endemic regions, may interact with genetic sus-
ceptibility and EBV infection to increase the likelihood
of malignant transformation. In addition, tobacco use and
exposure to environmental toxins further elevate NPC
risk, particularly among individuals with underlying ge-
netic predispositions.*

Given the complex and multifactorial nature of NPC
risk, establishing clear causal relationships among ge-
netic, viral, and environmental determinants using tra-
ditional observational methods remains challenging.
Mendelian randomization (MR) offers a robust alterna-
tive approach by using genetic variants as instrumental
variables to infer causal effects between exposures and
disease outcomes. Unlike conventional epidemiological
analyses, MR can reduce bias arising from confound-
ing and reverse causality, which are common limitations
of observational studies.’

By utilizing genetic instruments linked to EBV suscep-
tibility, dietary factors, and other environmental expo-
sures, MR enables researchers to determine whether these
factors directly contribute to the development of NPC.
Mendelian randomization is particularly valuable in this
context, as it facilitates the dissection of complex disease
pathways and helps identify which exposures are causally
associated with NPC risk. This methodology provides
critical insights into the factors most relevant for NPC
prevention and highlights the potential for targeted in-
terventions, such as dietary modifications or EBV vac-
cination strategies.®

Objectives

This study aimed to investigate the causal relationships
among EBV susceptibility, dietary factors, and the risk
of NPC. Given the well-established link between EBV in-
fection and NPC, along with the pronounced geographic
and ethnic disparities in NPC incidence, this study
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clarifies the role of genetic predisposition to EBV suscep-
tibility in NPC development. Additionally, the potential
contribution of dietary factors, particularly preserved food
consumption, to NPC risk was examined. To achieve these
objectives, MR was employed to assess causal associa-
tions between genetic variants linked to EBV susceptibility
and preserved food intake and their effects on NPC inci-
dence, while accounting for confounding and mitigating
reverse causality. Through these analyses, the objective
was to provide compelling evidence of the influence of ge-
netic and environmental factors on NPC pathogenesis,
thereby contributing to the development of future preven-
tion strategies and targeted interventions for high-risk
populations.”

Materials and methods

Genetic instrument selection
for EBV susceptibility

Genetic variants associated with EBV susceptibility
were selected as instrumental variables for MR analysis.
These variants are primarily located in immune-related
genes, particularly the HLA region, which plays a crucial
role in EBV infection and persistence. Single-nucleotide
polymorphisms (SNPs) were selected from genome-wide
association studies (GWAS) based on genome-wide signifi-
cance (p < 5 x 1078). We applied linkage disequilibrium (LD)
clumping with an r? threshold <0.01 and a 10,000 kb window
to ensure independence between SNPs. F-statistics were
calculated for each instrument, and all exceeded the thresh-
old of 10, indicating sufficient instrument strength.

The complete list of SNPs used as instruments, along
with their effect sizes and F-statistics, is provided in Table 1.
Single-nucleotide polymorphisms in this region were cho-
sen based on their previously established associations with
EBV susceptibility in GWAS. Additionally, SNPs linked
to broader EBV-related immune responses were included
to enhance the robustness of the analysis. These genetic
variants served as instruments for estimating the causal
effect of EBV susceptibility on NPC risk.

Table 1. MR analysis of EBV susceptibility and NPC risk
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Study design and data sources

The analysis utilized large-scale, publicly available ge-
nomic datasets, including data from the UK Biobank
(https://www.ukbiobank.ac.uk), which comprises over
500,000 participants. The study cohort consisted of 8,422
individuals of European ancestry (ages 40—69), among
whom NPC is rare. Case counts were limited, with only 28,
corresponding to an estimated incidence of approx. 1 per
100,000. While this low incidence reflects the epidemiology
of NPC in European populations, it may constrain statis-
tical power and limit the generalizability of the findings
to high-risk populations such as those in East Asia. None-
theless, we selected this cohort because of the availability
of high-quality genetic and phenotypic data and the feasibil-
ity of implementing MR.

Mendelian randomization analysis

A 2-sample MR approach was employed to estimate
the causal relationship between EBV susceptibility and
NPC risk. Summary genetic data for EBV susceptibility
were used as the 1% sample, while NPC incidence data
from the UK Biobank formed the 2" sample. The primary
method for causal inference was inverse-variance weight-
ing (IVW), which integrates the effects of multiple genetic
variants to estimate the overall causal effect of EBV suscep-
tibility on NPC incidence. Sensitivity analyses were per-
formed to ensure the robustness and validity of the find-
ings: MR-Egger regression was used to assess the presence
of pleiotropy. The intercept of the MR-Egger test was
evaluated for significance, with no significant pleiotropy
indicated if the intercept was close to zero (p > 0.050).
Leave-one-out analysis was conducted to assess whether
any single SNP disproportionately influenced the results.
This analysis helps confirm the stability of the causal es-
timates by excluding each SNP one at a time. Heteroge-
neity tests were performed using the Q-statistic to assess
whether the causal estimates were consistent across dif-
ferent genetic variants. A p > 0.05 suggested no significant
heterogeneity among the SNPs used.

p-value

‘ 95% CI

Sensitivity analysis

Genetic variant Exposure Outcome (e
P (NPC risk) estimate ()

SNPs in HLA region EBV susceptibility = NPCincidence 147
SNP§ related to dietary EBV suscgpt\blllty+ NPC risk 034
salt intake saltintake
SNPs related to smoking E8Y suscept|b|l|ty * NPC risk 0.29

smoking
General EBV-related SNPs | EBV susceptibility | NPCincidence -

MR-Egger: no pleiotropy (intercept = 0.02,
p = 0.32); leave-one-out: no influential SNPs;
heterogeneity: Q-statistic = 9.23, p=0.15

1.12-1.83 0.001

interaction term: significant gene-

0.15-0.52 0.001 ) ) '
environment interaction

interaction term: increased risk in smokers

010-048 | 0004 with higher EBV susceptibility

instrument strength (F-stat > 10)

95% Cl - 95% confidence interval; EBV — Epstein—Barr virus; NPC — nasopharyngeal carcinoma; SNP - single-nucleotide polymorphism; HLA — human

leukocyte antigen; MR — Mendelian randomization.
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Interaction with dietary
and environmental factors

Secondary analyses explored potential gene—environment
interactions between EBV susceptibility and environmental
factors, such as dietary salt intake and smoking. To assess
these interactions, genetic variants associated with dietary
salt intake and smoking were incorporated into the MR mod-
els alongside EBV susceptibility SNPs. Interaction terms were
computed to evaluate their combined effect on NPC risk, and
their influence was estimated using standard MR approaches.

Genetic instrument selection
for dietary factors

The potential causal effect of dietary factors, particu-
larly preserved food intake, on NPC risk was examined
using MR. Genetic variants associated with preserved food
consumption were identified based on SNPs previously
linked to dietary intake traits in large-scale GWAS. Spe-
cifically, we utilized publicly available GWAS summary
statistics derived from dietary questionnaires in the UK
Biobank and similar cohorts, which recorded self-reported
frequency of preserved food intake. Only genome-wide
significant SNPs (p < 5 x 1078) associated with preserved
or processed food consumption were selected as instru-
mental variables. To reduce bias, SNPs were clumped
based on linkage disequilibrium (r? < 0.01) and aligned
to the effect alleles used in the outcome data. These foods,
often high in nitrates and other potentially carcinogenic
compounds, have been implicated in NPC pathogenesis.
Instrumental variables for the MR analysis were selected
from GWAS that identified SNPs associated with dietary
intake, including preserved food consumption.

Mendelian randomization analysis was performed to esti-
mate the causal effect of genetic predisposition to preserved
food consumption on NPC risk. The IVW method served
as the primary approach, integrating effect estimates from
multiple SNPs to derive an overall causal estimate.

Sensitivity analyses were performed to ensure the ro-
bustness of the findings. These included MR-Egger regres-
sion to detect pleiotropy (i.e., whether the genetic variants
used as instruments also influence NPC risk through path-
ways other than preserved food consumption) and leave-
one-out analysis to check whether any individual SNP had
an outsized influence on the results. Heterogeneity tests
were also conducted using the Q-statistic to assess the con-
sistency of causal estimates across different genetic vari-
ants. A p-value greater than 0.05 in the heterogeneity tests
indicated no significant heterogeneity among the SNPs.

Subgroup analysis by age group
To explore the robustness and generalizability

of the causal associations between EBV susceptibility and
NPC risk, we conducted a subgroup analysis stratified
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by age. Participants were categorized into 2 age groups:
younger (40-59 years) and older (60—69 years). This
stratification was performed to determine whether age
influenced the observed relationship between genetic sus-
ceptibility to EBV and NPC incidence. For each group,
we conducted MR analyses using the same set of genetic
instruments associated with EBV susceptibility.

The causal effect of EBV genetic susceptibility on NPC
risk was estimated separately for each age group, and
the interaction between age and EBV susceptibility was
tested using a p-value for interaction. This statistical
test assessed whether the relationship between EBV sus-
ceptibility and NPC risk differed significantly between
the younger and older age groups.

Sensitivity analysis

Beyond subgroup analysis, multiple sensitivity analy-
ses were conducted to assess the robustness of the causal
estimates:

1. MR-Egger regression: This method was employed
to detect directional pleiotropy, which occurs when genetic
variants influence the outcome through pathways unre-
lated to the exposure of interest. The MR-Egger intercept
was tested for significance, with p > 0.05 indicating no
substantial pleiotropic bias.

2. Weighted median approach: To enhance the reliability
of the causal estimates, the weighted median method was
applied. This approach provides a robust estimate even
when up to 50% of the genetic variants are invalid instru-
ments. Consistency between the weighted median and MR-
Egger estimates strengthened confidence in the findings.

3. Leave-one-out analysis: To determine whether any
individual SNP disproportionately influenced the results,
a leave-one-out sensitivity analysis was performed. Each
SNP was sequentially excluded, and changes in the causal
estimates were examined to assess potential instability.

4. Heterogeneity testing: Cochran’s Q-statistic was
used to assess heterogeneity among the genetic variants.
A p > 0.05 suggested no significant heterogeneity, indicat-
ing consistency of the causal estimates across the selected
SNPs.

To comprehensively assess horizontal pleiotropy and
the robustness of our MR estimates, we generated diag-
nostic plots for both EBV susceptibility and preserved food
intake. For both exposure—outcome pairs, MR scatter plots
revealed a consistent directional association across SNPs,
supporting the validity of the IVW-derived causal esti-
mates. Funnel plots showed a symmetrical distribution
of SNP effects, indicating minimal directional pleiotropy.
Leave-one-out analyses demonstrated that no individual
SNP disproportionately influenced the overall causal
estimate, reinforcing the stability of the results. These
diagnostics are presented in Fig. 1-6. Additionally, MR-
PRESSO analysis did not detect any significant outlier
variants, further supporting the reliability of the findings.
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Fig. 1. Mendelian randomization (MR) scatter plot for the effect

of Epstein—Barr virus (EBV) susceptibility on nasopharyngeal carcinoma
(NPC) risk. Each point represents 1 single-nucleotide polymorphism (SNP),
plotted by its genetic association with EBV susceptibility (x-axis) and NPC
risk (y-axis). Horizontal and vertical bars indicate standard errors (SEs).

The red line represents the approximate inverse-variance weighted

(IVW) causal estimate. The plot shows a consistent directional effect
across SNPs, supporting a positive causal relationship between genetic
susceptibility to EBV and NPC risk

215 *

210

200

19.5

Inverse standard error (1/SE)

19.0 x
0.0 0.2 04 0.6 0.8

SNP effect on EBV susceptibility

Fig. 2. Funnel plot for the effect of Epstein—Barr virus (EBV) susceptibility
on nasopharyngeal carcinoma (NPC) risk. This funnel plot displays

the single-nucleotide polymorphism (SNP) effect sizes on EBV
susceptibility (x-axis) against the inverse of their standard errors (y-axis).
The symmetrical distribution of points suggests an absence of directional
pleiotropy, supporting the reliability of the Mendelian randomization (MR)
estimates
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Fig. 3. Leave-one-out analysis for the effect of Epstein—Barr virus

(EBV) susceptibility on nasopharyngeal carcinoma (NPC) risk. This plot
illustrates the causal estimate recalculated after sequentially removing
each single-nucleotide polymorphism (SNP) from the instrument set.

The red dashed line represents the overall estimate using all SNPs.

The stability of the estimates indicates that no single SNP unduly influences
the Mendelian randomization (MR) result
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Fig. 4. Mendelian randomization (MR) scatter plot for the effect

of preserved food intake on nasopharyngeal carcinoma (NPC) risk. Each
point represents a single-nucleotide polymorphism (SNP) instrument,
showing its association with preserved food intake (x-axis) and NPC

risk (y-axis), with error bars indicating standard errors (SEs). The red line
depicts the approximate inverse-variance weighted (IVW) causal estimate,
suggesting a positive association between preserved food intake and
NPC risk
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Fig. 5. Funnel plot for the effect of preserved food intake

on nasopharyngeal carcinoma (NPC) risk. The plot shows the single-
nucleotide polymorphism (SNP) effect sizes on preserved food intake
(x-axis) against the inverse of their standard errors (SEs; y-axis). The overall
symmetry of the plot suggests minimal evidence of directional pleiotropy
in the Mendelian randomization (MR) analysis
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Fig. 6. Leave-one-out analysis for the effect of preserved food intake

on nasopharyngeal carcinoma (NPC) risk. This plot displays the causal effect
estimates recalculated after omitting each single-nucleotide polymorphism
(SNP) individually. The red dashed line shows the overall inverse-variance
weighted (IVW) estimate using all SNPs. The consistency of the estimates
indicates that the overall result is not driven by any single SNP
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Statistical analyses

All analyses were conducted using the TwoSampleMR
R package (R Foundation for Statistical Computing, Vi-
enna, Austria). Causal estimates for the effect of preserved
food consumption on NPC risk were primarily derived
using IVW regression, which served as the main analyti-
cal approach. To assess the robustness and consistency
of the findings, sensitivity analyses were performed,
including MR-Egger regression to evaluate pleiotropy,
weighted median estimation to provide a robust causal
estimate when some genetic variants might be invalid,
leave-one-out analysis to assess whether any individual
SNP disproportionately influenced the results, and het-
erogeneity testing (Cochran’s Q-statistic) to determine
the consistency of causal estimates across genetic variants.
All statistical tests were 2-sided.

Given that 5 primary hypotheses were tested — 2 main
exposures (EBV susceptibility and preserved food intake)
and 3 interaction terms (salt intake, smoking, and age)
— we applied a Bonferroni correction to account for mul-
tiple testing. The corrected significance threshold was
set at p < 0.01 (0.05/5). Only results meeting this thresh-
old were considered statistically significant. The primary
analysis concentrated on the causal relationship between
EBV susceptibility and NPC risk, both in the overall pop-
ulation and across age-stratified subgroups. Subgroup
analyses were conducted among participants aged 40—59
and 60-69 years. The interaction between age and EBV
susceptibility was assessed using an interaction p-value
to determine whether the causal effect differed across age
groups. To further ensure the validity of the results, ad-
ditional sensitivity analyses (MR-Egger, weighted median,
and leave-one-out tests) were performed.

To assess statistical power, a post hoc analysis was con-
ducted using the observed effect size (§ = 1.47), total sam-
ple size (n = 8,422), and 28 NPC cases. Assuming a = 0.05
and a 2-sided test, the study had approx. 70% power to de-
tect the reported association. This level of power, while
moderate, supports the validity of the finding, particularly
in light of the consistent results from multiple sensitivity
analyses.

Results

Causal effect of EBV genetic susceptibility
on NPCincidence

Mendelian randomization analysis identified a signifi-
cant association between genetic variants related to EBV
susceptibility and the risk of developing NPC. Specifi-
cally, several SNPs within immune-related genes, includ-
ing those in the HLA region, were found to be strongly
associated with EBV susceptibility. These SNPs have been
linked to immune responses that influence the persistence
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of EBV infection. Using these variants as instrumental
variables, we estimated the causal effect of EBV suscepti-
bility on NPC risk.

The results showed that increased genetic susceptibility
to EBV was associated with a higher risk of NPC ( = 1.47,
95% confidence interval (95% CI): 1.12-1.83, p = 0.001).
After Bonferroni correction for multiple testing (adjusted
threshold p < 0.01), this association remained statistically
significant (Table 1). This suggests that individuals with
a genetic predisposition to higher EBV susceptibility are
at a significantly greater risk of developing NPC, support-
ing the causal role of EBV in NPC pathogenesis.

Sensitivity analyses were performed to confirm the ro-
bustness of this finding. The MR-Egger regression showed
no significant evidence of directional pleiotropy (inter-
cept = 0.02, p = 0.32), suggesting that the observed as-
sociation was not confounded by pleiotropic effects.
Leave-one-out analysis confirmed that no single SNP
disproportionately influenced the results, indicating
the stability of the causal estimate. Heterogeneity tests
also demonstrated consistent effects across the genetic
variants used in the analysis (Q-statistic = 9.23, p = 0.15)
(Table 1).

In secondary analyses, we explored the potential interac-
tions between EBV susceptibility and dietary or environ-
mental factors. For example, individuals with a genetic
predisposition to higher EBV susceptibility who also had
higher dietary salt intake showed a significantly greater
risk of NPC (interaction term: = 0.34, 95% CI: 0.15-0.52,
p = 0.001), suggesting a gene—environment interaction.
Similarly, smoking was found to further increase the risk
of NPC in individuals genetically predisposed to EBV sus-
ceptibility (interaction term: f = 0.29, 95% CI: 0.10-0.48,
p = 0.004) (Table 1).

Additional MR analyses examining other potential
risk factors for NPC, such as immune function, also sup-
ported the finding that EBV susceptibility remains a sig-
nificant driver of NPC risk. The genetic instruments used
in the analysis showed sufficient strength, with F-statistics
well above the threshold of 10, confirming the reliability
of the causal estimates.

Causal effect of dietary factors on NPC
incidence

In addition to examining the causal effect of EBV sus-
ceptibility on NPC incidence, the role of dietary factors,
particularly preserved food intake, in NPC risk was also ex-
amined. Genetic predispositions related to dietary prefer-
ences and preserved food consumption were incorporated
into the MR analysis.

The analysis identified a significant causal effect of ge-
netic variants associated with preserved food intake
on NPC risk. Specifically, individuals with a genetic pre-
disposition to higher preserved food consumption exhib-
ited an elevated risk of developing NPC (3 = 0.75, 95% CI:
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Table 2. MR analysis of dietary factors and NPC risk

‘ 95% Cl

p-value Sensitivity analysis

Genetic variant Exposure O] Gzl
p (NPC risk) estimate ([3)
SNPs related
to preserved food Piieseied fF)Od NPC risk 0.75
intake consumption

045-1.05 0.001

MR-Egger: no pleiotropy (intercept = 0.01, p = 0.45);
leave-one-out: no influential SNPs; heterogeneity:
Q-statistic =8.54, p=0.12

95% Cl - 95% confidence interval; EBV — Epstein—Barr virus; NPC — nasopharyngeal carcinoma (NPC), SNP - single-nucleotide polymorphism; HLA — human

leukocyte antigen; MR — Mendelian randomization.

Table 3. Sensitivity and stratified analyses of EBV susceptibility and NPC risk by age group

95% CI

Sensitivity analysis

Subarou Exoosure Outcome Causal
group P (NPCrisk) | estimate (B)

Overall EBV susceptibility NPC risk 147
Younger age group - )
(40-59 years) EBV susceptibility NPC risk 1.50
Oliteegogou EBV susceptibility NPC risk 143
(60-69 years) ’
Stratified by age EBV susceptibility NPC risk -

MR-Egger: no pleiotropy (intercept = 0.02,
p = 0.32); weighted median: consistent results;
leave-one-out: no influential SNPs

1.12-1.83 0.001

MR-Egger: no pleiotropy (intercept = 0.03,
p=035)

MR-Egger: no pleiotropy (intercept = 0.01,
p =0.45)

p-value for interaction = 0.45 (no significant
age effect)

1.13-1.87 0.001

1.05-1.80 0.002

95% Cl - 95% confidence interval; EBV — Epstein—Barr virus; NPC — nasopharyngeal carcinoma (NPC); SNP - single-nucleotide polymorphism; HLA — human

leukocyte antigen; MR — Mendelian randomization

0.45-1.05, p = 0.001) (Table 2). This finding suggests that
preserved foods, often rich in nitrates and other carcino-
genic compounds, may contribute to NPC development
in genetically susceptible individuals.

Sensitivity analyses supported the robustness of this
finding. The MR-Egger regression did not suggest direc-
tional pleiotropy (intercept = 0.01, p = 0.45), indicating that
the association between preserved food intake and NPC
risk is likely causal. Leave-one-out analysis showed that
no single SNP had an outsized influence on the results,
and heterogeneity tests indicated consistent effects across
the genetic variants (Q-statistic = 8.54, p = 0.12) (Table 2).

Subgroup and sensitivity analyses

To assess the robustness of the identified causal associa-
tions, subgroup and sensitivity analyses were performed,
examining potential variations in NPC risk by age and
conducting additional sensitivity tests.

Stratifying the analysis by age group revealed consis-
tent results across different age categories. The associa-
tion between EBV susceptibility and NPC incidence re-
mained significant across younger and older age groups,
suggesting that the causal relationship is not substantially
influenced by age. Genetic predisposition to EBV sus-
ceptibility was associated with an increased risk of NPC,
regardless of whether individuals were in younger or older
age categories (p for interaction = 0.45), supporting
the generalizability of the findings across different age
ranges (Table 3).

Additional MR sensitivity analyses were conducted using
alternative estimation methods, including the MR-Egger

and weighted median approaches. These analyses indi-
cated consistent results with minimal evidence of pleiot-
ropy (p > 0.05) (Table 3), demonstrating that the observed
associations were unlikely to be influenced by confounding
genetic factors. The robustness of the findings was further
supported by leave-one-out analyses, which revealed no
significant changes in the estimates when individual SNPs
were excluded.

Diagnostic plots for sensitivity analysis

To visually assess pleiotropy and the influence of indi-
vidual SNPs, we generated MR diagnostic plots for both
exposure-outcome pairs. For EBV susceptibility NPC risk,
MR scatter plots showed a consistent directional trend
among SNPs, while the funnel plot displayed approximate
symmetry, suggesting minimal directional pleiotropy
(Fig. 1,2). Leave-one-out analysis revealed no SNP with
a disproportionate influence on the causal estimate (Fig. 3).

For preserved food intake NPC risk, similar patterns
were observed. The MR scatter plot indicated a consistent
association direction, and the funnel plot showed sym-
metry, implying limited bias due to pleiotropy (Fig. 4,5).
The leave-one-out analysis confirmed the robustness
of the findings by demonstrating stability across all SNP
exclusions (Fig. 6).

The MR-PRESSO global test did not identify any statisti-
cally significant outlier SNPs for either EBV susceptibility
or preserved food intake (global test p > 0.05). These find-
ings further support the absence of substantial horizontal
pleiotropy and strengthen the robustness of the causal es-
timates derived from IVW and MR-Egger methods.
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Discussion

This study identified a significant causal relationship
between genetic susceptibility to EBV and the incidence
of NPC, and individuals genetically predisposed to higher
EBV susceptibility exhibited a markedly increased risk
of developing NPC. This association was particularly
strong for SNPs located in immune-related genes, espe-
cially in the HLA region. These findings align with previ-
ous research, suggesting that genetic factors influencing
immune responses to EBV play a critical role in NPC patho-
genesis. Notably, variations in the HLA region have been
consistently linked to differential susceptibility to EBV
infection, which may subsequently affect cancer develop-
ment. The genetic variants identified in this study further
corroborate this relationship, confirming the hypothesis
that EBV susceptibility is a key determinant of NPC risk.

Importantly, our results showed a consistent effect across
various MR sensitivity analyses, which ruled out confound-
ing factors due to pleiotropy. These findings align with
those of other MR studies investigating viral infections
and cancer risk, in which genetic instruments were used
to better assess causal relationships while minimizing bias
from confounding variables.®° While the role of EBV and
dietary factors in NPC has been previously proposed, our
study provides novel evidence by using MR to infer a causal
relationship, which strengthens the validity of these as-
sociations beyond correlation. This methodological ap-
proach addresses limitations of traditional observational
studies, such as confounding and reverse causation, thus
contributing a more rigorous understanding of the etio-
logical pathways involved in NPC.

Moreover, our study also identified gene—environment
interactions, particularly the combined effects of EBV sus-
ceptibility, dietary salt intake, and smoking. This gene—
environment interaction suggests that individuals with
a genetic predisposition to higher EBV susceptibility may
face compounded risks of NPC when exposed to environ-
mental factors, such as high salt intake and smoking. This
is particularly relevant given the well-established associa-
tions between preserved foods, smoking, and NPC risk.!
Our interaction findings mirror the results of previous
studies that have proposed that lifestyle factors can exac-
erbate cancer risk in genetically susceptible populations.!!

For example, Okekpa et al. found that high salt con-
sumption could promote NPC progression in EBV-infected
individuals.* Our finding that smoking further elevates
NPC risk in individuals with higher EBV susceptibility
is consistent with a study by Hsu et al., which reported that
smoking increases the risk of NPC, particularly in EBV-
positive cases.!? These observations suggest that for those
with genetic susceptibility to EBV, environmental modifi-
cations such as reducing salt intake and quitting smoking
could help mitigate the risk of NPC development.

The significance of our findings lies not only in the val-
idation of EBV’s role as a key factor in NPC, but also
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in providing insight into the potential mechanisms
by which genetic and environmental factors converge
to increase NPC risk. By leveraging MR, we have ad-
vanced the understanding of causal relationships, moved
beyond observational correlations, and offered a clearer
picture of the factors driving NPC development. These
results further support the role of EBV susceptibility
in the pathogenesis of NPC and highlight the importance
of genetic predisposition in shaping cancer risk. The dis-
covery of gene—environment interactions also suggests
potential targets for prevention and intervention. Future
studies should explore the mechanisms underlying these
interactions and examine potential therapeutic strategies
aimed at modifying both the genetic and environmental
risk factors to reduce the burden of NPC.

Our study further explored the role of dietary factors
in NPC development by assessing the impact of preserved
food consumption on NPC risk. We found that individu-
als with a genetic predisposition to higher preserved food
intake had a significantly greater risk of developing NPC
(p = 0.75, 95% CI: 0.45-1.05, p = 0.001). This result un-
derscores the potential carcinogenic effects of preserved
foods, which are commonly high in nitrates and other
substances that have been linked to cancer development.
This finding is consistent with the growing body of evi-
dence suggesting that dietary factors play a substantial role
in the etiology of NPC, particularly in regions with high
rates of the disease, where preserved food consumption
is prevalent.!®

The association between preserved food intake and
NPC risk was further validated by our sensitivity analy-
ses, which showed no evidence of pleiotropy (MR-Egger
intercept = 0.01, p = 0.45), reinforcing the causal nature
of this relationship. These results are in line with those
of other MR studies examining dietary factors and can-
cer risk, where genetic predispositions have been shown
to provide insights into the causal effects of diet on disease
outcomes.!* For example, Yun et al. found that genetic
predispositions to a higher intake of processed meats were
associated with an increased risk of colorectal cancer, sim-
ilarly suggesting a causal link between diet and cancer
risk.’® Using MR, our study strengthens the evidence that
dietary choices, specifically the consumption of preserved
foods, can influence NPC risk in genetically susceptible
individuals.

Our results also highlight the importance of genetic
predisposition in dietary risk, providing a clearer under-
standing of how genetic factors can exacerbate the harmful
effects of certain dietary habits. The SNPs associated with
preserved food intake, which have been linked to the regu-
lation of dietary preferences and metabolism, could be
key to understanding individual variability in NPC risk.
The significant effect of preserved food consumption
in genetically predisposed individuals aligns with the find-
ings of previous studies that have pointed to high salt in-
take and nitrate consumption as risk factors for NPC.1°
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In particular, nitrates and nitrites, common in preserved
foods, have been shown to be carcinogenic, especially when
combined with the long-term consumption of such foods
in high-risk regions.t”

Interestingly, the consistency of our findings across vari-
ous genetic variants used to assess the effect of preserved
food intake supports the reliability of the causal estimates.
Heterogeneity tests indicated that the results were robust,
with minimal evidence of variability across the SNPs, re-
inforcing the idea that the genetic variants in question are
consistently associated with NPC risk. This is a critical
consideration when interpreting MR results, as it mini-
mizes the potential bias that could arise from the influence
of individual SNPs.

The present study provides robust evidence supporting
a causal relationship between preserved food consump-
tion and NPC risk. By integrating MR with genetic data
on dietary habits, we not only confirmed previous ob-
servational findings but also demonstrated that dietary
factors, specifically the intake of preserved foods, can sig-
nificantly influence NPC risk in genetically predisposed
populations. These results underline the need for public
health strategies that focus on modifying dietary habits,
especially in high-risk areas where preserved food con-
sumption is a common practice. Further studies should
explore the underlying biological mechanisms and interac-
tions between genetic and environmental factors in NPC
development.

To further evaluate the robustness and generalizability
of the causal associations observed between EBV suscep-
tibility and NPC risk, we conducted stratified and sensi-
tivity analyses. Our findings from these analyses provide
additional support for the causal relationship between EBV
genetic susceptibility and NPC risk, with consistent results
across different age groups and robust sensitivity tests.

The subgroup analysis by age revealed that the associa-
tion between EBV susceptibility and NPC incidence re-
mained significant across both younger (40-59 years) and
older (60—69 years) age categories (p for interaction = 0.45).
This suggests that the effect of EBV genetic susceptibility
on NPC risk is not substantially modified by age, sup-
porting the broad applicability of these findings across
various age groups. This result is consistent with those
of previous studies, which have shown that EBV infection
remains a strong risk factor for NPC throughout different
age ranges, particularly in endemic regions where the inci-
dence of NPC is high.!® In contrast to some earlier studies
that suggested that age might modulate the effect of EBV
on NPC risk,' our findings indicate that genetic predis-
position to EBV susceptibility significantly increases NPC
risk irrespective of age. This reinforces the notion that ge-
netic factors play a central role in NPC pathogenesis, with
EBV being a major etiological factor across the lifespan.

The sensitivity analyses conducted using the MR-Eg-
ger and weighted median estimation methods further
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affirmed the robustness of our results. In line with the pri-
mary analysis, these sensitivity tests showed minimal
evidence of pleiotropy (p > 0.05), suggesting that the ob-
served associations are unlikely to be confounded by ge-
netic factors influencing other traits. This is an important
consideration, as pleiotropy, where genetic variants af-
fect multiple traits, can introduce bias into MR studies.?’
Using various sensitivity methods, including MR-Egger
regression, which corrects for pleiotropy, we confirmed
the causal relationship between EBV susceptibility and
NPC risk. These findings are consistent with those of a re-
cent MR study by Schmidt et al.,?! which showed that
genetic variants linked to infectious agents, such as EBV,
could reliably predict cancer outcomes without significant
pleiotropic effects.

Additionally, leave-one-out analyses, which assess
the impact of each individual SNP on the overall estimates,
showed no significant changes in causal estimates when in-
dividual SNPs were excluded. This indicates that no single
SNP disproportionately influenced the overall results, fur-
ther supporting the stability and reliability of our findings.
These results align with those of other MR studies that
have employed similar approaches to assess the robustness
of causal estimates. For example, a study by Lin et al.?
on the causal relationship between genetic predispositions
to inflammatory markers and cancer risk found that leave-
one-out analysis helped to confirm the reliability of their
causal estimates, similar to our study.

In this study subgroup and sensitivity analyses provide
compelling evidence that the causal relationship between
EBV susceptibility and NPC risk is robust, consistent
across age groups, and unaffected by potential pleiotro-
pic influences. These results underline the critical role
of genetic susceptibility to EBV in NPC pathogenesis, rein-
forcing the utility of MR as a tool for establishing causality
in complex disease processes.

Limitations of the study

This study has several limitations. First, the number
of NPC cases was small (n = 28), which may have limited
statistical power despite the consistent sensitivity analyses.
Second, both the exposure instruments and outcome data
were derived from populations of predominantly Euro-
pean ancestry, which may limit generalizability to high-
incidence regions such as Southern China and Southeast
Asia. Third, although multiple sensitivity analyses were
performed, residual horizontal pleiotropy cannot be com-
pletely excluded. Finally, the use of summary-level data
precluded assessment of individual-level interactions,
nonlinear relationships, and potential effects of other co-
existing viral or immunological factors. Therefore, these
findings should be interpreted cautiously and validated
in larger, ancestrally matched cohorts, particularly in high-
risk populations.
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Conclusions

This study provides strong causal evidence using MR
that both genetic susceptibility to EBV and dietary fac-
tors, particularly preserved food consumption, contribute
significantly to NPC risk. Although these associations have
been reported in prior observational studies, our use of ge-
netic instruments strengthens the inference of causality
and enhances understanding of the biological mechanisms
underlying NPC pathogenesis. These findings highlight
the critical interaction between genetic and environmen-
tal factors in NPC pathogenesis. The insights achieved
from this research could guide the development of tar-
geted prevention strategies, particularly for populations
with a high genetic predisposition to EBV susceptibility.
However, further studies are necessary to better under-
stand the complex gene—environment interactions that
contribute to NPC, which may ultimately lead to more
effective prevention and intervention approaches.
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Abstract

Background. Wake-up stroke (WUS), an ischemic stroke occurring during sleep, accounts for 15-25%
of acute ischemic strokes (AlS) cases and poses unique therapeutic challenges due to an unknown onset
time. Circadian rhythms, requlated by the suprachiasmatic nucleus (SCN), influence various cardiovascular
and metabolic processes, and disruptions of these rhythms have been implicated in stroke pathogenesis.

Objectives. This study explored whether WUS patients exhibit distinct circadian abnormalities compared
with non-WUS patients, focusing on markers such as melatonin, cortisol, circadian clock gene expression,
blood pressure (BP), and heart rate (HR).

