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Abstract

Background: Hypopharyngeal squamous cell carcinoma (HSCC) is the most frequent histologic subtype of hypopharyngeal carcinoma and has
a poor prognosis. With the development of upper gastrointestinal endoscopy, an increasing number of early HSCC cases can be diagnosed and
treated by endoscopic mucosal resection (EMR) and endoscopic submucosal dissection (ESD). However, clinicians lack an effective tool to pre-
dict lymph node metastasis (LNM) of early HSCC.

Methods: A total of 410 early HSCC cases were extracted from the Surveillance, Epidemiology, and End Results (SEER) database. Clinical data (50
early HSCC patients) from our hospital were applied for external validation. Univariate and multivariate logistic regression analyses to filter the
risk factors were performed. A nomogram model was built to predict LNM in early HSCC patients according to the multivariate logistic regression
model.

Results: HSCC patients with lymph node metastasis had worse overall survival rates and a higher risk of long-term mortality (P =0.016). The C-in-
dex and AUC of our predictive nomogram model were 0.674 and 0.623-0.726, respectively. The AUC, sensitivity, specificity, PPV, and NPV were
0.680 (95% CI: 0.525-0.835), 80.0%, 46.7%, 50.0%, and 77.8%, respectively, for the validation set.

Conclusion: Our study resulted in a novel nomogram model for predicting LNM that can be a promising tool for assessing the feasibility of EMR/

ESD in early HSCC.

Impact: Our study provides a novel method for HSCC preoperative assessment before ESD.
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Introduction

Hypopharyngeal carcinoma (HPC) is a type of head and neck
malignant tumour [1]. Hypopharyngeal squamous cell carci-
noma (HSCC) is one of the most frequent histologic subtypes
of hypopharyngeal carcinoma, accounting for up to 95% of all
cases with the worst prognosis and distal survival time, with
a 5-year survival rate of only 30-35% [2-3]. Recently, lymph
node metastasis (LNM) is confirmed as a crucial factor to
the distal prognosis of HSCC [4]. Based on its anatomically
heterogenous structure of rich lymphatics, latent HSCC cells
can grow reclusively and expeditiously, resulting in distal inva-
sion and metastasis [4]. Up to now, pathologic biopsy still is
the gold standard for the diagnosis of LNM. However, several
lymph nodes in certain anatomical locations including deep
intra-parotid nodes, retropharyngeal nodes or nodes located
just posterior to the clavicles cannot be obtained accurately

[5]. Meanwhile, identification of clinical nodal stage always
accompanies with lymph node dissection and a large range of
surgery. Hence, it is essential to construct a noninvasive meth-
od to predict the risk of lymph node metastasis (LNM).

With the advance development of digestive endoscopic tech-
nology, the early detection of HPC has become much more
possible. Moreover, the main treatment methods, such as
endoscopic mucosal resection (EMR) and endoscopic sub-
mucosal dissection (ESD), are not limited only to applications
in early gastric cancer and oesophageal cancer but are also
suitable for HPC [6]. However, the absence of nonlymph node
metastasis is an important prerequisite for choosing EMR and
ESD [7].

Thus, in our study, we firstly utilized the data obtained from the
Surveillance, Epidemiology and End Results (SEER) database
to build a nomogram model for predicting lymph node metas-
tasis to provide a promising tool to use before minimally inva-
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sive therapy of early HSCC. Then we used the clinical cases
from our hospital for external validation and the sensitivity and
specificity were 80.0% and 46.7%, respectively.

Methods

Study design and patients baseline characteristics

The clinical data were extracted from the SEER research plus
data with 17 registries and collected via SEER*Stat software
(8.4.0.1; www.seer.cancer.gov) with a private ID (account
17443-Nov2021). Informed consent was not required for the
use of these registry data, as the SEER database is publicly
available and does not include any personal information [8].
The inclusion criteria for patients in our study were as follows:
(1) HSCC patients aged over 18 years were diagnosed be-
tween 2004 and 2015; (2) patients were definitively confirmed
by histopathology as stage Tis, T, or T, (the 6™ American
Joint Committee on Cancer stage system); (3) the primary site
codes of HSCC were recorded as C12.9, C13.0, C13.1, C13.2,
C13.8, or C13.9 in the light of the International Classification
of Diseases for Oncology [9]; and (4) patients with whole
records of baseline data and long term survival time. The pa-
tients meeting the following criteria were eligible for exclusion:
(1) patients with no surgical resection; (2) the stage of lymph
nodes was Nx or blank; and (3) the tumour size was blank or
unknown.

For validation, we retrospectively assessed the clinicopatho-
logical data of all 50 consecutive patients with HSCC between
2017 and 2022 at the Affiliated Hospital of Medical School of
Ningbo University, China. All of the patients were received sur-
gery and lymph node dissection. All patients provided written
informed consent before the surgery and all information of the
participants was collected anonymously. All methods were
performed in accordance with the relevant guidelines and
regulations. This study was approved by the ethics commit-
tees of the institutes where the study was conducted (IRB No.
KS202210028).

Variables and outcomes

According to the stage of lymph nodes, all of the patients were
regrouped into N, or N,; groups. Patients were classified into
< 60 years and > 60 years based on the age of diagnosis. Sex
was divided into male or female. The primary site of HSCC
was grouped as pyriform sinus (C12.9), postcricoid region
(C13.0), aryepiglottic fold (C13.1), posterior wall of hypophar-
ynx (C13.2), overlapping lesion of hypopharynx (C13.8), and
hypopharynx (C13.9). Grade was classified into 4 groups: well
differentiated (Grade 1), moderately differentiated (Grade ),
poorly differentiated (Grade Ill), and undifferentiated (Grade
IV). The race of patients was recorded as white, black, Asian or
Pacific Islander and others. The tumour size was grouped into
<10 mmand >10 mm.

Statistical analysis

In our study, the Kaplan—Meier method was used to compare
the difference in survival times between the NO and N1-3
groups by the Gehan-Breslow-Wilcoxon test. Univariate and
multivariate logistic regression analyses were performed to
filter the risk factors for early HSCC, calculate the P value with
a 95% confidence interval (Cl) and assess the independent
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predictors. A nomogram was built according to the results
of multivariate logistic regression, whose performance was
evaluated by the C-index and receiver operating characteristic
(ROC) curve analysis. The area under the receiver operating
characteristic curve (AUC), sensitivity, specificity, positive pre-
dictive value (PPV), and negative predictive value (NPV) were
computed as well.

All statistical analyses and figures were carried out via R soft-
ware (version 4.0.2). P <0.05 was deemed statistically signifi-
cant.

Results

Patient demographics and clinicopathological characteristics
In total, 410 surgically resected early HSCC patients were
included in the study. Among these 410 patients, 193 cases
(47.07%) were N,, and the other 217 cases (52.93%) were N, .
From a longitudinal perspective, N, ; patients were more com-
monly younger, male, and had a worse degree of differentiation
grade. The tumour size showed a modest association with
lymph node metastasis. Table 1 demonstrates the detailed
clinicopathological characteristics noted from the SEER data-

base.

Table 1. Characteristics of early HSCC patients from the SEER data-

base.
Characteristic N, N,
n (%) 193 (47.07%) 217 (52.93%)
Sex
Female 56 (13.66%) 45(10.98%)
Male 137 (33.41%) 172 (41.95%)
Age (years)
<60 60 (14.63%) 95 (23.17%)
>60 133 (32.44%) 122 (29.76%)
Race
White 162 (39.51%) 178 (43.41%)
Black 16 (3.90%) 23 (5.61%)
As'ﬁglg;(?:rc'ﬁc 12 (2.93%) 12 (2.93%)
Others 3(0.73%) 4 (0.98%)
Differentiation
Well 19 (4.63%) 13 (3.17%)
Moderate 113 (27.56%) 90 (21.95%)
Poor 61 (14.88%) 106 (25.85%)
Undifferentiated 0 (0%) 8 (1.95%)
Site

Pyriform sinus
Postcricoid region

109 (26.59%)
6 (1.46%)

136 (33.17%)
5(1.22%)

Aryepiglottic fold 23(5.61%) 14 (3.41%)
Posterior wall of . .
hypopharynx 16 (3.90%) 17 (4.15%)
Overlapping lesion . .
of hypopharynx 0 (0%) 2 (0.49%)
Hypopharynx 39(9.51%) 43 (10.49%)

Tumour size (mm)

<10
10-20

64 (15.61%)
129 (31.46%)

61 (14.88%)
156 (38.05%)
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N,_; patients had poor distal outcome

We first compared the distal survival time between the two
groups. As shown in Figure 1, HSCC patients with lymph node
metastasis had worse overall survival rates and a higher risk
of long-term mortality (P =0.016). The median overall survival
times of N, and N, ; were 61 and 43 months, respectively.
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Figure 1. Kaplan-Meier analysis of LNM and overall survival time. The
survival analysis displayed that N,; patients had poor distal outcome

(P=0.016).

Risk factors related to LNM in early HSCC

To systematically predict LNM presence probability, we per-
formed univariate and multivariate logistic regression analy-
ses to determine the remarkable clinical predictors based on
the clinical factors mentioned before. In the univariate model,
younger age (P < 0.001), male sex (P = 0.059), and worse
degrees of differentiation (P < 0.001) were associated with a
higher probability of LNM in the 2004-2015 T, HSCC cohort
(Table 2). Moreover, the results of multivariate logistic regres-
sion analysis verified that age, sex, and degrees of differentia-
tion were independent risk factors for assessing the probabili-
ty of LNM probability in early HSCC patients (Figure 2).

Table 2. Univariate and multivariate logistic regression analyses of
factors associated with LNM in early HSCC patients

Univariate analysis Multivariate analysis

Vari-
ables OR (95% Cl) P OR (95% Cl) P
Age (0.9?1;59-8.4963) <0.001 (0.9228.4983) <0.001
Sex (0.382?.5017) 0.059 (0.38'8?7020)
Grade (1.5361-3.5972) <0.001 (1.53'11-;.7929) <0.001
Site (0.62151-(1).5883) 0715
Size (0.9%&3()-(1)9044) 0.988
Race (0.7259-$.9375) 0.993
Constant 0.99 0.998 3.571 0.100

Entry 0.1; Removal: 0.15, P < 0.001

Characteristics HR (95% Cl) P value
Age 0.964(0.945-0.983) 4 <0.001
1
Gender 0.635(0.398-1.020) I—O—i 0.059
1
Grade 2.125(1.520-2.972) | —e——1 <0001
1
Race 0.999(0.725-1.375) l—$—| 0.993
1
Site 1.105(0.648-1.883) I—:0—| 0.715
1
Size 1(0.958-1.044) * 0.988
: T T
1 2 3

Figure 2. Forest plot showing the independent clinical predictors for
LNM in early HSCC patients.

Establishment and validation of the nomogram model for pre-
dicting LNM in early HSCC patients

We further constructed a nomogram model to predict the rate
of LNM in early HSCC patients according to anterior multivar-
iate logistic regression analysis (Figure 3A). We incorporated
sex and degrees of differentiation in the model, and clinicians
could easily acquire the probability value by summing scores
on each item. The C-index and AUC of our model were 0.674
and 0.623-0.726, respectively, as displayed in Figure 3B.

To further test the actual prediction ability, we collected and
used the data of our hospital as the validation sets to examine
the model. A detailed description of the baseline is provided in
Table 3. We drew the ROC curve, and the AUC for the validation
set was 0.680 (95% Cl: 0.525-0.835) in Figure 3C. The sensi-
tivity, specificity, PPV, and NPV were 80.0%, 46.7%, 50.0%, and
77.8% for the validation set. All of the results indicated that our
model had excellent adaptability to the population with early
HSCC.
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Figure 3. Nomogram model and ROC curves. A. A nomogram model
for predicting the rates of LNM in early HSCC patients. B. ROC curve of
our nomogram model. C. ROC curve of the validation set.



Table 3. Characteristics of early HSCC patients for external validation.

Characteristic N, N,
n (%) 27 (54.00%) 23 (46.00%)
Sex
Female 12 (24.00%) 8(10.98%)
Male 15 (30.00%) 15 (41.95%)
Age (years)
<60 12 (24.00%) 12 (24.00%)
>60 15 (30.00%) 11 (22.00%)
Differentiation
Well 5(10.00%) 4 (8.00%)
Moderate 13 (26.00%) 11 (22.00%)
Poor 9 (18.00%) 6 (12.00%)
Undifferentiated 0 (0%) 2 (4.00%)
Site
Pyriform sinus 10 (20.00%) 7 (14.00%)
Postcricoid region 3(6.00%) 4 (8.00%)
Aryepiglottic fold 1(2.00%) 3 (6.00%)
Posterior wall of o o
hypopharynx 10 (20.00%) 6 (12.00%)
Overlapping lesion of o o
hyggpﬁarynx 0 (0%) 1 (2.00%)
Hypopharynx 3 (6.00%) 2 (4.00%)
Tumour size (mm)
<10 13 (26.00%) 10 (28.00%)
10-20 14 (28.00%) 13 (26.00%)
Discussion

The anatomic location of the hypopharynx is contiguous to the
upper gastrointestinal tract, which is important for swallowing,
respiration, phonation and even immunomodulation [10]. How-
ever, laryngopharyngectomy and pharyngeal reconstruction
are still conventional treatment strategies, causing the loss
of natural speech and dysphagia [11]. With the development
of digestive endoscopy and ESD, early detection, minimally
invasive surgery and preservation of anatomical function are
becoming increasingly possible. Nevertheless, the absence of
lymph node metastasis is the absolute indication for ESD, and
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it is essential to construct a satisfactory model to predict LNM
[12].

In our study, we first identified that LNM significantly influ-
enced the distal survival time for early HSCC patients. Our clin-
ical samples did not receive this therapy before surgery. Then,
a prediction nomogram model for LNM in early HSCC was built
according to the SEER database. Moreover, a clinical cohort
was used for external validation. The C-index of the model was
0.674 (95% Cl: 0.623-0.726), and the AUC, sensitivity, specific-
ity, PPV, and NPV of the external validation were 0.679, 80.0%,
46.7%, 50.0%, and 77.8%, respectively, which showed good dis-
crimination and fitness. In this model, younger age at the time
of diagnosis as well as worse degrees of differentiation were
potentially related to a higher risk of lymph node metastasis.
Younger age was related to much hypermetabolism and rich
nutritional support but lower tumour doubling time, causing
more aggressive biological behaviours and higher rates of
LNM [13]. Degrees of differentiation and low LNM risk are the
restricted condition of ESD on the basis of the Japanese Gas-
tric Cancer Association's gastric cancer treatment guidelines
[14]. All these results imply that there are many similarities in
ESD between HSCC and digestive tumours.

It is essential to define tumour invasion and LNM before EMR/
ESD. To date, there is still no consensus among experts or
clear recommendations in guidelines about EMR or ESD in
early HSCC, but existing studies have clearly demonstrated
their feasibility [15-16]. At present, the otolaryngeal endoscope
is still less sensitive for the detection of early or subtle muco-
sal and microvascular architecture changes, so it is difficult
to identify the absence of early lesions. Luckily, narrow-band
imaging (NBI) and magnifying endoscopy can be helpful in de-
tecting subtle changes in the intraepithelial papillary capillary
loop and brownish area in early oesophageal cancer [17]. The
Japan Oesophageal Society has developed a mature method
to predict the invasion depth based on magnifying endoscopic
classification. JES focused on the abnormal microvessels,
avascular area and intervascular background colouration,
and the overall accuracy of type B microvessels in assessing
tumour invasion depth was up to 90.5% [18]. This system has
been widely applied in multiple centres and has high accuracy
in predicting invasion depth for superficial oesophageal squa-
mous cell carcinoma [19-20]. More interestingly, recent studies

Figure 4. Diagnosis and ESD of early HSCC lesions by gastroscopy. A. White light showed a 0-lla lesion in the right pyriform sinus of the hypo-
pharynx. B. NBI showed that the calibre of the IPCL increased notably in the lesion, which was attached to Type B1 vessels. C. The lesion was

completely resected via ESD using a gastroscope.
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have found that NBI can be applied in oral squamous cell carci-
noma and laryngopharyngeal malignancies, which contributes
to evaluating the differentiated degree and depth of invasion
in early HSCC [21-22]. Endoscopists can easily take a biopsy
of the lesion in the progress of gastroscopy to obtain detailed
pathological evidence, which can lay a solid foundation before
EMR/ESD. Figure 4 shows the progress of diagnosing and ESD
of early HSCC lesions by NBI and magnifying endoscopy us-
ing a gastroscope (GIF-Q260Z; Olympus) in our hospital. The
lesion was completely resected, and the final diagnosis was
carcinoma in situ (stage T,;sN,M,). This patient is currently un-
der regular follow-up. In a word, we strongly recommend NBI,
magnifying endoscopy and biopsy to assess and diagnose the
HSCC.