Materials and methods. This exploratory, cross-sectional study included 28 participants (WUS: §;
non-WUS; 9, controls: 11). Blood samples were collected every 6 h over 24-h period, with melatonin and
cortisol levels assessed via ultra-high-performance liquid chromatography—tandem mass spectrometry
(UHPLCG=MS/MS) and chemiluminescence, respectively. Circadian gene expression ((LOCK, CRYT, CRY2, PERT,
PER2,and BMALT) was analyzed using quantitative real-time reverse transcription polymerase chain reaction
(RT-gPCR). Blood pressure and HR were recorded at 2-h intervals, and circadian rhythmicity was determined
using MetaCycle analysis.

Results. The results revealed significant circadian rhythms in melatonin and cortisol in the non-WUS and
control groups, with WUS patients showing a complete loss of melatonin rhythm and a 3-h phase delay in cor-
tisol. Blood pressure and HR circadian variations were absent in both stroke groups, and none of the 6 clock
genes exhibited rhythmicity in either the WUS or non-WUS group.

Conclusions. This study highlights the potential role of disrupted circadian rhythms in WUS pathogenesis,
providing insights into targeted interventions such as light therapy. Future studies with larger cohorts are
essential to confirm these findings and assess their clinical implications for stroke prevention and recovery.

Key words: circadian rhythm, melatonin, cortisol, clock genes, wake-up stroke
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Highlights

controls.

interventions such as light therapy.

« This study presents the first exploratory investigation of circadian rhythms in patients with wake-up stroke (WUS).
+ WUS patients exhibit a complete loss of the melatonin circadian rhythm, in contrast to non-WUS patients.
+ The cortisol rhythm in WUS patients shows a 3-h phase delay compared with both non-WUS patients and healthy

« Circadian rhythm disruptions may contribute to the pathophysiology of WUS and represent potential targets for

Background

Wake-up stroke (WUS) is an ischemic stroke that oc-
curs during sleep and accounts for approx. 15-25% of acute
ischemic strokes (AIS) cases.'”3 It is well known that
stroke management emphasizes the critical importance
of the therapeutic time window.*® Specifically, if the delay
from symptom onset to discovery is prolonged, the optimal
treatment window may be missed or fall into a suboptimal
range, resulting in worse patient outcomes. Since WUS oc-
curs during sleep, the therapeutic time window may have
already elapsed by the time the patient wakes up. To better
understand WUS, researchers have conducted various ob-
servational studies to analyze and compare its differences
with non-WUS, aiming to identify distinct risk factors and
develop targeted interventions to reduce its incidence.”!
Studies have shown that WUS is associated with a signifi-
cantly higher prevalence of severe obstructive sleep apnea
and an increased likelihood of newly diagnosed atrial fibril-
lation."*~!3 However, no significant differences have been
observed between WUS and non-WUS regarding other
traditional risk factors, such as hypertension, diabetes, and
smoking.* Whether WUS is driven by pathophysiologi-
cal mechanism distinct from those of non-WUS remains
unclear. Some researchers have proposed that circadian
factors may play a role in the pathogenesis of WUS.11°

Epidemiological studies have demonstrated a circadian
distribution of AIS, with a higher incidence in the morn-
ing and a lower incidence during sleep.'®” This variation
may be explained by the circadian rhythmicity of certain
cardiovascular markers. For example, previous studies
have shown that circadian variations in blood pressure
(BP) mirror the temporal bimodal pattern of AIS.18%
Similarly, circadian rhythms within the hemostatic sys-
tem warrant consideration, including morning increases
in fibrinolytic activity, platelet aggregation, and endo-
thelial dysfunction.?®?! Given these observations, a key
question arises: is WUS merely a random event, or does
it involve pathophysiological mechanisms distinct from
those of non-WUS? This study aims to explore this ques-
tion from the perspective of circadian rhythms.

The circadian rhythmicity of the aforementioned cardio-
vascular factors, including endothelial function, thrombosis,
and BP, is regulated by the circadian clock.?*? The circadian

clock refers to an internal timekeeping mechanism in liv-
ing organisms that regulates physiological and behavioral
rhythms, aligning them with the day—night cycles of the ex-
ternal environment.?* In mammals, the master control cen-
ter of this clock is located in the suprachiasmatic nucleus
(SCN) of the hypothalamus.?> The SCN's regulation of phys-
iological processes related to circadian rhythms is exten-
sive, encompassing the secretion of melatonin and cortisol,
the expression of clock genes within the SCN itself, and
the modulation of clock gene expression in peripheral tis-
sues, as well as exerting strict control over numerous other
bodily functions and the secretion of various fluids.?6-28 Ad-
amczak-Ratajczak et al. investigated the circadian rhythms
of AIS through studies on melatonin and cortisol, finding
that melatonin rhythm was preserved without phase shifts,
while cortisol rhythm was advanced with higher median
levels.?” However, circadian rhythmicity in WUS patients
and whether it remains consistent with that of non-WUS
patients have yet to be investigated.

Objectives

Based on these considerations, we hypothesized that
WUS patients exhibit distinct circadian rhythmicity com-
pared with non-WUS patients, potentially contributing
to differences in pathogenesis. To test this hypothesis,
we comprehensively evaluated and compared several cir-
cadian markers, including melatonin and cortisol levels,
the expression patterns of circadian clock genes, and key
cardiovascular parameters such as BP and heart rate (HR).
These markers were analyzed across 3 groups: WUS pa-
tients, non-WUS patients, and healthy controls. This ap-
proach aimed to provide deeper insights into potential
circadian abnormalities in WUS patients.

Materials and methods
Study design and participants
The study protocol has been described previously.?°

This was an exploratory, single-center, prospective, cross-
sectional, observational study.?** All AIS patients who
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attended the Emergency Department of the First Affiliated
Hospital of Soochow University (Suzhou, China) were eval-
uated for eligibility. Precise inclusion and exclusion criteria
were established to reduce the number of confounding
variables that could alter circadian rhythms. The inclusion
criteria were as follows: 1) age between 40 and 80 years;
2) lesions of the anterior circulation caused by infarction
(for patients); 3) mental clarity (for patients); 4) hospital
admission between 6:00 and 18:00; and 5) willingness
to participate in this study. The exclusion criteria were
as follows: 1) daytime unwitnessed stroke; 2) infarction le-
sions involving the thalamus (for patients); 3) patients who
underwent mechanical thrombectomy; 4) caffeine intake
within 24 h prior to the study; 5) diagnosed depression
or other psychiatric illnesses; 6) history of stroke, cancer,
or other neurological disorders; 7) a history of insomnia,
visual disorders, severe liver or renal dysfunction, or ma-
lignancy; 8) change in workplace or travel across 2 time
zones within the previous 6 weeks; and 9) use of certain
medications, such as -receptor blockers (e.g., Betaloc)
that suppress melatonin release, steroids, benzodiaz-
epines, opioids, and immunomodulatory drugs. Accord-
ing to whether the symptom onset occurred during sleep
or while awake, eligible patients were divided into 2 groups:
WUS and non-WUS. Age-matched healthy subjects were
recruited as a control group.

Ethics statement

The study was approved by the Medical Ethics Com-
mittee of the First Affiliated Hospital of Soochow Uni-
versity (approval No. 2019053) and was registered with
the Chinese Clinical Trial Registry (ChiCTR1900024381).
All participants provided written informed consent.

Initial assessment

Within 24 h of admission, all recruited patients were
asked to undergo the initial evaluation, which consisted
of clinical and neurological examinations, laboratory analy-
ses, electrocardiography (ECQ), cerebral computed tomog-
raphy (CT), CT angiography, and CT perfusion imaging.

Circadian rhythm analysis

The participants were instructed to adhere to their regu-
lar nighttime sleep habits throughout the study period. No
daytime naps were permitted. During the awake period,
patients and healthy volunteers were exposed to standard
fluorescent lighting, and the lights were switched off be-
tween 20:00 and 22:00 according to individual sleeping
patterns. To ensure undisturbed sleep, all participants
were accommodated in private rooms. During sleep, all
subjects wore activity bracelet monitors (HUAWEI Band 4;
Huawei Technologies Co., Ltd., Shenzhen, China) and eye
masks. To minimize light interference, especially from
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corridor lighting, participants were required to keep their
eye masks on throughout the sleep period, including dur-
ing blood collection. Blood samples were drawn every
6 h over a 24-h period, specifically at 2:00, 8:00, 14:00,
and 20:00. A dim, pen-sized yellow lamp was used during
nighttime sampling to prevent light-induced suppression
of melatonin secretion.

Blood samples were drawn from the antecubital vein
into ethylenediaminetetraacetic acid (EDTA) tubes for
the extraction of RNA to analyze circadian clock gene
expression, and into coagulant tubes for serum separation.
Serum was subsequently separated from blood samples
collected in coagulant tubes and stored at —80°C until
melatonin and cortisol levels were assessed.

Using a Philips patient monitor (model IntelliVue
MX400; Koninklijke Philips N.V., Amsterdam, the Neth-
erlands), HR and BP were measured hourly in all patients
throughout the 24-h study period. In contrast, the vol-
unteers’ HR and BP were measured using a 24-h ambu-
latory BP monitoring device. Data were extracted at 2-h
intervals from the initiation of monitoring for each par-
ticipant. After the participants awoke, sleep parameters
such as total sleep duration, frequency of awakenings,
and the proportions of rapid eye movement (REM) sleep,
light sleep, and deep sleep were recorded. These param-
eters were transmitted from the activity bracelet monitor
to a smartphone via a Bluetooth module.

Melatonin and cortisol assay

Melatonin levels were determined using ultra-high-
performance liquid chromatography coupled with tan-
dem mass spectrometry (UHPLC-MS/MS), a method
developed to measure neurotransmitter concentrations
with higher speed, greater resolution, and increased peak
capacity.!® Cortisol levels were measured using chemilumi-
nescent immunoassays with test kits provided by Mindray
(Shenzhen, China). These immunoassays were performed
in the Department of Nuclear Medicine at the First Affili-
ated Hospital of Soochow University.

Determination of clock gene expression

The expression levels of 6 circadian clock genes were
analyzed, including CLOCK, BMALI, 2 period genes (PER1
and PER2), and 2 cryptochrome genes (CRYI and CRY2).
The expression levels of the 6 target genes and the 5-actin
gene (used as an internal reference control) were examined
using quantitative real-time reverse transcription poly-
merase chain reaction (RT-qPCR). Total RNA was ex-
tracted from blood samples using TRIzol reagent, and RNA
integrity and quantity were assessed with 1% agarose gel
electrophoresis. RNA was reverse transcribed into cDNA
using a reverse transcription kit (Takara, Tokyo, Japan).
The reverse transcription reaction volume was 10 gL, and
the reaction conditions were 37°C for 15 min followed
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by 85°C for 5 s. The primers were designed using Primer
Premier 5.0 software (PREMIER Biosoft International,
Palo Alto, USA). RT-qPCR was performed in accordance
with the manufacturer’s instructions using a qTower3G
real-time PCR thermal cycler (Analytik Jena, Jena, Ger-
many). The amplification was performed in a reaction
volume of 20 pL, and the program consisted of an ini-
tial denaturation at 95°C for 3 min, followed by 45 cycles
of 95°C for 55, 60°C for 5 s, and 72°C for 15 s. Relative gene
expression levels were quantified using the comparative
threshold cycle (2744¢Y) method. The relative expression
levels of the clock genes were determined by normalizing
their expression values to those of S-actin in each sample.

Statistical analyses

Statistical analyses were conducted using R v. 4.4.1
(R Foundation for Statistical Computing, Vienna, Austria)
and IBM SPSS Statistics v. 27 for Windows (IBM Corp.,
Armonk, USA). GraphPad Prism v. 8 (GraphPad Software,
San Diego, USA) was used to generate graphs. A two-sided
p < 0.05 was considered statistically significant.

Baseline data analysis

The study cohort included 8 participants in the WUS
group, 9 in the non-WUS group, and 11 in the control
group. Given the small sample sizes in each group and
the resulting low power of normality tests, we opted for
nonparametric statistical analyses. Categorical variables
are presented as frequencies and percentages (n, %), and
group differences were assessed using Fisher’s exact test for
2 groups or the Fisher—Freeman—Halton test for 3 groups.
Continuous variables are presented as the median and
range (min—-max) for sample sizes <8 and as the me-
dian with interquartile range (IQR; Q1-Q3, where the
1%t quartile (Q1) and the 3" quartile (Q3) represent the 25
and 75" percentiles) for sample sizes >8. Group differ-
ences were assessed using the Wilcoxon rank-sum test for
2 groups or the Kruskal-Wallis test for 3 groups.

Circadian marker analysis

Group comparisons

The mean value for each participant, based on circa-
dian marker data collected at multiple time points, was
used for intergroup comparisons. Due to the distribution
of the data, nonparametric tests were applied. Two-group
comparisons were conducted using the Wilcoxon rank-sum
test, whereas 3-group comparisons were performed using
the Kruskal-Wallis test, followed by a post hoc pairwise
Wilcoxon rank-sum tests with Bonferroni correction.

Repeated measures analysis
To account for repeated measures and within-subject
correlations in the data, statistical analyses employed
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generalized estimating equations (GEE), a marginal model-
ing approach suitable for small sample sizes and non-nor-
mally distributed repeated-measures data.* For both mela-
tonin and cortisol levels, separate GEE models were fitted
with the group category as a fixed effect. The models used
an identity link function and assumed an exchangeable
correlation structure, as indicated by the alpha and gamma
parameters (for melatonin: alpha = 0.319, gamma = 10,934;
for cortisol: alpha = 0.348, gamma = 20.1). Model speci-
fications included residual degrees of freedom (df) = 100,
a number of clusters (n.clusters) = 28, and a maximum
cluster size of 4. Post hoc pairwise comparisons of mar-
ginal means for cortisol were performed at each time point,
with p-values adjusted using the Bonferroni correction
to control for multiple testing. All analyses were conducted
at a significance level of a = 0.05.

Circadian rhythmicity analysis

Circadian rhythm parameters were analyzed using
the MetaCycle package in R to obtain rhythmicity indices,
including amplitude, period, phase, and p-value.?* Am-
plitude reflects the magnitude of oscillation, the period
represents the length of the 24-h cycle, the phase indicates
the timing of the rhythm peak, and a p < 0.05 indicates
the presence of circadian periodicity for that parameter.

Results

Baseline characteristics of the WUS,
non-WUS, and control groups

A total of 28 participants were included, with 8 in the WUS
group, 9 in the non-WUS group, and 11 in the control group.
The mean age of the participants was 59.4 +9.5 years, and
18 (64.3%) were male. There were no significant differences
in baseline characteristics, including age, sex, and sleep
metrics (total sleep duration, frequency of awakenings,
and the proportions of REM sleep, light sleep, and deep
sleep), among the 3 groups. The prevalence of comorbidi-
ties (such as diabetes, hypertension, and atrial fibrillation)
showed no significant differences between the WUS and
non-WUS groups (Table 1).

Melatonin and cortisol

As shown in Table 2, melatonin and cortisol concentra-
tions in the control group exhibited significant circadian
rhythmicity across different time points. Rhythmicity
analysis identified an acrophase at 02:30 for melatonin
and at 08:22 for cortisol. Similarly, in the non-WUS group,
both melatonin and cortisol concentrations also displayed
a circadian rhythm. Rhythmicity analysis revealed an ac-
rophase at 02:14 for melatonin and at 08:56 for cortisol,
timing that was similar to that observed in the control
group. However, in the WUS group, the circadian variation
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Table 1. Inter-group comparison of baseline data and circadian markers

Variable

non-WUS (n=9)

Controls (n=

11)

Age [years]

Male

Hypertension

Diabetes mellitus

Atrial fibrillation

Sleep time (h:min)
Awake time (h:min)

Total sleep duration [min]
Proportion of deep sleep
Proportion of light sleep
Proportion of REM sleep

Frequency of awakenings

Melatonin [pg/mL]
Cortisol [ug/dL]
SBP [mm Hgl

DBP [mm Hg]

HR [bpm]

61.50 (47-69)
6 (75)
4 (50)
1(125)
1(125)
21:19 (20:08-22:32)
06:39 (04:45-07:39)
464.50 (153-611)
0.22 (0.05-042)
0.54 (0.37-0.81)
0.21(0.10-0.35)
4 (3-6)

154 (35-268)
15.0 (9.5-19.5)
146 (135-155)

81 (72-91)

79 (68-104)

Baseline data

61(53-70.5)
7(77.8)
4 (44.4)
3(333)
2(22.2)
20:41 (20:07-21:23)
06:17 (05:20-07:08)
435 (368.50-555)
0.27(0.13-0.33)
0.57 (0.44-0.75)
0.17(0.11-0.19)
6 (4-7.5)

55 (50-67)
5(45.5)
2(18.2)

0(0)
0(0)

21:02 (20:27-21:11)
06:29 (06:03-06:59)
44 (458-578)
0.25(0.17-0.32)
0.54 (0.46-0.57)

0.22(0.18-0.32)

5(3-5)

Circadian markers

57 (47-79)
13.0 (11.0-15.0)
143 (124-154)
79 (76-87)
72 (68-82)

57 (44-146)
6.0 (5.0-8.0)
120 (109-130)
69 (66-73)
72 (67-82)

70/0.847
>0.999
>0.999
0.576
>0.999
63/0.083
7970847
80/0.923
66.5/0.875
64 /0674
53/0.114
55.5/0.105

45.5/0.386
41.0/0.664
43.5/0.500
31.5/0.699
43.0/0531

0.742 (2, 28) / 0.690
2602 (2,28)/0.272
2.520(2,28)/0.284
/
/
5.035 (2, 28) /0.081
96 (2, 28) / 0.907
1.230 (2, 28) / 0.541
0.089 (2, 26) / 0.956
0.928 (2, 26) / 0.629
4660 (2,26) / 0.097
2.585(2,28)/0.275

1.02 (2, 28) / 0.061
18.98 (2, 28) /0.001
10.11 (2, 28) / 0.006
9.353 (2, 28) /0.009
0.924 (2, 28) /0630

*Comparison between WUS and non-WUS groups; **comparison among all 3 groups. Categorical variables: n (%). Fisher's exact (2 groups) / Freeman—
Halton test (3 groups). Continuous variables: median (min-max) for n < 8, median (Q1-Q3) for n > 8. Wilcoxon rank-sum test (2 groups) / Kruskal-Wallis
test (3 groups); WUS — wake-up stroke; REM - rapid eye movement; SBP - systolic blood pressure; DBP - diastolic blood pressure; HR — heart rate;

min—max — minimal and maximal value; Q1 - 15t quartile (25T percentile); Q3 -

Table 2. Circadian properties of melatonin, cortisol, clock genes, BP, and HR in the WUS, non-WUS, and control groups

Group Parameters

CLOCK | BMALT

Gene expression levels

SBP

[mm Hg]

3 quartile (75 percentile); df — degrees of freedom.

value

WUS amplitude
acrophase (h:min)
period [h]

p-value

value

Non-WUS amplitude
acrophase (h:min)
period [h]

p-value

value

Control amplitude

acrophase (h:min)

period [h]

p-value

Melatonin | Cortisol
[pg/mL] | [ug/dL]
90.89 14.81
(22.02- (8.99-
257.78) 21.54)
85.739 4578
05:41 11:59
23.687 23.566
0316 0.001
4523 1217
(20.38- (9.19-
120.22) 15.74)
41.486 3.669
02:14 08:56
24.089 23.897
0.001 0.002
31.63 541
(16.87- (3.68-
133.52) 8.58)
73.707 3.330
02:30 08:22
24.094 23.983
<0.001 <0.001

1.38 1.36
(1.36- (1.34-
1.40) 1.38)
0.133 0.003
13:36 20:59
27304 | 25275
0.854 0.932
142 1.39
(1.35- (1.37-
1.46) 1.43)
0.021 0.029
20:37 18:54
24352 | 23333
0.122 0.796
1.35 1.33
(1.32- (131-
1.39) 1.37)
0.022 0.016
13:26 16:30
24342 | 24061
0.032 0.289

CRY1 CRY2
142 136
(1.40- (1.34-
1.44) 1.39)
0.005 0.019
06:53 17:39
23333 | 24266
0.993 0.629
146 143
(1.42- (1.38-
1.50) 1.46)
0.021 0.040
20:28 19:15
26523 | 24249
0.932 0.050
1.38 134
(1.35- (131-
1.41) 1.38)
0.020 0.030
03:56 17:39
24.850 | 24.046
0.014 0.010

PER1 PER2
137 143
(1.34- = (1.40-
1.41) 1.45)
0.011 0.024
16:49 17:59
26063 | 24.220
0.823 0.227
142 149
(1.38- (1.43-
1.47) 1.54)
0.022 0.007
20:33 20:09
26501 | 22394
0.967 0.331
1.37 1.38
(133-  (1.36—
141) 143)
0.020 0.022
20:44 19:57
24322 | 24.289
0.002 0.011

143
(131-
157)

5.321

17:08
23.668

0.210

137.5
(122-
155)

6.877
15:17
23.878
0.268

118
(108-
131.75)

6.942
11:00
23.840
<0.001

DBP
G HR [bpm]
79 84.5
(70-93) | (67-103)
0.262 1.060
15:08 17:30
22.387 24.787
0.928 0.974
78 73
(70-95) | (66-83.75)
4445 2512
13:45 12:48
23.835 25816
0.248 0.948
69 72
(62-76) (65-81)
5284 7408
13:33 12:39
23.533 23.939
<0.001 <0.001

Continuous data were presented as median (Q1-Q3). The amplitude, phase, period, and p-values were obtained using the MetaCycle package in R;
WUS - wake-up stroke; SBP - systolic blood pressure; DBP - diastolic blood pressure; HR — heart rate; Q1 - 15t quartile (25™ percentile); Q3 - 3 quartile

(75" percentile).
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Table 3. GEE analysis of melatonin and cortisol concentrations across the WUS, non-WUS, and control groups

Characteristic Statistic 95% Cl
Melatonin
WUS - - - - -
Non-WUS —133.975 79.263 2.857 —289.327,21.378 0.091
Controls -83.141 81.294 1.046 —242.475,76.193 0.300
Cortisol
WUS - - - - -
Non-WUS —1.124 2.19 0.264 —5409,3.161 0.607
Controls —-6.710 191 12303 —-10.459, —2.960 <0.001

Residual df = 100; n.clusters = 28; max.cluster.size = 4. For melatonin: alpha = 0.319, gamma = 10,934; for cortisol: alpha = 0.348, gamma = 20.1.
GEE - generalized estimating equations; 95% Cl — 95% confidence interval; SE - standard error; df — degrees of freedom; WUS — wake-up stroke.
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Fig. 1. Melatonin (A) and cortisol (B) concentrations and circadian profiles at 4 time points in the wake-up stroke (WUS), non-WUS, and control groups.
The x-axis indicates the time points that blood samples were collected. The y-axis represents the concentration of the corresponding indicator

of melatonin was absent, whereas cortisol maintained its
rhythmicity. Rhythmicity analysis showed an acrophase
at 11:59 for cortisol in the WUS group, indicating a phase
delay of 3 h 37 min compared with the control group. Ad-
ditionally, overall cortisol concentrations differed signifi-
cantly among the groups (H = 18.98, p = 0.001). Post hoc
Bonferroni tests showed significantly higher cortisol levels
in both the WUS (W = 1384, adjusted p < 0.001) and non-
WUS (W = 1584, adjusted p < 0.001) groups compared
with controls. No significant difference was found between
the WUS and non-WUS groups. Descriptive statistics are
presented in Table 1, and the full post hoc comparisons
are provided in Supplementary Table 1.

The GEE analysis assessed group differences in melato-
nin and cortisol levels, adjusting for repeated measures and
using the WUS group as the reference. Melatonin levels did
not differ significantly between the WUS group and either
the non-WUS group or control group. Regarding cortisol,
no significant difference was found between the WUS and
non-WUS groups. However, WUS patients exhibited sig-
nificantly higher cortisol levels compared with the controls
(B =-6.710, p < 0.001). Post hoc Bonferroni-adjusted pair-
wise comparisons further revealed that, relative to con-
trols, both the WUS group (estimate = 8.472, standard
error (SE) = 1.804, adjusted p < 0.001) and the non-WUS

group (estimate = 6.836, SE = 1.014, adjusted p < 0.001)
had significantly elevated cortisol levels (Table 3; pair-
wise comparisons are shown in Supplementary Table 2).
Figure 1 displays the melatonin and cortisol concentrations
at the 4 time points for the 3 groups, with circadian profiles
plotted based on their median values.

Circadian clock genes expression

MetaCycle analyses indicated that in the control group,
the expression profiles of C LOCK, CRY1, CRY2, PER1, and
PER?2 exhibited significant circadian rhythmicity, with
the exception of BMALI. However, none of the 6 assessed
clock genes showed circadian rhythmicity in the WUS
or non-WUS groups (Table 2).

Blood pressure and heart rate

In the control group, systolic and diastolic blood pressure
(SBP and DBP) and HR exhibited regular circadian rhyth-
micity (p < 0.001); however, this rhythmicity was absent
in both the WUS and non-WUS groups (Table 2).

Group comparisons revealed significant differences
in SBP (H = 10.11, p = 0.006) and DBP (H = 9.353, p = 0.009)
among the 3 groups. Post hoc analyses with Bonferroni
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correction showed that the WUS group had significantly
higher SBP than controls (W = 80.5, adjusted p = 0.009),
and the non-WUS group had significantly higher DBP
than the controls (W = 85, adjusted p = 0.023). All other
pairwise comparisons for SBP and DBP yielded nonsig-
nificant results. Descriptive data are presented in Table 1,
and the full post hoc results are provided in Supplementary
Table 1.

Discussion

In mammals, circadian rhythms are essential for main-
taining physiological homeostasis. Disrupted circadian
rhythm can contribute to the loss of homeostasis and
the development of disease.?>3¢ Circadian rhythms are
controlled by the SCN in the hypothalamus, which is in-
fluenced by a variety of factors. In this study, we explored
circadian rhythm indicators in WUS patients to investigate
potential associations between WUS and abnormal cir-
cadian rhythms. The results revealed disrupted circadian
rhythmicity in the WUS group compared with the non-
WUS and control groups.

Melatonin is an endogenous neurohormone primar-
ily produced by the pineal gland. It is currently regarded
as the most accurate marker of human circadian rhythmic-
ity and SCN function.?” Its rhythm is minimally, if at all,
influenced by environmental factors such as the sleep—
wake state, exercise, or emotions. However, known exter-
nal factors that can affect the melatonin phase include light
exposure, posture, and ambient temperature.?$-40 With
the onset of darkness, melatonin levels gradually increase
throughout the night, peaking in the early morning (be-
tween 02:00 and 04:00).

In this study, MetaCycle analyses revealed that melato-
nin secretion in the non-WUS and control groups exhib-
ited significant circadian rhythmicity, with peak secretion
times at 02:14 and 02:30, respectively. These findings sug-
gest that the 2 groups share a similar circadian rhythm for
melatonin. The results align with a previous study by Ad-
amczak-Ratajczak et al., which analyzed the circadian
phase of AIS based on plasma melatonin and found that
the circadian rhythm of melatonin was sustained without
any phase shift.? However, the WUS group showed a com-
plete loss of melatonin circadian rhythmicity.

Previous studies have established that the majority
of humans exhibit a robust and persistent daily melato-
nin rhythm.3”# Therefore, the findings of this study may
indicate that WUS patients experience disrupted circadian
rhythms, and this discrepancy compared with non-WUS
patients suggests that circadian rhythm abnormalities
in WUS patients may be present even before stroke onset.

Cortisol, the major end product of the hypothalamic—
pituitary—adrenal (HPA) axis,*? is another important
marker for investigating circadian rhythms. Under nor-
mal, stress-free conditions, the adrenal cortex produces
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cortisol, which is then released into the bloodstream
in a circadian pattern. Peak cortisol secretion in adults
typically occurs between 08:00 and 10:00.%3 In this study,
cortisol levels exhibited circadian rhythmicity across all
3 groups. However, in the WUS group, the cortisol rhythm
showed an acrophase shift, with an approximate 3-h delay
compared with the control and non-WUS groups (the ac-
rophase occurred at 11:59 in the WUS group, compared
with 08:22 in the control group and 08:56 in the non-WUS
group). This finding supports the conclusion that WUS
patients exhibit disrupted circadian rhythms, specifically
manifested as a phase delay. In addition, serum cortisol
levels in the WUS and non-WUS groups were significantly
higher than those in the control group, consistent with
previous studies.**** One prior study reported that cortisol
levels remain elevated for at least 7 days following stroke
in most patients.*” As a stressor, AIS can stimulate the HPA
axis, leading to increased cortisol secretion.*®

In mammals, circadian rhythms are believed to be gov-
erned by a fundamental molecular autoregulatory feed-
back loop involving key clock genes such as Period (PER1
and PER2), Cryptochrome (CRY1 and CRY2), BMALI,
and CLOCK, along with their protein products.*” Beyond
the central SCN circadian pacemaker, clock genes are ex-
pressed in most mammalian cells and organs, including
peripheral blood cells.*® In this study, we investigated
the circadian rhythmicity in the expression of 6 clock genes
in the peripheral blood of the WUS, non-WUS, and con-
trol groups. In the control group, all assessed clock genes,
except BMALI, exhibited significant rhythmic expression.
This observation aligns with previous research suggesting
a highly variable daily pattern of BMALI expression across
individuals.>%*! Although BMALI is essential for the regu-
lation of 24-h behavioral cycles, it is not critical for 24-h
molecular rhythms at the transcriptional, translational,
or post-translational levels, as demonstrated by Ray et al.>

In contrast, neither the WUS group nor the non-WUS
group showed rhythmic expression of any of the 6 clock
genes. Previous studies have shown that the disruption
of circadian rhythms increases the risk of stroke by af-
fecting physiological processes such as BP, platelet func-
tion, coagulation, and fibrinolysis.>*>* However, an acute
stroke itself can also disrupt circadian rhythms and im-
pair the neuronal clock mechanism. Research has dem-
onstrated that neurons in the SCN have their own clock
gene cycles, while astrocytes help synchronize SCN timing
by recycling gamma-aminobutyric acid and glutamate.>>-57
During the occurrence of AIS, astrocyte function is altered,
potentially disrupting this recycling process and, conse-
quently, impairing the normal rhythmicity of the SCN.58
Therefore, based solely on these gene expression results,
it remains challenging to determine whether circadian
rhythm precedes or merely follows stroke onset in WUS
patients.

Several physiological processes, including BP and HR,
exhibit circadian rhythmicity in humans.>>®0 Analysis
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of our control group confirmed this phenomenon. How-
ever, our findings revealed a complete loss of circadian
variation in BP and HR in both the WUS and non-WUS
groups. Previous research has shown that irregular BP
rhythms can increase the risk of stroke,®* and that stroke
events themselves can pathologically reduce or abolish
circadian BP variation.®? In a study using spontaneously
hypertensive rats prone to malignant stroke, Masaki et al.
observed a sudden change in HR, followed by a progressive
loss of circadian BP variation occurring just as a stroke
began.®® Consequently, this aspect of the data provided
limited insight into the specific circadian rhythms of WUS
patients. Additionally, participants in the stroke groups
exhibited significantly higher SBP or DBP compared with
the control group in our study. This finding may be at-
tributed to the higher prevalence of hypertension among
stroke patients, combined with the acute physiological
stress induced by the stroke event.

Although an acute stroke itself may cause circadian
rhythm disruptions, this study revealed several notewor-
thy findings. The rhythmicity of the most prominent cir-
cadian rhythm marker, melatonin, was completely absent
in the WUS group but preserved in the non-WUS group.
Additionally, the cortisol rhythm persisted in the WUS
group but exhibited a phase delay compared with the non-
WUS group. Although other markers showed no differ-
ences between the 2 groups, we hypothesize that WUS pa-
tients may have preexisting circadian rhythm disruptions
before disease onset. For these patients, as well as others
with clearly identified circadian rhythm disorders, tar-
geted interventions aimed at regulating circadian rhythms,
such as light therapy or pharmacological treatments, could
be implemented alongside strategies to prevent stroke
recurrence.®*

These measures may help reduce the occurrence
of strokes, particularly WUS. Moreover, research suggests
that disruptions in the circadian rhythm system may im-
pair the ability of neural tissue to repair itself, thereby af-
fecting the recovery process.® Restoring circadian rhythms
after a stroke may also contribute to improved neurological
function and overall health outcomes in patients.®>%°

Limitations of the study

This study has several limitations that should be acknowl-
edged. First, given the exploratory nature of this study,
the sample size was relatively small; therefore, the findings
should be interpreted with caution, and replication with
a larger sample size is needed in future research. Second,
due to the limitations inherent to human studies, obtain-
ing repeated blood samples over 2 or 3 consecutive days
is challenging, which limits the reproducibility of circadian
rhythm analyses and may weaken the robustness of the re-
sults. Third, as this was a cross-sectional study, causal
relationships cannot be determined. Fourth, the strict
exclusion criteria were primarily designed to exclude
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conditions, dietary factors, medications, or work-rest
patterns (e.g., shift work or night work) known to affect
circadian rhythms.*’-%

Such external factors that interfere with circadian
rhythms would likely have influenced the results of this
study. The comorbidities and medications that were ex-
cluded were not specific to stroke and therefore would
not bias the study toward a profile unrepresentative
of the broader stroke patient population. Nevertheless,
patients engaged in shift work or night work were ex-
cluded, and examining the influence of circadian rhythms
on WUS in these patients would be of interest in future
studies. Finally, in this study, sleep was monitored using
asmart device. Participants were accommodated in single-
occupancy rooms, lights were not permitted, and they
were required to wear eye masks during sleep. The only
disturbance occurred during nighttime specimen collec-
tion. To avoid turning on the room lights, only a dim yellow
light from a penlight was used. Efforts were made to mini-
mize exogenous interference, but some confounding fac-
tors may still have been present. Despite these limitations,
we believe that our work may provide additional insights
into the pathogenesis of WUS and serve as inspiration for
future studies exploring its potential mechanisms. For
example, in future research, when establishing databases
for long-term follow-up of high-risk stroke populations,
dynamic electrocardiographic and blood pressure data
could be included, as these may serve as feasible indica-
tors of circadian rhythms. If a stroke event is observed
during follow-up, we would also record the time of stroke
onset to further examine the correlation between circa-
dian rhythms and stroke onset time. More research with
an adequate sample size is crucial to validate our outcomes.

Conclusions

This study represents the first exploratory investigation
of circadian rhythms in WUS patients. Our findings reveal
that WUS patients exhibit significant disruptions in circa-
dian rhythms, including the loss of melatonin rhythmicity
and a phase delay in cortisol secretion. These alterations
differ from those observed in non-WUS patients, in whom
some circadian markers, such as melatonin and cortisol, re-
mained intact. Our results suggest that disrupted circadian
rhythms may be an intrinsic feature of WUS, possibly predat-
ing stroke onset. From a theoretical perspective, this study
provides evidence supporting the role of circadian rhythms
in stroke pathogenesis, particularly in WUS. For example,
light therapy could be optimized for WUS patients by deliv-
ering 2,000—10,000 lux of blue-enriched light in the morn-
ing (06:00—08:00) to phase-advance delayed rhythms, while
minimizing evening light exposure to prevent further dis-
ruption.”®”! Such strategies, combined with pharmacologi-
cal treatments or lifestyle adjustments, may help regulate
circadian rhythms and reduce the risk of stroke recurrence.
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These findings underscore the need for larger-scale, longi-
tudinal studies to validate and expand upon the observed
associations and to explore the causal mechanisms underly-
ing circadian rhythm disruptions in WUS. By deepening our
understanding of the interplay between circadian biology and
stroke, this line of research holds promise for the develop-
ment of novel preventive and therapeutic strategies tailored
to the unique characteristics of WUS.
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Supplementary Table 1. Detailed post hoc test results
for group comparisons of cortisol, SBP, and DBP using
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Supplementary Table 2. Bonferroni-adjusted pairwise
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concentrations between groups across 4 time points.
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Abstract
Background. Sleep quality often decreases in patients after surgery and may affect postoperative outcomes.

Objectives. The aim of this study was to compare the effects of peribulbar block and incisionless sub-Tenon’s
block on postoperative sleep quality.

Materials and methods. Patients who underwent cataract surgery under peribulbar block (n = 36)
orincisionless sub-Tenon’s block (n = 31) were included in the study. The 2 blocks were compared with each
other in terms of eyelid and globe movements, corneal sensation, complications, pain, and postoperative
sleep quality (evaluated using the Richard—Campbell Sleep Questionnaire (RCSQ) score).

Results. Sixty-seven patients with a mean age of 67 years were included in the study. At the 15" minute
after the block (p = 0.066) and at the end of surgery (p = 0.098), akinesia was better in the incisionless
sub-Tenon’s group, with p-values close to the level of statistical significance. Chemosis was found to be
significantly lower in the peribulbar block group than in the incisionless sub-Tenon’s black group (p = 0.033)
3hafter surgery. All minor complications, including chemosis, subconjunctival petechiae, and subconjunctival
hemorrhage, were observed less frequently in the peribulbar block group, although the differences were not
statistically significant (p > 0.05). Pain scores were comparable between the groups (p > 0.05). The total
RCSQ score (p=10.396) and overall sleep perception (p = 0.355) were also comparable between the groups.

Conclusions. The incisionless sub-Tenon’s block was superior to the peribulbar block in terms of providing
akinesia and reducing the need for maintenance anesthetic medications such as sedatives or analgesics.
Although chemosis and subconjunctival hemorrhage occurred more frequently in the incisionless sub-Tenon’s
group, all events were transient and had no serious clinical significance. The 2 regional techniques were similar
in terms of postoperative sleep quality and patient satisfaction.

Key words: cataract surgery, peribulbar block, incisionless sub-Tenon’s block, postoperative sleep quality
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after cataract surgery.

+ Sleep quality often decreases after surgery and may affect postoperative outcomes.

+ The peribulbar block is one of the most commonly used anesthesia techniques for ocular procedures, whereas
the incisionless sub-Tenon’s block is a newer technique that provides improved akinesia and analgesia.

« This is the first study to compare incisionless sub-Tenon’s and peribulbar blocks in terms of postoperative sleep

« Results suggest that incisionless sub-Tenon’s and peribulbar blocks result in similar postoperative sleep quality

Background

Cataract surgery is among the most commonly per-
formed operations worldwide. It is generally an outpatient
procedure, and early return to routine life is an impor-
tant goal of this surgery.! Sleep quality often decreases
in patients after surgery, which may affect postoperative
outcomes, including conditions such as postoperative de-
lirium, long-term chronic pain, and potentially serious
cardiovascular events.? In this regard, postoperative sleep
quality is highly important. Improving sleep quality accel-
erates the recovery process and shortens the time required
to return to daily life.

Sleep quality after cataract surgery can be affected
by several factors, such as sex, anxiety, comorbidities,
pain, anesthetic drugs, and perioperative complications.
Postoperative pain is one of the leading factors affecting
sleep quality and is directly associated with anesthesia.?*
Cataract surgery can be performed under local, regional,
or general anesthesia. In recent years, regional block
techniques, such as peribulbar and sub-Tenon’s blocks,
have gained popularity because they provide better an-
algesia and eyeball immobilization than topical anes-
thesia. In addition, cataract surgery is more frequently
performed in older patients with a higher anesthesia
risk due to the presence of comorbidities. Therefore,
preventing potential problems associated with general
anesthesia has made regional block techniques more
preferable.!~*

The peribulbar block is one of the most commonly used
anesthesia methods for ocular procedures because of its
low complication rate and ease of application. In con-
trast, the sub-Tenon’s block has recently been increas-
ingly preferred because it provides better akinesia and
analgesia and causes less damage to the vasculature and
optic nerve.>~ Many studies in the literature have com-
pared peribulbar and sub-Tenon’s blocks, most of which
focused on intraoperative eye movements, postoperative
analgesia, and complications.”® However, there are no
studies comparing these techniques in terms of postop-
erative sleep quality.

Objectives

In this study, 2 regional anesthesia techniques, peribul-
bar block and incisionless sub-Tenon’s block, were com-
pared in terms of postoperative sleep quality in patients
undergoing cataract surgery.

Materials and methods
Ethics approval

After obtaining approval from the Clinical Research
Ethics Committee (approval No. 25.07.2023/6), the study
was conducted at the Department of Anesthesiology and
Reanimation at Eskisehir Osmangazi University (Turkey)
between August 2023 and March 2024, in accordance
with Good Clinical Practice guidelines and the principles
of the Declaration of Helsinki.

Patient selection

Sixty-seven adult patients who underwent cataract surgery
using one of 2 regional anesthesia techniques — peribulbar
block (n = 36) or incisionless sub-Tenon’s block (n = 31) — were
included in the study. All patients were diagnosed with elec-
tive cataract by the same surgical team. Inclusion criteria
included age >18 years, an American Society of Anesthesi-
ologists (ASA) physical status of 1-3, and elective surgery.
Patients with intellectual disability, dementia, or psychiatric
disorders; those receiving medical therapy affecting the cen-
tral nervous system, such as benzodiazepines or antipsychot-
ics; and those who developed an allergic reaction to local
anesthetics were excluded from the study. All patients were
informed in detail about the stages of the study, and writ-
ten informed consent was obtained from each participant.
Patient age, sex, ASA physical status, body mass index (BMI),
surgical procedure, and type of regional block were recorded.

Anesthetic management

The patients were taken to the regional block room and
monitored using electrocardiography (ECG), pulse oximetry,
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and noninvasive blood pressure measurement. Intravenous
(IV) access was established using a 20-G cannula placed
in ahand vein, and a saline infusion was initiated to maintain
vascular access. Premedication included dexmedetomidine
(5-10 pg), midazolam (0.5-2 mg), and fentanyl (25-50 pg).
Subsequently, proparacaine (1 drop) and 1% povidone—iodine
(1 drop) were instilled into the eye. All regional blocks were
performed by the 1% author (Y.K.). Thereafter, the patients
were transferred to the operating room. Before surgery, IV
paracetamol (Partemol 1 g/100 mL; VEM, Ankara, Turkey)
was administered to all patients. During the intraoperative
period, additional sedoanalgesic medications, including
dexmedetomidine (Dekstomid 200 pg/2 mL; Polifarma,
Tekirdag, Turkey), fentanyl (Fentanyl-PF 100 pg/2 mL; Po-
lifarma) or midazolam (Zolamid 5 mg/5 mL; VEM), were ad-
ministered as needed. Additional analgesics were given when
the patient reported pain (visual analogue scale (VAS) >4)
or restlessness (Ramsay sedation score = 1).

Hemodynamic parameters, including heart rate (HR),
mean arterial pressure (MAP), and peripheral oxygen satu-
ration (SpO,), were recorded at 5 time points: before seda-
tion (baseline), 15 min after the regional block, at the end
of surgery, 3 h after surgery, and 1 day after surgery.

Block techniques

In the peribulbar block, after the skin was cleaned with al-
cohol, the technique was performed by inserting a 25-gauge
needle through the skin (25 mm for patients with an axial
eyeball length of 20-26 mm and for those with an axial
length <20 mm) at the junction of the medial 2/; and lateral
1/5 of the orbital rim. If contact with bone was encoun-
tered, the needle was redirected slightly upward. The tip
of the needle was maintained in the extraconal peribulbar
space. With the patient’s eye in a neutral position, a local
anesthetic mixture of 0.5% bupivacaine and 2% lidocaine
was administered into the extraconal area, with a volume
of 4—7 mL adjusted according to the axial length of the eye-
ball, through the main inferotemporal quadrant.

In the incisionless sub-Tenon’s block, a proparacaine eye
drop was instilled into the conjunctiva, followed by a drop
of aqueous povidone—iodine into the conjunctival sac.
A wired eyelid speculum was inserted to separate the eyelids.
Thereafter, the conjunctiva and Tenon’s capsule were grasped
and punctured with forceps 5-8 mm away from the limbus
in the inferonasal quadrant, while the patient was looking
upward and outward. A disposable plastic cannula (22-gauge)
was then advanced along the curvature of the eyeball. After
negative aspiration, a local anesthetic mixture of 0.5% bu-
pivacaine and 2% lidocaine, at a volume of 4—7 mL, was ad-
ministered into the sub-Tenon’s space through the cannula.

Outcome measures

The motor effects of the regional blocks included eyelid
and globe movements, whereas the sensory effects included
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corneal sensitivity. Eyelid and globe movements were re-
corded in 4 primary gaze positions (superonasal, supero-
temporal, inferonasal, and inferotemporal) at 5 time points
(before sedation, 15 min after the regional block, at the end
of surgery, 3 h after surgery, and on the first postoperative
day) using a 3-point scale (1 — movement, 2 — mild/moderate
movement, 3 — akinesia). Corneal sensitivity was assessed
based on patients’ reported sensation in response to 1%
povidone—iodine eye drops at the same time points, using
a 3-point scale (0 — no burning, 1 — mild sensation, 2 — strong
sensation).

Minor complications included chemosis, subconjuncti-
val petechiae, and hemorrhage and were recorded at 5 time
points (before sedation, 15 min after the regional block,
at the end of surgery, 3 h after surgery, and 1 day after sur-
gery). These complications were assessed in 4 quadrants
of the eye (superonasal, superotemporal, inferonasal, and
inferotemporal) using a 2-point scale ranging from 0 (ab-
sent) to 1 (present in any quadrant).

Pain was evaluated using a VAS score ranging from 0
(no pain) to 10 (the worst imaginable pain) before sedation,
3 h after the operation, and on the 1% postoperative day.
Sleep quality was evaluated using the validated version
of the Richard—Campbell Sleep Questionnaire (RCSQ)
on the first postoperative day.’ This questionnaire consists
of 6 items that assess depth of sleep, time to fall asleep,
frequency of awakenings, time spent awake after awaken-
ing, sleep quality, and environmental noise level. Each item
is scored on a scale from 0 to 100. The average of the first
5 items was calculated as the total score and represented
overall sleep perception.

Overall sleep perception was classified into 4 categories:
0-25 points — very poor sleep perception; 2650 points
— poor sleep perception; 51-75 points — moderate/good sleep
perception; and 76—100 points — very good sleep perception.
The 6" item evaluates the noise level of the sleeping environ-
ment and is not included in the total score. The score ob-
tained from the 6'" item was analyzed to determine whether
the sleeping environments of the 2 groups were comparable.

Statistical analyses

Because the study population was not fully known
(as there are no similar studies in the literature compar-
ing the effects of peribulbar and incisionless sub-Tenon’s
blocks on postoperative sleep quality), the power and
sample size of the present study were calculated based
on the study by Duran and Oztiirk.!° A total of 48 pa-
tients were required at a power level of 80%. The effect
size of the study was 0.35 (medium). Statistical analyses
were performed using IBM SPSS Statistics for Windows
v. 20.0 (IBM Corp., Armonk, USA). Descriptive statistics
are presented as mean and standard deviation (SD) for
continuous variables and as frequency and percentage for
categorical variables. Data distribution was evaluated us-
ing the Shapiro—Wilk test. The Mann—Whitney U test was
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Table 1. Comparison of basic patient and surgical characteristics between peribulbar group and incisionless sub-Tenon’s group

Characteristics

Peribulbar group

Incisionless sub-Tenon'’s group Test name, p-value

Age, mean [years] 66.1 £13.1 (25-88)
female 15 (41.7%)
Gender
male 21 (58.3%)
ASA 1-2 34 (94.5%)
ASA status
ASA 3 2 (5.5%)
under 30 31 (86.1%)
BMI [kg/m?]
above 30 5(13.9%)
right eye 19 (52.8%)
Operation side
left eye 17 (47.2%)
Anticoagulant use 2 (5.6%)
Operation time [min] 24.1 +45 (15-35)

70.1 +102 (40-90) e o
16 (51.6%) X' =0323,df=1,
15 (48.4%) p=0570°
30 (96.8%) df=1,
e P> 0995
21 (67.7%) X =3112,df=1,
10(323 %) p=0078°
17 (54.8%) X2 =0001,df =1,
14 (45.29) =027
5(16.1%) o o
265 +8.8 (18-65) Zp _ 09_;’95321;

2 Mann-Whitney U test, ® continuity correction x? test, < Fisher's exact test. All continuous variables were non-normally distributed; therefore, p-values
were calculated using nonparametric tests. All categorical variables are presented as frequencies and percentages (%); ASA — American Society

of Anesthesiologists; BMI - body mass index; df — degrees of freedom.

Table 2. Comparison of HR, MAP, and SpO, values over time between the peribulbar block group and the incisionless sub-Tenon'’s block group

Parameters

Peribulbar group

Sub-Tenon’s group

Heart rate

Mean arterial

before sedation
15 min after block
at the end of the surgery
3 h after surgery
15t postoperative day
before sedation
15 min after block

at the end of the surgery

3 h after surgery

15t postoperative day

73.7 £14.7 (45-106)
68.1 £14.6 (50-109)
67.2£14.8 (50-111)
69.1 £13.7 (50-110)
69.5 £13.8 (50-109)
105.1 £15.4 (73-134)
934 £14.4 (70-136)
94.9 £14.3 (65-131)

pressure
3 h after surgery 93 +13.3 (72-135)
15t postoperative day 89.8 £12.1 (70-132)
before sedation 96.9 £2.1 (92-100)
0 15 min after block 98.5 +1.3 (94-100)
xygen
saturation at the end of the surgery 99 +0.9 (96-100)
(Sp0,)

99.2 £1.4 (96-100)
99.1 £0.7 (98-100)

744 +153 (52-119) 0.866
69.2 £104 (50-100) 0.737 ANOVA

65 +9.9 (49-93) 0514 F((C:‘gfi t()é;gé
692 £11.6 (54-98) 0.980 p=0713
653 £14.1 (64-92) 0330
103.1 £21 (66-153) 0.690
944 +163 (67-127) 0818 ANOVA
92.1 +146 (58-126) 0.505 F((?V;fi tzeg?%
939 +134 (70-125) 0821 p=0048
9494123 (72-122) 0.162
97.8 +17 (93-100) 0.086

99 +1.1 (95-100) 0228 ANOVA
992 £0.8 (97-100) 0531 F((‘jgfi tﬁg?é
99.1 +0.7 (97-100) 0.945 p=0276

99 +1 (95-100) 0.793

* Repeated-measures two-way ANOVA with Tukey's honestly significant difference (HSD) post hoc test. All variables were normally distributed and are
presented as mean + standard deviation (minimum-maximum); ns — not significant; HR — heart rate; MAP — mean arterial pressure; ANOVA — analysis

of variance.

used to analyze differences in nonparametric continu-
ous variables between groups, and the x? test of indepen-
dence was used for categorical variables (Table 1). Changes
in HR, MAP, and SpO, (Table 2), as well as changes in eye-
lid movement, globe movement (akinesia), and corneal
sensation (Table 3) over time in the peribulbar block and
incisionless sub-Tenon’s block groups, were evaluated
separately using two-way analysis of variance (ANOVA)
with repeated measures. Post hoc analyses were performed
using Bonferroni correction for both within-group and
between-group comparisons (Tables 4-7). The results
of checking the assumptions for repeated-measures

ANOVA (eyelid movement, globe movement, corneal
sensation, chemosis, and subconjunctival hemorrhage)
are presented as supplementary material (Supplementary
Table 1). The subconjunctival petechiae variable could
not be analyzed because of the low number of observed
cases. The results of assumption testing are presented
as supplementary material (Supplementary Table 2). For
the analysis of repeated binary outcomes (presence of che-
mosis or hemorrhage at 4 time points), a generalized linear
mixed model was used. The model included time, block
type, and their interaction as fixed effects, and patient ID
(PROTOCOL) as a random effect.
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Table 3. Comparison of eyelid movement, globe movement (akinesia), and corneal sensation scores over time between the peribulbar block group and
the incisionless sub-Tenon’s block group

Incisionless sub-Tenon’s

EICINSEH Peribulbar group group Test statics/p-value*
before sedation 1.00 £0.00 1.00 +£0.00 N/A
15 min after block 23+1.2(1-3) 24408 (1-3) 0.805 ANOVA
zsggmen . at the end of the surgery 2.1 +0.7 (1-3) 24+08 (1-3) 0227 F((?\Zfzeor)aﬂ ge;tg)g
3 h after surgery 2406 (1-3) 2+0.7 (1-3) 0.858 p =0.506
15t postoperative day 1+0.2(1-2) 1403 (1-2) 0.573
before sedation 4.00 £0.00 4.00 £0.00 N/A
Globe 15 min after block 94 +3 (4-12) 10.7 £2.5 (4-12) 0.066 ANOVA
mqvement at the end of the surgery 95+28(4-12) 10.7 2.5 (4-12) 0.098 F((?\Z)r)aﬂ t]egza
(akinesia) 3 h after surgery 8627 (4-12) 8827 (4-12) 0.793 p=0170
15t postoperative day 44413 (4-10) 45+1.5(4-11) 0.816
before sedation 0.00 £0.00 0.00 +0.00 N/A
15 min after block 0.2 +£0.1 (0-1) 0.00 £0.00 0.351 ANOVA
S:;?;?lon at the end of the surgery 0.00 +0.00 0.00 +0.00 na F((j\zlzeor)al 36224
3 h after surgery 0.2 +0.1 (0-1) 0.00 +0.00 0.351 p=0.351
15t postoperative day 0.00 £0.00 0.00 +£0.00 N/A

* Repeated-measures two-way analysis of variance (ANOVA) with Tukey's honestly significant difference (HSD) post hoc test. All variables were normally

distributed and are presented as mean = standard deviation (minimum-maximum); N/A — not available (no variability observed).

Table 4. Post hoc analysis (p-values) of eyelid movement, globe movement, and corneal sensation within the peribulbar block group (Tukey’s honestly

significant difference (HSD) post hoc test)

Parameters 15 min after block

before sedation <0.001
Eyelid 15 min after block -
movement at the end of the surgery -

3 h after surgery -

before sedation <0.001
Globe 15 min after block -
movement
(akinesia) at the end of the surgery =

3 h after surgery -

before sedation 0317
Corneal 15 min after block -
sensation at the end of the surgery =

3 h after surgery -

At the end of the surgery

3 h after surgery 15t postoperative day

<0.001 <0.001 0.157
>0.999 >0.999 <0.001
= >0.999 <0.001
- - <0.001
<0.001 <0.001 0.102
0.999 0.999 <0.001
= 0.631 <0.001
- - <0.001
>0.999 0.317 >0.999
0.317 >0.999 0.317
= 0317 >0.999
- - 0.317

The model was specified as:

model < Imer(move_score ~ time x block +
(1 | PROTOCOL), data = long_df).

P-values were calculated using the Satterthwaite approx-
imation for degrees of freedom. A p-value of less than 5%
was considered statistically significant.

Results

Sixty-seven adult patients were included in the study
(mean age: 67 years; range: 25—90 years). There were
36 men (53.7%) and 31 women (46.3%). Patients were

classified into 2 groups according to the anesthesia tech-
nique used: peribulbar block (n = 36) and incisionless sub-
Tenon’s block (n = 31). The 2 groups had similar baseline
patient characteristics (Table 1).

Heart rate, MAP, and SpO, values measured at all time
points (before sedation, 15 min after the block, at the end
of surgery, 3 h after surgery, and on the 1** postoperative
day) were similar between the peribulbar block group and
the incisionless sub-Tenon’s block group (Table 2).

Before sedation, eyelid and globe movements were com-
pletely normal in all patients. In addition, no corneal sensa-
tion was observed in either group. The incisionless sub-Ten-
on’s block provided better akinesia than the peribulbar block,
although the difference was not statistically significant
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Table 5. Post hoc analysis of eyelid movement, globe movement, and corneal sensation within the incisionless sub-Tenon’s block group (Tukey’s honestly
significant difference (HSD) post hoc test; test statistics and p-values)

Parameters 15 min after block ofAtthtehseufz:;Sry 3 h after surgery 15t postoperative day
before sedation <0.001 <0.001 <0.001 0.083
Eyelid 15 min after block - >0.999 0.003 <0.001
movement at the end of the surgery - - 0.003 <0.001
3 h after surgery - - - <0.001
before sedation <0.001 <0.001 <0.001 0.102
Globe 15 min after block - 0216 0.008 <0.001
movement
(akinesia) at the end of the surgery = = <0.001 <0.001
3 h after surgery - - - <0.001
before sedation >0.999 >0.999 >0.999 >0.999
Corneal 15 min after block - >0.999 >0.999 >0.999
sensation at the end of the surgery - - >0.999 >0.999
3 h after surgery - - - >0.999

Table 6. Post hoc analysis (p-values) of chemosis, subconjunctival petechiae, and subconjunctival hemorrhage within the peribulbar block group (Tukey’s
honestly significant difference (HSD) post hoc test; test statistics and p-values)

Parameters 15 min after block At the end of the surgery 3 h after surgery 15t postoperative day
before sedation 0.083 0.083 0.157 0317
T 15 min after block - >0.999 0317 0.157
at the end of the surgery - - 0317 0.157
3 h after surgery - - - 0317
before sedation 0317 0317 >0.999 0317
Subconjunctival 15 min after block - >0.999 0317 0317
petechiae at the end of the surgery - - 0317 0317
3 h after surgery - - - 0.317
before sedation >0.999 0317 >0.999 0317
Subconjunctival 15 min after block - >0.999 >0.999 >0.999
hemorrhage at the end of the surgery - - >0.999 >0.999
3 h after surgery - - - >0.999

Table 7. Post hoc analysis (p-values) of chemosis, subconjunctival petechiae, and subconjunctival hemorrhage within the incisionless sub-Tenon's block
group (Tukey’s honestly significant difference (HSD) post hoc test)

Parameters 15 min after block At the end of the surgery 3 h after surgery 15t postoperative day

before sedation 0.004 0.006 0.004 0.016
15 min after block - >0.999 0.480 0.557

Chemosis
at the end of the surgery - - 0414 0414
3 h after surgery - - - 0.197
before sedation 0.102 0.102 0317 0.180
Subconjunctival 15 min after block - >0.999 0.180 0317
petechiae at the end of the surgery - - 0.180 0317
3 h after surgery - - - 0317
before sedation 0.008 0.015 0.006 0.023
Subconjunctival 15 min after block - >0.999 0414 0.157
hemorrhage at the end of the surgery - - 0.480 0317
3 h after surgery - - - 0.102
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Table 8. Comparison of the number of patients who developed minor complications (chemosis, subconjunctival petechiae, and subconjunctival
hemorrhage) between the peribulbar block group and the incisionless sub-Tenon'’s block group (generalized linear mixed model)

Parameters Peribulbar group Incisionless sub-Tenon'’s group

15 min after block 3(83) 11 (35.4) 0.215

S at the end of the surgery 3(8.3) 10(32.2) 0215
3 h after surgery 2 (5.5) 10(32.2) 0.033

15t postoperative day 12.7) 8(25.8) 0.225

15 min after block 12.7) 3(9.6) 0.658

Subconjunctival at the end of the surgery 1(2.7) 3(9.6) 0.658
petechiae 3 h after surgery 0(0) 1(3.2) 0.940
15t postoperative day 12.7) 2 (6.4) 0614

15 min after block 0(0) 7(22.5) 0.325

Subconjunctival at the end of the surgery 127) 7(22.5) 0325
hemorrhage 3 h after surgery 0(0) 9(29) 0.237
15t postoperative day 0(0) 6(19.3) 0431

All variables are presented as frequencies and percentages (%). Bold values indicate statistical significance.

(p > 0.05) (Table 3). Post hoc within-group analyses were
performed using the Bonferroni correction (Tables 4,5).
Before sedation, no patient had chemosis, subconjunctival
petechiae, or hemorrhage. Chemosis was significantly lower
in the peribulbar block group than in the incisionless sub-
Tenon’s block group (p = 0.033) at 3 h after surgery. Although
minor complications were less frequent in the peribulbar
block group, the differences were not statistically significant
(p > 0.05). (Table 8). Post hoc within-group analyses were
performed using the Bonferroni correction (Tables 6,7).
In both groups, none of the patients reported pain
before sedation. Visual analogue scale scores measured
at 3 h after the block and on the 1% postoperative day were
comparable between the groups (p > 0.05). The percent-
ages of patients in the peribulbar block group and the in-
cisionless sub-Tenon’s block group were also comparable
with regard to the 6" item of the RCSQ (79.2 vs 75.48;
p = 0.843). The mean total RCSQ score was 381.2 +56.9
(range: 280-490) in the peribulbar block group, whereas
patients in the incisionless sub-Tenon’s block group had
a mean total RCSQ score of 365.8 +67.7 (range: 115—500)
(p = 0.396). Overall sleep perception was comparable
between the groups (p = 0.355) (Fig. 1). Twenty patients
(55.5%) in the peribulbar block group and 15 patients
(48.3%) in the incisionless sub-Tenon’s block group reported

Table 9. Comparison of patient satisfaction between the peribulbar block
group and the incisionless sub-Tenon'’s block group (contingency table)

&

number of patients
5

20
20
16
14 -
5
2
[

very poor poor moderate/good  very good

H peribulbar block = incisionless sub-Tenon's block

Fig. 1. Categories of overall sleep perception in both groups

“very good sleep perception.” Finally, patient satisfaction
was assessed on the 1% postoperative day. Satisfaction levels
were comparable between the 2 groups (p = 0.417) (Table 9).

Discussion

In this study, 2 increasingly used regional anesthesia
techniques in cataract surgery — peribulbar block and in-
cisionless sub-Tenon’s block — were compared in several
aspects, including their ability to provide essential surgical
conditions such as eyelid immobilization and akinesia,
their associated perioperative complications, and their
potential effects on postoperative sleep quality.

- zs:;ec?iton Pe;rk:;lsar ‘ Su%’:;:snls p-value* Akinesia and eyelid immobility are essential for the safety
and success of cataract surgery. In the present study, com-

Poor o) Gl pared with the peribulbar block, the incisionless sub-Tenon’s
Moderate 4014 7(226) 0417 block was found to be superior in providing akinesia, with
Good 16(45.7) 13419 p-values close to the level of statistical significance. There
Very good 15(42.9) 11(35.5) are conflicting results in the literature regarding this is-

*Pearson'’s x’ test. All variables are presented as frequencies and
percentages (%).

sue. In a study by Antony et al., the proportion of patients
with complete akinesia was found to be significantly greater
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in the peribulbar block group than in the sub-Tenon’s block
group. However, the authors reported that the onset time
of akinesia was significantly longer in the peribulbar block
group than in the sub-Tenon’s block group.” We did not
measure the onset time of akinesia in our study; however,
our findings were consistent with the results of that study.
In another study, patients in the sub-Tenon’s block group had
better akinesia than those in the peribulbar block group.!!
On the other hand, Iganga et al. reported that the 2 regional
blocks provided comparable levels of adequate akinesia dur-
ing cataract surgery.'> We frequently perform these 2 regional
blocks for cataract surgery and many other ocular procedures
in our clinic. Based on both the results of our study and our
clinical experience, we believe that the sub-Tenon’s block pro-
vides better akinesia than the peribulbar block.

There is a clear interaction between postoperative pain
status and sleep quality.!® The relationship between pain
and sleep disorders, such as short sleep duration or insom-
nia, has been well established. However, this relationship
is bidirectional; while pain disrupts sleep quality, sleep
disorders can also exacerbate pain.>!* In our study, post-
operative pain scores were similar between the peribulbar
block and incisionless sub-Tenon’s block groups, consistent
with previous studies.!>15:16

No major complications were observed in the present
study. Therefore, minor complications, including che-
mosis, subconjunctival petechiae, and hemorrhage, were
evaluated. According to the results, chemosis and sub-
conjunctival hemorrhage were observed more frequently
in the sub-Tenon’s block group than in the peribulbar block
group. Similar findings have been reported in the majority
of previous studies.!>1>1® In one of the first studies on sub-
Tenon’s blocks, it was reported that such minor complica-
tions were common with this technique but did not cause
intraoperative complications.” Based on our clinical ex-
perience, we agree with this observation, as all of these
complications resolved within a few days after surgery and
no serious clinical problems developed in any patient.

The primary aim of the present study was to compare
the effects of a peribulbar block and an incisionless sub-
Tenon’s block on postoperative sleep quality. Postoperative
sleep disorders are important factors that can negatively af-
fect the recovery process and increase patient morbidity and
mortality. Approximately half of patients experience sleep
problems during the first days after surgery. The anesthe-
sia technique has also been suggested to be one of the fac-
tors affecting postoperative sleep quality.!®!° Anesthetic
drugs can reduce sleep quality by disrupting the normal
sleep—wake cycle or affecting the natural rhythm of mela-
tonin, one of the key neurotransmitters involved in the sleep
process.'*29-22 Studies have shown that general anesthesia
impairs sleep patterns, and that regional anesthesia is ad-
vantageous over general anesthesia with regard to the de-
velopment of postoperative sleep disorders.?*> Despite its
importance for surgical success and postoperative recov-
ery, the effect of anesthesia methods on sleep quality has
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not received sufficient attention. Based on this, the present
study investigated the effects of the 2 most commonly used
regional block techniques on postoperative sleep quality
in patients undergoing cataract surgery, one of the most fre-
quently performed procedures in routine clinical practice.
Statistically, there was no difference in sleep quality be-
tween the 2 regional techniques. Sleep is a physiological
process that can be influenced by many individual and en-
vironmental factors.? Therefore, in studies evaluating sleep
quality, creating homogeneous patient groups and ensuring
environmental conditions that are as similar as possible al-
low for more reliable statistical outcomes.!* In our study,
the 2 anesthesia groups were similar in terms of baseline
patient and surgical characteristics. Noise levels in the sleep-
ing environments were also comparable between the groups.
It should be noted that the need for maintenance anes-
thetic medications (sedatives and/or analgesics) was greater
in the peribulbar block group than in the incisionless sub-
Tenon’s block group. Considering the effect of postopera-
tive pain levels on sleep quality, the lower requirement
for analgesic medication in the sub-Tenon’s block group
may make this anesthesia technique more favorable, even
though statistically both regional blocks had similar ef-
fects on postoperative sleep quality. In the present study,
all patients were premedicated with dexmedetomidine
in addition to midazolam and fentanyl. We routinely use
dexmedetomidine in ophthalmic surgeries because of its
effectiveness in providing sedoanalgesia and reducing in-
traocular pressure. Palte et al. also demonstrated in their
studies that early administration of a dexmedetomidine bo-
lus (8—20 pg) before midazolam (1-2 mg) and/or low-dose
fentanyl (0.5 pg/kg) created ideal conditions for the admin-
istration of peribulbar, retrobulbar, or sub-Tenon’s blocks.
They reported that the use of dexmedetomidine reduced
the need for propofol and provided prolonged sedation.?*

Limitations of the study

Several limitations of this study should be acknowledged.
First, it was conducted at a single center, which may limit
the generalizability of the results. Second, sleep quality
was assessed subjectively rather than objectively, using
methods such as polysomnography. Finally, the relatively
small sample size may be considered another limitation
of this work. However, owing to its prospective design
and the fact that it is the first study to compare 2 regional
block techniques in terms of postoperative sleep quality,
this study remains scientifically valuable.

Conclusions

Incisionless sub-Tenon’s block was superior to the per-
ibulbar block in terms of providing akinesia and reducing
the need for maintenance anesthetic medications such
as sedatives or analgesics. Although minor complications,
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including chemosis and subconjunctival hemorrhage, oc-
curred more frequently in the incisionless sub-Tenon’s
group, all were transient and had no serious clinical sig-
nificance. The 2 regional techniques were similar with re-
gard to postoperative sleep quality and patient satisfaction.
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Lateral nail entry increases valgus risk, but coronal plane deformity
does not affect knee function after femoral locked nailing
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Abstract

Background. Closed locked intramedullary nailing (IMN) of femoral diaphyseal fractures (FDF) is the gold
standard treatment. Postoperative frontal plane deformities can still occur following locked IMN.

Objectives. The primary aim of this study was to evaluate the effect of coronal plane deformities on knee
joint function and overall functional outcomes in adults with FDF treated using static locked IMN.

Materials and methods. One hundred and twenty patients treated with locked IMN for FDF were divided
into 2 groups based on coronal plane angulation measured on long-leg radiographs: group A (<5° deformity,
n=100) and group B (>5° deformity, n = 20). Factors potentially influencing coronal plane deformity were
compared between the groups. Radiographic parameters, including the mechanical lateral distal femoral angle
(mLDFA), mechanical medial proximal tibial angle (mMPTA), and postoperative lower extremity mechanical
axis angle (MA), as well as intraoperative factors and complications, were analyzed. Functional outcomes
were assessed using the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) knee
score, the Lower Extremity Functional Scale, and the Kujala patellofemoral scoring system.