Compared to oesophageal cancer and esophagus cancer as
well as gastric cancer, the depth of HPC is unrelated to the T
stage, and the T number increases as the tumour size grows
in cases of widespread superficial cancer on the basis of the
American Joint Committee on Cancer guidelines (2017, 8th
ed). The hypopharynx is prone to lymph node metastasis due
to the lack of muscularis mucosa and rich lymphatic system
when the tumour invades the subepithelial surface [23]. It is
well reported that there is no risk of metastasis in intraepithe-
lial cancer, and a larger HSCC correlates with a higher risk of
local recurrence [24]. Moreover, on account of the narrow op-
eration space of the hypopharynx and the requirement of ESD
treatment to be performed under tracheal intubation anaesthe-
sia, the entire hypopharynx cannot be fully exposed because of
the influence of the tracheal cannula according to our clinical
experiences. Hence, we selected patients with Tis, T, or T,
stage from the SEER database for the inclusion criteria in the
SEER database. The association between the depth of early
HSCC and the risk of LNM should be determined in the future.
As such, we propose that clinical HSCC patients are worthy to
firstly receive magnifying endoscopy and biopsy to get patho-
logical evidence. Then, our model has the capacity to confirm
the indications for endoscopic treatment of early HSCC, which
is worthy of validation in a larger, multicentre randomized clini-
cal trial (Figure 5).

HSCC found by upper
gastrointestinal endoscopy

Evaluation of invasion depth | | Evaluatlclz)ln ?f I‘ym_ph L

! !

| JES classification + Biopsy | |

T1 stage and
No stage

| ESD/EMR |

Nomogram model |

Surgery + Chemoradiotherapy |

Figure 5. The diagnosis and treatment procedures of HSCC. We de-
signed a novel procedure of HSCC patients received gastrointestinal
endoscopy for clinical doctors.

Conclusion

In conclusion, our study resulted in a novel nomogram model
for predicting LNM, which can be a promising tool for assess-
ing the feasibility of EMR/ESD in early HSCC.
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Abstract

Background: Cardiovascular diseases (CVDs) arise from complex interactions between genetic predisposition and environmental exposures,
manifesting as persistent inflammatory disorders. Although accumulating evidence has implicated gut microbiota in the pathogenesis of CVDs,
whether this association reflects a causal relationship remains to be firmly established. Therefore, the present study sought to examine the po-
tential causal links between gut microbiota composition, circulating inflammatory cytokines, and susceptibility to CVDs.

Methods: Summary statistics for 196 gut microbiota taxa, 91 cytokines, and 8 CVD subtypes were extracted from the largest published ge-
nome-wide association studies (GWAS) to conduct bidirectional two-sample Mendelian randomization (MR) analysis. The inverse variance
weighted (IVW) method was used as the primary statistical approach. We investigated the causal associations between gut microbiota and 8
CVD subtypes, including coronary artery disease (CAD), coronary atherosclerosis (CAS), heart failure (HF), stroke, atrial fibrillation (AF), angina
pectoris (AP), calcific aortic valve stenosis (CAVS), and aortic aneurysm. Multivariable MR (MVMR) analysis was further performed to explore the
potential mediating role of cytokines in the causal pathways from gut microbiota to CVDs.

Results: MR analysis identified causal associations between 58 gut microbiota taxa, 46 inflammatory cytokines, and CVDs. Specifically, 34 pos-
itive and 24 negative causal effects were observed between gut microbiota and CVDs, along with 16 positive and 30 negative causal effects
between cytokines and CVDs. Additionally, mediation analysis identified C-C motif chemokine 25 (CCL25) level as a key mediator in the causal
relationship from gut microbiota to CVDs.

Conclusions: Our findings support a causal link between gut microbiota, inflammatory cytokines, and CVDs, with CCL25 mediating the protective
effect of specific gut taxa against CAVS. These identified biomarkers offer novel insights into the pathophysiological mechanisms of CVDs and

may inform the development of novel strategies for CVD prevention, diagnosis, and treatment.
Keywords: Gut microbiota; Inflammatory Cytokines; Cardiovascular diseases; Mendelian randomization

Introduction

Cardiovascular diseases(CVDs) represent a significant global
health burden and are a leading cause of mortality, prompt-
ing widespread public health concern [1]. Genomics and
high-throughput sequencing analysis represent contemporary
methodologies for investigating the role of gut microbiota in
the development of CVDs [2]. The human intestine hosts a
symbiotic community of 10 to 100 trillion microbial cells that
coexist with the host [3]. The gut microbiota functions as a
complex ecosystem, acting as virtual endocrine organs and
playing a regulatory role in the occurrence and development
of CVDs [4]. One such microbiota-dependent metabolite,
trimethylamine N-oxide (TMAO), has been implicated in the
pathologic processes of heart failure and may serve as an ear-

ly warning marker for identifying individuals at risk of disease
progression [5]. The relationship between gut microbiota and
heart disease is elucidated through the gut-heart axis [6]. Dys-
biosis of the gut microbiome has been associated with dys-
regulated immune activity, particularly the enhanced secretion
of inflammatory cytokines implicated in the pathogenesis of
cardiovascular diseases [7]. Despite the acknowledged role of
inflammation in CVD progression, studies examining the inter-
play between gut microbiota and cytokine profiles among CVD
patients remain scarce.

Changes in gut microbiota abundance are implicated in the
onset of inflammation, a key factor in the pathophysiology of
CVDs [8]. Epidemiological research has identified key inter-
leukins as playing a role in the pathogenesis of CVDs [9]. It
appears that both gut microbiota and cytokines can influence
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the progression of CVDs. It is hypothesized that cytokines may
serve as mediators in the pathway linking gut microbiota to
CVDs.

Randomized controlled trials (RCTs) have traditionally been uti-
lized to establish causal relationships between gut microbiota
or cytokines and CVDs. Nevertheless, ethical considerations
and financial constraints restrict the widespread implemen-
tation of RCTs in clinical settings. Mendelian randomization
(MR) analysis has emerged as a valuable tool for addressing
issues of causality in epidemiological data by utilizing genetic
variants as instrumental variables [10]. The advancement of
Genome-wide Association Studies (GWASs) and increased
accessibility to GWAS data have significantly enhanced the
methodology of MR analysis in recent years. While numerous
studies have identified protective and pathogenic relationships
between gut microbiota and cardiovascular diseases (CVDs),
the potential role of inflammatory cytokines as mediators in
these relationships remains unexplored [11].

This study aimed to systematically evaluate the causal links
between gut microbiota composition, inflammatory cytokines,
and 8 CVD subtypes via bidirectional two-sample MR and
MVMR analysis, with a secondary objective to explore the
mediating role of inflammatory cytokines in the gut microbio-
ta-CVD pathways.

Methods

Study Design

This study employed multiple single-nucleotide polymor-
phisms(SNPs) as instrumental variables under three core
assumptions to evaluate the causal effects of gut microbiota
and inflammatory cytokines on eight cardiovascular diseases:
(i) the relevance assumption, which dictates that IVs must be
highly associated with the exposure; (ii) the independence as-
sumption, which stipulates that IVs are not influenced by con-
founding variables; and (iii) the exclusion restriction assump-
tion, which posits that IVs impact the outcome solely through
the exposure and not through alternative pathways [12]. In our
study, we employed bidirectional two-sample MR analysis and
MVMR analysis, following a structured approach illustrated in
Figure 1. Specifically, Step 1 involved evaluating the bidirec-
tional causal relationships between 196 gut microbiota and
8 cardiovascular diseases (CVDs); Step 2 entailed identifying
bidirectional causality between 91 inflammatory cytokines and
8 CVDs; Step 3 focused on screening the 91 inflammatory cy-
tokines as potential mediators in the pathways linking gut mi-
crobiota to CVDs. To estimate and quantify mediator effects,
we utilized two-step MR and MVMR methodologies.

Of note, bidirectional MR analysis used exactly the same IV
selection criteria, statistical methods (IVW as the primary ap-
proach), and significance threshold (P<0.05) as the forward
causal analysis to ensure the comparability of forward and
reverse results.

Data Sources

This study utilized summary statistics obtained from publicly
available data from Genome-Wide Association Studies (GWAS)
conducted on populations of European ancestry. Detailed
information regarding ethical approval and informed consent
can be provided in the relevant publications.

https://doi.org/10.71321/c18kt054
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Figure 1. Overview of the study design for the bidirectional two-sam-
ple Mendelian randomization (MR) and mediation analysis. The study
included three core steps: Step 1, bidirectional two-sample MR analy-
sis to assess the causal relationship between 196 gut microbiota taxa
and 8 cardiovascular disease (CVD) subtypes; Step 2, bidirectional
two-sample MR analysis to assess the causal relationship between 91
circulating inflammatory cytokines and 8 CVD subtypes; Step 3, two-
step mediation MR and multivariate MR (MVMR) analysis to identify
the mediating role of inflammatory cytokines in the causal pathway
from gut microbiota to CVDs.

Genetic data for gut microbiota were obtained from previously
published GWAS summary statistics curated by the MiBioGen
consortium, which analyzed genome-wide genotypes and
16S fecal microbiome data from 18,340 individuals across 24
cohorts to assess host genetic influences on microbial com-
position [13]. The dataset encompassed 196 known bacterial
taxa, spanning 9 phyla, 16 classes, 20 orders, 32 families, and
119 genera. Summary-level genetic data for inflammatory
cytokines were derived from a separate study involving 8,293
participants, which profiled 91 cytokines and growth factors
[14]. The data sources for CAD, CAS, HF, stroke, AF, AP, CAVS
and aortic aneurysm used in this study are shown in Table 1.

Instrumental Variables Selection

Instrumental variable selection proceeded in two steps. First,
SNPs significantly associated with gut microbiota were identi-
fied using a genome-wide significance threshold of P < 1x10°.
For inflammatory cytokines, a threshold of P < 5x10° was ap-
plied to retain a sufficient number of valid IVs, given the small-
er sample size of the cytokine GWAS; this stricter threshold
also mitigates the risk of weak instrument bias [15]. Second,
to ensure SNP independence, linkage disequilibrium clumping
was performed with an r2 threshold of 0.001 within a 1000 kb
window, using the 1000 Genomes Project European population
as the reference panel [16]. To ensure that the effects of a
SNPs on exposure and outcome were influenced by the same
allele, we performed data harmonization; palindromic SNPs
with ambiguous allele frequencies were excluded from the
analysis to avoid bias from mismatched effect directions [17].
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Third, the genetic instrument's effectiveness was assessed
through the F-statistic, and SNPs with an F-statistic greater
than 10 were selected to prevent bias from a weak instrument
[18].Formula for calculating F statistic for each SNP as

R2
1—R?

In the formula, R? refers to the variance explained by a model’s
fixed effects part, N indicates sample size. R* can be calculat-
ed as[19]

F= (N—2)

- B
T T B rsexn)

In this formula, B means effect size for the genetic variant of
interest; se means a standard error for .

MR analysis

Bidirectional Causality Analysis

We conducted two-sample MR analysis to estimate the bidi-
rectional causal effects between gut microbiota abundance,
inflammatory cytokines and CVDs, respectively step 1 and
step 2 in Figure 1. We used the inverse variance weighted (IVW)
method as a main method for MR analysis because it allows
for robust causal estimation despite heterogeneity [20]. A
pleiotropy-robust MR analysis was conducted using four MR
methods (weighted median, weighted mode, MR-Egger, and
MR-PRESSO) to investigate whether pleiotropy could contrib-
ute to MR estimation bias [21]. Mendelian randomization es-
timates are presented as odds ratios with 95% confidence in-
tervals. A causal association was considered significant when
the inverse-variance weighted method yielded P < 0.05 and the
direction of effect was consistent with that obtained from MR-
Egger regression.

Mediation Analysis

A two-step MR design was used to test the causal mediation
effect of inflammatory cytokines (mediator) on the relationship
between the gut microbiota (exposure) and CVDs (outcome),
as step 3 shown in Figure 1. A two-step approach has fewer
biases than a multivariable approach [22]. In the first step

Table 1. Summary of the GWAS data used in the MR analysis.

of two-step MR, we perform two-sample MR to estimate the
causal effect between exposure and mediator (Figure 1E), me-
diator and outcome (Figure 1F), exposure and outcome (Figure
1G) separately. In the second step, we conducted a MVMR
between exposure and mediator to outcome, in order to ex-
plore whether inflammatory cytokines are confounding factors
affecting the causal relationship between gut microbiota and
CVDs. We evaluated mediation effects using the product of co-
efficients method (BxB¢) with 95% Cls estimated via the delta
method, which directly assessed the significance of the medi-
ation effect that gut microbiota on CVDs through inflammatory
cytokines. The total effect represents Bg+BBr [23]. Mediation
effect percentage is measured by the mediated proportion =

(BexBr)/(Be) [24].

Sensitivity Analysis

Sensitivity analysis was conducted to assess the robustness
of the causal associations. In the results, we used the co-
chran's Q test [25] to assess heterogeneity between SNPs.
Scatter plots were used to visualize the SNP-to-exposure
and SNP-to-outcome effects, at the same time, leave-one-out
analyses was performed to determine whether the associ-
ation was driven by a single SNP [26]. To assess horizontal
pleiotropy, we employed the MR-Egger regression intercept
and the MR-PRESSO global test [27]; outlier SNPs identified via
MR-PRESSO were removed to correct for horizontal pleiotropy
when necessary. Sensitivity analyses were also performed for
all mediation pathways to validate the robustness of the me-
diation effects, with no significant heterogeneity or horizontal
pleiotropy detected for the significant pathways [28].

All analyses were conducted using the TwoSampleMR (version
0.5.8) package and MRPRESSO (version 1.0) packages in R
software (Version 4.3.2).

Results

Instrumental Variable Selection

First, we screened 2559 SNPs (Supplementary Table 1) from
196 bacterial taxa as IVs with a significance threshold of P <1
x 10™°. To obtain more comprehensive information, we per-
formed LD-clumping (r* <0.001, distance=10,000kb) [29], har-
monizing and testing pleiotropy for all the IVs to reduce cor-
relations between the SNPs. All retained IVs had an F-statistic
>10, indicating no risk of weak instrument bias. Second, we

Data Source GWAS ID Trait Sample size Year Population
ebi-a-GCSTO05195 ~ Coronary artery dis- 122,733 2017 European
ease (CAD)

IEU Open GWAS  ebi-a-GCST009541 Heart failure (HF) 977,323 2020 European
ebi-a-GCST90018793 Angina pectoris (AP) 470,931 2021 European
ebi-a-GCST90018783 Aortic aneurysm 479,194 2021 European
finn-b-I9_CORATHER Coronary atherosclero- 4, 543 2021 European

sis (CAS)
FINNGEN finn-b-C_STROKE Stroke 180,862 2021 European
finn-b-19_AF Atrial fibrillation (AF) 138,994 2021 European
finngen_R9_I9_CAVS_ Calcific aortic valve
OPERATED stenosis (CAVS) 377,277 2019 European
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identified 1203 SNPs associated with 91 inflammatory cyto-
kines by the threshold value of P < 5 x 10-6(Supplementary
Table 2).

Causal Effects of Gut Microbiota and Cytokines on the Risk of
8 Types of CVD

CAD

The results for the primary analyses show 77 SNPs belong to
six gut microbial taxa (including 3 families, 2 genus, and 1 or-
der) were associated with CAD (Supplementary Table 3, Figure
2). The detailed information of the 77 SNPs is shown in Sup-
plementary Table 4.