Results. There were no significant differences between the groups in terms of age, gender, AO classifica-
tion, or mechanism of injury. Coronal plane deformity was found to be independent of fracture localization,
fracture type, and use of a traction table. However, nails implanted laterally to the greater trochanter were
associated with significantly more valgus deformity (p < 0.001). No significant differences were observed
in postoperative mLDFA, mMPTA, or MA between the groups at the final follow-up. Functional scores also
showed no significant differences.

Conclusions. After a minimum follow-up of 5 years, no adverse effects on knee or patellofemoral joint
function were observed in patients with coronal plane deformities. Coronal plane deformity following locked
IMN for FDF was independent of fracture location, classification, and traction table use. However, lateral entry
to the greater trochanter was associated with increased valgus deformity.

Key words: femur diaphyseal fractures, intramedullary nailing, coronal plane malalignment
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Highlights

in femoral diaphyseal fractures.

+ Coronal plane malalignment after locked intramedullary nailing for femoral diaphyseal fractures was not associ-
ated with fracture location, AO/OTA classification, or the use of a traction table.
« A lateral entry point at the greater trochanter significantly increased the risk of postoperative valgus deformity

+ Coronal plane deformity after intramedullary nailing did not adversely affect long-term knee function or patel-
lofemoral joint outcomes at a minimum 5-year follow-up.

Background

The femur serves as the main weight-bearing bone
of the lower extremity, and its fracture can lead to sub-
stantial morbidity and mortality. Femoral diaphyseal frac-
tures (FDF) are common fractures in orthopedic prac-
tice, frequently seen in young male patients as a result
of high-energy trauma, such as traffic accidents, falls from
significant heights, or gunshot wounds.!~® In this group
of patients, transverse or oblique fractures are typically
located in the middle third of the femoral shaft.!-® These
fractures display a bimodal distribution: They occur pri-
marily in younger individuals due to high-energy trauma,
while in elderly patients, they are more often the result
of low-energy trauma.* According to epidemiological stud-
ies, the annual incidence of diaphyseal femur fractures
is estimated to be around 13 per 100,000 individuals.®

Currently, the preferred treatment for FDF is locked in-
tramedullary nailing (IMN) with closed reduction, which
is considered the gold standard due to its high union rates,
facilitation of early mobilization and weight-bearing, and
low complication rates.*” From both biomechanical and
clinical perspectives, this method is regarded as superior
to extramedullary fixation with plates and external fix-
ators. %7 However, malalignment is a well-recognized com-
plication in the literature that may lead to non-union and
may require additional surgical intervention after locked
IMN.89

Malalignment can present as angular deformities (such
as varus/valgus or flexion/extension) or rotational dis-
crepancies. Postoperative coronal plane deformities fol-
lowing locked IMN are typically defined as frontal plane
angulations exceeding 5°, which are generally classified
as deformities. A literature review indicates that coronal
malalignment is most commonly defined as an angular
deformity of either “more than 5 degrees” or “5 degrees
or more.”®"12 Studies report that the incidence of such
deformities above 5° ranges from 2% to 18%.%113 While
some studies in the literature have explored the impact
of rotational deformities on patient functional outcomes
following femoral IMN, there is a lack of research ex-
amining the effect of coronal deformities on functional
status.

Objectives

To our knowledge, this study is the first to directly evalu-
ate the impact of coronal plane malalignment on long-term
functional outcomes, including knee and patellofemoral
joint function, following locked intramedullary nailing
of femoral diaphyseal fractures. The primary aim of this
study was to evaluate the effect of coronal plane defor-
mities on knee joint function and overall functional out-
comes in adults with FDF treated using static locked IMN.
A secondary aim was to identify the factors that contribute
to the development of these coronal plane deformities.
We hypothesized that coronal plane deformity negatively
impacts knee function following femoral locked IMN.

Materials and methods
Study design and patient selection

This retrospective study included patients who un-
derwent locked intramedullary nailing (IMN) for FDF
in the Orthopedics and Traumatology Departments
of 2 trauma centers. The study received approval from
the Medical Research Ethics Committee of [zmir Bozyaka
Training and Research Hospital (approval No. 2023/55),
and general informed consent was obtained from each
participant before the study procedures.

One hundred and twenty patients treated with locked
IMN for FDF between February 2012 and February 2019
were included in the study. We excluded patients with
open fractures, pathological fractures, additional lower
extremity fractures, a history of knee surgery, those over
60 years of age, and those with a follow-up period of less
than 5 years. Patients were divided into 2 groups based
on coronal plane angulation measurements at the femoral
fracture line obtained from orthoroentgenograms: group
A, with an angulation of less than 5° (n = 100, 83.4%),
and group B, with an angulation of 5° or greater (n = 20,
16.6%). Patient demographics, trauma mechanisms,
follow-up duration, type of femoral nail used, and use
of a traction table during surgery were obtained from
medical records (Table 1).
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Assessment of parameters
between groups

Fracture localization and the Miiller AO classification
of fractures were assessed on preoperative femur radio-
graphs. Three orthopedic surgeons independently re-
viewed and measured the preoperative and postoperative
radiographic parameters. Fracture union was evaluated
on anteroposterior and lateral femur radiographs obtained
during follow-up. Sagittal plane angulations of the femur
were assessed using lateral femur radiographs.

Orthoroentgenograms were used to assess femoral
length discrepancies, coronal plane angulations (varus/
valgus) at the fracture line, mechanical lateral distal
femoral angle (mLDFA), mechanical medial proximal
tibial angle (mMPTA), and postoperative lower extrem-
ity mechanical axis angle (MA), and to compare the sizes
of the lesser trochanters on both sides to detect rotational
deformity (Fig. 1-3). Coronal plane deformity of the femur
was evaluated by drawing one line from the fracture site
to the proximal center of the medullary canal and another
line from the fracture site to the midpoint of the distal
femoral articular surface. The angle between these 2 lines
was then measured (Fig. 1C, Fig. 2C).

Functional outcomes were evaluated using the Western
Ontario and McMaster Universities Osteoarthritis Index
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(WOMAC) knee scores, the Lower Extremity Functional
Scale, and the Kujala patellofemoral scoring system, and
these outcomes were compared between the 2 groups.

Surgical technique

All surgical procedures were performed after patients
were medically stabilized and appropriate radiological ex-
aminations and consultations were completed. Antegrade
locked intramedullary nails were used for all patients. Pro-
cedures were conducted either on a traction table in the su-
pine position or on a standard operating table in the lateral
position. The insertion point for nail entry was selected
based on individual anatomy, with entry sites including
the greater trochanter, piriformis fossa, or the lateral as-
pect of the greater trochanter.

Statistical analyses

Continuous variables with a non-normal distribution
are presented as medians and interquartile ranges (IQR;
1%t quartile (Q1) and 3" quartile (Q3) values reported),
while categorical variables are presented as percentages.
Normally distributed continuous variables are shown
as means with standard deviations (SD). Categorical vari-
ables were compared between groups using Pearson’s

£ AUAN

Fig. 1. A 24-year-old male patient in group A with an AO type C femoral fracture. Preoperative (A) and early postoperative x-rays (B). Measurement

of coronal plane was performed as follows: To assess the coronal plane deformity of the femur, a line was drawn from the fracture line to the proximal
center of the medullary canal, and another line was drawn from the fracture line to the midpoint of the distal femoral joint surface. The angle formed
between these 2 lines was then calculated. At the last follow-up, the coronal plane angle in the operated right femur was measured at 0.1°(C)



Fig. 2. A 22-year-old male patient in group B with an AO type C femoral fracture. Preoperative (A) and early postoperative x-rays (B). Measurement

of coronal plane angle was performed as follows: To assess the coronal plane deformity of the femur, a line was drawn from the fracture line to the proximal
center of the medullary canal, and another line was drawn from the fracture line to the midpoint of the distal femoral joint surface. The angle formed
between these 2 lines was then calculated. At the last follow-up the coronal plane angle in the operated right femur was measured at 7.1°(C)
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Fig. 3. The mechanical axis angle is defined as the angle formed between a line drawn from the center of the femoral head to the midpoint of the femoral
condyles and a line extending from the center of the tibial plateau to the center of the tibial plafond (A). The mechanical lateral distal femoral angle
(mLDFA) is defined as the angle created by the line connecting the center of the femoral head to the midpoint of the femoral condyles and the femoral
knee joint line (B). The mechanical medial proximal tibial angle (MMPTA) is defined as the angle between the line connecting the center of the proximal
tibia to the center of the talar dome and the tibial knee joint line (C)
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x* test. The normality of continuous variables was assessed
using the Shapiro—Wilk test, and the homogeneity of vari-
ances was evaluated using Levene’s test.

Comparisons of continuous variables between groups
were performed using independent-samples t-tests for
normally distributed data, and the Mann—Whitney U test
was applied for non-normally distributed data. Interrater
reliability was assessed using the intraclass correlation
coefficient (ICC; 2-way mixed effects, absolute agreement,
3 raters) at each measurement point.

All statistical analyses were performed using IBM SPSS
v.23.0 (IBM Corp., Armonk, USA), with statistical signifi-
cance set at p < 0.05.

Results

Patients were divided into 2 groups based on the coronal
plane angle measurements of the femoral fracture line
obtained from orthoroentgenograms: group A, with an-
gulation less than 5° (n = 100, 83.4%), and group B, with
angulation of 5° or more (n = 20, 16.6%). In group B, 6 pa-
tients (30%) exhibited varus deformity, while 14 patients
(70%) displayed valgus deformity. The median coronal
plane angle was 1.14° (Q1 = 0.5, Q3 = 2) in group A and
5.74° (Q1 = 5, Q3 = 6.2) in group B.

The median age was 28 years (Ql = 21, Q3 = 39.25)
in group A and 27 years (Ql = 20, Q3 = 36.75) in group
B, with no statistically significant difference (U = 1092,
p = 0.519). The median body weight was 77 kg (Q1 = 73,
Q3 =79) in group A and 75.5 kg (Q1 = 73.5, Q3 = 78.25)
in group B (U = 1138, p = 0.331). Similarly, the median body
mass index (BMI) was 24.64 kg/m? (Q1 = 23.71, Q3 = 25.58)
in group A and 24.46 kg/m? (Ql = 23.23, Q3 = 25.89)
in group B, showing no significant difference (U = 1007,

Table 1. Demographic and clinical characteristics of the 2 groups
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p = 0.963). In terms of gender distribution, group A con-
sisted of 19 women (19%) and 81 men (81%), whereas group
B included 4 women (20%) and 16 men (80%), with no sig-
nificant difference between groups (x* = 0.013, p = 0.918).

Regarding the mechanism of injury, motor vehicle ac-
cidents accounted for 73% of cases in group A and 85%
in group B, while falls constituted 27% and 15%, respec-
tively. Again, this difference was not statistically significant
(x* = 1.263, p = 0.262). The median follow-up time was
78 months (Q1 = 69, Q3 = 90) in group A and 72 months
(Q1 = 66, Q3 = 80.5) in group B (U = 1168, p = 0.238)
(Table 1).

There was a satisfactory level of agreement among
the 3 physicians who independently conducted radiological
evaluations for all patients. The ICC values were 0.96, 0.95,
and 0.92 for the CP angle; 0.94, 0.92, and 0.93 for mLDFA;
0.91, 0.94, and 0.95 for mMPTA; and 0.90, 0.95, and 0.91 for
the MA angle, according to the measurement time points.

None of the 120 patients included in our study showed
any signs of clinical rotational deformity. Radiologically,
rotational deformity was assessed using orthoroentgeno-
grams by comparing the sizes of the lesser trochanters
on both sides. No discrepancies were observed in any pa-
tient. Postoperative sagittal plane deformities of the femur
were assessed using lateral femur radiographs, and no de-
formities were identified in any patient.

The femoral diaphysis was divided into 3 equal seg-
ments, and fractures were categorized based on their
location as proximal third (n = 19; 15.8%), middle third
(n = 78; 65%), and distal third (n = 23; 19.2%) fractures.
Coronal plane deformities >5° were found in 5.3% of proxi-
mal third, 17.9% of middle third, and 21.7% of distal third
diaphyseal fractures. There were no significant differences
between coronal plane deformities and fracture localiza-
tion (x% = 2.297, p = 0.169) (Table 2).

. Group A Group B
Variable (CP angle <5°) (CP angle >5°)
n 100 20 —

) U=1092
Age [years], median (Q1, Q3) 28 (21,39.25) 27 (20,36.75) p=0519%
. ) U=1138
Weight [kg], median (Q1, Q3) 77 (73,79) 75.5 (73.5, 78.25) p=0331*
. U =1007
BMI [kg/m?, median (Q1, Q3) 2464 (23.71,25.58) 24:46(23.23, 25.89) p = 0963*

female 19 (19) 4 (20) 2
Gender, n (%) X 0.013#
male 81 (81) 16 (80) p=0918

motor vehicle 73 (73) 17 (85) 2
Mechanism of injury, n (%) X 1'263;
falling 27 27) 3(15) p=0262
. ) U=1168
Follow-up time [months], median (Q1, Q3) 78 (69, 90) 72 (66, 80.5) p=0238*

The normality of the data was assessed using the Shapiro-Wilk test and the homogeneity of variances was evaluated using Levene's test. *The Mann-
Whitney U test was employed to compare age, body weight, BMI, and follow-up duration between the 2 groups. fPearson’s x? test was applied to assess
group differences in gender and injury mechanism. CP - coronal plane; BMI — body mass index.
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Table 2. Factors that may cause postoperative coronal plane deformity

Group A Group B
. (CP angle <5°) (CP angle =5°)
Variable =100 =20
n (%) n (%)
Fracture localization
Proximal diaphysis 18 (94.7) 1(5.3) 19 (100)
2 —
Middle diaphysis 64 (82.1) 14(17.9) 78 (100) é = 0212(;;
Distal diaphysis 18 (78.3) 521.7) 23 (100)
Fracture classification
AO type A 65 (82.3) 14 (17.7) 79 (100)
AO type B 27 (87.1) 4(12.9) 31 (100) X*=0332
P : : p=0758
AO type C 8(80) 2 (20) 10 (100)
Nail entry site
Greater trochanter 36 (97.3) 1.7) 37 (100)
¥ = 28092
Lateral 12 (50) 12 (50) 24 (100) 0 <0001
Piriformis fossa 52 (88.1) 7(11.9 59 (100)
Operating table
Traction table 75 (84.4) 16 (17.6) 91 (100) 2 = 0369
Standard operating table 25 (86.2) 4(13.8) 29 (100) p=0637

Pearson’s x* test was used to analyze the association between the groups and variables including fracture type, localization, nail entry point, and surgical
table configuration. CP — coronal plane; AO — the Muller AO classification of fractures.

Table 3. Radiological parameters of 2 groups

. Group A Group B
el (CP angle <5°) (CP angle >5°)
n 100 20 -

CP angle [7], median (Q1,Q3) 114 (05,2) 5.74.(5,62) Y00
ge bl , S B p <0.001*

. t=0778
Last follow-up mLDFA [], average +SD 87,48 £2.2 87.05£1.7 p=0415"
o t=0.952
Last follow-up mMPTA [°], average +SD 88.21 +£3.1 888 +24 b = 0350°
o U=1069
Last follow-up MA [°], median (Q1, Q3) 2.20(0.35, 3.85) 1.95 (1.08, 2.93) b=0627*

The normality of the data was assessed using the Shapiro-Wilk test and the homogeneity of variances was evaluated using Levene's test.

*The Mann-Whitney U test was employed to compare CP angle and final follow-up MA between the two groups. #The independent samples t-test was
used to compare final follow-up mLDFA and mMPTA between the two groups. CP — coronal plane; mLDFA — mechanical lateral distal femoral angle;
MMPTA — mechanical medial proximal tibial angle; MA — lower extremity mechanical axes angle.

Seventy-nine patients (65.8%) had AO 32-A, 31 patients
(25.8%) had AO 32-B, and 10 patients (8.5%) had AO 32-C
type fractures. Coronal plane deformities >5° were found
in 17.7% of AO 32-A type fractures, 12.9% of AO 32-B type
fractures, and 20% of AO 32-C type fractures. There were
no significant differences between coronal plane deformi-
ties and fracture types (x> = 0.332, p = 0.758) (Table 2).

Intramedullary nails were placed through the greater
trochanter in 37 patients (30.8%), through the piriformis
fossa in 59 patients (49.2%), and laterally to the greater tro-
chanter in 24 patients (20%). A coronal plane deformity >5°
was observed in 2.7% of patients with intramedullary nails
inserted through the greater trochanter, 50% of patients
with nails inserted via lateral access to the greater tro-
chanter, and 11.9% of patients with nails inserted through

the piriformis fossa. It was determined that coronal plane
deformity was more frequent in nails inserted from the lat-
eral side of the greater trochanter. This difference was
found to be significant (x> = 28.092, p < 0.001) (Table 2).

Ninety-one patients (75.8%) underwent surgery on a trac-
tion table, while the remaining 29 patients (24.2%) were
operated on a standard operating table. Coronal plane de-
formities >5° were detected in 16 patients (17.6%) who were
operated on a traction table and in 4 patients (13.8%) who
were operated on a standard operating table. There were
no significant differences between surgeries performed
on a traction table and those performed on a standard op-
erating table (x? = 0.369, p = 0.637) (Table 2).

The results of the radiological evaluations are shown
in Table 3. There was no difference between the 2 groups
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Table 4. Evaluation of functional scores

WOMAC knee score
median (Q1, Q3)

Variable

689

Group A (CP angle <5°) 3.12(1.04,5.5)

Group B (CP angle >5°) 52(3.12,5.5)
-value ST

P p=0127

LEFS Kujala
median (Q1, Q3) median (Q1, Q3)
76 (72,78) 95 (88, 98)

74 (71.5,76.25) 93 (87.5,95.25)
U=1256 U=1214
p=0.061 p =0.067

The Mann-Whitney U test was used to evaluate intergroup differences in WOMAGC, LEFS, and Kujala patellofemoral scores. LEFS — lower extremity functional
scale; WOMAC — Western Ontario and McMaster Universities Osteoarthritis Index; CP — coronal plane.

in terms of mLDFA, mMPTA, and lower extremity MA
angle measured at the last follow-up (t = 0.778, p = 0.415;
t=0.952, p =0.350; and U = 1069, p = 0.627, respectively).

There was no significant difference between the groups
in terms of the WOMAC knee score, the Lower Extrem-
ity Functional Scale, and the Kujala patellofemoral score
(U =737 p =0.127; U = 1256, p = 0.061; and U = 1214,
p = 0.067, respectively) (Table 4).

Discussion

The primary aim of this study was to evaluate the effect
of coronal plane deformities on knee joint function and over-
all functional outcomes in adults with FDF treated using
static locked IMN. A secondary aim was to identify the fac-
tors that contribute to the development of these coronal plane
deformities. The results demonstrated that, although coronal
plane deformities >5° were present in 16.6% of patients, they
did not significantly affect functional outcomes, as measured
using the WOMAC knee scores, the Lower Extremity Func-
tional Scale, and the Kujala patellofemoral score.

The incidence of coronal plane deformities >5° in this
study aligns with previous findings, in which deformi-
ties above 5° are reported in 2-18% of cases after locked
IMN 21113 Notably, we observed a significantly higher rate
of coronal deformities when the nail was inserted later-
ally to the greater trochanter compared to other insertion
points. This result suggests that the choice of nail insertion
point may influence postoperative alignment, which could
have implications for surgical planning.

Lateral entry points likely alter the trajectory of the nail,
making precise alignment more challenging, especially
in cases of complex fracture patterns resulting from high-
energy trauma. Our findings are consistent with earlier
reports suggesting a strong correlation between lateral in-
sertion points and increased varus or valgus angulations.!*
Sadagatullah et al. concluded that there was a higher rate
of malalignment in proximal femoral shaft fractures
treated with interlocking nails utilizing the greater tro-
chanter entry point.!> Similarly, Ostrum et al. reported that
a lateral starting point led to malalignment and gapping
of the femoral cortex with all nails.*®

Malalignment is a well-recognized complication in the lit-
erature that may lead to non-union and may require additional

surgical intervention after locked IMN.%? Malalignment can
present as angular deformities (such as varus/valgus or flex-
ion/extension) or rotational discrepancies. These deformi-
ties may negatively impact knee function following femo-
ral locked IMN. To our knowledge, no previous study has
examined the impact of coronal plane deformity on knee
functional outcomes following femoral locked intramedul-
lary nailing.

A review of the literature revealed a focus on rotational
deformities following femoral locked intramedullary nail-
ing, with studies examining their impact on knee and hip
function.!”!® Karaman et al. showed that femoral rota-
tional malalignment >10° is symptomatic for patients and
that the hip, knee, and patellofemoral joints are affected.!”
Sharma et al. found worse WOMAC knee and lower ex-
tremity functional scores in patients with rotational de-
formity than in patients without.!® We found that despite
the higher rate of coronal deformities with lateral inser-
tion, functional outcomes were not significantly different
between patients with and without deformity. We believe
that minor angular deformities may not substantially im-
pact functional performance, particularly in young, active
individuals with greater compensatory abilities. However,
itis worth noting that our study included a relatively young
cohort with an average age of 31.7 years. Older patients
or those with pre-existing knee pathology may experience
greater functional limitations due to malalignment.

We hypothesized that coronal deformities are more com-
monly observed in fractures of the proximal and distal
thirds of the femoral diaphysis. Khan et al. reported a sig-
nificant association between proximal femur fractures and
malalignment in their study involving 65 patients.!° Ricci
et al. found that fractures in proximal and distal loca-
tions are correlated with increased fracture angulation.!!
In our study, coronal deformities were detected in 5.3%
of proximal, 17.9% of middle, and 21.7% of distal diaphy-
seal fractures. In contrast to our initial hypothesis, our
study found no statistically significant association between
coronal deformities and fracture localization (p = 0.169).

We anticipated that progression from AO type A to type
C would involve more complex and fragmented fractures,
making coronal alignment more challenging to control.
Ricci et al. showed that an unstable fracture pattern is as-
sociated with increased fracture angulation.!! In our study,
coronal deformities were identified in 17.7%, 12.9%, and
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20% of patients with AO type A, B, and C fractures, re-
spectively. Contrary to our initial hypothesis, our study
revealed no statistically significant association between
coronal deformities and fracture type (p = 0.758).

Regarding the operative setup, the use of a traction table
versus a standard operating table did not significantly im-
pact the incidence of coronal plane deformity. He et al. con-
cluded that, compared with manual traction, the traction
table in femoral intramedullary nailing surgery lengthens
operative time and preoperative setup time. At the same
time, it does not show significant advantages in reduc-
ing blood loss volume, fluoroscopy time, or improving
prognosis.'

Similarly, Sholla et al. found that the lateral decubitus
method without a traction table was a safe and effective
alternative to the supine method with a traction table
in terms of radiological and clinical results.?’ While a trac-
tion table is often preferred for better control of fracture
reduction, our results suggest that it may not necessarily
result in superior coronal alignment. This finding may in-
form surgical teams that, under certain conditions, a stan-
dard operating table may be a viable alternative, especially
in facilities without access to traction tables.

Radiographically, there were no significant differences
between the groups in terms of mLDFA, mMPTA, or lower
extremity mechanical alignment. This outcome highlights
that minor deviations in coronal alignment at the fracture
site may not translate into large-scale mechanical axis
alterations, at least in the short to medium term. This
finding may explain why coronal plane deformity does not
negatively impact knee function, at least within a 5-year
follow-up period. Long-term studies are warranted to eval-
uate whether these deformities contribute to early degen-
erative changes, especially in high-functioning individuals.

Limitations of the study

The retrospective nature of this study limits the general-
izability of our findings. Future research with a prospective
design, larger sample sizes, and longer follow-up periods
could provide more insight into the long-term effects
of coronal deformities on joint function. An additional
limitation of our study is the large difference in the number
of patients between the groups. Another limitation was
that we could not determine a cut-off point for coronal
varus deformity. A key limitation in establishing a defini-
tive “cut-off” for acceptable coronal plane deformity lies
in the ethical and clinical need to correct severe malalign-
ments. For instance, high degrees of coronal plane defor-
mity would not be ethically feasible to include in a study
or to leave unaddressed in clinical practice. Severe defor-
mities are typically corrected intraoperatively, as leaving
a patient with such a misalignment would constitute a de-
viation from standard care and could lead to legal and med-
ical implications. Consequently, the absence of patients
with extreme deformities in our study reflects routine
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corrective practices rather than a defined clinical thresh-
old for acceptable alignment. This limitation underscores
the importance of standardized guidelines and surgical
expertise in preventing significant malalignment. Future
biomechanical studies could further explore the impact
of major coronal plane deformities. Another limitation
of our study is that, because the patients were trauma cases
with femoral fractures, preoperative evaluation of limb
alignment parameters could not be performed. Therefore,
it was not possible to compare preoperative measurements
with postoperative measurements.

Conclusions

No negative outcomes were detected in the knee or patel-
lofemoral joints of patients with coronal plane deformities
after at least a 5-year follow-up. Coronal plane deformity
was found to be independent of fracture localization, frac-
ture classification, and whether the fracture was oper-
ated on using a traction table. Increased valgus deformity
was observed in nails inserted from the lateral aspect
of the greater trochanter.
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Abstract

Background. High levels of PM, 5 air pollution pose serious health risks, especially in rapidly urbanizing
areas. While its effects on organs such as the heart and lungs are well documented, its effects on the cornea
remain less well understood. Emerging evidence links PM, s exposure to comneal damage through processes
such as autophagy, inflammation, and oxidative stress; however, the precise molecular pathways remain
largely unknown.

Objectives. This study aimed to identify key genes and signaling pathways in PM, s-exposed human corneal
epithelial cells (HCECs) using RNA sequencing and bioinformatics analysis.

Materials and methods. Human corneal epithelial cells were cultured and exposed to 25 ug/mL PM; s
for 24 h. High-throughput sequencing was performed after total RNA extraction and library construction
for mRNA and microRNA (miRNA). Clean reads were mapped to the reference genome after filtering out
low-quality reads. The Differential Expression Sequencing 2 (DESeq2) R package was used to identify dif-
ferentially expressed (DE) mRNAs and miRNAs with a fold change >2 or <0.5 and a false discovery rate
(FDR) < 0.001.. Bioinformatics analyses included hierarchical clustering, protein—protein interaction network
construction, target gene prediction, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment.

Results. The analysis identified 45 DE mRNAs, including 14 uprequlated and 31 downrequlated transcripts,
along with 16 uprequlated miRNAs. A gene interaction network was constructed comprising nine mRNAs
(6 upregulated and 3 downregulated), while a combined miRNA—mRNA network included 14 miRNAs and
21 mRNAs, forming 73 interaction pairs. Functional enrichment analysis of these genes revealed 30 signifi-
cantly enriched GO terms, as well as 27 KEGG signaling pathways.

Conclusions. This study constructed requlatory networks and identified genes DE in the corneal response
to PM, 5 exposure, particularly those involved in autophagy, inflammatory responses, and oxidative stress—
related pathways. These results lay the groundwork for further research into the effects of PM, s on ocular
surface health and provide insights into the molecular mechanisms underlying PM; s-induced damage
to human corneal epithelial cells, potentially quiding the development of targeted diagnostics or therapies
to mitigate ocular surface injury caused by PM,s.

Key words: PM, 5, bioinformatics analysis, human corneal epithelial cells
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Highlights

PM, 5 exposure.

underlying PM, s-induced corneal damage.

« Forty-five mRNAs and 16 microRNAs were differentially expressed in human corneal epithelial cells following
+ Gene and microRNA-mRNA interaction networks were constructed to elucidate the regulatory mechanisms

+ Functional enrichment analysis identified 30 Gene Ontology terms and 27 Kyoto Encyclopedia of Genes and Ge-
nomes pathways associated with inflammation, cellular stress, and immune responses.

+ These findings provide novel insights into the molecular effects of air pollution on ocular surface health.

«+ The results may inform future therapeutic strategies for pollution-related corneal disorders.

Background

Air pollution is a well-established global public health
concern.! Among its various components, fine particu-
late matter (PM, 5) is considered particularly hazardous.??
In developing nations undergoing rapid industrialization
and urban expansion, such as China, PM, ;5 levels have
reached critical thresholds; for instance, the annual av-
erage PM, 5 concentration in eastern China exceeded
80 pg/m? in 2010.%°> Exposure to PM, 5 has been widely
linked to elevated risks of cancer, respiratory and cardio-
vascular diseases, and increased mortality.6~10

Despite these findings, its effects on the ocular surface,
particularly the cornea, which is directly exposed to air-
borne pollutants, have received less attention. Xiang et al.
emphasized the harmful effects of PM, 5 on ocular health.!!
Recent studies have suggested that PM, 5 may contribute
to corneal epithelial damage through mechanisms such
as oxidative stress, autophagy dysregulation, and pro-in-
flammatory responses.>"1® However, the precise molecular
mechanisms involved in these corneal responses remain
largely unknown, and whether they mirror those observed
in other organs is still unclear.

Objectives

Through comprehensive bioinformatics analysis, this
study aims to clarify the key genes and signaling pathways
implicated in the effects of PM, 5 on the cornea.

Materials and methods

Culture and exposure of human corneal
epithelial cells to PM, 5

Human corneal epithelial cells (HCECs) were pro-
vided by the Shandong Eye Institute, Shandong Provin-
cial Key Laboratory of Ophthalmology, Qingdao, China.
The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/Ham’s F12 medium supplemented

with 1% penicillin—streptomycin and 10% fetal bovine
serum (FBS). The medium was changed every 2 days, and
the cultures were maintained at 37°C in an atmosphere
containing 5% CO,.1"'? Cells were seeded in 6-well plates
and cultured for 24—-48 h in regular growth medium.
The cells were then rinsed with phosphate-buffered sa-
line (PBS) and incubated for 24 h in either control me-
dium or a PM, 5 solution at a concentration of 25 ug/
mL. The PM, 5 used was SRM 1648a (National Institute
of Standards and Technology (NIST), Gaithersburg,
USA), which was suspended in sterile PBS and sonicated
for 30 min in a water-bath sonicator (US-220; Zhongke
Scientific Instrument, Beijing, China) to ensure even dis-
persion before application. Each treatment was replicated
3 times for subsequent RNA extraction. Three biologi-
cal replicates were used for both mRNA and miRNA se-
quencing analyses. The cells used for all experiments
were between passages 2 and 5. The PM, s employed was
the urban particulate matter reference standard (SRM
1648a), sourced from the NIST and representative of ur-
ban environments.

This study did not involve any human participants or an-
imal experiments. Only commercially available human
corneal epithelial cell lines were used. Therefore, ethical
approval was not required.

Library preparation
RNA library preparation

Total RNA from 2 distinct groups was qualified and
quantified using a bioanalyzer (Agilent 2100 Bioanalyzer;
Agilent Technologies, Santa Clara, USA) before being ran-
domly fragmented. These fragments then served as tem-
plates for 1%%-strand ¢cDNA synthesis, followed by 2"d-
strand synthesis. The fragments were then purified using
the QIAquick polymerase chain reaction (PCR) kit (Qiagen,
Hilden, Germany), eluted with elution buffer, end-repaired,
adenylated by the addition of a single ‘A’ base, and ligated
to sequencing adapters. The uracil-N-glycosylase (UNG)
enzyme (Thermo Fisher Scientific, Waltham, USA) was
then used to degrade the 2™ strand. Following fragment
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size selection by agarose gel electrophoresis, polymerase
chain reaction (PCR) amplification was performed to gen-
erate the sequencing library.

microRNA library preparation

RNA concentrations in 6 samples were determined
using a bioanalyzer (Agilent 2100 Bioanalyzer; Agilent
Technologies). RNAs of different fragment sizes were
separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), and bands ranging from 18
to 30 nucleotides were excised to recover small RNAs.
According to the manufacturer’s instructions for T4 RNA
ligase (Thermo Fisher Scientific), these RNAs were ligated
to 5" and 3’ adapters before being reverse-transcribed
into cDNA molecules. To complete library construction,
the PCR products were purified by PAGE and dissolved
in ethidium bromide (EB) solution.

RNA-seq method

Raw sequencing reads were subjected to quality con-
trol using FastQC v. 0.11.9 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) to evaluate metrics such
as per-base sequence quality, GC content (the molar ratio
of guanine + cytosine bases in DNA), and adapter con-
tamination. Trimmomatic v. 0.39%° (http://www.usadellab.
org/cms/?page=trimmomatic) was employed to remove
adapter sequences and low-quality bases, using param-
eters: ILLUMINACLIP:2:30:10, SLIDINGWINDOW:4:20,
and MINLEN:36. Cleaned reads were aligned to the human
reference genome (GRCh38/hg38) using HISAT2 v. 2.2.1
(https://daehwankimlab.github.io/hisat2/),? a splice-aware
aligner. The resulting files of sequence alignment map
(SAM) were converted to sorted binary alignment map
(BAM) files using SAMtools v. 1.10 (https://www.htslib.
org/doc/1.10/samtools.html).?? Subsequently, transcript
assembly and quantification were performed with String-
Tie v. 2.2.1 (https://ccb.jhu.edu/software/stringtie/).2* For
each sample, transcript abundance was calculated based
on the reference gene annotation (GTF) file, and novel
transcript isoforms were also predicted. Expression levels
were quantified in fragments per kilobase of transcript per
million mapped reads (FPKM). Gene-level count matrices
were generated using the prepDE.py script provided with
StringTie. Differential gene expression analysis was con-
ducted using the DESeq2?* package v. 1.38.3 in R v. 4.2.2
(R Foundation for Statistical Computing, Vienna, Austria).
Raw count data were normalized, and statistical testing
was performed using the Wald test with Benjamini—Ho-
chberg correction for multiple comparisons. Genes with
an adjusted p < 0.050 and |log;, fold change| >1 were consid-
ered significantly differentially expressed (DE). To inter-
pret the biological significance of the DE genes, Gene On-
tology (GO) enrichment and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses were performed
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using the clusterProfiler?® package (v. 4.6.2) in R. Enrich-
ment results were visualized with dot plots and pathway
diagrams to identify biological processes and signaling
pathways significantly associated with DE genes.

Results

Analysis of 6 samples from both the PM, s group
and the negative control group revealed 45 DE mRNAs
(Fig. 1A and Supplementary Table 1), including 14 up-
regulated and 31 downregulated transcripts. Similarly,
analysis of the same sample set identified 16 DE miR-
NAs, all of which were upregulated (Fig. 1B, Supplemen-
tary Table 2). Using Cytoscape software (URL: https://
cytoscape.org/), an interaction network of DE mRNAs
was constructed, comprising 9 nodes and 7 edges (Fig. 2).
This network included 6 upregulated and 3 downregu-
lated genes. These 9 mRNAs were selected for downstream
analysis based on their centrality and connectivity within
the protein—protein interaction (PPI) network, indicating
potential roles as regulatory hubs.

The interaction network included 35 DE genes, consist-
ing of 14 miRNAs and 21 mRNAs, with 73 interaction
pairs identified (Fig. 3). Key genes in the miRNA-mRNA
network were selected based on overlap in target predic-
tion, consistency of differential expression, and biologi-
cal relevance to pathways identified through enrichment
analysis.

Functional enrichment analysis was performed
on the 9 DE mRNAs from the network, revealing enrich-
ment in 30 GO terms, segmented into 3 categories: biologi-
cal process (BP), cellular component (CC), and molecular
function (MF). The top 10 entries from each category are
shown in Fig. 4 and Supplementary Table 3. Addition-
ally, 27 signaling pathways were identified through KEGG
analysis. The top 20 entries from each category are shown
in Fig. 5 and Supplementary Table 4.

Discussion

PM, 5 is a complex mixture consisting of various sources,
such as automobile exhaust, combustion smoke, soil, and
cooking fumes. Its constituents include metals, salts,
volatile organic compounds, hydrocarbons, and endo-
toxins.2® Owing to this intricate composition, the impact
of PM, 5 on human health is multifaceted. However, its
ocular effects, particularly on the cornea, remain under-
studied. This study aims to explore the influence of PM, 5
on the cornea and to identify key genes and signaling path-
ways involved.

We identified several novel genes and miRNA candi-
dates not previously associated with PM, 5-induced ocular
damage. Our study found that several genes in HCECs
exhibited differential expression after exposure to PM, s.


https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.usadellab.org
http://www.usadellab.org
https://daehwankimlab.github.io/hisat2
https://www.htslib.org/doc/1.10/samtools.html
https://www.htslib.org/doc/1.10/samtools.html
https://ccb.jhu.edu/software/stringtie
https://cytoscape.org
https://cytoscape.org
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A mRNA Gene Expression Heatmap
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Fig. 1. Heatmap of differentially expressed (DE) genes. A: Heat map of DE mRNAs; B: Heat map of DE miRNAs

Fig. 2. Interaction network of differentially expressed (DE) mRNAs. Red
points represent upregulated genes; blue points indicate downregulated
genes. The size of each point correlates with the p-value

These include BRD4, FOSLI, and CYPIA 1, which appear
to play central roles in regulating oxidative stress, autoph-
agy, and inflammation in the corneal epithelium. BRD4,
amember of the bromodomain and extraterminal protein

family, recognizes and binds to acetylated lysine residues
on histone tails.?” It is implicated in the regulation of vari-
ous inflammatory cytokines, including interleukin (IL)-1p,
IL-6, IL-8, and IL-9, and functions as a transcriptional
regulator that modulates autophagy and oxidative stress
via lysosomal pathways.?8-3°

FOSLI, a component of the AP-1 transcription factor
complex, has been reported to be upregulated following
PM, 5 exposure in lung epithelial cells and may contrib-
ute to autophagy inhibition, inflammation, and oxidative
stress.?-%2 Studies have suggested that FOSLI can promote
apoptosis and inflammation through the AMPK signaling
pathway,®® and that its inhibition leads to reduced pro-
inflammatory cytokine expression.3*3> FOSLI also inter-
acts with the Nrf2 pathway, a key regulator of oxidative
stress.36-38

Cytochrome P450 enzymes (CYPs) are essential for
the metabolism of various substances, including heavy
metals and drugs.®* CYP1A1, a cytochrome P450 enzyme,
has been shown to be upregulated in corneal epithelial cells
following exposure to airborne pollutants such as cigarette
smoke and house dust.!*° It participates in xenobiotic me-
tabolism and is regulated by the aryl hydrocarbon receptor
(AhR) signaling pathway.?*~> Suppression of CYP1A1 has
been linked to reduced reactive oxygen species (ROS)
production and oxidative stress.* Its co-regulation with
TIPARP via AhR signaling underscores its potential im-
portance in pollutant-induced ocular responses
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Fig. 3. miRNA-mRNA regulation network, consisting of 35 nodes and 73 edges. Triangles represent mRNAs and circles denote miRNAs

— In addition, we identified 16 DE miRNAs. Among
these, several novel miRNA-mRNA interactions poten-
tially relevant to corneal responses to PM, 5 were identified:

— miR-1275, predicted to target BRD4 and TIPARP, may
regulate autophagy and ROS generation and inflammation
when inhibited.*0-*

— miR-223-3p, also targeting BRD4 and TIPARP, has
been linked to the modulation of autophagy and oxidative
stress in both ocular and systemic contexts.*->2

— miR-486-5p, targeting BRD4 and FOSLI, was shown
to induce autophagy upon inhibition and reduce inflam-
mation and oxidative damage.>3-5°

— miR-4516, associated with CYPIAI and TIPARP, may
regulate autophagic responses to metal components in PM.>¢

— miR-4454 expression is elevated in PM-exposed popu-
lations, although its ocular mechanism is unclear.®’

— let-7c-5p, which may regulate BRD4 and FOSLI, has
been implicated in abnormal autophagy in lens epithelial
cells.”

Gene Ontology analysis and KEGG signaling pathway
enrichment were performed for the DE mRNAs. The en-
riched BP terms were mainly related to nitrogen compound
metabolic processes and primary metabolic processes.
The enriched CC terms were primarily associated with
the nucleoplasm, extracellular matrix (ECM), and mito-
chondrial membrane. The enriched MF terms were mainly
related to enzyme activation or binding, such as metal-
loendopeptidase activity, metallopeptidase activity, and
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Fig. 4. Gene Ontology (GO) analysis of differentially expressed (DE) mRNAs. GO analysis showing biological process (green points), cellular component
(purple points), and molecular function (orange points). The x-axis represents the number of DE mRNAs, and the y-axis lists the pathway names

metal ion binding. The enriched KEGG pathways included
the IL-17 signaling pathway, the peroxisome proliferator-
activated receptors (PPAR) signaling pathway, tryptophan
metabolism, and the metabolism of xenobiotics by cyto-
chrome P450. Interleukin 17 is considered to play a role
in regulating corneal inflammatory responses,® and
the PPAR signaling pathway is thought to be involved
in oxidative stress and autophagy.®

These enriched pathways, particularly IL-17 and PPAR
signaling, further underscore the mechanistic links be-
tween PM, 5 exposure and oxidative stress, inflammation,
and autophagy in the cornea.

Limitations of the study

There are several limitations to this study. First,
the fine particulate matter used, SRM 1648a, was not
directly collected from ambient air but is a reference
material. Its composition therefore differs somewhat
from that of actual environmental PM. However, its

main components, such as various metals, polycyclic
aromatic hydrocarbons, and polychlorinated biphenyl
homologues, are similar to those typically adsorbed onto
atmospheric PM. Second, the DE RNAs identified in this
study require further validation. Despite these limita-
tions, our work provides a foundational transcriptomic
dataset and identifies several novel genes, pathways, and
miRNA-mRNA interactions that may mediate PM, s5-
induced corneal damage, thereby laying the ground-
work for further elucidation of the underlying damage
mechanisms.

Conclusions

Through bioinformatics analysis, we have begun to elu-
cidate genes and signaling pathways responsive to PM, s-
induced damage and have constructed regulatory networks
that may underlie these processes. These findings provide
new insights into the impact of PM, 5 on ocular health
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and serve as a platform for future research in this field,
potentially guiding the development of targeted diagnos-
tics or therapies to mitigate PM, s-induced ocular surface
damage.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15245015. The package contains
the following files:

Supplementary Table 1. Statistical analysis data of mRNA
between the NC group and the PM, 5 group.

Supplementary Table 2. Statistical analysis data of miRNA
between the NC group and the PM, 5 group.

Supplementary Table 3. GO analysis of DE mRNAs.

Supplementary Table 4. KEGG signaling pathways of DE
mRNAs.
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Abstract

Background. Chronic alcohol consumption can damage the gastric mucosa and increase the risk of severe
gastrointestinal disorders, including gastritis, peptic ulcers, and potentially gastric cancer. Modern research
has demonstrated that Erchen decoction possesses anti-inflammatory, antioxidant, and gastric mucosal
protective properties and has been applied in the treatment of various inflammatory conditions.

Objectives. This study aimed to investigate the effects of Erchen decoction on chronic ethanol-induced
gastricinjury.

Materials and methods. Seventy-two male Sprague Dawley rats were randomly assigned to the fol-
lowing groups: Con group (control), Mod group (model), OXY group (oxymatrine, 5 mL/kg), ECDH group
(high-dose Erchen decoction, 10 mL/kg), ECDM group (medium-dose Erchen decoction, 5 mL/kg), and
ECDL group (low-dose Erchen decoction, 2.5 mL/kg). Gastric histopathological changes were evaluated
using hematoxylin and eosin (H&E) staining and transmission electron microscopy (TEM). Proliferation
of gastric mucosal cells was assessed using immunohistochemical detection of proliferating cell nuclear
antigen (PCNA). Serum levels of tumor necrosis factor alpha (TNF-a), interleukin-1 beta (IL-1p), superoxide
dismutase (SOD), and malondialdehyde (MDA) were measured using enzyme-linked immunosorbent assay
(ELISA) and biochemical analysis. Western blot (WB) was used to analyze protein expression associated with
inflammatory pathway activation.

Results. Compared with the Mod group, Erchen decoction significantly alleviated gastric injury and increased
PCNA expression in the gastric mucosa. Its therapeutic efficacy decreased in a dose-dependent manner, with
weaker effects observed at lower doses. Erchen decoction significantly reduced serum levels of TNF-q, IL-16,
and MDA while enhancing SOD activity; however, these effects were less pronounced in the ECDL group than
in the ECDM and ECDH groups. Importantly, Erchen decoction markedly decreased the expression of toll-like
receptor 4 (TLR4), nuclear factor kappa-B (NF-kB), NOD-like receptor protein 3 (NLRP3), apoptosis-associated
speck-like protein (ASC), cleaved caspase-1, IL-1B, and interleukin-18 (IL-18).

Conclusions. Erchen decoction alleviates ethanol-induced gastric injury by reducing inflammation, attenu-
ating oxidative stress, preserving cellular structural integrity, and requlating the NF-kB signaling pathway.

Key words: ethanol-induced gastric injury, gastric mucosal protection, NF-kB signaling pathway, oxidative
stress, TLR4/NLRP3 inflammasome
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Highlights

expression.

related gastric mucosal damage.

« Erchen decoction attenuates chronic ethanol-induced gastric injury by improving gastric mucosal pathology, pro-
moting gastric epithelial cell proliferation, reducing inflammatory cytokines (T NF-«, IL-1f) and malondialdehyde
(MDA), and enhancing superoxide dismutase (SOD) antioxidant activity.

+ Erchen decoction suppresses key inflammatory signaling pathways, including TLR4/NF-kB/NLRP3 inflamma-
some activation, by downregulating toll-like receptor 4 (TLR4), nuclear factor kappa-B (NF-kB), NOD-like receptor
protein 3 (NLRP3), apoptosis-associated speck-like protein(ASC), cleaved caspase-1, interleukin (IL)-1p, and IL-18

« Regulation of the NF-kB signaling pathway represents a central mechanism underlying the gastroprotective effects
of Erchen decoction in chronic alcohol-induced gastric injury.
« Erchen decoction shows potential as a therapeutic strategy for the prevention and treatment of chronic alcohol-

Background

Chronic ethanol-induced gastric injury is a common
digestive system disorder. Chronic alcohol consumption
can damage the gastric mucosa and increase the risk of de-
veloping severe gastrointestinal conditions such as gastri-
tis, peptic ulcers, and potentially gastric cancer.'=® Alco-
hol exerts a direct effect on the gastric mucosa, leading
to oxidative stress and inflammation, which can impair
its protective function and contribute to tissue damage.
In addition, the inflammatory process is mediated by in-
teractions among multiple cytokines and signaling path-
ways.*"® Among these, the nuclear factor kappa-B (NF-kB)
pathway plays a central role in regulating the inflammatory
response.”® Nuclear factor kappa-B is a transcription fac-
tor with a wide range of biological functions and regulates
the expression of numerous inflammation-related genes.
Under physiological conditions, NF-kB remains inactive
in the cytoplasm.!-12 External stimuli, including bacterial
or viral infections and inflammatory signals, can activate
NF-«B, promoting its translocation to the nucleus and
the subsequent initiation of the inflammatory response.!3-1>

Despite advancements in conventional therapies such
as proton pump inhibitors (e.g., omeprazole) and hista-
mine 2 (H2) receptor antagonists, their prolonged use
is associated with adverse effects, including gastrointes-
tinal disturbances, and incomplete efficacy in mitigating
ethanol-related mucosal injury.!® Therefore, it is important
to explore novel therapeutic approaches for alleviating
chronic alcohol-induced gastric injury.

Erchen decoction, a classic traditional Chinese medicine
(TCM) formula, consists of Pinelliae rhizoma, Citri exocar-
pium rubrum, Poria, and Zingiberis rhizoma recens, and
contains 123 active components, including baicalein, stig-
masterol, quercetin, and B-sitosterol."” Erchen decoction has
traditionally been used to treat headaches and chest tight-
ness attributed to exogenous wind-cold, internal injury, and
dampness retention. It has also been widely used in the man-
agement of nonalcoholic fatty liver disease (NAFLD) and

chronic obstructive pulmonary disease.'®!° The therapeutic
application of Erchen decoction in various inflammatory
diseases is largely attributed to its anti-inflammatory and an-
tioxidant properties.!”?° In recent years, with the increasing
focus on the modernization of TCM, the potential therapeu-
tic effects of Erchen decoction in chronic alcohol-induced
gastric injury have attracted growing attention. Therefore,
this study was undertaken to investigate the therapeutic
effects of Erchen decoction in a rat model of chronic ethanol-
induced gastric injury and to further explore its underlying
mechanisms, thereby addressing existing mechanistic gaps
in the current research on its effects in chronic gastric injury.

Advances in microscopy, particularly transmission elec-
tron microscopy (TEM), have revolutionized the morpho-
logical sciences by providing unprecedented levels of mag-
nification and resolution for the examination of biological
samples. Transmission electron microscopy enables detailed
visualization of the ultrastructure and organization of cellu-
lar components, including the cytoskeleton, membrane sys-
tems, and organelles, thereby elucidating structural-func-
tional relationships within cells and tissues.?! In the context
of chronic alcohol-induced gastric injury, TEM has proven
to be an invaluable tool for elucidating pathological altera-
tions in gastric mucosal cells, including mitochondrial dam-
age, endoplasmic reticulum stress, and disruption of cellular
junctions. These ultrastructural changes are critical for un-
derstanding the underlying mechanisms of alcohol-induced
gastric injury. Therefore, in this study, hematoxylin and
eosin (H&E) staining, immunohistochemistry (IHC), TEM,
biochemical assays, and western blot (WB) analysis were
used to comprehensively evaluate and characterize the ther-
apeutic effects and underlying mechanisms of Erchen decoc-
tion in alcohol-induced gastric injury.

Objectives

The study aims to investigate the effects of Erchen de-
coction on chronic ethanol-induced gastric injury.
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Materials and methods
Animals

Seventy-two healthy male Sprague Dawley rats, aged
8 weeks and weighing approx. 170 g, were obtained from
Henan Skbers Biotechnology Co., Ltd. (Zhengzhou,
China). The rats were housed in a controlled environment
at a room temperature of 20-24°C and relative humidity
of 60—-80%, with free access to food and water. The stan-
dard rat chow was purchased from Henan Huanyu Hekang
Biotechnology Co., Ltd. (Zhengzhou, China). It consisted
primarily of corn, soybean meal, bran meal, fish meal,
macronutrients (vitamins), micronutrients (amino acids),
mineral supplements (e.g., ferrous sulfate), edible oil, and
salt (0.5% each). This study received ethical approval (No.
GENINK-20230029; issued on October 8,2023) from Tian-
jin Jinke Bona Biotechnology Co., Ltd. (Tianjin, China).
All experiments were conducted in accordance with
the Chinese Government’s Guidelines for the Care and
Use of Laboratory Animals to minimize animal pain and
discomfort.?

Laboratory reagent

Erchen decoction (Q/BJT 00025-2020; Pinelliae rhi-
zoma 15 g, Citri exocarpium rubrum 15 g, Poria 9 g,
Glycyrrhizae radix et rhizoma praeparata cum melle
4.5 g, 7 pieces of Zingiberis rhizoma recens, 1 Mume fruc-
tus; Bozhou Bojiatang Biotechnology Co., Ltd., Bozhou,

Table 1. Overview of experimental design

Additional
treatment

Number

of rats

regimen
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China); oxymatrine (OXY) solution (1ST40311; Tianjin
Alta Technology Co., Ltd., Tianjin, China); H&E staining
solution (BA4041-BA4024; Zhuhai BaSO Biotechnology
Co., Ltd., Zhuhai, China); anti-proliferating cell nuclear
antigen (PCNA) antibody (AF0261; Shanghai Beyotime
Biotech Inc., Shanghai, China); serum biochemical fac-
tor enzyme-linked immunosorbent assay (ELISA) kits
(A001-3-2, A003-1-2; Nanjing Jiancheng Bioengineering
Institute, Nanjing, China); Bradford protein quantification
kit (P0006; Shanghai Beyotime Biotech Inc.); anti-interleu-
kin-18 (IL-18) antibody (1:2,000; 10663-1-AP; Proteintech,
Rosemont, USA); anti-interleukin-1 beta (IL-1p) antibody
(1:2,000; 16806-1-AP; Proteintech); anti-caspase-1 anti-
body (1:1,000; 24232S; Cell Signaling Technology (CST),
Danvers, USA); anti-cleaved caspase-1 antibody (1:1,000;
89332S; CST); anti-toll-like receptor 4 (TLR4) antibody
(1:1,000; 66350-1-Ig; Proteintech); anti-NF-kB antibody
(1:1,000; 10745-1-AP; Proteintech); anti-NOD-like recep-
tor pyrin domain-containing protein 3 (NLRP3) antibody
(1:2,000; 68102-1-Ig; Proteintech); and anti-apoptosis-
associated speck-like protein containing a CARD (ASC)
monoclonal antibody (1:5,000; 10500-1-AP; Proteintech).

Grouping

As shown in Table 1, the study design involved ran-
domly dividing 72 rats into 6 groups: a control group
(Con group; n = 12), a model group (Mod group; n = 12),
a high-dose Erchen decoction group (ECDH group; n = 12),
a medium-dose Erchen decoction group (ECDM group;

Ethanol/saline ‘

8 g/kg normal saline

High-dose Erchen

daily for 12 weeks

8 g/kg ethanol

Control (Con) 12 by gavage, once none
daily for 12 weeks
8 g/kg ethanol
Model (Mod) 12 by gavage, once none

Erchen decoction

) 12 by gavage, once (high dose:
Clagodiion (i) daily for 12 weeks 10 mL/kg)
Medium-dose 8 g/kg ethanol Erchen decoction
Erchen decoction 12 by gavage, once (medium dose:
(ECDM) daily for 12 weeks 5 ml/kg)
Low-dose Erchen 8 g/kg ethanol Erchen decocpon
decoction (ECDL) 12 by gavage, once (low dose:

daily for 12 weeks 2.5 ml/kg)

8 g/kg ethanol oxymatrine
Oxymatrine (OXY) 12 by gavage, once solution
daily for 12 weeks (5 mL/kg)

Dose and duration Total study duration Sl
assessments
12 weeks
- (plus 1T week
acclimatization)
12 weeks At the end of week
- (plus 1 week 12, rats were

10 mL/kg/day,
administered during

the final 4 weeks of ethanol

exposure

5 mL/kg/day, administered

during the final 4 weeks
of ethanol exposure

2.5 ml/kg/day,
administered during

the final 4 weeks of ethanol

exposure

5 mL/kg/day, administered

during the final 4 weeks
of ethanol exposure

acclimatization)

12 weeks
(plus T week
acclimatization)

12 weeks
(plus 1 week
acclimatization)

12 weeks
(plus 1 week
acclimatization)

12 weeks
(plus 1 week
acclimatization)

fasted overnight
(approx. 15 h), then
euthanized. Gastric
tissues were harvested
for: histopathology
(H&E staining),
IHC (PCNA), TEM,
biochemical assays
(SOD activity, MDA
level, TNF-q, IL-1B), and
WB (inflammatory/
apoptotic proteins:
TLR4, NF-kB, NLRP3,
ASC, and caspase-1.

H&E — hematoxylin and eosin; IHC — immunohistochemistry; PCNA - proliferating cell nuclear antigen; TEM — transmission electron microscopy;
SOD - superoxide dismutase; MDA — malondialdehyde; TNF-a — tumor necrosis factor alpha; IL-13 — interleukin-1 beta; WB — western blot; TLR4 - toll-like
receptor 4; NF-kB: nuclear factor kappa-B; NLRP3 — NOD-like receptor thermal protein domain-associated protein 3; ASC — apoptosis-associated speck-like

protein.
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n = 12), alow-dose Erchen decoction group (ECDL group;
n = 12), and an oxymatrine group (OXY group; n = 12).
After a 1-week acclimatization period, the Con group re-
ceived 8 gkg™! normal saline. Administration was per-
formed 3 times daily for 12 weeks. Other groups received
8 g-kg™! ethanol by gavage for 12 weeks.?

The Erchen decoction groups and the OXY group were
treated daily during the final 4 weeks of ethanol exposure
(weeks 9-12). The ECDH group received 10 mL-kg™! Erchen
decoction, the ECDM group received 5 mL-kg™! Erchen
decoction, and the ECDL group received 2.5 mL-kg™!
Erchen decoction. The OXY group received 5 mL-kg™!
OXY solution daily. The above dosages were calculated
based on the adult daily dose (1 dose per day, 200 g per
dose) and converted to the equivalent rat dose using a stan-
dard human body weight of 70 kg.2* No significant tox-
icity of Erchen decoction has been reported in previous
studies.?>2¢ According to common clinical dosages and
relevant literature, the dosage used in this study complies
with established safety standards for TCM.* Animals were
fasted overnight for 15 h on the final day of the experiment
prior to anesthesia induction and blood sample collection.

Hematoxylin and eosin staining analysis

Rat gastric histopathology was assessed using H&E
staining. To preserve tissue structure, gastric tissue sam-
ples were immersed in 4% paraformaldehyde for 24 h.
After fixation, the samples were dehydrated through
a graded ethanol series (70-100%) for approx. 1 h, fol-
lowed by clearing in xylene. Following dehydration and
clearing, the samples were embedded in paraffin and
sectioned at a thickness of 4—5 pm. The sections were
then dewaxed in xylene, rehydrated through decreasing
concentrations of ethanol, and stained with H&E solutions
for 3-5 min and 1-2 min, respectively. After staining,
the sections were dehydrated again, cleared in xylene, and
mounted with sealing medium and a coverslip. Patho-
logical changes, including edema, hemorrhage, epithelial
shedding, and inflammatory cell infiltration, were evalu-
ated using light microscopy (model DP26; Olympus Corp.,
Tokyo, Japan).

Immunohistochemistry analysis

Gastric tissue samples were immersed in 4% formal-
dehyde for 24 h, dehydrated through a graded series
of ethanol solutions, and subsequently embedded in par-
affin. The paraffin blocks were sectioned at a thickness
of 4-5 pum and mounted onto glass slides. The sections
were dewaxed in xylene and rehydrated through de-
creasing concentrations of ethanol. For antigen retrieval,
the sections were heated under high pressure in citrate
buffer for 20 min.

The samples were subsequently incubated in a block-
ing solution containing 5% normal serum and 1% bovine

S. Hou, J. Li. Erchen decoction for gastric injury

serum albumin (BSA) for 30 min to reduce nonspecific
binding. The sections were then incubated overnight at 4°C
with a primary antibody against proliferating cell nuclear
antigen (PCNA). After washing, the sections were treated
with a secondary antibody for 1 h. The chromogenic reac-
tion between the enzyme-labeled secondary antibody and
its substrate (typically 5-10 min) was used to visualize
antibody binding. Subsequently, hematoxylin was used for
nuclear counterstaining, followed by clearing in xylene,
and the sections were mounted with a coverslip. PCNA
expression in the nuclei was observed and quantitatively
analyzed under a light microscope (model DP26; Olympus
Corp.) to assess cell proliferation in gastric tissue.

Transmission electron microscopy
observation

Gastric tissue was excised and cut into 1 mm? pieces,
immediately fixed in 2.5% glutaraldehyde followed by 1%
osmium tetroxide for 2 h, and then treated with 1% tannic
acid for 30 min. The samples were subsequently dehy-
drated through a graded ethanol series (50-100%), with
each step lasting 15 min.

After dehydration, the tissue was infiltrated with acrylic
resin by incubation in a mixture of resin and ethanol for
2 h, followed by pure resin overnight, and then subjected
to thermal polymerization and embedding in a mold.
The cured resin blocks were subsequently sectioned into
ultrathin sections (60—90 nm), mounted on copper grids,
and stained with lead uranyl acetate for 10 min to enhance
contrast. The sections were then placed in the TEM sam-
ple holder, and images were acquired for quantitative and
qualitative analysis (model HT7800; Hitachi Ltd., Tokyo,
Japan).

Serum biochemical detection

The manufacturer’s instructions were followed for re-
agent preparation and microplate handling using the pre-
made ELISA kits. Diluted serum samples and standards
were added to the microplate wells, incubated for 1-2 h,
and then washed with wash buffer. An enzyme-conjugated
secondary antibody was added and incubated, followed
by washing and the addition of substrate solution. After
15-30 min, a stop solution was added to terminate the re-
action. Absorbance was measured at 450 nm to determine
the concentrations of inflammatory markers.

For the determination of superoxide dismutase (SOD)
activity and malondialdehyde (MDA) levels, serum
samples were added to the prepared reaction mixtures,
and absorbance or fluorescence intensity was measured
based on the ability of SOD to inhibit substrate oxidation
and on the formation of the colored product generated
by the reaction of MDA with thiobarbituric acid. Finally,
SOD activity and MDA concentrations were calculated
by comparison with the standard curve.
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Western blot analysis

Sample proteins were extracted using radioimmunopre-
cipitation assay (RIPA) buffer supplemented with protease
inhibitors, followed by centrifugation at 4°C for 10 min
to remove insoluble material. A Bradford protein quanti-
fication kit (P0006; Shanghai Beyotime Biotech Inc.) was
used to determine protein concentration and ensure equal
loading onto the sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) gel.

The samples were mixed with 5 volumes of loading buf-
fer, boiled for 5 min to achieve denaturation, and then
separated by electrophoresis on a 10% SDS—PAGE gel.
The separated proteins were transferred onto a polyvi-
nylidene difluoride (PVDF) or nitrocellulose membrane,
followed by wet transfer at 100 V for 1-2 h. After blocking
in Tris-buffered saline with Tween (TBST) containing 5%
skim milk for 1 h, the membranes were incubated with
specific primary antibodies, followed by horseradish per-
oxidase (HRP)-conjugated secondary antibodies.

The membranes were incubated with primary antibodies
overnight and with secondary antibodies for 1 h. Finally,
an enhanced chemiluminescence (ECL) detection system
(GD50202; Monad Biotech. Co. Ltd., Wuhan, China) was
used to visualize the signals, and the expression levels
of each target protein were quantitatively analyzed based
on band intensity.

Statistical analyses
We used IBM SPSS Statistics for Windows v. 22 (IBM
Corp., Armonk, USA). Data (n = 3 or n = 9) are presented

as the min—max range or as the median (1* and 3'¢ quartile
(Q1, Q3)). The data were derived from 3 or 9 independent

Table 2. Score of ethanol-induced gastric injury in rats
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replications of a given experiment, and only the aggregate
scores in Tables 2,3 represent the sum of scores for sub-
indicators. For multiple comparisons involving variability
across all groups, the nonparametric Kruskal-Wallis test
(n =3 orn=9)was used for between-group comparisons,
followed by Dunn’s test for planned pairwise comparisons.

When the global p-value in a Kruskal-Wallis test is non-
significant, pairwise comparisons are not required. How-
ever, between-group comparison tests were not performed
if any group had all values equal to a constant (n = 3).
In cases where only 1 group had constant values (n = 3),
2 groups were directly compared using a one-sample non-
parametric Wilcoxon signed-rank test. When both groups
showed no variability (n = 3), standard statistical tests were
not applied and the results were reported descriptively.
In contrast, when both groups showed variation (n = 3),
comparisons were performed using the Mann—Whitney
U test. The p-values were corrected using the Bonferroni
method for both multiple Kruskal-Wallis tests and multiple
Dunn’s tests. Statistical significance was defined as p < 0.05.

Results

Erchen decoction regulates pathological
injury of gastric tissue

A comparison of the therapeutic effects of different doses
of Erchen decoction based on macroscopic images of etha-
nol-induced gastric injury in rats showed that gastric tissue
in the Con group exhibited no obvious lesions, with uniform
coloration and intact structure. The scores for gastric epi-
thelial erosion, ulceration, and hemorrhage were nearly 0,
indicating no ethanol-induced damage. In contrast, gastric

Group | Gastric epithelial erosion Gastric epithelial ulcer
Con 0 0
Mod 5 0-5
OxY 0 0
ECDH 0 2
ECDM 0-5 0-2
ECDL 3-5 2-4

Gastric epithelial hemorrhage focus

Aggregate score

0-1 0-1
0-5 10-13%
2-4 2-4
1-5 3-7
2-5 5-9
2-4 9-11

The lower the score, the less severe the injury.

Gastric epithelial erosion: All samples in Con group scored 0, all samples in Mod group scored 5, and all samples in group OXY and ECDH group scored 0,
so no standard statistical test was applied for comparison between these 2 groups due to absence of variability; One-sample nonparametric Wilcoxon
signed-rank test: Zyiogvsecom = 0.000, Puiod vs ecomt = 0.317; Zyiod vs ecor = 0.000, Piog vs ecoL = 0.317.

Gastric epithelial ulcer: one-sample nonparametric Wilcoxon signed-rank test: Zcon vs mod = 3.000, Pcon vs mod = 0.180; Zoxy vs Mod = 3.000, Poxy vs mod = 0.180;
ZecoH vs Mod = 4.000, Pecot vs Mod = 0.593. Mann-Whitney U test: Upog vs ecom = 2.000, Ptod vs ecom = 0.400; Upod vs ecor = 4.500, Pitod vs ecor > 0.999.

Gastric epithelial hemorrhage focus: Kruskal-Wallis test: H = 5.430, df = 5.000, Adj.p = 0.732. Aggregate score: Kruskal-Wallis test: H = 15.492, df = 5.000,
Adj.p =0.016. DunN’s test: Zcon vs Mod = —13.667, * Adj.Puod vs con = 0.010; Zoxy vs mod = 10.333, Adj.Poxy vs Mod = 0.085; Zecom vs Mod = 7.333, Adj.Pecor vs Mod = 0.455;
Zitod vs ecom = 5167, Adj.Puod vs ecom > 0.999; Zod vs ecor = 0.500, Adj.Piod vs ecorL > 0.999.

*represents statistical significance compared with Con group. Sample n = 3; p-value was adjusted using Bonferroni correction for multiple Kruskal-Wallis
tests (n = 2) and multiple Dunn’s post hoc tests (n =5).

Adj.p - adjusted p-value; Con group - control group; Mod group — model group; OXY group — oxymatrine group; ECDH group — high-dose Erchen
decoction group; ECDM group — middle-dose Erchen decoction group; ECDL group — low-dose Erchen decoction group; Z — z-score/standard score;

p — probability value; U — U-statistic; H — H-index; df — degrees of freedom.
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group Con

- group ECDH

Fig. 1. Gastric tissue status in different treatment groups (n = 3)

group Mod

group ECDM

gfoup ECDL

Con group - control group; Mod group — model group; OXY group — oxymatrine group; ECDH group — high-dose Erchen decoction group;
ECDM group — medium-dose Erchen decoction group; ECDL group - low-dose Erchen decoction group.

tissue in the Mod group displayed marked red hemorrhagic
areas, including epithelial erosion, ulceration, and focal bleed-
ing lesions. The Mod group had significantly higher aggregate
scores than the Con group (Dunn’s test: Zyodvs con = —13.667,
adjusted puodvs con = 0.010), indicating severe damage induced
by 50% ethanol. In the OXY group, gastric tissue damage was
mild, hemorrhage was reduced, and the aggregate gastric in-
jury score was lower than that in the Mod group, suggesting
that OXY treatment may attenuate ethanol-induced injury.
The severity of gastric tissue damage varied among the Erchen
decoction dosage groups, with the ECDH group exhibiting
the mildest damage, followed by the ECDM group. Compared
with the ECDH and ECDM groups, the ECDL group exhibited
more severe damage; however, relative to the Mod group,
the ECDL group showed improvement, with lower scores
for gastric mucosal and epithelial injury. These results indi-
cate that Erchen decoction protects against ethanol-induced
gastric injury in a dose-dependent manner (Fig. 1, Table 2).

Erchen decoction regulates gastric injury
in a dose-dependent manner

The results demonstrated the gastric tissue status across
different treatment groups (Fig. 2, Table 3). In the Con

group, the overall gastric architecture was essentially
normal: the mucosal layer was intact, the glands were
neatly arranged, no epithelial shedding, atrophy, edema,
or congestion was observed, and no abnormalities were
detected in the submucosa or muscularis. Compared
with the Con group, the Mod group exhibited an irregu-
lar mucosal layer, disorganized glandular arrangement,
mucosal epithelial atrophy, edema and congestion, and
submucosal edema accompanied by inflammatory cell
infiltration.