As presented in Figure 2, the results of the MR analyses sug-
gested that 4 gut microbial taxa were causally associated with
the risk of CAD. The family XI (OR=1.055, 95% CI=1.004 - 1.109,
P=0.034), family Lachnospiraceae (OR=1.097, 95% CI=1.019
- 1.181, P=0.014) , family Veillonellaceae (OR=1.065, 95%
Cl=1.011-1.122, P=0.019), genus Oxalobacter (OR=1.062, 95%
CI=1.019 - 1.106, P=0.004) increased risk for developing CAD.
At the same time, Genetic prediction of two gut microbial taxa
(genus Parabacteroides, order Lactobacillales) was associated
with a significantly lower risk of CAD. The genus Parabacteroi-
des (OR=0.866, 95% CI=0.784 - 0.956, P=0.005), order Lactoba-
cillales (OR=0.866, 95% CI=0.784 - 0.956, P=0.005), decreased
the risk of CAD.

As shown in Figure 3, Supplementary Table 4, the MR analysis
results indicated that 9 cytokines may increase the incidence
of CAD. The T-cell surface glycoprotein CD5 levels (OR=1.161,
95% CI=1.032 - 1.308, P=0.013), Hepatocyte growth factor
levels (OR=1.121, 95% CI=1.007 - 1.247, P=0.036) significantly
increased the risk of CAD. The Interleukin-5 levels (OR=0.889,
95% CI=0.813 - 0.973, P=0.011), Interleukin-8 levels (OR=0.942,
95% C1=0.888-1.000, P=0.049), Neurturin levels (OR=0.907,
95% Cl 0.835-0.985, P=0.021) decreased the risk of CAD.

CAS

A total of 7 gut microbiota (including 1 class, 1 family, 1 ge-
nus, 2 orders and 2 phyla) were causally related to CAS (Sup-
plementary Table 3, Figure 2). Details of related 76 SNPs are
shown in Supplementary Table 4.

Figure 2 shows the genus Turicibacter (OR=1.906, 95%
CI=1.014 - 1.184, P=0. 022)suggested to increase the risk
of CAS by the IVW method. Six gut microbial taxa (class
Gammaproteobacteria, family Bifidobacteriaceae, order Bi-
fidobacteriales, order Burkholderiales, phylum Actinobacteria,
phylum Firmicutes) has an decreased risk of CAS. The class
Gammaproteobacteria (OR=0.829, 95% CI=0.727 — 0.945, P=0.
005) and phylum Firmicutes (OR=0.876, 95% CI=0.786 — 0.976,
P=0. 017) significantly decreased the risk of CAS.

Figure 3 shows that C-C motif chemokine 4 levels, Fibroblast
growth factor 5 levels and Interleukin-22 receptor subunit
alpha-1 levels seemed to be risk factors to CAS. The Interleu-
kin-22 receptor subunit alpha-1 levels significantly increased
the incidence of CAS. The Leukemia inhibitory factor receptor
levels was a protective factor for CAS.

HF

A total of 9 gut microbiota (including 2 class, 4 genus and 3
orders 2 phylums) were causally associated with HF (Sup-
plementary Table 3, Figure 2). Details of related 91 SNPs are
shown in Supplementary Table 4.
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As Figure 2 shows that five gut microbial taxa (class Negativ-
icutes, genus Eubacterium eligens group, genus Eubacterium
oxidoreducens group, genus Flavonifractor, order Selenom-
onadales) seemed to be risk factors to HF. The genus Eubac-
terium eligens group (OR=1.126, 95% CI=1.017 - 1.247, P=0.
023) and genus Flavonifractor(OR=1.144, 95% CI=1.031 -
1.270, P=0. 012) considerably elevated risk for HF. Four gut
microbial taxa (class Bacteroidia, genus Anaerostipes, order
Bacillales and order Bacteroidales) seemed to be protec-
tive factors to HF. The genus Anaerostipes (OR=0.899, 95%
Cl=0.825 — 0.978, P=0. 014) significantly reduced the risk for
HF.

In Figure 3, four cytokines (T-cell surface glycoprotein CD5
levels, Macrophage colony-stimulating factor 1 levels, Inter-
leukin-2 levels, Tumor necrosis factor levels) were associated
with a increased risk of HF. The T-cell surface glycoprotein CD5
levels (OR=1.100, 95% CI=1.016 - 1.191, P=0. 019) and Tumor
necrosis factor levels (OR=1.110, 95% CI=1.029 - 1.199, P=0.
007) significantly increased the risk of HF. The Interleukin-17C
levels (OR=0.907, 95% CI=0.832 - 0.989, P=0. 027), Leukemia
inhibitory factor receptor levels (OR=0.913, 95% CI=0.849 -
0.981, P=0. 014) and Sulfotransferase 1A1 levels (OR=0.950,
95% CI=0.905 - 0.998, P=0. 041) decreased the risk of HF.

Stroke

A total of 10 gut microbiota (including 4 family, 5 genus, 1
order) had a causal relationship with stroke (Supplementary
Table 3, Figure 2). Details of related 97 SNPs are shown in
Supplementary Table 4.

As shown in Figure 2, the family Bacteroidales S24-7 group
(OR=1.109, 95% CI=1.025 - 1.200, P=0. 010), genus Hold-
emanella (OR=1.080, 95% CI=1.014 - 1.151, P=0. 017) and
genus Marvinbryantia (OR=1.111, 95% CI=1.002 - 1.231, P=0.
046) suggested to be risk factors for stroke. Seven gut micro-
bial taxa (family Alcaligenaceae, family Defluviitaleaceae, fam-
ily Desulfovibrionaceae, genus Eggerthella, genus Faecalibac-
terium, genus Ruminococcus torques group) may be protective
factors for stroke. The family Desulfovibrionaceae (OR=0.875,
95% CI=0.783 - 0.979, P=0. 020) and genus Ruminococcus
torques group (OR=0.769, 95% CI=0.631 — 0.936, P=0. 009)
were significantly lower risk for stroke.

Figure 3 shows that C-X-C motif chemokine 11 levels
(OR=1.096, 95% CI=1.012 — 1.187, P=0. 025), FGF5 (OR=1.053,
95% CI=1.022 - 1.085, P=0. 001), Interleukin-2 receptor sub-
unit beta levels (OR=1.123, 95% CI=1.026 - 1.230, P=0. 012)
seemed to be risk factors to stroke. The Cystatin D levels
(OR=0.963, 95% CI=0.935 - 0.992, P=0. 014) and Stem cell
factor levels (OR=0.954, 95% CI=0.910 — 1.000, P=0. 048) were
protective factors to stroke.

AF

The results suggest a causal relationship between 9 gut micro-
biota (including 1 family, 5 genus, 1 order and 2 phylum) and
AF (Supplementary Table 3, Figure 2). Details of related 106
SNPs are shown in Supplementary Table 4.

As shown in Figure 2, the family Pasteurellaceae (OR=1.107
, 95% CI1=1.021 - 1.199, P=0. 013), genus Ruminiclostridi-
um5(0OR=1.142, 95% CI=1.017 - 1.283, P=0. 025) and order
Pasteurellales(OR=1.107 , 95% CI=1.021 - 1.199, P=0. 013)
suggest to be risk factors to AF. Six gut microbial taxa (genus
Bifidobacterium, genus Eggerthella, genus Howardella, genus
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Exposure Outcome nSNP PVal_IVW OR (95%Cl)
family Family XI CAD 8 0.034 = 1.055 (1.004 - 1.109)
family Lachnospiraceae 18 0.014 —-— 1.097 (1.019 - 1.181)
family Veillonellaceae 19 0.019 + 1.065 (1.011 - 1.122)
genus Oxalobacter 11 0.004 | 1.062 (1.019 - 1.106)
genus Parabacteroides 6 0.005 — 0.866 (0.784 - 0.956)
order Lactobacillales 15 0.01 + 0.919 (0.862 - 0.980)
class Gammaproteobacteria CAS 6 0.005 — 0.829 (0.727 - 0.945)
family Bifidobacteriaceae 11 0.01 — 0.899 (0.829 - 0.975)
genus Turicibacter 9 0.022 —-— 1.096 (1.014 — 1.184)
order Bifidobacteriales 11 0.01 —— 0.899 (0.829 - 0.975)
order Burkholderiales 10 0.042 —— 0.902 (0.816 — 0.996)
phylum Actinobacteria 14 0.045 — 0.912 0.833 - 0.998)
phylum Firmicutes 15 0.017 —— 0.876 (0.786 - 0.976)
class Bacteroidia HF 14 0.036 —— 0.921 (0.853 - 0.995)
class Negativicutes 12 0.024 —— 1.107 (1.014 - 1.208)
genus Anaerostipes 13 0.014 —a— 0.899 (0.825 - 0.978)
genus Eubacterium eligens group 8 0.023 |—— 1.126 (1.017 - 1.247)
genus Eubacterium oxidoreducens group 4 0.011 | —— 1.117 (1.026 - 1.215)
genus Flavonifractor 5 0.012 — D 1.144 (1.031 - 1.270)
order Bacillales 9 0.042 - 0.955 (0.913 - 0.998)
order Bacteroidales 14 0.036 —-— 0.921 (0.853 - 0.995)
order Selenomonadales 12 0.024 ‘—-— 1.107 (1.014 - 1.208)
family Alcaligenaceae Stroke 11 0.015 —— 0.876 (0.788 - 0.975)
family Bacteroidales S24 7group 8 0.01 — 1.109 (1.025 - 1.200)
family Defluviitaleaceae 11 0.044 = 0.925 (0.858 — 0.998)
family Desulfovibrionaceae 9 0.02 —l— 0.875 (0.783 - 0.979)
genus Eggerthella 9 0.047 —-—' 0.937 (0.878 - 0.999)
genus Faecalibacterium 10 0.032 —l— 0.910 (0.835 - 0.992)
genus Holdemanella 11 0.017 —-— 1.080 (1.014 - 1.151)
genus Marvinbryantia 10 0.046 + 1.111 (1.002 - 1.231)
genus Ruminococcus torques group 7 0.009 — 0.769 (0.631 - 0.936)
order Desulfovibrionales 11 0.023 — 0.889 (0.803 - 0.984)
family Pasteurellaceae AF 13 0.013 —-— 1.107 (1.021 - 1.199)
genus Bifidobacterium 12 0.002 —— 0.876 (0.805 — 0.954)
genus Eggerthella 9 0.016 —-— 0.915 (0.851 - 0.983)
genus Howardella 9 0.048 —— 0.925 (0.857 — 0.999)
genus Ruminiclostridium5 11 0.025 —-— 1.142 (1.017 - 1.283)
genus Ruminococcus1 10 0.037 — 0.883 (0.785 - 0.992)
order Pasteurellales 13 0.013 —-— 1.107 (1.021 - 1.199)
phylum Actinobacteria 14 0.028 — 0.872 (0.772 - 0.985)
phylum Firmicutes 15 0.029 —l— 0.860 (0.750 - 0.985)
family Family XI AP 8 0.022 —— 1.056 (1.008 - 1.107)
genus Blautia 2 0.001 —> 1.622(1.223 - 2.151)
genus Terrisporobacter 5 0.05 —-— 0.921 (0.848 - 1.000)
order Gastranaerophilales 9 0.032 —— 1.074 (1.006 — 1.147)
order Lactobacillales 15 0.04 —'— 0.913 (0.838 - 0.996)
phylum Actinobacteria 15 0.011 — 0.896 (0.822 — 0.975)
family Desulfovibrionaceae CAVS 9 0.005 —=—> 1.311 (1.088 - 1.580)
genus Faecalibacterium 10 0.048 — 0.862 (0.745 - 0.999)
genus Ruminococcus2 15 0.03 —-— 0.869 (0.765 - 0.986)
genus Subdoligranulum 10 0.041 —-— 0.837 (0.706 - 0.992)
genus Turicibacter 9 0.042 ——=——  1.208 (1.007 - 1.449)
order Desulfovibrionales 11 0.028 —-— 1.213 (1.021 - 1.441)
phylum Actinobacteria 14 0.031 —l— 0.841 (0.719 - 0.984)
class Actinobacteria Aortic Aneurysm 15 0.027 — 0.751 (0.583 - 0.967)
genus Anaerofilum 11 0.033 —-— 1.172 (1.013 - 1.355)
genus Prevotella9 15 0.014 — 0.810 (0.684 - 0.959)
genus Ruminococcaceae NK4A214 group 13 0.003 —_— 0.715 (0.573 - 0.893)
genus Ruminococcaceae UCG005 14 <0.001 ' — > 1434 (1.171 - 1.757)
T
1

protective factor risk factor
Figure 2. Mendelian randomization results of the causal effects between gut microbiota taxa and 8 CVD subtypes, estimated using the inverse
variance weighted (IVW) method. Results are presented as odds ratios (ORs) with 95% confidence intervals (Cls). Red squares indicate a signif-
icant positive causal association (increased CVD risk, P < 0.05), and blue squares indicate a significant negative causal association (decreased
CVD risk, P < 0.05).
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Exposure Outcome nSNP PVal_IVW OR (95%Cl)
C-C motif chemokine 4 levels CAD 13 0.01 - 1.051 (1.012 - 1.092)
T-cell surface glycoprotein CD5 levels 15 0.013 —_— 1.161 (1.032 - 1.308)
Macrophage colony-stimulating factor 1 levels 11 0.039 —— 1.072 (1.003 - 1.145)
C-X-C motif chemokine 10 levels 20 0.05 ‘—-— 1.093 (1.000 - 1.194)
Fibroblast growth factor 23 levels 8 0.029 —l— 1.112 (1.011 - 1.222)
Fibroblast growth factor 5 levels 18 0.014 —-— 1.085 (1.016 — 1.158)
Fms-related tyrosine kinase 3 ligand levels 21 0.001 —-— 1.066 (1.025 - 1.108)
Hepatocyte growth factor levels 1" 0.036 —-— 1.121 (1.007 - 1.247)
Interleukin—17A levels 10 0.026 —-— 1.088 (1.010 - 1.172)
Interleukin-5 levels 8 0.011 —— 0.889 (0.813 - 0.973)
Interleukin-8 levels 14 0.049 —= 0.942 (0.888 - 1.000)
Neurturin levels 7 0.021 —-— 0.907 (0.835 - 0.985)
C~-C motif chemokine 4 levels CAS 18 0.043 + 1.031 (1.001 - 1.063)
Fibroblast growth factor 5 levels 23 0.026 + 1.056 (1.007 - 1.107)
Interleukin—22 receptor subunit alpha-1 levels 11 0.001 — 1.158 (1.060 - 1.265)
Leukemia inhibitory factor receptor levels 15 0.036 —e— 0.918 (0.847 - 0.994)
T-cell surface glycoprotein CD5 levels HF 19 0.019 ——— 1.100 (1.016 = 1.191)
Macrophage colony-stimulating factor 1 levels 13 0.019 + 1.077 (1.012 - 1.147)
Interleukin—17C levels 13 0.027 — 0.907 (0.832 - 0.989)
Interleukin-2 levels 11 0.047 —-— 1.080 (1.001 - 1.165)
Leukemia inhibitory factor receptor levels 15 0.014 + 0.913 (0.849 - 0.981)
Sulfotransferase 1A1 levels 16 0.041 —-ﬂ 0.950 (0.905 - 0.998)
Tumor necrosis factor levels 11 0.007 | —— 1.110 (1.029 - 1.199)
Cystatin D levels Stroke 30 0.014 - 0.963 (0.935 - 0.992)
C-X-C motif chemokine 11 levels 22 0.025 —-— 1.096 (1.012 - 1.187)
Fibroblast growth factor 5 levels 23 0.001 - 1.053 (1.022 - 1.085)
Interleukin—2 receptor subunit beta levels 11 0.012 — 1.123 (1.026 - 1.230)
Stem cell factor levels 32 0.048 —— 0.954 (0.910 - 1.000)
Eotaxin levels AF 19 0.03 —— 1.069 (1.006 - 1.135)
C-C motif chemokine 25 levels 24 0.045 + 0.960 (0.923 - 0.999)
CDA40L receptor levels {15 0.001 === 0.933 (0.896 - 0.971)
C-X-C motif chemokine 1 levels 8 0.034 —-— 1.072 (1.005 - 1.143)
C-X-C motif chemokine 11 levels 22 0.007 — 1.122 (1.032 - 1.220)
Fibroblast growth factor 5 levels 23 <0.001 —-— 1.094 (1.055 - 1.135)
Interleukin—-2 receptor subunit beta levels 11 0.045 —-— 1.131 (1.003 - 1.275)
Leukemia inhibitory factor receptor levels 15 <0.001 —a— 0.871 (0.812 - 0.935)
Matrix metalloproteinase-10 levels 14 0.037 —a—] 0.929 (0.866 — 0.995)
TNF-beta levels 22 0.003 - 1.053 (1.018 — 1.090)
T—cell surface glycoprotein CD5 levels AP 22 0.031 —-— 1.099 (1.009 - 1.198)
Macrophage colony-stimulating factor 1 levels 17 0.028 —-— 1.069 (1.007 - 1.135)
Fibroblast growth factor 5 levels 24 0.005 — 1.085 (1.025 - 1.148)
Interleukin—10 receptor subunit beta levels 18 0.041 + 1.037 (1.002 - 1.074)
Interleukin—17A levels 14 0.027 —-— 1.108 (1.012 - 1.214)
Interleukin—1-alpha levels 14 0.04 —a] 0.943 (0.891 - 0.997)
Interleukin—6 levels 8 0.012 — 0.856 (0.758 - 0.967)
Leukemia inhibitory factor receptor levels 18 0.023 + 0.931 (0.875 - 0.990)
C-C motif chemokine 19 levels CAVS 20 0.007 — 1.111 (1.029 - 1.200)
C-C motif chemokine 25 levels 24 0.007 + 0.941 (0.901 - 0.983)
Hepatocyte growth factor levels 18 0.006 —_— 1.202 (1.054 - 1.372)
Interleukin—-10 levels 18 0.048 —l— 0.877 (0.770 - 0.999)
Interleukin-8 levels 17 0.048 —— 1.131 (1.001 - 1.277)
TNF-beta levels 22 0.005 L—— 1.084 (1.025 - 1.146)
C-C motif chemokine 25 levels Aortic Aneurysm 23 0.001 —a— 0.894 (0.836 - 0.956)
Fractalkine levels 23 0.023 —a—  1.228(1.029 - 1.465)
C-X-C motif chemokine 6 levels 15 0.038 —-7 1.230 (1.011 - 1.497)
Fibroblast growth factor 5 levels 24 0.002 — 1.156 (1.056 — 1.265)
Interleukin—20 receptor subunit alpha levels 12 0.035 = 1.251 (1.015 - 1.541)