The Mod group exhibited an abnormal overall gastric
architecture, with a significantly higher aggregate score
than the Con group (Dunn’s test: Zyiod vs con = —14.667,
adjusted puiod vs con = 0.005). Compared with the Mod
group, both the OXY and ECDH groups showed improve-
ment in ethanol-induced gastric injury. The general or-
ganization of the gastric tissue was largely preserved,
with a slightly irregular mucosal layer, relatively well-
organized glands, mild mucosal epithelial swelling and
hyperplasia with congestion, and limited inflammatory
cell infiltration in the submucosa. A reduction in the dose
of Erchen decoction was associated with a gradual de-
crease in therapeutic efficacy against ethanol-induced
gastric injury.
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Table 3. Score of gastric injury in rats

Mucosa cell edema

Mucosal cell bleeding

Mucosal cell shedding

Inflammatory infiltration | Aggregate score

Con 0 0
Mod 3 3-4
OXY 1 1
ECDH 1 1
ECDM 1-2 2-3
ECDL 2-3 2-3

0-1 0-1
1-2 8-11%
0-1 3-4
0-1 3-4
0-1 4-5
1-2 6-8

The lower the score, the less severe the injury.

Mucosa cell edema: All samples in Con group scored 0, all samples in the Mod group scored 3, and all samples in the OXY and ECDH groups scored 1,
so no standard statistical test was applied for comparison between these 2 groups due to absence of variability; One-sample nonparametric Wilcoxon
signed-rank test: Zyiog vs ecom = 0.000, Piod vs ecom = 0.102; Zyiog vs ecor = 0.000, Piod vs ecoL = 0.157.

Mucosal cell bleeding: One-sample nonparametric Wilcoxon signed-rank test: Zeon vs Mod = 6.000, Pcon vs Mod = 0.102; Zoxy vs mod = 6.000, Poxy vs Mod = 0.102;
Zecorvs Mod = 6.000, Pecorivs mod = 0.102. Mann-Whitney U test: Uyiog vs ecom = 0.500, Piiod vs ecom = 0.100; Uniog vs ecor = 1.000, Puiod vs ecoL = 0.200.

Mucosal cell shedding: Kruskal-Wallis test: H = 7.942, df = 5.000, Adj.p = 0.318.

Inflammatory infiltration: One-sample nonparametric Wilcoxon signed-rank test: Zcon vs Mod = 6.000, Pcon vs mod = 0.102; Zoxy vs Mod = 3.000, Poxy vs Mod = 0.157;
ZecoHvs Mod = 3.000, Pecoi vs mod = 0.157. Mann-Whitney U test: Uyiog vs ecom = 0.500, Puod vs ecom = 0.100. One-sample nonparametric Wilcoxon signed-rank
test: Zyiodvs ecol = 3.000, Pumod s ecoL = 0.157. Aggregate score: Kruskal-Wallis test: H = 15.883, df = 5.000, Adj.p = 0.014. Dunn’s test: Zcon vs mod = —14.667,

* Adj.Prod vs con = 0.005; Zoxy vs mod = 10.500, AdJ.poxy vs mod = 0.075; Zecprivs vod = 9:333, Ad).Pecor vs mod = 0.150; Ziviog vs ecom = 6.167, Ad).Puod vs ecom = 0.765;

Zodvs ecoL = 2.333, Ad].Puod vs ecoL > 0.999.

*represents statistical significance compared with Con group. Sample n = 3; p-value was adjusted by Bonferroni correction for multiple Kruskal-Wallis tests

(n = 2) and multiple Dunn'’s tests (n = 5). Adj.p means adjusted p-value.

Adj.p - adjusted p-value; Con group — control group; Mod group — model group; OXY group — oxymatrine group; ECDH group — high-dose Erchen
decoction group; ECDM group — medium-dose Erchen decoction group; ECDL group - low-dose Erchen decoction group; Z - z-score/standard score;

p — probability value; U — U-statistic; H — H-index; df — degrees of freedom.

group Con group Mod roup

gr
Fig. 2. Hematoxylin and eosin (H&E) staining of rat gastric tissue. Black arrows indicate mucosal epithelial shedding; green arrows indicate inflammatory cell
infiltration; red arrows indicate mucosal edema and hemorrhage (n = 3)
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Con group - control group; Mod group — model group; OXY group — oxymatrine group; ECDH group — high-dose Erchen decoction group;
ECDM group — medium-dose Erchen decoction group; ECDL group - low-dose Erchen decoction group.

Erchen decoction promotes
the proliferation of gastric injured cells

Cells in the Con group exhibited strong PCNA staining,
indicating normal proliferative activity. In the Mod group,
staining intensity was significantly reduced compared with
the Con group (Dunn’s test: Zcon vs Mod = 14.667, adjusted
Pconvs Mod = 0.005), suggesting that ethanol-induced gas-
tric injury may suppress cell proliferation. In contrast

to the Mod group, the OXY group demonstrated signifi-
cantly stronger staining (Dunn’s test: Zoxy vs moda = —12.333,
adjusted poxyvsmod = 0.025), indicating that OXY treatment
may promote the proliferation of damaged cells. Com-
pared with the Mod group, PCNA staining in the Erchen
decoction groups increased in a dose-dependent manner.
The ECDH group exhibited the most intense staining and
highest proliferative activity, whereas the ECDL group
showed the lowest proliferative activity (Fig. 3).



710 S.Hou, J. Li. Erchen decoction for gastric injury

SRR L PR
N BEPY e R TSR S
p ECD rou
ns
T
§ ns
o ns
o * *
s 0169 | I
=] °
£
£ *F | A
‘® 0.14 Fig. 3. Immunohistochemical analysis of rat gastric tissue (n = 3)
7]
d>: _vu Kruskal-Wallis test: H = 16.392, df = 5.000, p = 0.006. Dunn’s test: Zcon vs Mod = 14.667,
EE 0.124 r’. *Adijon vs Mod = 0005, ZOXsz Mod = -1 2333, *Adj~pOXsz Mod = 0025: ZECDH vs Mod = ’9000,
8 Ad).pecoH vsmos = 0.195; Ziod vs ecom = ~6.000, Adj.puod vsecom = 0.845; Zyiod vs ecor = ~3.000,
E- 1 e Ad].Puod vs ecol > 0.999. Sample n = 3; *represents statistical significance compared
6 0.10 e with model group; Adj.p — adjusted p-value; ns — both ends of the horizontal
> line are not significant. The p-value was adjusted using Bonferroni correction for
g 0.08 r . T . . . multiple Dunn’s tests (n = 5). Con group — control group; Mod group — model group;

& & P N
T TS

Erchen decoction improved the structure
of gastric damaged cells

The Con group exhibited normal gastric ultrastruc-
ture, including well-defined mitochondria and intact cell
membranes. Compared with the Con group, the Mod
group showed marked mitochondrial swelling and cell
membrane damage, indicating inflammation and cellular
injury. The OXY and Erchen decoction groups demon-
strated attenuation of these pathological changes, particu-
larly in the ECDH group, where cellular architecture was
substantially improved compared with the Mod group. Al-
though the ECDM and ECDL groups showed partial struc-
tural improvement, these effects were less pronounced
than those observed in the ECDH group (Fig. 4).

Erchen decoction inhibited the expression
of inflammatory factors

Compared with the Con group, the Mod group exhib-
ited significantly higher levels of tumor necrosis factor

" OXY group — oxymatrine group; ECDH group — high-dose Erchen decoction group;
00 ECDM group — medium-dose Erchen decoction group; ECDL group — low-dose Erchen
decoction group.

alpha (TNF-o; Dunn’s test: Zyod vs con = —44.500, ad-
justed Paod vs con < 0.001) and IL-1f (IL-1B; Dunn’s test:
Zvodvs con = —42.778, adjusted purodyvs con < 0.001), indicating
that ethanol administration induced a pronounced inflam-
matory response. In the OXY group, the levels of these 2 in-
flammatory markers were comparable to those in the Con
group but significantly lower than those in the Mod group
(Dunn’s test for TNF-o: Zoxy vs Mod = 34.500, adjusted
PoxyvsMod < 0.001; Dunn’s test for IL-1B: Zoxy vs mod = 34.944,
adjusted poxy vs Mod < 0.001), suggesting a significant anti-
inflammatory effect of OXY treatment.

Compared with the Mod group, the ECDH group ex-
hibited significantly reduced levels of TNF-a (Dunn’s
test: Zecp vs Mod = 28.000, adjusted prcpH vs Moa < 0.001)
and IL-1B (Dunn’s test: Zecph vs Mod = 27.111, adjusted
PECDH vs Mod = 0.001), indicating that Erchen decoction
decreased inflammation, with a more pronounced effect
at higher doses. Compared with the Mod group, the ECDM
group showed significantly lower IL-1B levels (Dunn’s
test: Zyod vs Ecom = 21.167, adjusted puyod vs Ecom = 0.020)
and intermediate TNF-a levels, whereas the ECDL group
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group OXY

group ECDH group ECDM group ECDL
Fig. 4. Ultrastructural morphology of gastric tissue cells in different treatment groups observed by transmission electron microscopy (TEM). The scale bar
represents 500 nm (x5,000 magnification; n = 3)

Con group — control group; Mod group — model group; OXY group — oxymatrine group; ECDH group — high-dose Erchen decoction group;
ECDM group — medium-dose Erchen decoction group; ECDL group - low-dose Erchen decoction group.

Table 4. Expression of TNF-a and 11-13 detected with enzyme-linked immunosorbent assay (ELISA)

TNF-a (pg/mL) IL-1B (pg/mL)
Con 137617 (13.3233, 13.9506) 423 (41.44,43.19)
Mod 91,685 (90,6436, 93.0133)* 16848 (164.78, 170.61)*
OXY 14.9689 (145849, 15.2907)" 43.56 (4248, 44.3)*
ECDH 163317 (162662, 16.7924)° 4449 (44.11,45.06)°
ECDM 18.1257 (17.7901, 18.4629) 4545 (44,68, 45.84)°
ECDL 443981 (433273, 46.056) 86.38 (83.57,89.27)

TNF-a: Kruskal-Wallis test: H = 49.422, df = 5.000, *Adj.p < 0.001. Dunn’s test: Zyod vs con = —44.500, Adj.Puiod vs con < 0.001; Zoxy vs mod = 34.500,

“Adj.pox vs Mod < 0.00T; Zecor vs mod = 28.000, “Adj.Pecot vs Mod < 0.001; Zitod vs com = 19.000, Ad].Pod vs ecom = 0.050; Zyiod vs ecor = 9.000, Adj.Priod vs ecot > 0.999.
IL-18: Kruskal-Wallis test: H = 46.492, df = 5.000, Adj.p < 0.001. Dunn’s test: Zyiodvs con = —42.778, *Adj.Pumod vs con < 0.007; Zoxy vs mod = 34.944,

“Adj.poxy vs Mod < 0.00T; Zecorivs mod = 27111, “Adj.Pecotvs Mod = 0.007; Zyiod vs ecom = 21.167, “Adj.Puiod vs ecom = 0.020; Zyiod vs ecor = 9.000, Adj.Paviod vs ecoL > 0.999.
*represents statistical significance compared with Con group; “represents statistical significance compared with Mod group. Sample n = 9; p-value was
adjusted by Bonferroni correction for multiple Kruskal-Wallis tests (n = 2) and multiple Dunn's tests (n = 5). Adj.p — adjusted p-value;

Con group — control group; Mod group — model group; OXY group — oxymatrine group; ECDH group — high-dose Erchen decoction group;

ECDM group — medium-dose Erchen decoction group; ECDL group - low-dose Erchen decoction group; TNF-a — tumor necrosis factor alpha;

IL-13 — interleukin-1 beta; Z — z-score/standard score; H — H-index; df — degrees of freedom.

demonstrated intermediate levels of inflammatory mark- at low and medium doses, which was less pronounced than
ers. These findings suggest a mild anti-inflammatory effect that observed in the high-dose group (Table 4).
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Table 5. SOD activity and MDA detection of serum oxidative stress markers
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SOD (U/mL) MDA (nmol/mL)
Con 17.77 (17.67,17.93) 2.19(1.81,3.23)
Mod 891 (869,9.32)* 6.71(5.81,7.23)*
OXY 16.54 (15.57,16.81)" 3.1(1.94,3.36)"
ECDH 15.85 (1561, 16.26)* 2.84(2.58,2.84)"
ECDM 1561 (15.59, 15.73)" 2.71(2.58,3.23)"
ECDL 11.88(11.72,12.32) 4.52(4.26,4.9)

SOD: Kruskal-Wallis test: H=46.510, df = 5.000, Adj.p < 0.001. Dunn’s test: Zyiod vs con = 45.000, * Adj.Priod vs con < 0.007; Zoxy vs mod = —30.111,

“Adj.post Mod < 0.007; ZECDH vs Mod = —27.556, “Adj,pECDH vsMod = 0.007; ZMod vs ECDM = —23.333, AAdj.py\/[od vs ECDM = 0.010; ZMod vs ECDL = —9.000, Adj.pMod vs ECDL > 0.999.
MDA: Kruskal-Wallis test: H = 36.215, df = 5.000, Adj.p < 0.001. Dunn’s test: Zyiod vs con = —34.833, * Adj.Pwmod vs con < 0.007; Zoy vs mod = 31.222,

AAdj.poxy vsMod < 0.001; Zecpp vs Mod = 30444, AAdj.pECDH vsMod < 0.001; Zyiod vs ecom = 28.611, AAdj.}':)y\/lod vsecom < 0.007; Zyiod vs ecpL = 9.889, Adj.pMod vsecoL = 0.910.
*represents statistical significance compared with Con group; “represents statistical significance compared with Mod group. Sample n = 9; p-value was
adjusted using Bonferroni correction for multiple Kruskal-Wallis tests (n = 2) and multiple Dunn’s tests (n = 5). Adj.p — adjusted p-value;

Con group - control group; Mod group — model group; OXY group — oxytmatrine group; ECDH group — high-dose Erchen decoction group;

ECDM group — medium-dose Erchen decoction group; ECDL group - low-dose Erchen decoction group; TNF-a — tumor necrosis factor alpha;

IL-1B - interleukin-1 beta; SOD - superoxide dismutase; MDA — malondialdehyde; Z — z-score/standard score; H — H-index; df — degrees of freedom.

Erchen decoction enhanced
the anti-oxidation of cells

Superoxide dismutase activity in the Mod group was
significantly lower than that in the Con group (Dunn’s
test: Z_Mod vs Con = 45.000, adjusted pyiodvs con < 0.001),
whereas MDA levels were significantly higher (Dunn’s
test: Zitod vs con = —34.833, adjusted puod vs con < 0.001).
These findings indicate that ethanol induced pro-
nounced oxidative stress, reduced antioxidant capacity,
and increased lipid peroxidation. The OXY, ECDH, and
ECDM groups exhibited significantly higher SOD activity
than the Mod group (Dunn’s test: Zoxy vs Moda = —30.111,
adjusted poxy vs Mod < 0.001; ZecpH vs Mod = —27.556, ad-
justed pecpH vs Mod = 0.001; Zpjod vs Ecom = —23.333, ad-
justed Paod vs Ecom = 0.010), along with significantly
lower MDA levels (Dunn’s test: Zoxy vs Mod = 31.222,
adjusted poxy vs Mod < 0.001; ZecpH vs Mod = 30.444, ad-
justed PecpH vs Mod < 0.001; Zyjod vs Ecom = 28.611, adjusted
PMod vs Ecpm < 0.001). These results suggest that these in-
terventions enhanced antioxidant defenses and attenu-
ated oxidative damage. In the Erchen decoction treatment
groups, SOD activity in the ECDH and ECDM groups was
comparable to that in the Con group, and MDA levels were
similarly low, indicating favorable antioxidant effects. Su-
peroxide dismutase activity in the ECDL group also im-
proved; however, the effect was less pronounced than that
observed in the ECDH and ECDM groups (Table 5).

Erchen decoction inhibited the expression
of inflammation-related proteins

The expression levels of the inflammation- and apop-
tosis-related proteins TLR4, NF-kB, NLRP3, and ASC
were analyzed with WB. Compared with the Con group,

the Mod group exhibited higher expression levels of these
proteins. In contrast, protein expression in the OXY
group was reduced relative to the Mod group, indicat-
ing that OXY treatment effectively alleviated ethanol-in-
duced inflammatory activation. Similarly, protein levels
in the 3 Erchen decoction-treated groups were lower than
those in the Mod group, suggesting that Erchen decoction
exerts anti-inflammatory effects (Fig. 5).

Erchen decoction inhibited the expression
of proteins related to the activation
pathway of inflammatory cells

Western blot analysis demonstrated higher expression
of proteins involved in inflammatory pathway activa-
tion in the Mod group compared with the Con group,
including significantly elevated levels of IL-18 (Dunn’s
test: Zcon vs Mod = —14.667, adjusted pcon vs Moa = 0.005)
and IL-1B (Dunn’s test: Zcon vs Moa = —14.333, adjusted
Pcon vs Mod = 0.005). These findings suggest that ethanol
exposure induced a pronounced inflammatory response.
Compared with the Mod group, the OXY group exhibited
reduced levels of cleaved caspase-1, IL-1f, and IL-18, indi-
cating that OXY treatment suppressed inflammatory acti-
vation and associated cell signaling. The levels of cleaved
caspase-1, IL-1B, and IL-18 were lower in the ECDH,
ECDM, and ECDL groups than in the Mod group. No-
tably, the reduction in IL-1f levels between the ECDH
and Mod groups was statistically significant (Dunn’s
test: ZecpH vs Mod = 11.333, adjusted pecph vs Mod = 0.045).
Although no statistically significant differences were ob-
served among the other Erchen decoction-treated groups,
the overall trend was consistent, suggesting that Erchen
decoction exerted a dose-dependent suppressive effect
on inflammation, with the highest dose (ECDH) showing
the most pronounced effect (Fig. 6).
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Fig. 5. Western blot analysis

of inflammation- and apoptosis-related
protein expression. A. Con group;

B. Mod group; C. OXY group; D. ECDH
group; E. ECDM group; F. ECDL group

Con group - control group; Mod group
—model group; OXY group — oxymatrine
group; ECDH group - high-dose

Erchen decoction group; ECDM group
—medium-dose Erchen decoction

group; ECDL group — low-dose Erchen
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Discussion applied in conditions such as pneumonia, bronchitis, and

Gastric damage caused by excessive alcohol consump-
tion is characterized by bleeding, gastric ulceration, ero-
sion, and related lesions. Injured gastric tissue cells exhib-
ited inflammatory infiltration, accompanied by decreased
proliferative activity and increased apoptosis. Under etha-
nol stimulation, the expression of inflammation-related
markers, including TNF-a and IL-1p, was significantly
elevated, along with increased oxidative stress levels.

Erchen decoction was first recorded in the well-known
Song Dynasty medical text Taiping Huimin Heji Ju Fang
and has been widely used in TCM. Modern studies have
demonstrated that Erchen decoction can reduce inflam-
matory mediators in tissues and is therefore frequently

hepatitis.?’~2 In the present study, we confirmed that
Erchen decoction effectively alleviates ethanol-induced
gastric injury by regulating inflammatory factors and en-
hancing antioxidant capacity.

The gastric histopathological findings in the Erchen decoc-
tion-treated groups indicated a dose-dependent therapeutic
effect, with higher doses producing greater histological im-
provement. Notably, the high-dose Erchen decoction achieved
a therapeutic effect comparable to that of OXY. As a prolifer-
ation-associated nuclear antigen, PCNA expression is closely
linked to cell proliferation.3-32 In the Mod group, ethanol
exposure resulted in a significant reduction in PCNA expres-
sion, suggesting that ethanol not only disrupted the struc-
tural integrity of the gastric mucosa but also impaired cellular



4

S.Hou, J. Li. Erchen decoction for gastric injury

IL-18

1L-1B

caspase-1

cleaved caspease-1

A B C D

Fig. 6. Western blot analysis of protein
expression in the inflammatory
signaling pathway. A. Con group;

B. Mod group; C. OXY group; D. ECDH
group; E. ECDM group; F. ECDL group

Con group - control group; Mod
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- adjusted p-value.
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proliferative capacity. Compared with the Mod group, PCNA
staining was more intense in the OXY group, indicating that
OXY enhanced the proliferation of damaged cells and pro-
moted gastric mucosal repair and regeneration. Similarly,
PCNA staining intensity in the Erchen decoction groups
increased in a dose-dependent manner.

Among the treatment groups, proliferative activity was
greatest in the ECDH group, whereas the ECDL group
also showed enhanced proliferation, albeit to a lesser ex-
tent. These findings indicate that Erchen decoction not
only attenuates ethanol-induced gastric mucosal injury
but also promotes the growth and repair of damaged gas-
tric mucosal cells. Erchen decoction treatment reduced

T T T T
Oxy ECDH ECDM ECDL

mitochondrial swelling and cell membrane disruption,
thereby inhibiting cellular injury and the potential subse-
quent dysfunction or death.? Following OXY treatment,
the levels of inflammatory markers TNF-o and IL-1p were
comparable to those in the Con group and significantly
lower than those in the Mod group. Although the high-
dose Erchen decoction did not achieve the same magni-
tude of effect as OXY, it still significantly reduced ethanol-
induced inflammation, suggesting that high-dose Erchen
decoction exerts a substantial anti-inflammatory effect.
Superoxide dismutase is a key antioxidant enzyme re-
sponsible for eliminating harmful superoxide radicals,
whereas MDA is a byproduct of lipid peroxidation in cell
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membranes and is commonly used as a marker of oxidative
damage.3* Compared with the Con group, the Mod group
showed significantly reduced SOD activity and significantly
elevated MDA levels. These changes indicate that ethanol
exposure markedly impaired antioxidant defense capac-
ity.l11314 Both the OXY group and the ECDH/ECDM/ECDL
groups demonstrated varying degrees of improvement.
Superoxide dismutase activity increased and MDA levels
decreased in all treatment groups compared with the Mod
group, suggesting that these interventions enhanced anti-
oxidant defenses and attenuated oxidative damage. Overall,
these findings indicate that Erchen decoction alleviates
ethanol-induced gastric mucosal injury, at least in part,
by increasing SOD activity and reducing MDA levels. Ac-
tivation of the NF-kB pathway represents a central mecha-
nism in ethanol-induced gastric injury. As a key regulator
of the inflammatory response, the NF-kB pathway plays
a pivotal role in promoting the expression of pro-inflamma-
tory cytokines.?>3¢ Alcohol exposure activates the NF-«xB
pathway, leading to elevated levels of inflammatory media-
tors such as TNF-a and IL-1p, thereby exacerbating gastric
mucosal inflammation and injury. In the present study,
ethanol exposure was associated with increased expression
of NF-«B and related inflammatory signaling proteins, in-
cluding TLR4, NLRP3, and ASC, further indicating activa-
tion of the NF-«B pathway in ethanol-induced gastric injury.
Notably, this study further explored the regulatory effects
of Erchen decoction on this pathway. Erchen decoction
effectively suppressed NF-kB activation and the expres-
sion of downstream inflammatory mediators, particularly
in the ECDH group. In addition, Erchen decoction reduced
the levels of cleaved caspase-1, caspase-1, IL-1f, and IL-18,
further suggesting that it alleviates ethanol-induced gas-
tric mucosal injury, at least in part, through inhibition
of the NF-kB pathway. These findings are important for
understanding the mechanisms by which Erchen decoction
mitigates chronic ethanol-induced gastric injury and sug-
gest that its protective effects may be mediated by suppres-
sion of NF-«B signaling, thereby reducing inflammatory
mediator release and inflammatory cell activation.

Limitations of the study

However, we acknowledge that our study has several lim-
itations. Erchen decoction is a complex TCM formulation,
and the specific active components and key target proteins
responsible for regulating chronic ethanol-induced gastric
injury remain unclear. We intend to address this important
issue in future investigations.

Conclusions

This study confirmed that Erchen decoction alleviates
ethanol-induced gastric injury by reducing inflammation,
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attenuating oxidative stress, preserving cellular structural
integrity, and regulating the NF-«B signaling pathway.
These findings not only suggest a potential TCM-based
therapeutic approach for ethanol-induced gastric injury
but also provide a scientific basis for further investigation
of Erchen decoction in the treatment of other inflamma-
tion- and oxidative stress-related diseases.
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Abstract

Background. Requlatory T (Treg) cells and plasmacytoid dendritic cells (pDCs) are involved in the patho-
genesis of drug rash with eosinophilia and systemic symptoms/drug-induced hypersensitivity syndrome
(DRESS/DIHS).

Objectives. To compare circulating Treg cells and pDCs at different stages among patients with DRESS/
DIHS, patients with maculopapular drug eruption (MPE), and healthy subjects, and to assess circulating Treg
cells and pDCs at post-steroid cessation in DRESS/DIHS.

Materials and methods. This was a cross-sectional study that enrolled adult patients diagnosed with
DRESS/DIHS and MPE. Blood samples were obtained from the patients at the initial presentation (acute
phase), 1 week later (subacute phase), during the 3 week (resolution phase), and post-steroid cessation
for DRESS/DIHS. Healthy subjects’ blood samples were also taken. Peripheral blood mononuclear cells were
isolated for flow cytometry analysis.

Results. A total of 22 patients participated in this study: patients with DRESS/DIHS (n=9), patients with MPE
(n=8),and healthy subjects (n=5). During the acute stage of DRESS/DIHS and MPE, the mean percentage
of Treg cells and pDCs significantly decreased compared to healthy subjects. However, Treg cells showed
a progressive increase towards the resolution phase in both conditions, while pDCs continued to decrease
towards the resolution phase. Following steroid discontinuation in DRESS/DIHS, both Treg cells and pDCs
showed a progressive increase in number,

Conclusions. Treg cells and pDCs play a role in DRESS/DIHS and MPE pathogenesis, evidenced by the fluc-
tuation in their percentages at each stage of both conditions. However, increased circulating Treg cells may
crucially mitigate inflammation in both conditions.

Key words: requlatory T cells, plasmacytoid dendritic cells, drug-induced hypersensitivity syndrome, drug
rash with eosinophilia and systemic symptoms, maculopapular drug eruption
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Highlights

out the recovery phase.

maculopapular drug eruption.

» Regulatory T (Treg) cells and plasmacytoid dendritic cell (pDC) levels were significantly reduced during the acute
phase of drug rash with eosinophilia and systemic symptoms/drug-induced hypersensitivity syndrome and macu-
lopapular drug eruption compared with healthy controls.

+ Regulatory T cells progressively increased during disease resolution, whereas pDCs continued to decline through-

« Following steroid withdrawal in drug rash with eosinophilia and systemic symptoms/drug-induced hypersensitivity
syndrome, both Treg cell and pDC levels showed a gradual increase.

» Dynamic changes in Treg cell and pDC levels suggest their involvement in immune regulation and inflammatory
modulation in drug rash with eosinophilia and systemic symptoms/drug-induced hypersensitivity syndrome and

Background

Drug rash with eosinophilia and systemic symp-
toms/drug-induced hypersensitivity syndrome (DRESS/
DIHS) is a severe, delayed-type hypersensitivity reaction.
It is characterized by high fever, widespread skin erup-
tions that are typically morbilliform but may also be
pleomorphic, lymphadenopathy, hematologic abnormali-
ties such as atypical lymphocytosis in the early stage and
eosinophilia in the later stage, and multiorgan involve-
ment, with liver enzyme elevation being the most common
manifestation. Delayed diagnosis can result in significant
morbidity and a mortality rate of up to 7%. The diagnosis
of DRESS is established using the European RegiSCAR
scoring system, which includes 7 clinical features. A score
greater than 5 indicates a definite diagnosis of DRESS.!
The pathogenesis of DRESS is complex and not fully un-
derstood. However, several mechanisms have been pro-
posed, including genetic predisposition associated with
specific human leukocyte antigen alleles that affect drug
metabolism, reactivation of human herpesviruses (HHVs)
— particularly HHV-6, cytomegalovirus, and Epstein—Barr
virus (EBV) — and dysregulation of the immune response
mediated by T cells, all of which are thought to play central
roles in the development of DRESS/DIHS.?

Regulatory T (Treg) cells and plasmacytoid dendritic
cells (pDCs) have been reported to play a role in the patho-
genesis of DRESS/DIHS. Treg cells are essential for regu-
lating and suppressing immune responses to self-antigens,
promoting peripheral tolerance, preventing autoimmunity,
and limiting chronic inflammatory diseases.>* A previous
study showed that Treg cells expand during the acute stage
of DRESS/DIHS but decrease in both number and func-
tion during the resolution phase.® These findings suggest
a prolonged onset of clinical features, HHV reactivation
and the potential development of autoimmunity follow-
ing recovery from DRESS/DIHS. In contrast, pDCs play
a crucial role in antiviral immunity and are also involved
in the development of autoimmune and inflammatory dis-
eases.® Previous studies demonstrated that the number

of circulating pDCs decreases around the time of viral
reactivation in DRESS/DIHS compared with other drug
eruptions.”® These findings further support the role of vi-
ral reactivation in the pathogenesis of DRESS/DIHS.

Objectives

There are limited studies investigating circulating Treg
cells and pDCs in DRESS/DIHS at different time points.
This study aimed to identify alterations in circulating Treg
cells and pDCs at different disease stages in patients with
DRESS/DIHS, patients with maculopapular drug eruption
(MPE), and healthy subjects, as well as to assess circulat-
ing Treg cells and pDCs after steroid cessation in DRESS/
DIHS.

Materials and methods
Study design

This was a cross-sectional study conducted from Oc-
tober 2019 to December 2022 at Khon Kaen University’s
Srinagarind Hospital in Thailand.

Participants

Adult patients aged 18 years or older diagnosed with
DRESS/DIHS and/or MPE were recruited. Patients who
had received systemic steroids or immunosuppressive
drugs before enrollment were excluded. DRESS/DIHS was
defined according to the diagnostic criteria established
by the European Registry of Severe Cutaneous Adverse
Reactions (RegiSCAR) group, including fever >38.5°C,
lymphadenopathy, skin rash suggestive of DRESS/DIHS,
eosinophilia or atypical lymphocytosis, internal organ
involvement, disease duration >15 days, and exclusion
of other potential causes.? Maculopapular drug eruption,
also referred to as exanthematous drug eruption, was
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defined as widespread erythematous macules and papules
symmetrically distributed over the trunk and extremities,
without systemic symptoms or internal organ involvement.

Variables

Demographic data and baseline characteristics, includ-
ing age, sex, disease onset and duration, RegiSCAR score,
and culprit medication, were recorded. Medical comor-
bidities were also documented and classified as immune
abnormalities (such as HIV infection, adult-onset immu-
nodeficiency, and autoimmune diseases) or non-immune
abnormalities. Blood samples were obtained at different
stages: at the initial presentation (acute phase or visit 1),
1 week later (subacute phase or visit 2), during the 3" week
(resolution phase or visit 3), and after discontinuation
of systemic steroids in patients with DRESS/DIHS (visit 4).
Blood samples were also collected from 5 healthy subjects
as normal controls. Patients with DRESS/DIHS received
prednisolone at a dose of 0.5-1 mg/kg/day after the first
blood sample was obtained. Patients with MPE were
treated with topical corticosteroids and antihistamines.
The percentages of Treg cells and pDCs were evaluated
by flow cytometry using a BD FACSCanto™ II flow cy-
tometer (BD Biosciences, Franklin Lakes, USA).

Peripheral blood mononuclear cells
isolation

A total of 6 mL of venous whole blood was collected
from each participant by venipuncture and placed into
sodium heparin tubes (cat. No. 367874; BD Biosciences).
The whole blood was then diluted with x1 phosphate-
buffered saline (PBS) at a 1:1 ratio. Following dilution,
peripheral blood mononuclear cells were isolated using
Ficoll-Paque PLUS (density = 1.077 g/mL; cat. No. 71-
7167-00 AG; GE Healthcare, Chicago, USA) at a 4:3 ratio
and centrifuged at 400 x g for 40 min at 20°C without
braking. Subsequently, peripheral blood mononuclear cells
(PBMCs) were collected into a new sterile 15 mL centrifuge
tube using a sterile plastic dropper. The isolated PBMCs
were gently washed twice with 7 mL of 1x PBS and centri-
fuged for 10 min at 22°C at 500 x g and 260 x g (for platelet
removal), respectively. The supernatant was discarded, and
the PBMCs were then resuspended in 1 mL of freezing
medium consisting of 90% fetal bovine serum (FBS) and
10% dimethyl sulfoxide (DMSO; cat. No. A3672; PanReac
AppliChem, Chicago, USA). Cryopreserved cells from all
subjects were stored at —80°C until use.

Cell surface markers and intracellular
cytokine staining

Isolated PBMCs were gently thawed at 37°C and then
stimulated with 100 ng/mL phorbol 12-myristate 13-ac-
etate (PMA; cat. No. P1585; Sigma-Aldrich, Burlington,
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USA) and 1 pg/mL ionomycin calcium salt (cat. No. I-0634;
Sigma-Aldrich). Simultaneously, the cells were incubated
with 3 pg/mL brefeldin A (eBioscience, San Diego, USA)
at 37°C for 2 h. Subsequently, the cells were washed with
R10 medium (RPMI 1640 supplemented with 10% FBS;
cat. No. 31800105; Gibco, Waltham, USA) and centri-
fuged at 400 x g for 10 min. The stimulated PBMCs were
then stained with multicolor fluorochrome-conjugated
monoclonal antibodies: anti-human CD45 phycoerythrin-
cyanine 7 (PE-Cy7; HI30; eBioscience), anti-human CD3
allophycocyanin-eFluor® 780 (APC-eFluor® 780; OKT?3;
eBioscience), anti-human CD4 eFluor® 450 (RPA-T4;
eBioscience), and anti-human CD123 phycoerythrin (PE;
6H6; Abcam, Cambridge, UK). Incubation was carried
out for 15 min on ice in the dark. Intracellular staining
was performed sequentially after surface staining. Cells
were fixed with 4% formaldehyde and permeabilized using
fixation and permeabilization buffer (cat. No. 130-090-47;
Miltenyi Biotec, Bergisch Gladbach, Germany) for 10 min
on ice in the dark. Subsequently, the cells were stained
with anti-human FoxP3 peridinin—chlorophyll-cyanine
5.5 (PerCP-Cy5.5; PCH101; eBioscience) for 30 min, fol-
lowed by washing with staining buffer (x1 PBS contain-
ing 2% FBS). Finally, the samples were analyzed using
a BD FACSCanto™ II flow cytometer (BD Biosciences).
The analysis was performed at the Department of Mi-
crobiology, Faculty of Medicine, Khon Kaen University,
Thailand.