Stem cell factor levels 33 0.015 — 0.870 (0.778 — 0.973)
T T T T
0.5 0.75 1 1.25 1.5

protective factor risk factor

Figure 3. Mendelian randomization results of the causal effects between circulating inflammatory cytokines and 8 CVD subtypes, estimated
using the inverse variance weighted (IVW) method. Results are presented as odds ratios (ORs) with 95% confidence intervals (Cls). Red squares
indicate a significant positive causal association (increased CVD risk, P < 0.05), and blue squares indicate a significant negative causal associa-
tion (decreased CVD risk, P < 0.05).
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Ruminococcus 1, phylum Actinobacteria, phylum Firmicutes)
may be protective factors for AF. The phylum Firmicutes
(OR=0.860, 95% CI=0.750 - 0.985, P=0. 029) significantly de-
creased the incidence of AF.

Figure 3 shows that six inflammatory cytokines (Eotaxin levels,
C-X-C motif chemokine 1 levels, C-X-C motif chemokine 11
levels, FGF5 levels, Interleukin-2 receptor subunit beta levels,
TNF-beta levels) seemed to be risk factors for AF. The Inter-
leukin-2 receptor subunit beta levels (OR=1.131, 95% CI=1.003
- 1.275, P=0. 045) significantly increased the risk of AF. Four in-
flammatory cytokines (C-C motif chemokine 25 levels, CD40L
receptor levels, Leukemia inhibitory factor receptor levels,
Matrix metalloproteinase-10 levels) suggested to be protec-
tive factors to AF. Among them, the Leukemia inhibitory factor
receptor levels (OR=0.871, 95% CI=0.812 - 0.935, P<0.001) sig-
nificantly decreased the risk of AF.

AP

The IVW method revealed 52 causal associations of gut micro-
biota on AP, including 1 family,1 genus,2 orders and 1 phylum
(Figure 2, Supplementary Table 3). Details of related 52 SNPs
are shown in Supplementary Table 4. The risk of AP may be
increased by three gut microbiota traits, family XI (OR=1.056
,95% CI=1.008 - 1.107, P=0.022), genus Blautia (OR=1.622,
95% Cl=1.223 - 2.151, P=0.010), order Gastranaerophilales
(OR=1.074, 95% CI=1.006 - 1.147, P=0.032).The genus Terris-
porobacter (OR=0.921, 95% CI=0.848 - 1.000, P=0.050), order
Lactobacillales (OR=0.913, 95% CI=0.838 - 0.996, P=0.040),
phylum Actinobacteria (OR=0.896 , 95% CI=0.822 - 0.975,
P=0.011) may reduce the risk of AP.

Described in Figure 3, five inflammatory cytokines (T-cell sur-
face glycoprotein CD5 levels, Macrophage colony-stimulating
factor 1 levels, FGF5 levels, Interleukin-10 receptor subunit
beta levels, Interleukin-17A levels) may increase the risk of AP
(Supplementary Table 3). Among them, the Interleukin-17A
levels (OR=1.108, 95% CI=1.012 - 1.214, P=0.027) significantly
increased the risk of AP. At the same time, the Interleukin-1-al-
pha levels (OR=0.943, 95% CI=0.891 - 0.997, P=0.040), Interleu-
kin-6 levels (OR=0.856, 95% CI=0.758 - 0.967, P=0.012), Leuke-
mia inhibitory factor receptor levels (OR=0.931, 95% CI=0.875 -
0.990, P=0.023) may decreased the risk of AP.

CAVS

Based on the IVW method, the results suggested 78 causal
relationships between gut microbiota and CAVS, including 1
family, 4 genus, 1 order and 1 phylum (Figure 2, Supplementary
Table 3). Details of related 78 SNPs are shown in Supplemen-
tary Table 4. The family Desulfovibrionaceae (OR=1.311, 95%
CI=1.088 - 1.580, P=0.005), genus Turicibacter (OR=1.208,
95% CI=1.007 - 1.449, P=0.042), order Desulfovibrionales
(OR=1.213, 95% CI=1.021 - 1.441, P=0.028) seemed to be risk
factors to CAVS. There were four gut microbiota (genus Faeca-
libacterium, genus Ruminococcus 2, genus Subdoligranulum,
phylum Actinobacteria) was associated with an decreased risk
of CAVS. The phylum Actinobacteria (OR=0.841, 95% CI=0.719
- 0.984, P=0.031) significantly decreased risk of CAVS.

As shown in Figure 3, four inflammatory cytokines (C-C motif
chemokine 19 levels, Hepatocyte growth factor levels, Inter-
leukin-8 levels, TNF-beta levels) seemed to increase the risk
of CAVS. The Hepatocyte growth factor levels (OR=1.202,
95% Cl=1.054 - 1.372, P=0.006) significantly increased risk of
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CAVS. The C-C motif chemokine 25 levels (OR=0.941, 95%
Cl=0.901 - 0.983, P=0.007) and Interleukin-10 levels(OR=0.877
,95% CI=0.770 - 0.999, P=0.048) decreased the risk of CAVS.

Aortic Aneurysm

Genetic prediction of five gut microbiota (including 1 class and
4 genus) was associated with a causal effect of Aortic aneu-
rysm (Figure 2, Supplementary Table 3). Details of related 68
SNPs are shown in Supplementary Table 4. The genus Anaer-
ofilum(OR=1.172, 95% CI=1.013 - 1.355, P=0.033) and genus
Ruminococcaceae UCG005(0R=1.434, 95% Cl=1.171 - 1.757,
P<0.001) may increase the risk of Aortic aneurysm. The class
Actinobacteria (OR=0.751, 95% CI=0.583 - 0.967, P=0.027),
genus Prevotella 9 (OR=0.810, 95% CI=0.684 - 0.959, P=0.014),
genus Ruminococcaceae NK4A214 group (OR=0.715, 95%
Cl=0.573 - 0.893, P=0.003) may be protective factors to Aortic
aneurysm.

A total of six inflammatory cytokines were associated with
Aortic aneurysm (Figure 3, Supplementary Table 4). Four in-
flammatory cytokines (Fractalkine levels, C-X-C motif chemok-
ine 6 levels, FGF5 levels, Interleukin-20 receptor subunit alpha
levels) were risk factors for aortic aneurysm, the Interleukin-20
receptor subunit alpha levels (OR=1.251,95% CI=1.015- 1.541,
P=0.035) significantly increased risk of aortic aneurysm. The
C-C motif chemokine 25 levels (OR=0.894, 95% CI=0.836 -
0.956, P=0.001) and Stem cell factor levels (OR=0.870, 95%
Cl=0.778 - 0.973, P=0.015) had a protective causal effect on
Aortic aneurysm.

Bi-Directional Causal Effects of CVDs on Gut Microbiota and
Cytokines

CAD

When assessing the bi-directional causal effect of CAD on
gut microbiota and cytokines, we found evidence suggesting
a genetic predisposition to CAD was linked to specific gut mi-
crobiota, with lower abundance in one family, five genus and
one order, and higher abundance in one family, four genus and
1 order (Supplementary Table 7). The most significant result
in lower abundance was the genus Actinomyces (OR=0.926,
95% CI=0.872 - 0.983, P=0.011), and in higher abundance was
the genus Gordonibacter (OR=1.098, 95% CI=1.010 - 1.193,
P=0.027). CAD was associated with a lower abundance in 8
cytokines (Supplementary Table 8), the most significant result
was the TNF-beta levels (OR=0.943, 95% CI=0.894 - 0.996,
P=0.034).

CAS

CAS has a causal relationship on nine gut microbiota(Sup-
plementary Table 7), with lower abundance in two genus(-
genus Dialister (OR=0.956, 95% CI=0.915 - 1.000, P=0.050),
genus Family XIIl UCG001 (OR=0.927, 95% CI=0.887 - 0.968,
P=0.001)),and with higher abundance in one class ,one family,
four genus and one order, the most significant result was the
genus Veillonella (OR=1.083, 95% CI=1.030 - 1.140, P=0.002).
CAS was associated with a lower abundance in 4 cytokines
(Supplementary Table 8), the most significant result was
the T-cell surface glycoprotein CD5 levels (OR=0.953, 95%
Cl=0.910-0.999, P=0.046).

HF
HF was associated with lower abundance in one class, two



family, three genus and one order (Supplementary Table 7), the
most significant result was the genus Victivallis (OR=0.787,
95% Cl=0.635 - 0.974, P=0.028). HF has a causal relationship
with higher abundance in one family, six genus and one order,
the most significant result was the genus Lachnospiraceae
UCGO001 (OR=1.157, 95% CI=1.027 - 1.303, P=0.016). HF has
a causal association with Interleukin-24 levels(OR=1.094, 95%
Cl=1.005-1.191, P=0.038).

Stroke

Stroke has a causal relationship with lower abundance in two
genus (genus Marvinbryantia (OR=0.902, 95% CI=0.816 - 0.998,
P=0.045), genus Prevotella 9 (OR=0.888, 95% CI=0.805 - 0.979,
P=0.017)), and with higher abundance in two class (Supple-
mentary Table 7), three genus, the most significant result was
the genus Lactococcus (OR=1.230, 95% CI=1.050 - 1.440,
P=0.01). As shown in Supplementary Table 8, there was no re-
verse effect between stroke and cytokines.

AF

AF was associated with lower abundance in 1 family and 7
genus (Supplementary Table 7), the most significant result
was the genus Prevotella7 (OR=0.943, 95% CI=0.890-0.998,
P=0.044), and with high abundance in genus Butyricimonas
(OR=1.035, 95% CI=1.001-1.069, P=0.041) and genus Intestini-
bacter (OR=1.134, 95% CI=1.003-1.066, P=0.034). As shown in
Supplementary Table 8, there was no reverse effect between
AF and cytokines.

AP

AP has a causal relationship with lower abundance in 7 gut
microbiota(including 1 class,1 family,4 genus and 1 order), the
most significant result was the genus Allisonella (OR=0.891,
95% Cl1=0.803-0.989, P=0.030). AP was associated with higher
abundance in 1 class, 1 family, 3 genus and 1 order, the most
significant result was the genus Veillonella (OR=1.097, 95%
CI=1.038-1.159, P=0.001). AP was associated with a lower
abundance in 8 cytokines (Supplementary Table 8), the most
significant result was the T-cell surface glycoprotein CD5 lev-
els (OR=0.913, 95% CI=0.879-0.948, P=0.001).

CAVS

CAVS was associated with lower abundance in 7 gut microbi-
ota(including 1 class, 1 family, 3 genus, 1 order and 1 phylum,
Supplementary Table 7), the most significant result was the
genus Ruminococcus gnavus group (OR=0.947, 95% CI=0.896-
1, P=0.005), and with high abundance in family XI (OR=1.140,
95% CI=1.027-1.264, P=0.014). As shown in Supplementary
Table 8, there was no reverse effect between CAVS and cyto-
kines.

Aortic Aneurysm

Aortic aneurysm was associated with lower abundance in 13
gut microbiota(including 2 class, 4 family, 4 genus, 2 order
and 1 phylum, Supplementary Table 7), the most significant
result was the genus Eubacterium nodatum group (OR=0.906,
95% C1=0.827-0.993, P=0.035), and with high abundance in
the genus Catenibacterium (OR=1.119, 95% Cl=1.004-1.246,
P=0.041). Aortic aneurysm was associated with a lower
abundance in 4 cytokines (Supplementary Table 8), the most
significant result was the Leukemia inhibitory factor levels
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(OR=0.958, 95% C1=0.932-0.986, P=0.003), and with high abun-
dance in Interleukin-18 levels (OR=1.031, 95% Cl=1.004-1.058,
P=0.024).

Sensitivity Analyses

For the robustness of the estimates, we further conducted a
sensitivity and pleiotropy analysis to avoid horizontal pleiot-
ropy, with all intercept P values >0.05 and global test P values
>0.05, indicating no significant horizontal pleiotropy for all
identified causal associations. Cochran’s Q tests demonstrat-
ed no significant heterogeneity (P > 0.05, Supplementary Table
9).

Mediation Analysis of Gut Microbiota, Inflammatory Cyto-
kines, and CVDs

To explore the underlying potential mechanisms involving
in the occurrence and development of CVDs, we performed
mediation analysis to identify the causal pathway from gut mi-
crobiota to CVDs mediated by cytokines. Initially, the results of
two-sample MR indicate that gut microbiota has causal effects
on cytokines. We identified 22 associations of gut microbiota
to cytokines (CAD,3; CAS,3; HF4; Stroke,1; AF,5; AR1; CAVS,3;
Aortic Aneurysm,2) (Supplementary Table 10). Secondly,
MVMR was applied to explore the significant causal associa-
tion between cytokines with CVDs after correcting for the gut
microbiota. The reliability of results was verified by sensitivity
analysis, indicating that no heterogeneity and horizontal pleiot-
ropy existed (Supplementary Table 9).

Notably, the majority of tested pathways showed only a
non-significant trend of mediation effect without statistical
support, and thus were not considered as valid mediating
pathways. In summary, we identified 2 mediating relationships,
including 2 gut microbiota—CAVS causal pathways mediated
by 1 cytokine (Table 2). The mediation analysis reveals that C-C
motif chemokine 25 levels exhibit significant negative media-
tion effects to CAVS, respectively on genus Subdoligranulum
(beta = -0.017, 95% CI [-0.035, -0.002], P=0.034) with 9.55%
proportion, and phylum Actinobacteria (beta = -0.018, 95% Cl
[-0.035,-0.005], P=0.024) with 10.41% proportion.

Discussion

Emerging evidence has established strong associations be-
tween gut microbiota-derived metabolites [30]—particularly
trimethylamine-N-oxide and short-chain fatty acids—and the
pathogenesis of cardiovascular diseases [31], including isch-
emic heart disease [32], heart failure, and hypertension [33].
Beyond metabolic pathways, the gut microbiota also exerts
profound effects on host immune responses, modulating key
cellular processes such as immunoregulation, apoptosis, and
inflammatory signaling [34-36]. Chronic inflammation and
autoimmune mechanisms have likewise been implicated in
cardiovascular pathology [37-38]. Of particular interest, recent
studies have identified autoantibodies directed against C-X-C
motif chemokine receptor 3, a G-protein-coupled receptor
known to participate in atherosclerotic progression [39]. Nev-
ertheless, the intricate nature of cardiovascular diseases and
the diverse composition of gut microbiota present challenges
in comprehensively elucidating the impact of gut microbiota
on cardiovascular conditions through observational investiga-
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tions. Furthermore, the potential mediating role of inflammato-
ry factors in signaling pathways remains uncertain.

This study utilized MR analysis to assess the causal relation-
ship between gut microbiota, inflammatory cytokines and
CVDs. The investigation examined potential causal associa-
tions between 196 gut microbiota abundance variables and 8
types of CVDs (CAD, HF, AP, Aortic aneurysm, CAS, AF, CAVS),
identifying a potential causal relationship involving 58 gut
microbiota, 46 inflammatory cytokines, and 8 types of CVDs.
Furthermore, mediation analysis results provided support
for the involvement of altered inflammatory cytokines in the
pathogenesis of CVDs.

Our research findings indicate a potential causal relationship
between specific gut microbiota and various cardiovascular
diseases, with certain gut microbiota exhibiting a consistent
causal role across different types of cardiovascular diseas-
es. Specifically, our results suggest that a high abundance of
the phylum Actinobacteria may serve as a protective factor
against four cardiovascular diseases (coronary artery steno-
sis, atrial fibrillation, aortic aneurysm, and calcific aortic valve
stenosis). A clinical trial conducted in northwestern China
further supported this notion, demonstrating elevated levels of
Actinobacteria in the fecal samples of healthy individuals com-
pared to those with hypertension [40]. Collinsella, a dominant
taxon of the family Coriobacteriaceae within the phylum Acti-
nobacteria [41], has been found to have elevated abundance in
patients with type 2 diabetes and symptomatic carotid athero-
sclerotic stenosis [42-43].

Additionally, our research indicates that FGF5 levels are a key
risk factor for stroke, atrial fibrillation, angina pectoris, and aor-
tic aneurysm. Previous studies from the 1990s have demon-

strated the active role of fibroblast growth factors (FGFs) in
regulating endothelial cells (EC) and smooth muscle cells
(SMC) [44]. Moreover, numerous studies have demonstrated
the significance of inflammatory responses in the vascular
system as key contributors to atherosclerosis, with basic Fibro-
blast Growth Factor (bFGF) playing a role in vascular inflamma-
tion [45]. FGF5, a member of the FGF family, has been linked
to vascular remodeling and hypertension in previous clinical
studies, which aligns with our finding that FGF5 increases the
risk of multiple CVD subtypes. Furthermore, our findings sug-
gest that elevated levels of Macrophage colony-stimulating
factor 1 may be associated with an increased risk of coronary
artery disease, heart failure, and angina pectoris. Conversely,
decreased levels of C-C motif chemokine 25 may be linked to
a reduced risk of atrial fibrillation, calcific aortic valve stenosis,
and aortic aneurysm. Prior research has demonstrated that a
deficiency in M-CSF can significantly decrease the progression
of atherosclerosis in mice with hyperlipidemia. Additionally, a
study has demonstrated that macrophage colony-stimulating
factor plays a crucial role in neointimal thickening formation
following arterial injury [46]. Chemokines, in turn, contribute
to disease pathogenesis by directing leukocyte migration to
inflammatory sites [47-48]. Studies utilizing serum proteomic
profiling in heart failure cohorts have demonstrated an age-re-
lated increase in circulating C-C motif chemokine ligand 17
(CCL17) levels, which correlate with cardiac insufficiency [49].
Nevertheless, the impact of C-C motif chemokine 25 levels on
the development of cardiovascular diseases remains poorly
understood.

Furthermore, our study investigated the reverse causal effects
of 8 CVD subtypes on gut microbiota and cytokine levels

Table 2. Mediation analysis of the causal pathways from gut microbiota to cardiovascular diseases via inflammatory cytokines.

. . Mediation effect Mediation
Exposure Mediator Outcome  Total effect Direct effect (95% CI) P value Proportion
. Macrophage colo-
_ family ny-stimulating 0.063 0.057 0.006 0134  9.55%
Veillonellaceae (0,0.016)
factor 1 levels
genus C-X-C motif CAD i} . -0.021 o
Parabacteroides chemokine 10 levels 0.144 0.123 (-0.058, 0.002) 0.189 14.56%
order . -0.008 o
Lactobacillales Interleukin-5 levels -0.084 -0.076 (:0.024, 0.004) 0.253 9.51%
phylum Leukemia inhibitory ) ) -0.013 o
Actinobacteria  factor receptor levels CAS 0.092 0.079 (-0.033,0) 0.104 14.06%
genus C-C motif i . -0.007 o
Bifidobacterium  chemokine 25 levels 0.132 0.125 (-0.017,0) 0.162 5.29%
phylum C-C motif . i} -0.009 o
Actinobacteria  chemokine 25 levels AF 0.699 0.690 (-0.023,0) 0.134 1.29%
phylum Leukemia inhibitory i . -0.018 o
Actinobacteria  factor receptor levels 0.699 0.681 (-0.043,0) 0.102 2.57%
phylum Leukemia inhibitory i . -0.011 0
Actinobacteria  factor receptor levels AP 0.110 0.099 (-0.028,0) 0.116 9.98%
genus C-C motif . . -0.017 0
Subdoligranulum chemokine 25 levels CAVS 0.178 0.161 (-0.035,-0.002) 0.034 9-55%
phylum C-C motif i . -0.018 0
Actinobacteria  chemokine 25 levels 0.173 0.155 (-0.035, -0.005) 0.024 10.41%
genus Rumi- . )
nococcaceae Fractalkine levels A:é%rrtl(s:m -0.390 -0.361 0 0701'0_209001) 0.107 7.44%
NK4A214 group y e
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through bidirectional MR analysis. The findings indicated that
4 CVD subtypes exhibited bidirectional causal effects on the
abundance of class Gammaproteobacteria, family Pasteurel-
laceae, and order Pasteurellales, while 3 CVD subtypes had
bidirectional causal effects on levels of Interleukin-12 recep-
tor subunit beta and T-cell surface glycoprotein CD5. These
reverse causal findings suggest that the occurrence and
progression of CVDs may further exacerbate gut microbiota
dysbiosis and systemic inflammatory dysregulation, forming
a vicious cycle of "microbiota dysregulation - inflammatory
activation - CVD progression’, which provides new insights for
the long-term management of CVD patients. Additionally, we
conducted further analysis to identify potential mediators of
inflammatory cytokines in the pathway linking gut microbiota
to cardiovascular diseases. Our research revealed that C-C
motif chemokine 25 levels act as a mediator in the pathways
linking the genera Subdoligranulum and phylum Actinobacteria
to CAVS, with mediation effects of 9.55% and 10.41% respec-
tively.

This study represents the initial exploration of the causal con-
nections between gut microbiota, inflammatory cytokines, and
eight CVDs utilizing a thorough and integrated MR Framework.
Moreover, we established a pathway from gut microbiota to
CVDs through the mediation analysis of inflammatory factors.
In order to assess the validity of our findings in light of poten-
tial violations of Mendelian randomization assumptions, we
conducted various sensitivity analyses using multiple Men-
delian randomization approaches. Nonetheless, this study
is subject to certain limitations. Firstly, the sample size for
cardiovascular disease subtypes was inadequate. Secondly,
the study only included populations of European descent due
to limited availability of genome-wide association study data
from other populations. Lastly, additional experiments and in-
depth analysis of clinical patient data will be necessary to con-
firm the results.

Despite these advancements, our study has several limitations
that warrant consideration. First, the sample sizes for CVD
subtypes, particularly rare conditions such as CAVS and aortic
aneurysm, were relatively small, which may reduce the statisti-
cal power to detect causal associations and increase the risk
of type Il errors. Second, the exclusive use of GWAS data from
European populations limits the generalizability of our findings
to other ethnic groups. Given the known heterogeneity in gut
microbiota composition and genetic susceptibility to CVDs
across populations, future studies should prioritize multi-eth-
nic cohorts to validate these associations. Third, while MR
analysis minimizes confounding and reverse causation, it
cannot fully replace experimental validation. The mechanisms
linking specific bacterial taxa (e.g., Actinobacteria) to CVDs
protection remain speculative, necessitating functional studies
using animal models or in vitro systems to elucidate microbial
metabolite production, host immune interactions, and vascular
remodeling pathways.

To address these gaps, we propose the following research
priorities: (1) Large-scale longitudinal studies integrating
multi-omics data (metagenomics, metabolomics, and pro-
teomics) to track dynamic microbiota-cytokine-CVD interac-
tions; (2) Randomized controlled trials testing dietary, probiot-
ic, or anti-cytokine interventions targeting identified mediators
(e.g., CCL25 or FGF5); (3) Development of ethnic-specific mi-
crobiota biomarkers for CVD risk stratification; and (4) Mech-

https://doi.org/10.71321/c18kt054

anistic investigations into how bidirectional CVD-microbiota
effects influence disease progression (e.g., through gut-barrier
integrity or systemic inflammation).

Additionally, we emphasize the need for standardization in
microbiota nomenclature and cytokine measurement across
studies to enhance comparability. Future MR analyses should
also explore sex-specific and age-stratified causal effects, giv-
en the demographic variability in CVD presentations.

Conclusion

In this study, a comprehensive Mendelian randomization anal-
ysis was conducted to investigate the relationships between
gut microbiota, inflammatory cytokines, and eight types of
CVDs. The analysis revealed 34 positive causal effects and 24
negative causal effects between genetic predisposition in gut
microbiota and CVDs, as well as 16 protective factors and 30
risk factors between cytokines and CVDs. We further identified
two significant mediating pathways, in which CCL25 mediated
the protective effect of Subdoligranulum and Actinobacteria
against CAVS. The gut microbiota taxa and inflammatory
cytokines identified in this investigation may serve as novel
biomarkers for CVD risk stratification and management, as
well as enhance our understanding of the pathophysiological
mechanisms underlying CVDs. In conclusion, our findings
provide novel genetic evidence for the gut-heart axis, while the
outlined limitations highlight the necessity for translational
research to bridge these genetic associations with clinical ap-
plications.
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Abstract

Background: This study investigated the effects of postoperative platelet-rich plasma (PRP) supplementation on skin flap survival in a rat model.
Methods: A random-pattern skin flap model was established in rats. During surgery, PRP injection combined with platelet-rich gel (PRG) applica-
tion was performed. On postoperative day 3, PRP or PRG was supplemented into the flap via uniform point injections. Necrotic area was recorded
at postoperative day 7. Flap defect length and terminal edema severity were assessed by contrast-enhanced ultrasonography. Tissue specimens
were collected for histopathological and immunohistochemical analysis. Relative expression levels of vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), and cluster of differentiation 34 (CD34) were measured.

Results: The group receiving intraoperative PRP injection combined with PRG application, followed by postoperative PRG supplementation,
showed significantly shorter tissue defect lengths and less terminal tissue edema compared to other groups (P<0.01). Relative expression levels
of VEGF, PDGF, and CD34 were significantly higher than those in other groups (P<0.01).

Conclusion: Postoperative PRP and PRG supplementation reduced flap defect length and edema severity, increased growth factor expression,

and improved flap survival. PRG supplementation produced the most pronounced benefits.
Keywords: free flap; Platelet-Rich Plasma Gel; Platelet-Rich Plasma; ultrasound contrast; VEGF; CD34

Introduction

Skin flap transplantation is commonly used for reconstructing
extensive burn wounds and deep injuries secondary to trau-
ma or congenital defects. However, persistent issues such as
delayed wound healing and incomplete recovery after flap sur-
gery have been observed [1-2]. Research indicates that poor
wound healing is associated with growth factor deficiency, as
these factors play a crucial role in wound repair. Platelet-rich
plasma (PRP) and platelet-rich gel (PRG), both platelet-rich
blood products, contain activated platelets that release mul-
tiple growth factors including vascular endothelial growth
factor (VEGF). These factors synergistically promote cell
proliferation, migration, and angiogenesis, providing multiple
positive effects in wound healing and serving as an effective
adjunctive therapy to improve outcomes for difficult-to-heal
wounds post-skin flap surgery [3-4]. However, partial necrosis
may still occur after PRP-injected skin flaps. To investigate
this, the research team developed a rat model of free flap.
During surgery, 50pl/cm?PRP was injected and 50ul/cm?PRG

was applied. Postoperatively, an additional 100ul/cm2PRP or
PRG was administered. The study aimed to determine whether
postoperative PRP supplementation could further increase
growth factor levels, and enhance flap survival probability,
thereby providing new insights for clinical PRP therapy in treat-
ing non-healing wounds.

Experimental Animals and Related Materials

Experimental Animals

86 healthy SPF-grade SD female rats (7-8 weeks old, 200-230g)
were used in this study. 36 rats were allocated for experimen-
tal modeling, while 50 rats were used for PRP preparation. The
rats were procured from the Experimental Animal Center of
Anhui Medical University (License: SYXK (Wan) 2022-001) and
maintained in a controlled environment with 20-28°C tempera-
ture and 45-75% humidity. Each cage contained four rats, with
free access to food and water. The experiment was approved
by the Anhui Medical University Laboratory Animal Ethics
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Committee (Approval No.: LLSC20252051).

Main Reagents and Instruments

80°C ultra-low temperature freezer, DW-HL5 purchased from
Zhongke Meiling Low-Temperature Technology; Excellent Low-
Speed Benchtop Centrifuge, L3-5K purchased from Hunan Ke-
cheng Instrument Equipment Co., Ltd.; Ultrasound Diagnostic
Instrument, ACUSON Sequoia purchased from Siemens Medi-
cal Systems Co., Ltd.; Ruiwode Enhanced Small Animal Anes-
thesia Machine, R540 purchased from Shenzhen Ruiwode Life
Technology Co., Ltd.; Fully Automatic Blood Cell Analyzer, BC-
5390 CRP purchased from Mindray Medical International Co.,
Ltd.; High-Resolution Biological Microscope, DP74 purchased
from Olympus. PDGF Antibody Reagents purchased from Hefei
Shanben Biotechnology. VEGF antibodies were procured from
Affinity; CD34 antibodies from Protein Tech; calcium gluconate
injection from Sichuan Meidakanghua Pharmaceutical Co.,
Ltd.; and sulfur hexafluoride microbubbles for injections from
Bracco Suisse SA.

PRP and PRG Preparation

Two female SD rats were randomly selected from 50 SD rats.
The anesthetized rats were placed on the experimental table
in supine position, and their limbs were fixed. The abdominal
area was fully exposed, and the skin was cut along the white
line of the abdomen to expose the abdominal vein. The blood
was collected by a blood needle and 5ml of whole blood was
taken. The whole blood was placed in 10% sodium citrate anti-
coagulation tube.

The whole blood was centrifuged at 200g for 20 minutes, and
the whole blood was divided into red blood cell layer, white
blood cell layer and plasma layer. Plasma and leukocyte layer
were collected using a Tml syringe, followed by a second 200g
centrifugation for 10 minutes. The supernatant (top 3/4) was
discarded, and the remaining 1/4 was homogenized to obtain
plasma-rich plasma (PRP). Mix 1000 U of thrombin lyophilized
powder with TmL of 10% calcium gluconate injection to pre-
pare the activator. Then, mix PRP with the activator in a 10:1
ratio to obtain PRG. The gel-like PRG is left undisturbed for 10-
20 minutes until liquefaction, after which filtration yields the
liquefied PRG.

Collect 0.1ml of platelet-rich plasma in a sterile EP tube and
perform platelet count using the BC-5390 CRP blood cell an-
alyzer. Ensure strict aseptic techniques throughout the proce-
dure to prevent contamination.

Experimental Grouping

The experiment was divided into two parts: one group received
0.5ml saline injection in the flap during operation, and the other
group received 0.25mIPRP injection in the flap combined with
0.25mIPRG application. After operation, the two parts received
0.5ml saline, 0.5mIPRP and 0.5mIPRG respectively. Rats were
randomly divided into six groups: N+N, N+P, N+G, PG+N, PG+P,
and PG+G.