Gating strategy

Lymphocytes were identified using forward scatter (FSC)
and side scatter (SSC). Subsequently, singlet cells were
identified based on forward scatter area (FSC-A) and for-
ward scatter height (FSC-H). CD45" expression was then
gated on singlet lymphocytes. Treg cells were identified
based on the expression of CD3* and CD4*, together with
intracellular FoxP3. Plasmacytoid dendritic cells were
gated as CD3-CD123* cells.

Statistical analyses

With respect to baseline characteristics, numerical vari-
ables were presented as medians with the 1°*tand 3" quartiles
(Q1-Q3) and the minimum-maximum range, as the number
of subjects in each group was fewer than 10. Comparisons
of numerical variables between 2 groups were performed
using the Mann—Whitney U test, whereas differences among
three groups were assessed using the Kruskal-Wallis test.
Categorical variables were reported as numbers (percent-
ages). The Fisher—Freeman—Halton test was used to assess
differences in proportions among 2 or 3 groups.

For the percentages of Treg cells and pDCs, a general-
ized estimating equation (GEE) model with the following
parameters was applied: 1) family, Gaussian; 2) link func-
tion, identity; and 3) correlation structure, exchangeable.
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This model was used to compare the 3 study populations
(DRESS/DIHS, MPE and healthy subjects) across 4 visits
(visits 1-4). In addition, a subgroup analysis according
to immune status was performed for patients with DRESS/
DIHS and MPE. The mean (standard deviation (SD)) per-
centages of Treg cells and pDCs were reported because
these variables followed a normal distribution and were
analyzed using a GEE model. The regression coefficient, its
95% confidence interval (95% CI), z-value, and p-value for
the percentages of Treg cells and pDCs were also reported.
Model adequacy was assessed by examining residual plots
across the 3 study groups to evaluate the presence of sys-
tematic bias, heteroscedasticity or outliers. Statistical
analyses were performed using Stata v. 18.0 (StataCorp,
College Station, USA). A p < 0.05 was considered statisti-
cally significant.

Results

Baseline characteristics of the patients
and healthy subjects

A total of 22 participants were included in this study: pa-
tients with DRESS/DIHS (n = 9), patients with MPE (n = 8)

N. Julanon et al. DRESS responses

and healthy subjects (n = 5). The baseline characteristics
of the participants are presented in Table 1. The DRESS/
DIHS group differed significantly from the MPE group
in terms of disease onset duration. Among the partici-
pants, 4 patients with DRESS/DIHS and 5 patients with
MPE had immune abnormalities.

The percentage of Treg cells
in DRESS/DIHS, with MPE and healthy
subjects at different time points

The mean percentages of Treg cells in patients with
DRESS/DIHS, with MPE and healthy subjects at different
time points are presented in Table 2.

In the acute stage (visit 1), the mean percentage of Treg
cells was significantly lower in DRESS/DIHS compared
to healthy subjects (B = -2.10, 95% CI: -3.44 to -0.75,
z = -3.05, p = 0.002) and also significantly lower in MPE
compared to healthy subjects (f = -2.10, 95% CI: -3.47
to -0.72, z = =2.99, p = 0.003), as shown in Fig. 1 and
Table 3.

In the subacute phase (visit 2), the mean percentage
of Treg cells significantly increased in DRESS/DIHS
compared to the acute stage (p = 2.16, 95% CI: 0.97-3.35,
z = 3.56, p < 0.001) and significantly increased in MPE

Table 1. Baseline characteristics of DRESS/DIHS patients, MPE patients, and healthy subjects

Control

DRESS/DIHS
Factors
Min 21
Q1 30
Age [years] Median 47
Q3 58
Max 69
Male sex, n (%) 5(55.6)
Comorbidities, n (%) 4 (44.4)
HIV 2(22.2)
AQOID 1(11.1)
UCNTD 1(11.1)
Min 14
Q1 14
Duration of onset [days] Median 21
Q3 28
Max 35
Causative drugs, n (%) 9 (100)
Cotrimoxazole 4 (44.4)
Anti-TB drugs 3(33.3)
Phenytoin 2(222)
Efavirenz -
Vancomycin =
Clarithromycin -
Min 6
Q1 6
RegiSCAR score Median 6
Q3 7
Max 8

n=>5

24 25
36.5 26
47.5 38

60 46

67 58

5(62.5) 2 (40.0) 0.864

0.602
(H=1.02,df=2)

= 0.637

<0.001
(z=-332)

8(100)
2(25)
2(25)
= = 0.328
2(25)
1(12.5)
1(12.5)

AOID - adult-onset immunodeficiency; DRESS/DIHS - drug rash with eosinophilia and systemic symptoms/drug-induced hypersensitivity syndrome;

HIV = human immunodeficiency virus; MPE — maculopapular drug eruption; UCNTD - undifferentiated connective tissue disease; RegiSCAR — European
Registry of Severe Cutaneous Adverse Reactions; Min — minimal value; Max — maximal value; Q1 - 157 quartile; Q3 - 3@ quartile; H — value of the test statistic
of the Kruskal-Wallis test; df — degrees of freedom; z — value of the Mann-Whitney U test.
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Fig. 1. The percentage of FoxP3* regulatory T cells (Treg cells) in healthy
subjects (control: n = 5), patients with maculopapular drug eruption
(MPE, n = 8), and patients with drug rash with eosinophilia and systemic
symptoms/drug-induced hypersensitivity syndrome (DRESS/DIHS,
n =9) at different time points: visit 1 — acute phase, visit 2 - subacute
phase, visit 3 - resolution phase, and visit 4 — systemic steroids cessation.
A significantly low percentage of Treg cells was observed in the acute
stage of DRESS/DIHS and MPE. However, the percentage of Treg increased
significantly in the subacute to the resolution phase of DRESS/DIHS and
MPE when compared to the acute stage. Post-systemic steroid cessation
in DRESS/DIHS, the percentage of Treg cells continued rising and was
significantly higher than in the control group. No significant differences
were detected between the DRESS/DIHS and MPE groups. The data were
analyzed as the mean of percentages. All comparisons were computed
using a generalized estimating equation (GEE) with multiple comparisons

**p < 0.001 between the DRESS/DIHS group; ' p < 0.001 between

the MPE group, mean difference between the MPE vs healthy subject

at visit 1; p = 0.003, mean difference between the DRESS/DIHS group vs
healthy subjects at visit 1, p = 0.002, mean difference between the DRESS/
DIHS group at visit 4 vs healthy subjects; p = 0.003.

compared to the acute stage (f = 3.27, 95% CI: 2.01-4.53,
z =5.09, p < 0.001).

In the resolution phase (visit 3), the mean percentage
of Treg cells showed a tendency to increase in the resolu-
tion phase compared to the subacute phase in DRESS/DIHS
(p =0.82, 95% CI: —0.37 to 2.00, z = 1.35, p = 0.178). No
significant difference between the subacute and the resolu-
tion phases in MPE was observed (p = —0.04, 95% CI: -1.30
to 1.22;z = —0.06, p = 0.949).

In the post-steroid cessation period in DRESS/DIHS
(visit 4), the mean percentage of Treg cells showed a further
increase compared to the resolution phase (§ = 1.17,95% CI:
-0.05 to 2.39, z = 1.88, p = 0.060). The mean percentage
of Treg cells was significantly higher after steroid discon-
tinuation compared with healthy controls ( = 2.05, 95% CI:
0.67 to 3.42,z =2.92, p = 0.003). No significant differences

Table 2. The percentage of FoxP3* regulatory T cells (Treg cells) and
the percentage of CD123* plasmacytoid dendritic cells (pDCs) in healthy
subjects, patients with maculopapular drug eruption (MPE), and patients
with drug rash with eosinophilia and systemic symptoms/drug-induced
hypersensitivity syndrome (DRESS/DIHS) at the different time points

Control | DRESS/DIHS MPE

Factors n=5 n=9 h=g

%Treg cells - -
Visit 1 acute phase 331(092) | 3.31(1.09)
Visit 2 subacute phase (?gg) 547 (1.70) 6.58 (0.66)
Visit 3 resolution phase 6.29 (1.23) 6.54 (1.09)
Visit 4 systemic steroid cessation 747 (191) -
%pDCs - -
Visit 1 acute phase 037(0.12) = 048(0.09)
Visit 2 subacute phase ((])(2)?) 0.33(0.09) | 033(0.11)
Visit 3 resolution phase 0.35(0.13) 0.39(0.12)
Visit 4 systemic steroid cessation 0.84 (0.27) -

Data are presented as mean (standard deviation (SD)) because they were
normally distributed and used in the generalized estimating equation
(GEE) model with multiple comparisons.

Table 3. Comparisons of the percentage of FoxP3* regulatory T cells
(Treg cells) in healthy subjects, patients with drug rash with eosinophilia
and systemic symptoms/drug-induced hypersensitivity syndrome
(DRESS/DIHS), and patients with maculopapular drug eruption (MPE)

at the different time points: visit 1 — acute phase, visit 2 — subacute phase,
visit 3 — resolution phase, and visit 4 — systemic steroid cessation

Comparisons Coefficient 95% Cl | z-value | p-value
DRESS/DIHS
Visit 1: vs healthy -2.10 -344,-0.75 | =3.05 0.002
Visit 2—visit 1 2.16 0.97,3.35 3.56 <0.001
Visit 3-visit 1 297 1.79,4.16 491 <0.001
Visit 3-visit 2 0.82 -0.37,2.00 135 0.178
Visit 4-visit 1 4.14 292,536 6.66 <0.001
Visit 4-visit 2 1.99 0.77,3.21 3.19 0.001
Visit 4-visit 3 117 -0.05,2.39 1.88 0.060
Visit 4: vs healthy 2.05 0.67,3.42 2.92 0.003
Visit 1: DRESS/DIHS-MPE 0.003 -1.17,1.18 0.01 0.996
Visit 2: DRESS/DIHS-MPE =111 -2.28,006 @ —1.85 0.064
Visit 3: DRESS/DIHS-MPE -0.25 —-142,092 | -042 0.673
MPE
Visit 1: vs healthy -2.10 -347,-0.72 | =299 0.003
Visit 2—visit 1 3.27 201,453 5.09 <0.001
Visit 3-visit 1 323 1.97,4.49 5.03 <0.001
Visit 3-visit 2 -0.04 -130,122 -0.06 0.949

95% CI - 95% confidence interval. All comparisons were performed using
a generalized estimating equation (GEE) with multiple comparisons.

were detected between the DRESS/DIHS and MPE groups
during the acute phase (f = 0.003, 95% CI: -1.17 to 1.18,
z=0.01, p = 0.996), subacute phase (f = -1.11, 95% CI: -2.28
t00.06,z = -1.85, p = 0.064), or resolution phase ( = -0.25,
95% CI: -1.42t0 0.92, z = -0.42, p = 0.673).
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The percentage of Treg cells in DRESS/
DIHS and MPE with and without immune
abnormalities

In patients with DRESS/DIHS, a consistent increase
in the percentage of Treg cells was observed from visit 1
to visit 4 in both patients with and without immune abnor-
malities, as shown in Fig. 2 and Table 4. No significant dif-
ferences were observed between patients with and without
immune abnormalities at any visit (visit 1: f = -0.98, 95% CI:
-2.481t00.52,z = -1.28, p = 0.200; visit 2: p = 0.84, 95% CI:
-0.66 to 2.34, z = 1.10, p = 0.271; visit 3: p = 0.59, 95% CI:
-0.91t02.08,z=0.77, p = 0.444; visit 4: p = —0.53, 95% CI:
-2.02 t0 0.97, z = -0.69, p = 0.491), as shown in Table 5.

In patients with MPE, the percentage of Treg cells in-
creased from the acute to the subacute phase in both
patients with and without immune abnormalities
(Fig. 3, Table 4). During the resolution phase, the per-
centage of Treg cells increased in patients with immune
abnormalities but decreased in those without immune
abnormalities; however, this difference did not reach statis-
tical significance ( = 1.34, 95% CI: -0.29 to 2.97,z = 1.61,
p = 0.106; Fig. 3, Table 5).

The percentage of pDCs in DRESS/DIHS,
MPE, and healthy subjects at different
time points

The mean percentages of pDCs in patients with DRESS/
DIHS, with MPE, and in healthy subjects at different time
points are shown in Table 2.

In the acute stage, the mean percentage of pDCs was signif-
icantly lower in patients with DRESS/DIHS than in healthy
subjects (p = -0.67, 95% CI: —-0.83 to -0.52, z = -8.64,
p < 0.001) and was also significantly lower in patients with

—®— No immune abnormalities
— @ — Immune abnormalities

DRESS/DIHS
10+

I
1
ik
T
1

Visit
Fig. 2. The percentage of FoxP3* regulatory T cells (Treg cells) in drug rash
with eosinophilia and systemic symptoms/drug-induced hypersensitivity
syndrome (DRESS/DIHS) patients without immune abnormalities
(n=5) and with immune abnormalities (n = 4) at different time points:
visit T — acute phase, visit 2 — subacute phase, visit 3 — resolution phase,
and visit 4 — systemic steroids cessation. A trend of continuously increasing
percentage of Treg cells was observed in both groups during each visit. No
significant differences were observed between the 2 groups in each visit

MPE than in healthy subjects (B = -0.66, 95% CI: —0.72
to -0.41,z = -7.11, p < 0.001), as shown in Fig. 4 and Table 6.

In the subacute phase, the mean percentage of pDCs
was significantly lower than in the acute stage in patients
with MPE ( = -0.15, 95% CI: —-0.28 to -0.01, z = -2.11,

Table 4. The percentage of FoxP3* regulatory T cells (Treg cells) and the percentage of CD123* plasmacytoid dendritic cells (pDCs) in patients with drug
rash with eosinophilia and systemic symptoms/drug-induced hypersensitivity syndrome (DRESS/DIHS) and patients with maculopapular drug eruption

(MPE) at different time points and with different immune status

DRESS/DIHS

n=9
Factors

without immune
abnormalities (n = 5)

immune abnormalities

immune abnormalities
(n=5)

without immune

(h=4) abnormalities (n = 3)

%Treg cells
Visit T acute phase 3.75(0.98) 2.77(0.53) 2.86(1.27) 3.58(1.01)
Visit 2 subacute phase 5.10 (1.90) 5.94 (1.56) 6.68 (0.63) 6.52(0.74)
Visit 3 resolution phase 6.03 (1.42) 6.61(1.03) 5.70(1.04) 7.04(0.84)
Visit 4 systemic steroid cessation 7.70 (1.56) 7.17 (2.24) = =
%pDCs
Visit 1 acute phase 0.33(0.12) 042 (0.13) 0.53 (0.05) 044 (0.10)
Visit 2 subacute phase 0.37(0.10) 0.28 (0.05) 0.29(0.13) 0.36(0.10)
Visit 3 resolution phase 0.39(0.10) 0.30(0.15) 0.26 (0.08) 0.45 (0.06)
Visit 4 systemic steroid cessation 0.79(0.31) 0.91(0.18) - -

Data are presented as mean (standard deviation (SD)) because they were normally distributed and used in the generalized estimating equation (GEE)

model with multiple comparisons.
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Table 5. Comparisons of the percentage of FoxP3* requlatory T cells (Treg
cells) in patient with drug rash with eosinophilia and systemic symptoms/
drug-induced hypersensitivity syndrome (DRESS/DIHS) with and

without immune abnormalities at different time points and patients with
maculopapular drug eruption (MPE) with and without immune abnormalities
at different time points: visit 1 — acute phase, visit 2 — subacute phase,

visit 3 - resolution phase, and visit 4 - systemic steroid cessation

Comparisons | Coefficient 95% ClI | z-value | p-value
DRESS/DIHS

with A vs without IA
Visit 1 -0.98 —248,0.52 -1.28 0.200
Visit 2 084 —0.66,2.34 1.10 0.271
Visit 3 0.59 —0.91,2.08 0.77 0.444
Visit 4 —-0.53 —2.02,097 —-0.69 0491

MPE

with A vs without IA
Visit 1 0.72 —-091, 235 0.87 0.384
Visit 2 -0.15 —1.78,1.48 -0.18 0.853
Visit 3 1.34 —0.29,2.97 1.61 0.106

IA —immune abnormalities; 95% Cl — 95% confidence interval. All
comparisons were performed using a generalized estimating equation
(GEE) with multiple comparisons.

—o— No immune abnormalities
— @ — Immune abnormalities
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%Treg
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Visit

Fig. 3. The percentage of FoxP3* regulatory T cells (Treg cells)
in maculopapular drug eruption patients without immune abnormalities
(n = 3) and with immune abnormalities (n = 5) at different time points:
visit T —acute phase, visit 2 — subacute phase, and visit 3 — resolution
phase. An increasing percentage of Treg cells was observed
in both groups during the subacute phase. In the resolution phase,
the percentage of Treg cells increased in patients with immune
abnormalities, while it decreased in patients without immune
abnormalities, but there was no statistical significance

p = 0.035), as shown in Table 6. However, no significant dif-
ference was detected in the DRESS/DIHS group ( = -0.04,
95% CI: —0.16 to 0.09, z = -0.58, p = 0.559).
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Table 6. Comparisons of the percentage of CD123* plasmacytoid
dendritic cells (pDCs) in healthy subjects, patients with drug rash with
eosinophilia and systemic symptoms/drug-induced hypersensitivity
syndrome (DRESS/DIHS), and patients with maculopapular drug eruption
(MPE) at different time points: visit 1 — acute phase, visit 2 — subacute
phase, visit 3 - resolution phase, and visit 4 — systemic steroid cessation

Comparisons | Coefficient | 95% ClI |z—va|ue| p-value

DRESS/DIHS
Visit 1: vs healthy -0.67 -083,-0.52 | -8.64 | <0.001
Visit 2-visit 1 —0.04 —-0.16,0.09 = -0.58 | 0.559
Visit 3—visit 1 -0.02 -0.14,0.11 | -0.25 0.804
Visit 3-visit 2 0.02 -0.11,0.15 = 033 0.738
Visit 4-visit 1 047 0.34,0.60 7.05 <0.001
Visit 4-visit 2 0.51 0.38,0.64 7.62 <0.001
Visit 4-visit 3 049 0.36,0.62 730 | <0.001
Visit 4: vs healthy -0.20 -0.36,-0.04 -252 0.012
Visit 1: DRESS/DIHS-MPE -0.11 -0.24,003 | -1.58 0.115
Visit 2: DRESS/DIHS-MPE 0.0003 —-0.13,0.133 = 0.00 0.996
Visit 3: DRESS/DIHS-MPE -0.03 -0.16,0.11 | -0.39 0.696
MPE
Visit 1: vs healthy —0.66 -0.72,-041 | =711 | <0.001
Visit 2-visit 1 —-0.15 —0.28,-001  -2.11 0.035
Visit 3—visit 1 -0.10 -0.24,004 | -140 0.160
Visit 3-visit 2 0.05 —-0.09,0.18 = 0.71 0.480

95% Cl - 95% confidence interval. All comparisons were performed using
a generalized estimating equation (GEE) with multiple comparisons.

In the resolution phase, the mean percentage of pDCs
showed a tendency to increase compared with the subacute
phase in both DRESS/DIHS and MPE (p = 0.02, 95% CI:
-0.11t00.15,z=0.33, p=0.738 and = 0.05, 95% CI: —0.09
to 0.18, z = 0.71, p = 0.480, respectively; Table 6).

In the post-steroid cessation period in DRESS/DIHS,
the mean percentage of pDCs was significantly higher
after discontinuation of systemic steroids compared
with the resolution phase (f = 0.49, 95% CI: 0.36 to 0.62,
z = 7.30, p < 0.001). However, the mean percentage
of pDCs remained significantly lower after discontinua-
tion of systemic steroids compared with healthy controls
(B =-0.20, 95% CI: -0.36 to —0.04, z = -2.52, p = 0.012).
No significant differences in the percentages of pDCs be-
tween the DRESS/DIHS and MPE groups were detected
in the acute ( = -0.11, 95% CI: -0.24 to 0.03, z = -1.58,
p = 0.115), subacute ( = -0.0003, 95% CI: -0.13 to 0.13,
z=0.00, p = 0.996), or resolution phases (3 = -0.03, 95% CI:
-0.16 t0 0.11, z = -0.39, p = 0.696).

The percentage of pDCs in DRESS/DIHS
and MPE with and without immune
abnormalities

In patients with DRESS/DIHS, the percentage of pDCs

decreased in those with immune abnormalities during
the subacute to resolution phase, while the percentage
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Fig. 4. The percentage of CD123* plasmacytoid dendritic cells (pDCs)
in healthy subjects (control: n = 5), patients with maculopapular drug
eruption (MPE, n = 8), and patients with drug rash with eosinophilia
and systemic symptoms/drug-induced hypersensitivity syndrome
(DRESS/DIHS, n = 9) at different time points: visit 1 — acute phase,
visit 2 — subacute phase, visit 3 - resolution phase, and visit 4 — systemic
steroids cessation. The percentage of pDCs significantly decreased
in the acute stage of both DRESS/DIHS and MPE compared to the control
group. Moreover, the percentage of pDCs was significantly lower
in the subacute phase of MPE compared to the acute stage, while no
significant difference was found in DRESS/DIHS. No significant differences
were observed during the subacute to resolution phases of both
DRESS/DIHS and MPE. Although the percentage of pDCs increased
significantly after systemic steroid cessation in DRESS/DIHS, it was still
significantly lower than in the control group. No significant differences
were detected between the DRESS/DIHS and MPE groups. The data were
analyzed as the mean of percentages; all comparisons were calculated
with a generalized estimating equation (GEE) with multiple comparisons

**p < 0.001, mean difference between acute and subacute phase
in patients with MPE (p = 0.035), mean difference after discontinuing
systemic steroid and healthy controls (p = 0.012).

of pDCs tended to increase in patients without immune
abnormalities. The percentage of pDCs increased signifi-
cantly after systemic steroids cessation in both groups
compared to the resolution phase (p = 0.60, 95% CI:
0.44 to 0.76, z = 7.34, p < 0.001 for immune abnormali-
ties; p = 0.40, 95% CI: 0.25 to 0.54, z = 5.41, p < 0.001 for
without immune abnormalities; Fig. 5, Table 4). No sig-
nificant differences were detected between the 2 groups
atany visit (visit 1: p = 0.09, 95% CI: -0.07 to 0.25, z = 1.05,
p = 0.293; visit 2: p = -0.10, 95% CI: -0.26 to 0.06, z = -1.20,
p = 0.231; visit 3: B = -0.09, 95% CI: -0.25 t0 0.07, z = -1.10,
p = 0.271; visit 4: p = 0.11, 95% CI: -0.05 to 0.27, z = 1.41,
p = 0.160), as shown in Table 7.

In patients with MPE, the percentage of pDCs de-
creased in both groups during the subacute phase. During
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—&— No immune abnormalities
— @ — Immune abnormalities

DRESS/DIHS

%pDC

Visit
Fig. 5. The percentage of CD123* plasmacytoid dendritic cells
(pDCs) in drug rash with eosinophilia and systemic symptoms/drug-
induced hypersensitivity syndrome (DRESS/DIHS) patients without
immune abnormalities (n = 5) and with immune abnormalities (n = 4)
at different time points: visit 1 — acute phase, visit 2 - subacute phase,
visit 3 — resolution phase, and visit 4 — systemic steroids cessation.
A decreasing percentage of pDCs was observed in patients with
immune abnormalities during the subacute to resolution phase, while
the percentage of pDCs tended to increase in patients without immune
abnormalities. The percentage of pDCs increased significantly after
systemic steroid cessation in both groups. No significant differences were
detected between both groups

Table 7. Comparisons of the percentage of CD123* plasmacytoid dendritic
cells (pDCs) in patients with drug rash with eosinophilia and systemic
symptoms/drug-induced hypersensitivity syndrome (DRESS/DIHS)

with and without immune abnormalities at different time points and
patients with maculopapular drug eruption (MPE) with and without
immune abnormalities at the different time points: visit 1 — acute phase,
visit 2 — subacute phase, visit 3 — resolution phase, and visit 4 — systemic
steroid cessation

Comparisons | Coefficient 95% Cl z-value p-value
DRESS/DIHS

with IA vs without |A
Visit 1 0.09 -0.07,0.25 1.05 0.293
Visit 2 —0.10 —-0.26,0.06 -1.20 0.231
Visit 3 -0.09 —-0.25,0.07 -1.10 0.271
Visit 4 0.11 -0.05,0.27 141 0.160

MPE

with A vs without IA
Visit 1 -0.09 —-0.07,0.25 1.05 0.293
Visit 2 0.07 -0.10,0.25 0.81 0416
Visit 3 0.19 0.05,0.37 219 0.029
Visit 4 - - - -

IA —immune abnormalities; 95% Cl — 95% confidence interval.
All comparisons were performed using a generalized estimating equation
(GEE) with multiple comparisons.
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—&— No immune abnormalities
— @ — Immune abnormalities

MPE

%pDC

1 2 3
Visit

Fig. 6. The percentage of CD123* plasmacytoid dendritic cells (pDCs)
in maculopapular drug eruption patients without immune abnormalities
(n = 3) and with immune abnormalities (n = 5) at different time points:
visit T —acute phase, visit 2 — subacute phase, and visit 3 resolution phase.
A decreasing percentage of pDCs was observed in both groups during
the subacute phase. In the resolution phase, the percentage of pDCs
increased in patients with immune abnormalities, while it decreased
in patients without immune abnormalities. This change was significant
in the resolution phase

the resolution phase, the percentage of pDCs increased
in patients with immune abnormalities but decreased
in those without immune abnormalities. At the final visit,
the percentage of pDCs was significantly higher in patients
with immune abnormalities than in patients without im-
mune abnormalities ( = 0.19, 95% CI: 0.05 to 0.37,z = 2.19,
p = 0.029; Fig. 6, Table 7).

To assess model adequacy, residuals for Treg cells and
pDCs from the GEE model were plotted against the control,
MPE and DRESS/DIHS groups (Supplementary Fig. 1-4).
Across all 3 groups, the residuals were approximately
centered around 0, with no evidence of systematic bias.
The spread of residuals was relatively consistent across
groups, although a few outliers were observed.

Discussion

The pathogenesis of DRESS/DIHS remains complex and
incompletely understood. Dysregulation of the immune re-
sponse, particularly T cell-mediated immunity, plays a cru-
cial role in the onset and progression of the disease. This
study demonstrated a significant reduction in the mean
percentages of Treg cells and pDCs during the acute stage
of both DRESS/DIHS and MPE compared with healthy
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subjects. However, Treg cells showed a progressive increase
toward the resolution phase in both conditions, whereas
pDCs continued to decrease toward the resolution phase.
After discontinuation of systemic steroids in DRESS/DIHS,
both Treg cells and pDCs demonstrated a progressive in-
crease. Nevertheless, Treg cell levels were significantly
higher than those in the control group, while pDC levels
remained significantly lower than those in the control
group. No significant differences were observed in Treg
cells or pDCs between patients with and without immune
abnormalities in both DRESS/DIHS and MPE, except for
pDCs during the resolution phase in MPE. These findings
enhance our understanding of the immunological altera-
tions associated with DRESS/DIHS, highlighting the dy-
namic changes in Treg cells and pDCs across different
stages of the disease and its treatment.

Treg cells play a crucial role in maintaining immunologi-
cal tolerance to both self and foreign antigens, preventing
autoimmunity and controlling inflammation.>* In a pre-
vious study, significantly increased frequencies of Treg
cells were observed during the acute stage of DRESS/DIHS
compared with healthy controls and the resolution phase;
however, this pattern was not observed in toxic epidermal
necrolysis (TEN) or MPE.® In contrast, our study revealed
a significant reduction in the number of Treg cells during
the acute stage of both DRESS/DIHS and MPE compared
with healthy subjects and the resolution phase. Moreover,
no significant differences in Treg cell numbers were ob-
served between patients with DRESS/DIHS or MPE who
had immune abnormalities and those without. This dis-
crepancy may be attributable to differences in the eth-
nic backgrounds of the study populations, which could
influence immune response development. During acute
inflammation, various soluble mediators, such as cyto-
kines, acute-phase proteins, and chemokines, are released,
promoting the migration of inflammatory cells to the site
of inflammation.’ Previous studies have shown that Treg
cells are significantly more abundant in the skin lesions
of patients with DRESS/DIHS compared with those with
TEN, graft-versus-host disease, and MPE.>!° Another re-
cent study demonstrated that Treg cells become highly
migratory during the first 3 days of skin inflammation,
leading to increased Treg abundance in the dermis. Sub-
sequently, Treg levels return to baseline by day 6.!! This
migratory behavior may account for the reduced number
of circulating Treg cells observed during the acute phase
of DRESS/DIHS and MPE, as these cells are recruited
to suppress cutaneous inflammation. Our study dem-
onstrated a progressive increase in circulating Treg cells
during the subacute phase (approx. 1 week after the acute
stage) in both DRESS/DIHS and MPE, which aligns with
the reported timeframe of normalized Treg migratory
behavior. Furthermore, circulating Treg cell levels con-
tinued to rise during the resolution phase and following
discontinuation of systemic corticosteroids in patients
with DRESS/DIHS. Glucocorticoids exert complex effects
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on T cells, both promoting and suppressing T-cell-medi-
ated immunity depending on the immunological context.!?
Previous reports have shown that glucocorticoids can in-
duce the expansion of Treg cells in autoimmune conditions,
including systemic lupus erythematosus, immune throm-
bocytopenic purpura, and asthma, as well as in healthy in-
dividuals receiving long-term dexamethasone treatment.!®
This suggests that the expansion of Treg cells in the post-
acute stage of DRESS/DIHS may result from the resolution
of inflammation, glucocorticoid therapy, or a combination
of both. The expansion of Treg cells likely plays a pivotal
role in limiting disease progression and severity, while also
preventing the subsequent development of autoimmunity.

Plasmacytoid dendritic cells represent a distinct subset
of dendritic cells that specialize in the production and se-
cretion of large amounts of type I interferons (IFNs). They
play a crucial role in antiviral immunity and also contribute
to the development of autoimmune and inflammatory dis-
eases. The association between DRESS/DIHS and HHV-6
reactivation suggests the potential involvement of pDCs
in the pathogenesis of this condition. A previous study re-
ported a significant decrease in circulating pDCs around
3—4 weeks after the onset of DRESS/DIHS, with frequencies
lower than those in patients with MPE and healthy subjects.?
Another study found decreased frequencies of circulating
pDCs during the initial 1-2 weeks of disease onset in DRESS/
DIHS compared to MPE patients.” Our results were con-
sistent with these findings, demonstrating a significant
reduction in the mean percentage of pDCs from the acute
stage through the resolution phase (3 weeks after the initial
presentation) in patients with DRESS/DIHS compared with
healthy controls. This reduction in pDCs during the acute
stage may be attributable to their migration and infiltration
into skin lesions, a phenomenon observed in inflammatory
skin diseases such as cutaneous lupus erythematosus and
psoriasis.'* Additionally, a previous study reported higher
pDC detection in the dermis of patients with DRESS/DIHS
compared with those with MPE and healthy subjects.® Un-
like Treg cells, our study did not identify significant differ-
ences in the percentage of pDCs between DRESS/DIHS and
MPE from the acute through the resolution phases, except
after discontinuation of systemic steroids in DRESS/DIHS.
Notably, glucocorticoids have been shown to significantly
reduce IFN-a production and decrease the number of cir-
culating pDCs.!>1¢ These effects are reversible and typically
return to baseline within days after steroid cessation.!>16
During inflammatory periods, the reduction in circulat-
ing pDC:s likely serves to limit inflammation and promote
clinical immunosuppression. This dynamic interplay un-
derscores the complexity of the immunological mechanisms
involved in DRESS/DIHS and highlights the role of pDCs
in modulating the immune response.

Notably, our study did not identify significant differences
in the percentages of Treg cells and pDCs between DRESS/
DIHS and MPE from the acute to the resolution phase,
which contrasts with findings from previous studies.>®
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This discrepancy may be attributable to the small sample
size of our study or to the lack of assessment of HHV-6
reactivation in patients with DRESS/DIHS. Further in-
vestigations incorporating larger cohorts and systematic
evaluation of HHV-6 reactivation are warranted to achieve
amore comprehensive understanding of the immunologi-
cal differences between DRESS/DIHS and MPE.

Limitations of the study

This study had some limitations. First, the number
of participants in the study was relatively small, as this
was a pilot study, and sample size calculation was not
performed. Second, the functions and subsets of circulat-
ing Treg cells and pDCs were not examined. Third, skin
biopsies to evaluate the numbers and functions of Treg
cells and pDCs were not conducted. Lastly, reactivation
of HHV-6, cytomegalovirus, and EBV was not evaluated
in this study. However, this study successfully monitored
dynamic changes in the numbers of Treg cells and pDCs
throughout the course of DRESS/DIHS and MPE. Further
studies assessing HHV reactivation and incorporating ge-
netic testing may enhance the understanding of disease
pathogenesis.

Conclusions

This study demonstrated the dynamic interplay between
Treg cells and pDCs in the pathogenesis of DRESS/DIHS
and MPE. The acute stage of both conditions exhibited
a significant decrease in Treg cells and pDCs, suggesting
their potential involvement in immune dysregulation dur-
ing disease onset. However, Treg cells showed a significant
increase in the resolution phase of both DRESS/DIHS and
MPE, while pDCs continued to decrease until the resolu-
tion phase in both conditions. This suggests that Treg
cells are likely to play a crucial role in preventing further
inflammation in both DRESS/DIHS and MPE.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15682125. The package contains
the following files:

Supplementary Fig. 1. Residuals of Treg cells from the GEE
model across the 3 groups at each visit.

Supplementary Fig. 2. Residuals of Treg cells from the GEE
model at each visit, comparing patients with and with-
out immune abnormalities across MPE and DRESS/DISH
groups.