Model Design Concept

The dorsal skin of rats exhibits abundant blood supply, primar-
ily supplied by three arterial regions: the intercostal artery and
lumbar artery in the central zone, the deep ilio-rotator artery in
the lateral zone, and the thoracodorsal artery in the scapular
zone [5]. Our preliminary experiments demonstrated that, given

https://doi.org/10.71321/0x94xp56

rats 'rich subcutaneous vascular supply and strong repair ca-
pacity, even retaining a single thoracodorsal artery as the pri-
mary donor would result in minimal necrotic area at the flap's
distal end postoperatively. Therefore, this study proposes a
free flap model where major vessels are severed intraopera-
tively, leaving only the dermis, subdermis, and microvascular
network in the subcutaneous tissue for blood supply. This de-
sign increases the distal necrotic area of the flap, facilitating
postoperative evaluation of PRP's therapeutic effects.

Skin Preparation

Place the rats in a small animal anesthesia machine. After
inducing anesthesia with 3.0% isoflurane for 3 minutes, adjust
the isoflurane concentration to 2.0%. Position the anesthetized
rats prone on the experimental table. Use a small razor to re-
move back hair, then apply an experimental animal depilatory
agent to eliminate residual hair roots. After thorough depil-
ation, wipe off the depilatory agent with povidone-iodine to
avoid skin burns.

Flap Design and Procedure

A 1x5cm rectangular skin flap was designed on the back of
the rats, with the scapula as the pedicle. After routine disin-
fection and draping, the rat's skin and superficial fascia were
incised along the marked line. The superficial fascia was dis-
sected from the deep fascia using a tissue dissection scissors,
and the flap was lifted in its entirety. The three major arteries
supplying the flap were ligated to ensure the free flap was
obtained. Following complete hemostasis, 50ul/cm? of PRP
injection and 50ul/cm? of PRG application were performed at
the flap base. The flap was then sutured in situ with 5-0 su-
tures, re-disinfected, and kept warm. Upon recovery, the rats
were housed individually in cages to prevent mutual tearing.

Postoperative Addition of PRP or PRG

On the third postoperative day, anesthetized rats were placed
prone on the experimental platform. Photographs were taken
to record the necrotic area of the skin flap, which was then an-
alyzed using Image Pro Plus software to calculate the necrotic
area. After routine disinfection and draping, 0.5 ml of PRP was
drawn with a Tml syringe and uniformly injected as a spot at 1-2
mm from the flap edge. The other treatment group received
the same dose of liquid PRG, while the control group received
the same dose of saline. After anesthesia recovery, the rats
were returned to their cages and continued under standard
feeding conditions.

Ultrasound Contrast

Imaging and Flap Sampling On the seventh postoperative day,
rats were anesthetized again and photographed to document
necrotic flap area. The images were analyzed using Image Pro
Plus software to calculate necrotic area. Rats were positioned
supine on the experimental table, routinely disinfected, and
gauze was laid. One side of the jugular vein was isolated and
punctured with a cannula, which was then sutured (see figure
below). A 0.5ml dose of sulfur hexafluoride microbubble con-
trast agent was injected uniformly via the cannula, followed
by ultrasound contrast imaging guided by 1T0MHz ultrasound.
Under contrast imaging, the length of the visual defect and the
thickness of edema at the flap margin were recorded. A small
amount of whole blood was taken for platelet count before eu-
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thanizing the rats for sampling. The samples were processed
separately for pathological immunohistochemistry.

Immunohistochemistry

The mouse skin samples were embedded in paraffin to prepare
white slides for HE staining and immunohistochemical detec-
tion. HE staining was used to observe the gross morphology of
tissues and infiltration extent of inflammatory markers in sec-
tions. Immunohistochemical staining was employed to detect
the relative expression levels of VEGF and PDGF in tissues.
Five randomly selected 400x field observations from each
well-processed slide were scored, with the final score calcu-
lated as the average of five evaluations. Positive results were
defined as brown-yellow or brown-brown staining particles
localized to cytoplasm or cell membranes, with the percentage
of positive cells counted as a percentage of skin tissue cells.
Scoring criteria were as follows: 1) Staining: No staining = 0
points; light yellow = 1 point; light brown = 2 points; brown-
brown = 3 points. 2) Positive cell percentage: 0% = 0 points;
1%-24% = 1 point; 25%—49% = 2 points; 50%—74% = 3 points;
75%-100% = 4 points. 3) The final score was determined by
multiplying staining intensity by the percentage of positive
cells. Statistical analysis was performed on the final scores of
each group.

Microvessel Counting

Under the CD34 immunostaining field magnified 400 times, 5
non-adjacent areas were randomly selected for scoring. The
number of microvessels was counted and averaged to deter-
mine the vascular density of each sample. Statistical analysis
was performed on the microvessel counts of rats in each

group.

Statistical Methods

Statistical analysis was performed using SPSS software.
Quantitative data conforming to normal distribution were pre-
sented as mean # standard deviation (X¢s). One-way ANOVA
was employed for inter-group comparisons. For pairwise com-
parisons with homogeneous variances, the Bonferroni method
was used. A P-value <0.05 was considered statistically signifi-
cant.

Results

Platelet Count Analysis

Through statistical analysis of platelet counts in whole blood,
intraoperative PRP, and postoperative PRP from all groups: The
platelet count in whole blood of all groups was
(622.53+52.70)x10° /L, with no significant intergroup differ-
ences (F=1.128; P=0.367). The platelet count in intraoperative
PRP was (2469.50+225.75)x10° /L, which was 3.966 times
that of whole blood, with no significant intergroup difference
(F=2.479; P=0.139). The platelet count in postoperative PRP
was (2287.81+168.65)x10° /L, which was 3.674 times that of
whole blood, with no significant intergroup difference (F=2.409;
P=0.118). (Table 1)

Contrast-enhanced Ultrasound

On the seventh postoperative day, contrast-enhanced ultra-
sound revealed no significant differences in normal tissue
thickness among all rat groups in this study (P>0.05). Mea-
surements of defect length and terminal edema in skin flaps
showed that the PG+G group exhibited the smallest defect
length and lightest terminal edema compared to other groups
(P<0.05)(Figure 1). Compared with the N+N group, the N+P
and N+G groups demonstrated significantly reduced terminal
edema and defect severity (P<0.001). In contrast, the PG+N
group exhibited more pronounced terminal edema and defect
severity than the PG+P group (P<0.001), while the PG+G group
showed marked improvement (P<0.05).

Flap Necrosis St atus

On the third postoperative day, all rat groups exhibited vary-
ing degrees of necrosis in the distal flap areas (Table 2). The
PRP-treated group showed significantly reduced necrotic area
compared to the saline-treated group (P<0.05). By the seventh
day, the PG+P and PG+G groups demonstrated statistically sig-
nificant reduction in necrotic area (P<0.001) compared to oth-
er groups. Notably, the N+P and N+G groups showed marked
necrosis reduction (P<0.001) relative to the N+N group, while
the PG+P and PG+G groups also exhibited decreased necrotic
area (P<0.001) compared to the PG+N group. However, no
significant difference was observed between PG+P and PG+G
groups (P>0.05), nor between N+P and N+G groups (P>0.05).
These results indicate that the saline-treated group showed
further expansion of necrotic area by the seventh day, whereas

Table 1. Platelet count in whole blood and PRP of rats in each group (Xts, 10°/L)

Group  Number whole blood Intraoperative PRP Postoperative PRP
N+N 6 - - -
N+P 6 613.33+26.80 - 2443.75+187.45
N+G 6 613.33+38.28 - 2307.25+157.86
PG+N 6 655.33+51.86 2425.50+113.66 -
PG+P 6 637.50+59.00 2644.50+30.23 2197.25+160.10
PG+G 6 622.50+49.68 2338.50+254.98 2203.81+55.43
F 1.128 2.479 2.409
P 0.367 0.139 0.118

Note: Data are expressed as mean + standard deviation (xts), and one-way analysis of variance was performed. Bonferroni method was used
for inter-group comparisons in this dataset. Statistical analysis showed no significant differences in platelet counts among the groups in whole
blood, intraoperative PRP, and postoperative additional PRP. And PRP was not used at the horizontal line.
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the PRP or PRG-treated groups maintained stable necrotic ex-
tent compared to the third-day baseline.

HE Staining

From HE staining of rat skin flaps postoperatively in all groups
showed chronic inflammatory cell infiltration and epidermal
shedding in all flap tissues. The N+N group exhibited the
most pronounced inflammatory cell infiltration and epidermal
shedding compared to other treatment groups(Figure 2A). In
contrast, PG+G and PG+P groups demonstrated significantly
fewer inflammatory cells and reduced epidermal shedding,
with well-preserved epithelial cells(Figure 2E-F).

degree of skin flap edema length of contrast defect
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Figure 1. Comparison of flap edema degree and defect length on POD 7.
Comparison of flap edema severity and defect length on postoperative
day 7 in six groups of rats. Thirty-six rats were randomly divided into
a saline group (n=18, treated with normal saline) and an experimental
group (n=18, treated with PRP+PRG). On postoperative day 3, the rats
were further subdivided into three groups: an additional saline group
(n=6), an additional PRP group (n=6), and an additional PRG group
(n=6).0n postoperative day 7, flap edema severity and defect length
were measured using contrast-enhanced ultrasound. Data were pre-
sented as mean * standard deviation (SD). Statistical analysis was
performed using One-way ANOVA.

Note: *P<0.05 when comparing the additional PRP group; **P<0.01;
***P<(0.001; #P<0.05 when comparing with the additional PRG group;
#P<0.01; #P<0.001; +P<0.05 when comparing with the group receiving
PRP combined with PRG during surgery, ++P<0.01; +++P<0.001. X-axis:
Group N+N; Group N+P;Group N+G; Group PG+N; Group PG+P; Group
PG+G. Y-axis: edema thickness of skin flap(cm); length of contrast de-
fect(cm).

Table 2. The necrotic area of skin flaps (Xts, cm?)

Group Number D3 D7
N+N 6 3.370.27 4.01+0.19
N+P 6 3.31+0.19 3.34+0.17 7
N+G 6 3.39+0.29 3.28+0.16 >
PG+N 6 1.14+0.13° 2.68+0.26 2
PG+P 6 1.57+0.19° 1.60+0.17 *
PG+G 6 1.31+0.24° 1.34+0.25
F 131.479 166.698
P <0.001 <0.001

Note: Data are expressed as mean + standard deviation (xts), and
one-way analysis of variance was performed. Bonferroni method was
used for inter-group comparisons in this dataset. 1 indicates P<0.001
compared to PG+N group; 2 indicates P<0.001 compared to N+N
group; 3 indicates P>0.05 compared to N+P group; 4 indicates P>0.05
compared to PG+P group; 5 indicates P<0.05 compared to N+N, N+P,
and N+G groups.

https://doi.org/10.71321/0x94xp56

Immunohistochemical Analysis

On the seventh postoperative day, immunohistochemical anal-
ysis was performed on the rat skin flap specimens to detect
the levels of growth factors including VEGF and PDGF. Results
showed that: Compared with the N+N group, all other treat-
ment groups exhibited significantly increased expression lev-
els of PDGF and VEGF (P<0.05). Among the treatment groups
with significant differences from the N+N group, the PG+G
group demonstrated notably higher expression levels of PDGF
and VEGF compared to other groups (P<0.05)(Figure 3, 4, and
5). Compared with the group receiving PRP postoperatively, all
PRG groups showed marked increases in growth factor levels.
Specifically, the N+G group exhibited significantly higher ex-
pression levels than the N+P group (P<0.05). The PG+G group
showed significantly higher growth factor expression levels
compared to the PG+P group, while the PG+N group showed
significantly lower levels than the PG+P group (P<0.05) (Table

Figure 2. HE staining of rat skin flaps.

HE staining was performed to observe the integrity of tissue sections,
the extent of inflammatory cell infiltration, and the number of blood
vessels. HE staining revealed randomly selected sections. In group
N+N, extensive inflammatory cell infiltration, vascular congestion, and
tissue necrosis were observed. Group N+P with added PRP and Group
N+G with added PRG showed better preservation of cell morphology
and an increased number of blood vessels. Compared to group PG+N
and group PG+P, group PG+G exhibited better tissue morphology,
milder inflammatory infiltration, and a higher number of blood vessels.
Yellow arrows indicate blood vessels; Green arrows indicate inflam-
matory cell infiltration. Scale =100 pm. HE staining: Hematoxylin-eosin
staining.

Microvessel Count Analysis

Microvessel counts were determined through CD34 detection.
Compared with other groups, the PG+G group showed a sig-
nificantly higher number of microvessels (P<0.001). All other
treatment groups exhibited statistically significant increases in
microvessel count compared to the N+N group (P<0.05)(Figure
6-7). The N+G group demonstrated a significantly higher mi-
crovessel count than the N+P group (P<0.05), while the PG+P
group showed a markedly higher count than the PG+N group
(P<0.01)(Table 4).

Discussion
A random flap is a localized skin flap primarily supplied by the dermal
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VEGF

Figure 3. VEGF staining results

The relative expression levels of VEGF in tissues were detected by
immunohistochemical staining. Five randomly selected sections with
satisfactory staining were scored, and the final score was calculated
as the average of the five scores. Positive results were defined as
brown-yellow or brown-brown staining granules localized on the cyto-
plasm or cell membrane. The group receiving additional PRP or PRG
showed a higher proportion of brownish-yellow areas and a higher
final score. The group receiving saline supplementation exhibited a
lower proportion of light yellow area scores. Scale = 20 ym.

layer, subdermal layer, and microvascular network within subcuta-
neous tissue, excluding dominant axial cardiovascular structures or
large-caliber arteries with accompanying veins [6]. Due to unstable
blood supply and limited perfusion range, the distal portion of such
flaps is prone to ischemic necrosis [7]. Historically, it was believed
that maintaining fixed length-to-width ratios was essential for achiev-
ing high flap survival rates. However, with advancements in anatomy,
Milton et al. designed flaps with varying length-to-width ratios on pig
backs—though all sharing the same blood supply base—revealing
that flap survival depends not on specific ratios but on the underlying
vascular supply [8]. This groundbreaking conclusion challenged the
rigid constraints of fixed length-to-width ratios in random flaps. Rat
dorsal skin is primarily supplied by three parallel vascular networks:
the central region, fed by the posterior perforating branches of the
intercostal and lumbar arteries, serves as the primary blood supply
source; the lateral region is supplied by the deep ilio-rotator artery; and
the scapular region by the thoracolumbar artery [5].This three-zone
vascular "'map" provides an anatomical basis for experimental design
of random flaps. Additionally, the necrotic areas in rat flaps remain
stable and can be precisely quantified using Image Pro Plus to calcu-
late necrosis percentages, ensuring objective and reliable data. Based
on these principles, the research team developed a rat model for
random flap experiments, surgically isolating the axial cardiovascular
structures within the region while preserving only the dermal layer and
subcutaneous microvascular network to induce distal necrosis, with
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necrosis areas analyzed using Image Pro Plus software.

The essence of skin flap healing lies in establishing new blood supply
and completing tissue repair under ischemic conditions. In the early
postoperative period, the flap's blood supply is entirely dependent
on the pedicle. Flaps distant from the pedicle experience ischemia
and hypoxia due to inadequate blood perfusion, leading to lactic acid
accumulation, cellular acidosis, reduced ATP production, and insuffi-
cient cellular energy supply [9]. As platelets aggregate and activate,
temporary stromal formation releases inflammatory factors, initiating
the inflammatory response. Excessive neutrophil activation, oxygen
free radical bursts, tissue edema, and microthrombus formation cause
ischemia-reperfusion injury, further exacerbating flap necrosis [10].
Around the third postoperative day, under the regulation of hypox-
ia-inducible factor-1a (HIF-1a), endothelial cells of the original blood
vessels in the flap are activated by growth factors including vascu-
lar endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF).These cells proliferate and migrate to form new capillary buds,
interconnecting to create a functional microvascular network that gen-
erates fresh blood supply to promote flap healing [10-11].

Platelet-rich plasma (PRP), a platelet-concentrated biological agent
isolated through gradient centrifugation from autologous whole
blood, contains platelets 3-5 times more abundant than peripheral
blood. Platelet-rich gel (PRG), a gelatinous substance produced by
adding activators to PRP, shares the ability to enhance growth factor
concentrations and reduce inflammatory cytokine responses [12-

PDGF N+N

Figure 4. PDGF staining results.

The relative expression levels of PDGF in tissues were detected by
immunohistochemical staining. Five randomly selected sections with
satisfactory staining were scored, and the final score was calculated
as the average of the five scores. Positive results were defined as
brown-yellow or brown-brown staining granules localized on the cyto-
plasm or cell membrane. The group receiving additional PRP or PRG
showed a higher proportion of brownish-yellow areas and a higher
final score. Scale = 20 pm.



13]. However, due to the weight limitations of rats, autologous blood
supply could not be achieved. This study therefore used allogeneic rat
blood for PRP and PRG preparation. No significant immune rejection
was observed during the experiment, consistent with Akbarzadeh S et
al's findings [14]. Beyond its high platelet concentration, PRP contains
multiple key growth factors, particularly platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF). ELISA confirmed
that these factors in PRP are 3-4 times higher than in ordinary plasma
while maintaining high activity.

VEGF, a 45-kD heparin-binding dimeric glycoprotein, is recognized
as the most potent regulator in angiogenesis induction [15]. By bind-
ing to its receptor VEGFR2, VEGF activates the P13K/AKT signaling
pathway, which phosphorylates and activates endothelial nitric oxide
synthase (eNOS) in endothelial cells. This increases NO production,
thereby inducing vasodilation, promoting angiogenesis, and improving
vascular permeability [16]. Kryger Z, Vourtsis SA et al. created rat skin
flaps and administered VEGF suspension to the distal 1/3 flap through
various delivery methods [17-18]. They found that under conditions of
hypoxia and endothelial cell damage, regardless of delivery method,
VEGF could enhance blood flow and flap survival in rat skin flaps. In
our study, Point injections of PRP or PRG were administered at the
flap margins, with photographic documentation followed by Image
Pro Plus analysis of necrotic areas. The analysis of the data revealed
that the saline group showed significantly increased necrotic area by
day 7 compared to day 3. In contrast, the PRP or PRG groups demon-
strated no significant difference in necrotic extent between days 3
and 7. These findings suggest that while PRP supplementation cannot
reverse necrotic outcomes, it effectively delays the progression of ne-
crosis. Immunohistochemical analysis further demonstrated markedly
higher growth factor levels in PRP/PRG groups compared to saline
control, with PRG supplementation showing more substantial improve-
ments. The results indicate that PRP/PRG supplementation enhances
tissue growth factor concentrations, activates vascular endothelial
cells to promote angiogenesis, and delays necrotic progression, there-
by improving necrosis rates. However, these effects were limited in
flaps already showing significant necrosis.
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Figure 5. Relative expression levels of VEGF and PDGF

The relative expression levels of VEGF and PDGF in tissues were
detected by immunohistochemical staining. Five randomly selected
sections with satisfactory staining were scored, and the final score
was calculated as the average of the five scores. Positive results were
defined as brown-yellow or brown-brown staining granules localized
on the cytoplasm or cell membrane. Data were presented as mean
+ standard deviation (SD). Statistical analysis was performed using
One-way ANOVA. *P<0.05 when comparing the additional PRP group
; **P<0.01; ***P<0.001; #P<0.05 when comparing with the additional
PRG group; #P<0.01; #P<0.001; +P<0.05 when comparing with the
group receiving PRP combined with PRG during surgery,++P<0.01;
+++P<0.001. X-axis: Group N+N; Group N+P; Group N+G; Group PG+N;
Group PG+P; Group PG+G. Y-axis: relative quantity.

https://doi.org/10.71321/0x94xp56

CD34 N+N N+P N+G

Figure 6. CD34 staining results.

Under the background of CD34 staining, 5 non-adjacent areas were
randomly selected for scoring. The number of microvessels was
counted and averaged to determine the vascular density of each sam-
ple. The stained sections revealed that the group supplemented with
PRP and PRG exhibited a higher number of microvessels.

microvascular count

N+N
N+P
N+G
PG+N
PG+P
PG+G

relative quantity

Group

Figure 7. Microvessel Counting

Microvessel density (MVD) was expressed as the number of
CD34-positive vessels per high-power field under light microscopy,
with 5 randomly selected fields counted per slide. Data were presented
as mean t standard deviation (SD). Statistical analysis was performed
using One-way ANOVA.*P<0.05 when comparing the additional PRP
group ; **P<0.01; ***P<0.001; #P<0.05 when comparing with the addi-
tional PRG group; #P<0.01; #P<0.001; +P<0.05 when comparing with
the group receiving PRP combined with PRG during surgery.++P<0.01;
+++P<0.001. X-axis: Group N+N; Group N+P; Group N+G; Group PG+N;
Group PG+P; Group PG+G. Y-axis:relative quantity.
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Table 3. Statistical table of immunohistochemical results (X#s).

PDGF VEGF
Group Number . .
Intensity Percentage Total Intensity Percentage Total
N+N 6 0.60+0.89 0.4040.55 0.80+0.84 0.80+0.45 1.00+0.71 1.00+0.71
N+P 6 1.6040.55 2.00+0.45 3.00+1.00°? 1.6040.55 2.20+0.45 3.40+0.897
N+G 6 2.4040.55 2.2040.45 5.20+1.10* 2.2040.45 2.60+0.55 5.60+0.89 **
PG+N 6 1.8010.45 1.80+0.45 3.241.10° 1.6040.55 2.2040.45 3.40+0.897
PG+P 6 2.20+0.45 2.60+0.55 5.60+0.89 ** 2.20+0.45 2.80+0.84 6.00+1.41*°
PG+G 6 2.80+0.45 3.00+0.71 8.20+1.30 ™** 2.80+0.45 3.00£0.71 8.20+1.30 "**
F 29.867 28.873
P <0.001 <0.001

Note: Data are expressed as mean + standard deviation (xts), and one-way analysis of variance was performed. Bonferroni method was used for
inter-group comparisons in this dataset. 1 indicates P<0.05 compared to PG+P group; 2 indicates P<0.05 compared to N+N group; 3 indicates
P<0.05 compared to N+P group; 4 indicates P<0.05 compared to PG+N group; 5 indicates P<0.001 compared to N+N group.

Table 4. Statistical table of microvascular count results(Xzs)

Group Number Microvascular Count
N+N 6 1.00£0.71
N+P 6 3.20+1.10?
N+PG 6 5.204+1.10
PG+N 6 3.0041.00?
PG+P 6 5.60+0.89
PG+PG 6 8.80+0.45"
F 44.539
P <0.001

Note: Data are expressed as mean * standard deviation (xts), and one-
way analysis of variance was performed. Bonferroni method was used
for inter-group comparisons. 1 indicates P<0.001 compared to N+N
group; 2 indicates P<0.05 compared to N+N group; 3 indicates P<0.05
compared to N+P group; 4 indicates P<0.01 compared to PG+N group;
5 indicates P<0.001 compared to PG+P group.

Ischemic necrosis of rat skin flaps typically manifests as character-
istic blackening, crusting, hardened texture, and absence of blood
flow upon needle puncture at the distal flap. While these macroscopic
signs may initially suggest vascular impairment, they fail to accurately
reflect the pathological and physiological state of subcutaneous tis-
sues. Epidermal appearance often fails to correlate with the extent of
subcutaneous edema or the defect range in microcirculatory perfusion
imaging. Contrast-enhanced ultrasonography (CEUS) utilizes contrast
agents such as sulfur hexafluoride microbubbles, with their diameter
strictly controlled within 2-5um. These microbubbles are completely
metabolized through respiratory pathways within 15 minutes, elim-
inating dependence on hepatic and renal metabolic systems. Data
from a large-scale multicenter clinical study involving 460,000 patients
demonstrated an adverse event rate of merely 0.034%, with severe
allergic reactions occurring at an even lower rate of 0.001% highlight-
ing CEUS' advantages of high stability, excellent imaging quality, low
diffusion, high biocompatibility, and safety [19-21]. In this study, CEUS
revealed that compared to the group receiving only saline postopera-
tively, the group receiving PRP showed significantly smaller imaging
defects and milder edema. Notably, the PG+G group demonstrated the
best results, with both the length of imaging defects and flap edema
being significantly lower than other treatment groups.
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Conclusion

The findings demonstrate that postoperative application of plate-
let-rich plasma (PRP) or platelet-rich gel (PRG) significantly improves
subcutaneous tissue defect coverage and reduces flap edema. By el-
evating growth factor concentrations (eg: VEGF), these treatments en-
hance vascular regeneration in recipient sites, thereby improving flap
survival rates and delaying necrosis. Notably, PRG exhibits superior
efficacy. This study provides novel therapeutic strategies for reducing
postoperative necrosis and accelerating wound healing in clinical flap
transplantation.
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Abstract

Background: Long-term peritoneal dialysis (PD) frequently induces chronic peritoneal inflammation, fibrosis, and increased peritoneal solute
transport rate (PSTR). This study assessed whether effluent interleukin-17 (IL-17) predicts increased PSTR and relates to peritoneal fibrosis.
Methods: This prospective cohort enrolled 130 PD patients, of whom 115 completed 1-year follow-up. Effluent IL-17, transforming growth fac-
tor-B (TGF-B), and fibronectin (FN) were measured by enzyme-linked immunosorbent assay (ELISA). Peritoneal function was assessed by dialy-
sate-to-plasma creatinine ratio (D/P Cr) at baseline and 1 year. We used correlation analysis, multivariable regression, interaction analysis, and
Receiver operating characteristic (ROC) analysis to evaluate the predictive value of effluent IL-17 for increased PSTR. A mouse peritoneal fibrosis
model was used to evaluate local IL-17 expression by immunohistochemistry and real-time quantitative PCR (RT-gPCR).

Results: Effluent IL-17 was higher in patients with increased PSTR and correlated positively with TGF-B, FN, and AD/P Cr. Multivariable analysis
showed that IL-17 independently predicted 1-year D/P Cr after adjustment for baseline D/P Cr and clinical covariates. PD vintage significantly
modified the association between IL-17 and increased PSTR. Adding IL-17 to baseline D/P Cr and peritoneal creatinine clearance improved pre-
diction of increased PSTR, with the AUC increasing from 0.705 to 0.789. Furthermore, immunohistochemical and qPCR results showed that IL-17
expression was elevated in fibrotic peritoneal tissues of PF mice compared with control mice.

Conclusion: Effluent IL-17 is associated with peritoneal fibrosis and longitudinal PSTR increase, supporting its potential as a noninvasive bio-

marker for early risk stratification in PD patients.

Keywords: Peritoneal dialysis; Peritoneal fibrosis; Peritoneal function; Biomarker; IL-17

Introduction

Peritoneal dialysis (PD) is a vital treatment option for end-
stage renal disease (ESRD) worldwide, as evidenced by its sim-
plicity, cost-effectiveness, and ability to preserve residual renal
function [1]. The efficacy of this therapeutic modality relies
heavily upon maintaining the architectural and physiological
integrity of the peritoneal membrane. However, chronic inflam-
mation and peritoneal injury are induced by chronic exposure
to bioincompatible dialysate (characterized by hypertonicity,
high glucose, and acidity). These pathological changes include
mesothelial cell denudation, neovascularization, and excessive
extracellular matrix deposition, eventually progressing to sub-
mesothelial fibrosis [2]. Such structural remodelling compro-
mises vascular permeability and disrupts transport kinetics,
driving ultrafiltration failure (UFF) and, ultimately, technique
failure [3].The peritoneal equilibration test (PET) remains the
clinical standard for evaluating peritoneal function through the

quantification of solute transport and ultrafiltration capacity.
This assessment relies on measuring the dialysate-to-plasma
creatinine ratio (D/P Cr), the 4-hour to 0-hour dialysate glucose
ratio (D/DO0 glucose), and the 4-hour ultrafiltration volume (4
h UF) [4]. A faster peritoneal solute transport rate (PSTR) is
predictive of adverse clinical outcomes. Specifically, an in-
crease of 0.1 units in D/P Cr is associated with a significantly
elevated risk of technique failure, hospitalization, and all-cause
mortality [5-6]. However, while PET effectively reflects current
transport characteristics, it lacks the sensitivity required for
the early detection of peritoneal function decline.

While specific effluent biomarkers have been identified, their
clinical applications remain limited. Interleukin-6 (IL-6) is cor-
related with solute transport, inflammation, and fibrosis. How-
ever, its diagnostic specificity is compromised by interference
from systemic inflammation and interindividual variability [7].
Similarly, cancer antigen 125 (CA125) has been recognized as
a biomarker for mesothelial cell mass. Nevertheless, CA125
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shows limited prognostic value for adverse outcomes, such
as peritonitis or ultrafiltration failure, when used as a single
marker [8]. Therefore, the identification of highly specific bio-
markers to accurately characterize peritoneal pathological
mechanisms remains a critical research priority.
Interleukin-17A (IL-17) is the signature cytokine of the T helper
17 (Th17) lineage. It plays a critical role in regulating inflam-
mation and angiogenesis in autoimmune pathologies, such as
multiple sclerosis and rheumatoid arthritis [9]. Mechanistically,
IL-17 orchestrates a continuous inflammatory response by en-
hancing Th17 cell differentiation through the IL-6/TGF-3/RORyt
(Interleukin-6/ transforming growth factor B/ retinoic acid-re-
lated orphan receptor gamma t) axis and recruiting immune
cells via CCL20-dependent chemotaxis [10-11]. While IL-17
levels are negligible in the peritoneum of healthy individuals,
this cytokine is significantly upregulated in the peritoneum of
patients receiving PD. These elevated levels originate primarily
from infiltrating Th17 and yd T cells [12]. Moreover, accumu-
lating evidence suggests that IL-17 promotes fibrosis across
various organ systems. For example, it promotes myocardial
fibrosis by activating cardiac fibroblasts, induces pulmonary
fibrosis through mitochondrial dysfunction-mediated epithelial
apoptosis, and exacerbates liver fibrosis by enhancing TGF-B
receptor signalling [13-15]. In hypertensive nephropathy and
IgA nephropathy, studies have shown that IL-17 activates
downstream signalling cascades, notably NF-kB, to induce the
release of inflammatory mediators and aberrant extracellular
matrix deposition, consequently driving the progression of
renal fibrosis [16-17]. However, research concerning the ex-
pression of IL-17 in peritoneal tissue and its correlation with
impaired peritoneal function remains limited.

Therefore, in this study, the expression of IL-17 in PD effluent
was prospectively evaluated, and its ability to predict longitudi-
nal peritoneal function decline was evaluated, with the goal of
identifying a novel noninvasive biomarker for early risk stratifi-
cation.

Methods

Study Design and Population

This prospective cohort study included 130 patients who re-
ceived regular PD follow-up at the Department of Nephrology,
the First Affiliated Hospital of Anhui Medical University, be-
tween September 2023 and September 2025. The follow-up
duration was 1 year. This research was approved by the Ethics
Committee of the First Affiliated Hospital of Anhui Medical
University (approval number: PJ 2025-08-97).

Eligible patients were aged between 18 and 80 years, on sta-
ble peritoneal dialysis replacement therapy (PD vintage > 3
months) using only commercially available peritoneal dialysis
solutions with 1.5% or 2.5% glucose, and had a stable PD
regimen (no adjustments for at least 1 month). Exclusion cri-
teria included peritonitis within the past month, autoimmune
diseases (e.g., lupus nephritis, rheumatoid arthritis, Sjogren's
syndrome, and chronic lymphocytic thyroiditis), infections (e.g.,
hepatitis B virus, hepatitis C virus, and syphilis), malignant or
benign tumors, and use of antibiotics or hormones at the time
of sample collection.

All animal procedures were approved by the Animal Ethics
Committee of Anhui Medical University (Approval Number:

34

LLSC20241406).

Male C57BL/6 mice (20-24 g, n = 12) were randomly allocated
into two groups (control group n = 6, PF group n= 6). To estab-
lish a peritoneal fibrosis (PF) model, mice in the experimental
group received daily intraperitoneal injections of 2 mL of 4.25%
glucose-based dialysis solution for 28 consecutive days. The
control group received an equal volume of isotonic saline (0.9%
NaCl) following the same schedule.