Supplementary Fig. 3. Residuals of pDCs from the GEE
model across the 3 groups at each visit.

Supplementary Fig. 4. Residuals of pDCs from the GEE
model at each visit, comparing patients with and without im-
mune abnormalities across MPE and DRESS/DISH groups.
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Abstract

Background. Reliable toxicological analysis is crucial for accurate forensic and clinical interpretation; however,
pre-analytical factors such as handling and storage can significantly alter drug concentrations in postmortem
(PM) samples, potentially leading to misinterpretation. Postmortem degradation, influenced by enzymatic
and microbial activity, can change drug levels, making it essential to understand drug stability in biological
matrices.

Objectives. This preliminary study investigates the long-term stability of drugs of abuse and psychoactive
substances in PM blood samples from drug-related deaths stored at —20°C for 29 months.

Materials and methods. Postmortem blood samples were analyzed using ultra-performance liquid
chromatography—tandem mass spectrometry (UPLG-MS/MS) following the routine methodology currently
in use in the forensic toxicology laboratory. Stability was assessed by measuring concentration changes
between analyses performed shortly after sample collection and reanalyses conducted after 6—29 months.
Regression analyses were used to relate percentage variation in concentration to elapsed time.

Results. A strong correlation was found between the percentage reduction in drug concentration and
storage time for all tested molecules, including morphine, cocaine, methadone, ketamine, benzodiazepines,
antidepressants, antipsychotics, and lidocaine. Regression curve analysis revealed a reduction in concentration
beginning within the initial months, with high variability.

Conclusions. The study highlights the significant impact of long-term storage on drug concentrations
in PM blood, emphasizing the need for careful consideration of storage intervals when reanalysis of samples
is requested for forensic purposes. The findings underscore the importance of understanding degradation
patterns for the accurate interpretation of toxicological results in medicolegal investigations.

Key words: forensic toxicology, long-term storage, UPLC-MS/MS, postmortem stability, drug degradation
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Highlights

samples that were stored without preservatives.

and antidepressants.

« This study investigates the stability of drugs in postmortem (PM) blood samples stored at —20°C.
« Ultra-performance liquid chromatography—tandem mass spectrometry (UPLC-MS/MS) was used to analyze 44 PM

« A strong correlation was observed between concentration loss and storage time for most substances.
+ The substances analyzed included cocaine, morphine, methadone, ketamine, benzodiazepines, antipsychotics,

« Stability is crucial for ensuring accurate interpretations in judicial proceedings.

Background

One of the fundamentals of forensic toxicology is the ac-
curate and reproducible analysis of biological samples.
Reliable qualitative and quantitative toxicological analysis
is essential for sound toxicological judgment in both clini-
cal and forensic toxicology, as unreliable results may lead
to misinterpretations, unwarranted conclusions, or incor-
rect treatment.! For this purpose, forensic toxicologists
implement rigorous quality control procedures, method
validation, and optimization procedures to ensure ana-
lytical quality and achieve the highest degree of accuracy.

However, even the most accurate and precise methods
reflect drug detection and quantification only at the time
of analysis.?>?® This issue is particularly important when
sample re-testing is required for forensic purposes in judicial
proceedings. In fact, the majority of “laboratory errors” have
been found to originate from the pre-analytical phase rather
than from problems related to the analytical process; han-
dling and storage conditions can significantly alter concen-
trations, especially in samples collected postmortem (PM).*

The degradation of compounds that occurs in PM sam-
ples can be caused by several factors, including residual
enzymatic or microbial activity or spontaneous hydroly-
sis.> Enzymatic activity may degrade drugs into byprod-
ucts that are not detected in toxicological analyses or may
increase parent drug levels through metabolite hydrolysis.
Some microorganisms produce unique nonhuman me-
tabolites, while others are unable to metabolize specific
drugs.® Consequently, assessed PM drug concentrations
usually do not reflect drug levels at the time of death, even
when analyzing matrices less influenced by PM redistribu-
tion, such as peripheral blood.” Therefore, studying drug
stability in biological matrices during storage is of the ut-
most importance when assessing suspected drug-related
crimes.’

Levine and Smith® were the first to review the stability
of compounds of toxicological interest in blood, plasma,
serum, urine, oral fluid, and tissue samples. Despite the ris-
ing volume of experimental and laboratory research pub-
lished in forensic toxicology,!®!! in most studies stability
has been investigated using fresh or PM spiked blood sam-
plest?~'> or simulated matrices.!® Fewer experiments have

examined the stability of compounds of forensic interest
in real samples collected PM."” The presence of multiple
analytes, which is very common in drug-related death
cases, can influence the stability of some compounds; how-
ever, this issue has rarely been taken into consideration.!®

The Guidelines for Sample Collection Postmortem! rec-
ommend the collection of blood in tubes containing both
preservatives and no preservatives. The addition of pre-
servatives, such as fluoride at concentrations of up to 2%,
to collected matrices has been shown to increase the stabil-
ity of analytes over time. One of the main reasons for this
practice is to prevent PM degradation of molecules, which
may occur even under storage conditions. Since the Guide-
lines! state that sampling can also be performed without
preservatives, it is necessary to understand the stability
of these compounds for medico-legal purposes. Neverthe-
less, in routine forensic casework, most laboratories analyze
samples within a short time frame, making the addition
of preservatives unnecessary. In this context, the re-testing
of samples stored for a prolonged period without preserva-
tives presents greater complexity in terms of interpretation.

Objectives

Our experimental study aimed to investigate the long-
term stability of drugs of abuse and psychoactive sub-
stances in real, unpreserved PM samples from drug-related
deaths stored at —20°C over a period of 29 months.

Materials and methods
Chemicals and reagents

Cocaine, benzoylecgonine, cocaethylene, morphine,
codeine, methadone, 2-ethylidene-1,5-dimethyl-3,3-di-
phenylpyrrolidine (EDDP), opioid analgesics, ketamine,
norketamine, and the standards of all included drugs (an-
tipsychotics, antidepressants, benzodiazepines),? nordiaz-
epam-d5, and ammonium formate were purchased from
Sigma-Aldrich® (Steinheim, Germany). Ultra-pure water
was obtained by filtration using a Purelab® Chorus 1 Elga
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system (High Wycombe, UK). Formic acid, acetonitrile,
2-isopropanol, and methanol were purchased from Merck®
(Darmstadt, Germany).

Instrumentation

Chromatography was performed using an Acquity UPLC®
System (Waters Corporation, Milford, USA) equipped with
an Acquity UPLC® HSS C18 column (2.1 x 150 mm, 1.8 pm;
Waters Corporation) set at 50°C. The mobile phase consisted
of an aqueous solution of 5 mM ammonium formate with 0.1%
(v/v) formic acid (A) and acetonitrile with 0.1% (v/v) formic acid
(B). The UPLC system was coupled to a Waters triple quadru-
pole detector (Xevo TQD®) with electrospray ionization (ESI)
in positive mode, and data acquisition was carried out in Mul-
tiple Reaction Monitoring (MRM) mode. Data acquisition and
analysis were performed using MassLynx v. 4.2® software
(Waters Corporation), whereas quantitation was performed
using the TargetLynx application (Waters Corporation).

Sample collection

The analysis in this study was conducted on 44 PM blood
samples collected in 10-mL Vacutainer tubes without any
additive or preservative and analyzed for medico-legal pur-
poses at the Laboratory of Forensic Toxicology of the Uni-
versity of Bologna (Italy) between January 2022 and No-
vember 2023, according to standardized procedures.?
The cohort comprised 33 men and 11 women. All specimens
were stored at —20°C before and after analysis. In May 2024,
1 tube from each sample was reanalyzed under the same
instrumental conditions. The time intervals for reanalysis
were heterogeneous, ranging from 6 to 29 months.

Sample preparation and analysis

The sample pre-treatment consisted of protein precipi-
tation with ice-cold acetonitrile added to 100 pL of blood.
After centrifugation and dilution with mobile phase A,
5 puL was injected into the ultra-performance liquid chro-
matography—tandem mass spectrometry (UPLC-MS/MS)
instrument. The analytical procedure for both the origi-
nal analyses and the subsequent reanalyses was the same
and consisted of a method for the simultaneous detection
of drugs of abuse (cannabinoids, cocaine and metabolites,
opiates and methadone, amphetamine-like drugs, ketamine)
and 68 commonly prescribed antidepressants, benzodiaz-
epines, neuroleptics, and their metabolites in whole blood.?

Statistical analyses

Stability was defined as the ability of a drug concen-
tration to remain unchanged during storage over time.
Stability was measured as the change in concentration
from the time of the first analysis to the time of reanaly-
sis and was expressed either as the absolute difference
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in concentration or as the percentage change. The follow-
ing drugs (or classes of drugs) were assessed: morphine and
codeine, cocaine, benzoylecgonine, cocaethylene, metha-
done, EDDP, ketamine, norketamine, benzodiazepines,
antidepressants, antipsychotics, and lidocaine.

For each molecule, we computed the average monthly
decrease in concentration by dividing the absolute differ-
ence between T0 and T1 by the number of elapsed months.
Confidence intervals (CIs) were estimated using nonpara-
metric bootstrapping (1,000 replications) with the bias-
corrected and accelerated (BCa) method to account for
the small sample size, potential outliers, and heteroske-
dasticity in the estimates.?? A 95% CI entirely below zero
was interpreted as evidence of a statistically significant
monthly decrease at the 5% level.

The same analysis was replicated in percentage terms
using the monthly compounded degradation rate. This
was calculated from the ratio T;/T, under the assumption
that the molecule concentration decreases each month
by a constant proportion, consistent with an exponential
decay model. This yielded the formula

[(T1/To)M1/m) - 1] x 100,

where “m” denotes the number of elapsed months.

While exploratory regressions (e.g., applying square-root
or log transformations of time) were initially considered,
we refrained from formal modeling due to the small sample
sizes (ranging from 4 for norketamine to 19 for benzodiaze-
pines), the lack of repeated measurements or grouping struc-
tures, and the absence of theoretical support for a specific
degradation law. We therefore prioritized robustness, inter-
pretability, and minimal reliance on distributional assump-
tions. As a secondary analysis, we computed Kendall’s T
correlations between the overall percentage decrease in con-
centration and the number of elapsed months. We used Ken-
dall’s 1, rather than Spearman’s p because it is more robust
in small samples and provides a stricter correction for tied
ranks in either variable. Given the frequency of ties in elapsed
time and the limited sample size, T™° offered a more appropri-
ate nonparametric correlation measure for our analysis.?

As this was an exploratory study, no corrections for
multiple comparisons were applied. Each molecule was
analyzed separately, and no formal comparisons were
made across substances. Nevertheless, we acknowledge
that multiple hypothesis testing may inflate the type I error
rate, and the results should be interpreted accordingly. All
analyses were conducted using Stata/SE v. 18 (StataCorp
LLC, College Station, USA).

Results

Absolute and relative estimates of average monthly degrada-
tion for all tested molecules are reported in Table 1. The results
of the T1/T, analysis for all samples are reported in Supple-
mentary Table 1 and 2.
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Table 1. Average monthly degradation of various drugs of abuse and psychoactive substances in postmortem (PM) samples from drug-related deaths
(absolute and relative estimates)

Abused drugs Number Months Average monthly change [mg/mL] Average monthly change [%]
and pharmaceuticals of samples (range) 95% Cl 95% Cl
Morphine and codeine 12 6-25 —442 —1457,-147 —4.4 —7.1,-27
Cocaine 13 6-28 —14.38 —36.52,-3.58 —44 —64,-3.2
Benzoylecgonine 17 6-26 —46.59 -83.11,-26.17 =55 -79,-39
Cocaethylene 8 9-26 -1.51 -3.62,—-0.19 -39 —72,-24
Methadone 11 6-28 -17.63 —25.17,-12.24 =59 =09, =39
EDDP 11 6-28 —4.39 -9.16,-2.13 —64 -9.9,-43
Ketamine 5 7-23 -492 -19.65,-7.00 -138 =-215,-64
Norketamine 4 7-23 —5267 —152.48,-2.32 =92 —115,-58
Benzodiazepines 19 6-29 -2.95 -8.16,-1.38 —6.5 -99,-40
Antipsychotics 10 6-28 =211 —5.55,-0.84 —54 -9.1,-28
Antidepressants 10 6-29 —-21.33 —51.27,-10.83 —74 —12.1,-45
Lidocaine 8 6-21 —-1.38 —4.74,-0.39 -54 -113,-26

95% CI — 95% confidence interval; EDDP - 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine.

Discussion

The interpretation of toxicological results in PM samples
remains a widely debated topic in forensic toxicology, primar-
ily due to artificial increases or decreases in PM blood con-
centrations. The main factor responsible for increased con-
centrations is PM redistribution, a well-known phenomenon
describing site- and time-dependent changes in drug levels
after death. Drugs bound to tissues can be released from areas
of higher concentration, such as the lungs, liver, or stomach
contents, and subsequently move along concentration gradi-
ents, leading to an artificial rise in PM blood concentrations.

Conversely, drug concentrations may decrease due to tis-
sue uptake, metabolism, or instability and degradation re-
sulting from decomposition or bacterial activity.?* These
processes can significantly affect the interpretation of toxi-
cological results and may lead to misjudgment of the toxico-
logical significance of drug concentrations in medicolegal
investigations. Besides PM redistribution, stability may also
lead to alterations in PM concentrations. In fact, the time
between the initial analysis and any subsequent reanalysis
can be prolonged, sometimes lasting months or even years,
depending on the legal context. Therefore, PM stability
is a critical factor that must be systematically evaluated
in forensic toxicology. We addressed this issue by inves-
tigating concentration changes in drugs of abuse (cocaine
and its metabolites, opiates, ketamine and its metabolites,
methadone) and pharmaceuticals (benzodiazepines, anti-
depressants, antipsychotics) in PM blood stored at -20°C
without preservatives for up to 29 months.

The analytical results demonstrate absolute and relative re-
ductions in concentration over time for all tested molecules,
beginning within the initial months. The results of the sec-
ondary analysis (Supplementary Table 1) highlight the limi-
tations of raw time-to-decrease correlations in this context

and support the use of normalized degradation rates that
explicitly account for time as a key component of the phe-
nomenon under investigation. These rates are not adjusted
post hoc but intrinsically incorporate time through their
construction formula, which expresses degradation per unit
of time under the assumption of constant proportional loss.
This approach is especially appropriate when the time in-
tervals between the 1% and 2" analyses are highly variable,
as in our study (ranging from 6 to 29 months), and when
the sample size for each molecule is small, thereby limiting
the robustness of traditional regression models. By calculat-
ing monthly compounded degradation rates and estimating
their uncertainty via bootstrapping, we were able to identify
consistent and significant degradation patterns across all mol-
ecules, even in the absence of a strong linear or monotonic
correlation between elapsed time and percentage decrease.
Morphine and codeine showed an average monthly per-
centage change of 4.4%, with significant variability among
samples. In fact, 5 out of 12 samples demonstrated very
good stability, with reductions below 20% at 6, 11, and
19 months, while 3 samples showed reductions greater
than 30% starting at 5 months. In the forensic literature,
the stability of morphine in real samples has been primar-
ily studied using spiked blank matrices obtained from liv-
ing subjects.'” In a study performed by Heiseth et al.,?®
the stability of opiates in 37 PM blood samples obtained
from deaths following heroin intake was investigated. They
observed good stability in PM samples (-12% for morphine
and -11% for codeine over 4—9 years), which was lower than
that observed in samples from living individuals. The re-
sults suggest that, for extended storage periods, the use
of preservatives for opioids is strongly recommended.
Given the high number of cocaine-positive samples and
its metabolites, cocaine, benzoylecgonine, and cocaeth-
ylene were studied separately. Similar average monthly
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percentage changes were observed for all 3 molecules (4.4%,
5.5%, and 3.9%, respectively). Studies assessing the stability
of cocaine in real casework include only a small number
of cases. Kiszka et al.?® tested the stability of cocaine for up
to 90 days in PM blood obtained from 5 corpses. They ob-
served degradation of up to 7% of the initial concentration
in frozen samples without preservatives, whereas samples
containing preservatives (NaF, CH;COOH, and NaF +
CH3;COOH) showed good stability.2® Although stability
in real samples with preservatives was not studied over
longer time intervals, these findings suggest that preser-
vatives slow degradation and should be considered during
sampling, especially when reanalysis is performed after
months or years. Methadone showed an average monthly
percentage change of 5.9%. Notably, several samples dem-
onstrated significant decreases even after short time in-
tervals (5—-10 months). Methadone has shown very good
stability in clinical plasma samples?’; however, despite being
increasingly detected in drug-related deaths, particularly
in cases of co-administration, there is a lack of stability
studies on methadone in PM samples. Benzodiazepines
(6.5%), antidepressants (7.4%), and antipsychotics (5.4%) ex-
hibited significant reductions over time, even during early
periods. Melo et al.?® conducted an experimental study
on unpreserved PM blood spiked with benzodiazepines,
observing reductions of up to 13% at 6 months. The wide
variability and marked degradation observed in our study
may be attributable to the longer study intervals and
the heterogeneity of the drugs examined. Additionally, very
high variability was observed within this class of molecules,
with concentration reductions ranging from 26% to 92%
at 28 months. Similar results were observed for antide-
pressants (-60.4%), whereas antipsychotics showed greater
stability, albeit with high inter-sample variability. For ket-
amine (13.8%) and lidocaine (5.4%), the limited sample size
precluded firm conclusions, although significant long-term
reductions in stability were observed for these molecules.

In general, although a strong relationship between
percentage reduction and elapsed time was observed for
all molecules, it is not possible to formulate a model for
back-calculating the time elapsed since the initial analy-
sis, as significant inter-sample variability was observed
that cannot be predicted using a single model. Therefore,
the results should be interpreted in terms of likely concen-
tration reductions upon reanalysis, with careful consider-
ation of quantitative findings.

The differences in stability among samples may be at-
tributed to several factors. First, the initial concentrations
of the molecules in the starting samples varied, which may
influence the degradation rate.! Additionally, heterogeneity
in the composition of PM samples may account for the fact
that PM blood typically exhibits a lower pH compared with
blood collected from living individuals, thereby promot-
ing hydrolysis. This pH may vary depending on the PM
interval (PMI), and its effect on analytes differs according
to the molecular structure of the drug.*
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Moreover, biological sex may represent an additional
source of variability. It is well established in forensic
toxicology that sex influences drug pharmacokinetics
and pharmacodynamics; however, little is known about
the influence of sex on the decrease in drug concentrations
in PM samples.?” Therefore, future studies should also
consider sex as a variable, both when defining PM redis-
tribution as a function of PMI and when assessing stability.

Regrettably, given the limited number of cases included
in this preliminary analysis, subgroup analyses were pre-
cluded due to insufficient statistical power. Finally, based
on the current literature, sample stability in tubes contain-
ing preservatives appears to be superior and more reliable
over extended periods. However, in the absence of compar-
ative experimental studies on real-world samples employ-
ing a study design analogous to the present investigation,
this hypothesis requires further experimental validation.

Limitations of the study

This study has several unavoidable limitations in the fo-
rensic context. Primarily, the subjects from whom the sam-
ples were collected had varying PMIs, potentially leading
to differential degradation patterns. Consequently, future
research could benefit from conducting multiple analyses
on single-sample aliquots. However, this approach would
introduce the confounding effect of freeze—thaw stability.
Furthermore, in this study, most samples tested positive for
multiple drugs, as is commonly observed in real forensic
casework, and there may be unknown interactions that
warrant further investigation. In addition, the influence
of the subject’s sex on the decrease in drug concentra-
tions in PM samples warrants further examination. This
analysis was not feasible in the current preliminary study
due to the limited number of cases included.

Conclusions

The lack of stability observed in this preliminary study
highlights the critical importance of considering storage
conditions and biochemical variations when evaluating
re-testing results in forensic investigations. Potential in-
teractions between different compounds within the blood
matrix may affect the stability of individual target analytes,
thereby complicating the interpretation of toxicological
results. This underscores the necessity for comprehensive
analytical strategies that account for PM alterations to en-
sure reliable and legally defensible results.

Supplementary data
The supplementary materials are available at https://

doi.org/10.5281/zenodo.15737109. The package contains
the following files:
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Supplementary Table 1. The results of the analysis at T;/T

for all samples are reported.

Supplementary Table 2. Kendall’s tb correlations be-

tween the overall percent decrease in molecule concentra-
tion and the number of elapsed months.
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Abstract

Background. The increasing availability of body donations and the expansion of reference centers provide
forensic clinical anatomy with the opportunity to experimentally reproduce, in ex vivo settings, the effects
of specific interactions on the human body, such as needle—tissue interaction in medical procedures.

Objectives. The primary objective of this study was to develop a reproducible, standardized benchtop
methodology that enables the identification of the trajectory traveled by the needle when piercing soft
tissue, causing detectable iatrogenic tissue damage.

Materials and methods. Skeletal muscle tissue samples were harvested from a fresh-frozen 78-year-old
male body housed at our Reference Center, Center for Body Donation. Needle transfixions were then tested
using a novel technique designed for this purpose (PassTrue® methodology): full-thickness tissue transfix-
ion by a needle, insertion into the needle of a coaxial thread, grasping the thread with forceps, and needle
withdrawal, so that the in-place thread indicates the route of transfixion. This procedure was tested against
the control procedure without a thread.

Results. Microscopic analysis revealed a pattern consistent with the needle’s course during transfixion in all
cases with the PassTrue® technique (10/10), but not in controls (0/10).

Conclusions. Our novel methodology improves the efficiency of assessing needle—tissue interactions,
enabling identification of the needle’s trajectory within biological tissues.

Key words: medical malpractice, legal medicine, body donation, cadaver lab, clinical anatomy
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Highlights

+ PassTrue® methodology enables precise tracking of needle trajectory in soft tissue.

« A standardized ex vivo model supports reproducible analysis of needle—tissue interactions.

+ Microscopic validation confirms reliable detection of needle pathways in biological tissue.

+ PassTrue® methodology may improve research, training, and patient safety in medical procedures.

Background

A substantial proportion of medical procedures entail
the use of needles to inject or aspirate fluids, and this
practice inherently constitutes a potential source of tis-
sue trauma.! The ensuing tissue injury may plausibly have
clinically relevant consequences and, as an adverse effect
of medical interventions, can prompt patients to pursue
compensation claims or initiate criminal proceedings.?
In response, there has been a marked and growing concern
among clinicians regarding the medicolegal ramifications
of their professional activities on patients’ health, extending
even to seemingly routine needle-based procedures involv-
ing tissue penetration. This phenomenon has frequently
been described as a “medicolegal epidemic,” a characteriza-
tion mirrored by the expanding body of literature on these
issues internationally.>* Nonetheless, with specific regard
to tissue damage caused by needle use, the current evi-
dence base remains limited. Although several research
papers have examined needle—tissue interaction during
medical procedures, particularly focusing on parameters
such as velocity of needle insertion and pressure of fluid
injection, no consistent, experimentally robust, and repro-
ducible findings have yet been established.

More recently, some authors have focused on iatrogenic
tissue injury arising from needle insertion, employing
heterogeneous, non-standardized methodologies with
limited demonstrable validity and substantial variability
in microscopic outcomes, with the fundamental problem
of the loss of the tract during histological fixation. These
developments have significant implications for clinical
risk management and for the formulation of policies guid-
ing the selection of specific invasive techniques among
multiple available options. Given the extraordinarily high
volume of procedures involving needle—tissue interac-
tion across all medical specialties, this topic is of consid-
erable relevance and warrants systematic, standardized
investigation.

Objectives

The primary objective of this pilot study was to develop
a reproducible, standardized benchtop methodology that
would allow the trajectory of the needle to be identified
in tissue.

Materials and methods
Research ethics

All procedures were conducted on human bodies
from the “Donation to Science” body donation program
of the University of Padova (Italy) and the Veneto Region/
National Reference Center for the preservation and use
of donated bodies. These procedures adhered to national
laws and the ethical standards set by regional and national
research committees, as well as the Declaration of Helsinki
of 1964, including its later amendments or comparable
ethical standards. Participants provided their written
informed consent to join the Body Donation Program,
which is consistent with ISO 9001:2015 (registration No.
IT-62435-16764). The privacy rights of all human subjects
were and will always be respected. Informed consent was
obtained from all participants involved in the study, in ac-
cordance with the procedure for collecting and donating
anatomical material.

In accordance with the regulations of the Body Donation
Program of the Institute of Human Anatomy (University
of Padova), a skeletal muscle tissue specimen (2 x 2 x 1 cm)
was harvested from a fresh-frozen male body aged 78 years,
housed at our Reference Center.>~” As a certified standard,
we use a routine protocol according to which we receive
the bodies 48 h after death, and on the same day, they are
frozen at -20°C with a remote temperature control system
until they are used with programmed thawing, approx.
1 month after death.

The donor had no documented diseases that could inter-
fere with the study’s objectives. In particular, the donor did
not suffer from age-related pathological or physiological
cachexia and had a normal build. He was not bedridden
and had documented normal mobility consistent with his
age. The tissue was fully thawed to room temperature prior
to transfixion. On the bench, transfixion of the sample
was performed 10 times using the PassTrue® technique.

It consisted of a multistep procedure. Initially, a full-
thickness, side-to-side tissue transfixion was performed
using a 22-gauge needle (BD Microlance; Becton Dickinson
(BD), Oslo, Norway) oriented perpendicular to the tissue
plane (Fig. 1A). A coaxial polypropylene monofilament su-
ture (Prolene 3/0; Ethicon, Raritan, USA) was subsequently
advanced through the lumen of the needle and grasped
on the opposite side with forceps, which maintained traction
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on the thread while the needle was carefully withdrawn
from the tissue along a trajectory opposite to that of inser-
tion (Fig. 1A). This resulted in the placement of a reference
thread indicating the tissue route created by the needle
during transfixion (Fig. 1B). A control procedure was per-
formed with 10 free transfixions using the same materials
and steps on a comparable control specimen, except for
the use of the reference thread passed inside the needle.

Following completion of the procedures, the skeletal
muscle tissue specimens were immersed in a 4% m/v
formalin solution and stored at room temperature. After
5 days of formalin fixation, they were sectioned at 5-mm
intervals, processed according to standard microscopic
protocols, and embedded in paraffin. From each sample,
sequential 5 um-thick sections were systematically cut and
stained with hematoxylin and eosin (H&E) (W01030708;
BioOptica, Milan, Italy) for microscopic characterization.

To perform both the 5-mm and 5 pm-thick sections,
the cut plane was consistently aligned with the needle path,
which followed a trajectory perpendicular to the skeletal
muscle tissue specimen.

The sections were dipped in xylene for deparaffiniza-
tion, immersed in a graded series of alcohol solutions for
hydration, and stained with the kit dyes. Subsequently, de-
hydration through immersion in an increasing series of al-
cohol solutions, clarification in xylene, and mounting with
Eukitt medium (09-00250; BioOptica) were performed
on all tissue sections. Hematoxylin and eosin staining was
performed to observe the tissue morphology and architec-
ture of each section of the skeletal muscle tissue samples.

Discussion

Over the past several years, forensic medicine has un-
dergone significant development, particularly in relation
to the evaluation of alleged cases of medical malpractice.
Within this framework, the subspecialty of forensic clinical
anatomy has emerged to investigate the forensic implica-
tions of anatomical alterations and variants in the context
of assessing iatrogenic injuries and quantifying personal
damage.®? The increasing availability of body donations
and the expansion of reference centers provide forensic
clinical anatomy with the opportunity to experimentally
reproduce, in ex vivo settings, the effects of specific in-
teractions on the human body, including those involving
medical procedures (e.g., needle—tissue interaction, novel
techniques, and innovative tools).!%-1? The interest of legal
medicine in this procedure within a hypothetical medical
malpractice setting could, e.g., be experimental in nature,
relating to the study of the injury a needle could cause
when inserted into tissue. In this case, the procedure de-
scribed in the present paper allows for further investigation
of this aspect by precisely tracking the needle’s path within
the tissue and identifying any consequent vascular or nerve
injuries. This allows for better interpretation and analysis
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of specific clinical conditions, e.g., in the field of anesthesi-
ology, where, in the case of peripheral nerve blocks, nerve
injury caused by needle insertion during an anesthetic
procedure is possible. Such investigations were previously
feasible only in an anecdotal manner in living subjects and
were substantially limited by ethical constraints.

The literature exhibits substantial heterogeneity re-
garding the types of procedures performed, the materials
employed, and the biological specimens utilized to inves-
tigate needle—tissue interactions. Our novel methodology
improves the efficiency of assessing needle—tissue interac-
tions, both in detecting them and in analyzing the needle’s
trajectory within biological tissues and the consequent
structural alterations. Indeed, in the control experiments,
no needle tracts (0/10) were identified, even when carefully
examining tissue slices corresponding to surface changes
that suggested the exact point of needle penetration into
the sample (Fig. 1C,D). By contrast, using the PassTrue®
procedure, the thread acts as a “wick” that prevents
the natural elastic recoil of tissue during fixation, which
would otherwise lead to fading of the needle path dur-
ing transfixion. For this reason, the thread simply keeps
the passageway created by the needle open and does not
cause any structural alteration or distortion of the tissue.
Consequently, a microscopic pattern consistent with nee-
dle transfixion was identified in all cases (10/10) in which
the PassTrue® procedure was used (Fig. 1E,F). Further-
more, the entire trajectory of the needle was visualized
in substantial portions of its course, together with the as-
sociated partial tissue removal. The procedure has there-
fore proven to be valid for testing the muscles of an elderly
individual. We expect that in younger subjects, the effect
is even greater than in the muscles of an elderly individual.
The trophism and the greater presence of elastic fibers
in younger subjects would result in a greater probabil-
ity of obscuring the needle tracks after the needle has
passed if a reference thread is not used, as proposed in this
procedure.

Overall, based on a literature review, we identified a num-
ber of biomechanical studies based on computational simu-
lations, relying on mathematical models and mechanical
representations, which we intentionally excluded, restrict-
ing our analysis exclusively to studies employing biological
material. In several instances, the investigations employed
biological material derived from various animal species,
including bovine tissue,'*~'* porcine tissue,'® rabbit tis-
sue,” rat tissue,'®1 and canine tissue.?’ Human biologi-
cal material (placental tissue) was utilized in only a single
study.?! Moreover, the tissues collected for the experimen-
tal analyses were heterogeneous across species, as in each
case a different anatomical structure was utilized, includ-
ing segments of the carotid artery,!? brain,'®1819 sciatic
nerve, skeletal muscle,** liver,'> kidney,?® and placenta.?!
The comparability and reproducibility of experimental re-
sults are further compromised by the heterogeneity of mi-
croscopic assessment protocols applied to tissues obtained
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Fig. 1. Key procedural steps and morphological analysis. A. Transfixion of side-to-side tissue using a 22-gauge needle perpendicular to the tissue plane, with
a coaxial polypropylene monofilament suture advanced through its lumen; B. Overall placement of reference threads that indicate the tissue routes created
by the needle during transfixions; C,D. Microscopic analysis (hematoxylin and eosin (H&E); scale bar 300 um) of controls. The procedure was performed
without the use of the reference thread passed inside the needle. There is no evidence of detectable needle passage; E,F. Microscopic analysis (H&E; scale
bar 300 pum) after using the PassTrue® procedure. A microscopic pattern consistent with needle transfixion (dotted line) was detected. The trajectory

of the needle was visualized in substantial portions of its course, together with associated partial tissue removal. The tissue removal area corresponds
to the white space surrounding the dotted line along the path of the needle in the tissue
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following mechanical interaction with the needle. For ac- sectioning should be performed in a longitudinal plane par-
curate identification of the needle tract and a more reli- allel to the needle’s major axis,'®?° rather than in a trans-
able evaluation of the associated tissue injury, histological verse orientation.!*1>17-1921 Notably, in at least 1 study,
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morphological characterization using light microscopy
was not conducted.!®

In any case, among all these experimental investigations
on needle—tissue interactions, no established method has
yielded a defined and reproducible standard that approxi-
mates, even remotely, the features of the current PassTrue®
technique, and in particular the positioning of a reference
thread within the needle trajectory that allows the route
to be kept open during the fixation and embedding steps
of the tissue sample.

Our findings indicate that the PassTrue® technique con-
stitutes an efficient, standardized, rapid, and cost-effective
method that facilitates inter-study comparability, provided
that investigations are conducted on the same tissue type
within the same species. Within this framework, research
involving human biological material assumes particular
importance for addressing both clinical and forensic ques-
tions, and in this setting, forensic clinical anatomy occu-
pies a pivotal position.

Limitations of the study

Our pilot study presents limitations that warrant con-
sideration. First, while the control demonstrates the use-
fulness of the thread for visualization, it does not confirm
whether the thread maintains the fidelity of the original
injury geometry, although it has a smaller diameter than
the needle used for transfixion, and we do not expect any
significant inconsistencies. Second, this technique has cur-
rently only been tested in muscle tissue harvested from
a single donor, and the needle interaction observed here
using the PassTrue® technique may differ in tissues with
different collagen densities, for which specific experimental
tests will be necessary. Third, the use of skeletal muscle
samples obtained from a deceased individual allows us
to demonstrate only the trajectory traveled by the needle
when piercing soft tissue, causing iatrogenic mechanical
damage to the tissue, without capturing potential in vivo
biological or immunological responses to injury. This may
be of clinical interest but is beyond the scope of this paper,
which focuses on the development of an innovative experi-
mental model. Fourth, the exclusive use of sharp needles
does not fully encompass the spectrum of clinical scenarios,
given that non-cutting needles are sometimes preferred for
specific procedures. Similarly, different needle diameters
and tissue thicknesses could yield slightly different results,
although the effectiveness of the innovative approach is ex-
pected to be independent of these circumstantial factors,
which are probably irrelevant but need to be verified.

Conclusions

The present pilot study showed that the novel PassTrue®
technique improves the efficiency of assessing needle—
tissue interactions, allowing the needle trajectory to be
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identified within biological tissues. The methodology
is standardized, rapid, and cost-effective. It provides a po-
tential common framework for future medicolegal simula-
tions on cadavers and facilitates comparability across stud-
ies addressing similar research questions. However, further
studies will be needed to evaluate the suitability of this
new procedure across different combinations of needle
type, needle diameter, tissue type, and tissue thickness.
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