Data Collection and Variables

General clinical data included the following: (1) demographic
characteristics, such as age, sex, height, weight, and body
mass index (BMI); (2) PD vintage, defined as the time from PD
initiation to study enrolment (years); (3) comorbidities such as
diabetes mellitus, hypertension, and cardiovascular disease;
and (4) laboratory examinations, including routine biochemical
parameters (renal function, blood urea nitrogen (BUN), serum
creatinine (Scr), and parathyroid hormone (PTH)), electrolytes
(serum calcium and serum phosphate (P)), nutritional indica-
tors (serum albumin [Alb] and haemoglobin [Hb]), lipid metab-
olism parameters (total cholesterol [TC] and triglyceride [TG]),
inflammatory markers (neutrophil count [NE], lymphocyte
count [LYM], monocyte count [MONOQ], and C-reactive protein
[CRP]), and corrected serum calcium concentration calculated
as: corrected serum calcium (mmol/L) = serum calcium + 0.02
x (40 - Alb [g/L]).

Cardiac indices included left ventricular ejection fraction (EF),
left atrial diameter (LA), left ventricular diameter (LVD), and left
ventricular posterior wall thickness (LVPWD).

Peritoneal Function Measurement

On the night before the PET, patients were required to retain
peritoneal dialysis fluid for 8=12 hours. On the test day morn-
ing, after emptying the bladder and bowels, patients assumed
a standing position, and the existing PD fluid was completely
drained from the peritoneal cavity within 20 minutes. Subse-
quently, 2 L of 2.5% glucose PD solution was rapidly infused
into the peritoneal cavity within 10 minutes, with patients turn-
ing from side to side after each 400 mL administration. Upon
completion of infusion, the dialysis tubing was clamped, and
the PD fluid was retained in the peritoneal cavity for 4 hours.
First, original PD fluid was collected immediately (0 minutes)
after complete infusion to obtain a 0-hour PD fluid sample. At
exactly 2 hours of dwell time, venous blood and PD effluent
samples were collected. After maintaining the dialysis posi-
tion for precisely 4 hours, patients switched to a seated or
standing posture, and the PD fluid in the peritoneal cavity was
completely drained into a collection bag within 20 minutes.
Following drainage, the total volume of effluent was measured
and recorded. Subsequently, additional PD effluent samples
were collected from the drainage bag [4].

The following parameters were calculated:
Dialysate-to-plasma creatinine ratio (D/P Cr) = dialysate creati-
nine (4 h) / plasma creatinine (2 h)

Dialysate glucose ratio (D/DO0 glucose) = dialysate glucose (4 h)
/ dialysate glucose (0 h)

At 12 months (+1 month) after baseline, peritoneal function
parameters D/P Cr and D/DO0 glucose were evaluated again.
Definitions:

AD/P Cr =D/P Cr 1 year later - baseline D/P Cr

AD/DO glucose = D/DO0 glucose 1 year later - baseline D/D0



glucose
Faster PSTR was defined as AD/P Cr > 0 at 1-year follow-up.

Biomarker Detection

Peritoneal effluent sample collection: After rigorous applica-
tion of the inclusion and exclusion criteria, 10 mL of 4-hour
peritoneal dialysis effluent was collected from the study sub-
jects. The samples were aliquoted and balanced in a laborato-
ry centrifuge. The centrifuge was set to 3,600 RPM and run for
10 minutes. The resulting precipitate was removed, and the su-
pernatant solution was collected and aliquoted into EP tubes
(1 mL per tube). To avoid repeated freeze-thaw cycles, aliquots
were immediately placed in a -80 °C freezer to await analysis.
Enzyme-linked immunosorbent assay (ELISA) kits were pro-
vided by MeiKe. The supernatant stored at -80 °C was thawed
at room temperature, then vortexed and centrifuged again.
All experimental procedures were meticulously executed in
accordance with the manufacturer’s instructions. With a stan-
dard curve R? > 0.99, the concentrations of IL-17, TGF-B, and
fibronectin (FN) in the samples were calculated.

Immunohistochemical Staining of Peritoneal Tissue for IL-17
Peritoneal specimens were immediately fixed in 4% parafor-
maldehyde, followed by sequential dehydration with increasing
concentrations of ethanol (70%-100%). The tissues were sub-
sequently cleared in xylene and embedded in paraffin blocks.
Thin sections (3 ym) were prepared, deparaffinized, and rehy-
drated with descending ethanol gradients. Antigen retrieval
was performed using heat induction in a citrate buffer solution
under pressure for 5 minutes. Endogenous peroxidase activity
was quenched using a peroxidase inhibitor (OriGene Tech) at
37 °C for 30 minutes. Prior to antibody incubation, nonspe-
cific epitopes were blocked with 10% goat serum (37 °C, 30
min). Tissue sections were then probed overnight at 4 °C with
a rabbit-derived anti-IL-17 primary antibody (1:100 dilution).
Following extensive washing, HRP-conjugated secondary anti-
bodies were applied (37 °C, 30 min). Antigen-antibody interac-
tions were visualized using 3,3-diaminobenzidine (DAB) as a
chromogen, and nuclear counterstaining was performed with
Mayer’'s haematoxylin. Digital micrographs were acquired us-
ing a Leica DM6B brightfield microscope under standardized
lighting conditions.

Real-time Quantitative PCR (RT-qPCR)

Total RNA was extracted from mouse peritoneal tissues using
a column-based purification method. Before extraction, sur-
gical instruments (forceps and scissors) and grinding beads
were disinfected in 75% ethanol and dried in an oven at 60 °C
for 15 minutes to ensure an RNase-free environment.
Approximately 30-50 mg of peritoneal tissue was placed into
an RNase-free EP tube containing 500 pL of lysis buffer (Buf-
fer RL) and two grinding beads. Tissues were homogenized
for 5 minutes using a tissue grinder to ensure complete lysis.
The homogenate was incubated at room temperature for 5
minutes and then centrifuged at 14,000xg for 5 minutes. The
supernatant was transferred to a gDNA-depletion column to
remove genomic DNA (14,000xg, 2 min). The flow-through was
loaded onto an RNA purification column and washed sequen-
tially with Buffer RW1 and ethanol-diluted Buffer RW2. After
discarding the final wash solution, the column was centrifuged
at 12,000xg for 2 minutes to remove residual ethanol. Finally,

https://doi.org/10.71321/g94y8w65

30 pL of RNase-free water was added to the center of the col-
umn membrane. After incubation at room temperature for 2
minutes, total RNA was eluted by centrifugation and stored at
-80 °C.

The concentration and purity of the isolated RNA were deter-
mined using a spectrophotometer. Samples with an A260/
A280 ratio between 1.8 and 2.1 were used for subsequent ex-
periments. Reverse transcription was performed using a two-
step protocol to synthesize cDNA. First, the RNA concentration
of each sample was adjusted to ensure equal template input.
Residual genomic DNA was removed using a gDNA remover
at 42 °C for 2 minutes. Subsequently, Hifair® Il SuperMix plus
was added to the reaction mixture. Reverse transcription was
performed in a thermal cycler using the following program: 25
°C for 5 min, 55 °C for 15 min, and 85 °C for 5 min. The result-
ing cDNA was stored at -20°C.Real-time PCR was performed
using the QuantStudio 6 Flex Real-time PCR System. The PCR
reaction mixture (20 pL total volume) consisted of 10 yL SYBR
Green Master Mix, 0.4 pL each of forward and reverse primers,
7.2 uL of DEPC-treated water, and 2 puL of cDNA template. All
procedures were performed on ice and protected from direct
light. Thermal cycling conditions were as follows: Initial dena-
turation: 95 °C for 5 min;

PCR cycles (40 cycles): 95 °C for 10 s (denaturation) and 60 °C
for 30 s (annealing and extension); Melting curve analysis: A
default melting curve program was run immediately after the
final cycle to verify the specificity of amplification products.
The relative mRNA expression levels of target genes were
calculated using the 27*%® method, with GAPDH used as the
internal reference gene for normalization. Statistical analysis
and data visualization were performed using GraphPad Prism
10 software.

The overall process of this study is shown in Figure 1.

Al enrolled patients
(n=130)

Concentrations of IL - 17,
TGF - B and FN in dialysate

GPCR for the determination of
aSMA, TGF-B1, and IL17

HE, Masson staining, ar
Immunohistochemical staining

Prediction of changes in peritoneal
membrane function by IL - 17 in dialysate

Figure 1. Flowchart of the overall study design.

This prospective cohort study enrolled 130 peritoneal dialysis (PD)
patients. Peritoneal effluent samples were collected to measure IL-17,
TGF-B, and fibronectin concentrations. Peritoneal function parameters
were evaluated at baseline and after 1-year follow-up. A mouse model
of peritoneal fibrosis (PF) was established to verify IL-17 expression
in peritoneal tissues by immunohistochemistry and qPCR. Statistical
analyses were performed to explore the association between effluent
IL-17 and peritoneal solute transport rate (PSTR) decline.

Statistical Analysis

The collected and experimentally obtained data were anal-
ysed and organized. Continuous variables demonstrating a
Gaussian distribution are presented as arithmetic means with
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standard deviations (means * SDs), whereas parameters vio-
lating normality assumptions are presented as median values
accompanied by interquartile ranges (IQRs). When variable
relationships between indicators followed a normal distribu-
tion and satisfied the assumptions of homogeneity of variance
and independence, Pearson correlation analysis was applied;
otherwise, Spearman correlation analysis was used. We imple-
mented univariate and multivariate linear regression models to
assess the predictive variables affecting AD/P Cr. In addition,
we used binary logistic regression to analyse the interaction
effect between IL-17 concentration and PD vintage on the bi-
nary outcome of increased PSTR (AD/P Cr > 0). We utilized Re-
ceiver operating characteristic (ROC) analysis to evaluate the
prognostic capability of IL-17 for AD/P Cr > 0. Two-tailed tests
were performed with a = 0.05, and the results were significant
at the 0.05 level. All statistical analyses were performed with
SPSS, GraphPad Prism, and R software.

Results

Baseline Characteristics

The study population comprised 130 patients receiving PD. All
participants were included in the baseline characteristic anal-
ysis. As detailed in Table 1, 42.31% of the initial cohort were
male, with a median age of 54 years (IQR 44.25-60.00). The
mean BMI was 23.10 + 3.14 kg/m?2. At baseline, the median
peritoneal effluent IL-17 concentration was 40.49 pg/mL (IQR
39.00-41.79 pg/mL). For peritoneal transport parameters,
the mean baseline D/P Cr was 0.62 + 0.10, and the median
baseline D/DO glucose was 0.42 (IQR 0.36-0.47). After 1 year
of follow-up, 15 patients were censored (due to death, trans-
plantation, or loss to follow-up), leaving 115 patients (88.5%)
for the final outcome analysis. The baseline characteristics
of the analyzed cohort (N = 115) are also presented in Table
1 (second column) and were comparable to the initial cohort
(all P > 0.05), indicating no significant selection bias. Detailed
comparisons are provided in Supplementary Table 1.
Participants were dichotomized based on PSTR into a non-in-
creased PSTR group (Group A: AD/P Cr =< 0, n = 50) and an in-
creased PSTR group (Group B: AD/P Cr > 0, n = 65). Statistical
analysis revealed that baseline D/P Cr (Figure 2A, P = 0.001),
D/DO0 glucose (P = 0.002), peritoneal creatinine clearance
(pCcr) (P = 0.013), and IL-17 concentration (Figure 2B, P <
0.0001) differed significantly between the two groups, whereas
PD vintage (Figure 2C) and other parameters showed no signif-
icant differences.

Correlation between Effluent IL-17 and Changes in PSTR

To quantitatively assess the correlation between cytokines
and profibrotic factors, the associations between effluent IL-17
and both TGF-B and FN were calculated. Correlation analysis
revealed a marked positive correlation between IL-17 and both
TGF-B (r = 0.440, P < 0.001) and FN (r = 0.319, P < 0.01). The
scatter plot distributions illustrating these linear associations
are depicted in Figure 2D and 2E. Furthermore, the positive
correlation between IL-17 and AD/P Cr (r = 0.318, P < 0.01)
suggests the clinical application value of IL-17 (Figure 2F).

Predictive Value of IL-17 for Peritoneal Transport Status
To identify the vital predictors of PSTR, we constructed univar-
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iate and multivariate regression models (Table 2). Univariate
analysis revealed that only baseline D/P Cr was independent
predictor of D/P Cr one year later. However, in the multivariable
regression analysis incorporating PD vintage, age, CRP, base-
line D/P Cr, pCcr and IL-17 as covariates, baseline D/P Cr (B =
0.791, P < 0.001) and IL-17 (B = 0.006, P = 0.022) were identi-
fied as independent predictors of D/P Cr one year later. In the
multivariate model, after adjustment for other variables, each
1 pg/mL increase in effluent IL-17 concentration predicted
an average increase of 0.006 units in 1-year D/P Cr. Similarly,
each 1-unit increase in baseline D/P Cr was associated with an
average increase of 0.791 units in 1-year D/P Cr.
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Figure 2. Comparisons of baseline indicators and correlation analysis
of IL-17.

(A) Comparison of baseline dialysate-to-plasma creatinine ratio (D/P
Cr) between non-increased PSTR group (Group A) and increased PSTR
group (Group B). (B) Comparison of peritoneal effluent IL-17 levels be-
tween two groups. (C) Comparison of PD vintage between two groups.
(D) Correlation between effluent IL-17 and TGF-B. (E) Correlation
between effluent IL-17 and fibronectin (FN). (F) Correlation between
effluent IL-17 and AD/P Cr.

Note: ***P < 0.001, ****P < 0.0001

To further investigate the predictive value of IL-17 for changes
in peritoneal function, we evaluated its association with 1-year
D/DO0 glucose (Table 3). Univariate analysis identified baseline
D/P Cr, baseline D/DO0 glucose, and pCcr as significant cor-
relates of 1-year D/D0 glucose. However, after adjustment for
baseline peritoneal function parameters, only baseline D/D0
glucose (B = 0.474, P < 0.001) and IL-17 (B = -0.005, P = 0.040)
remained independent predictors of 1-year D/DO0 glucose.

We constructed a binary logistic regression model to assess
the joint effect of IL-17 levels and PD vintage on an increased
PSTR. To explore this interaction, an interaction term (IL-17
x PD vintage) was included in the model. Notably, PD vintage
significantly modified the association between IL-17 and peri-
toneal transport status (P for interaction = 0.028). As shown
in Figure 3A, the predictive effect of IL-17 on faster PSTR was
weaker in the short-term dialysis group (1 year). However, this
association became significantly stronger in patients with lon-
ger dialysis durations (3 and 5 years). The increasingly steep
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Table 1. Baseline Characteristics of the Overall Study Population and Patients Who Completed Follow-up.

Follow-up (n=115)

Index Total (n=130) t/Z/X? P value
Group A (n=50) Group B (n=65)

Gender 0.416 0.519

Male (%) 55 (42.31%) 23 (46.00%) 26 (40.00%)

Female (%) 75 (57.69%) 27 (54.00%) 39 (60.00%)
Hypertension 1.410 0.235

No 29 (22.31%) 13 (26.00%) 11 (16.92%)

Yes 101 (77.69%) 37 (74.00%) 54 (83.08%)
Diabetes 1.441 0.230

No 114 (87.69%) 46 (92.00%) 55 (84.62%)

Yes 16 (12.31%) 4(8.00%) 10 (15.38%)
age (year) 54.00 (44.25, 60.00) 52 (40.5,59) 54 (49,60) -1.115 0.265
BMI (kg/m2) 23.10+3.14 23.17 (20.88,25.03)  22.86 (20.44,25.75) -0.166 0.868
PD vintage (year) 2.60 (1.21,4.71) 3.01 (1.4,4.66) 2.23(0.97,4.94) -0.852 0.394
baseline D/P Cr 0.62+0.10 0.65+0.09 0.59+0.1 3.579 <0.007***
baseline D/DO0 Glucose 0.42 (0.36, 0.47) 0.39+0.08 0.44+0.08 -3.184 0.002**
Urea kinetics
Peritoneal Kt/V 1.54£0.47 1.60.51 1.5240.43 0.846 0.399
Renal Kt/V 0.14(0,0.6) 0.08 (0,0.46) 0.21 (0,0.66) -0.953 0.341
Total Kt/V 1.87 £0.52 1.88+0.59 1.9+0.48 -0.269 0.789
Creatinine clearance
(L/wk/1.73 m?)
pCcr 38.7948.95 41.41+9.04 37.1149 2.534 0.013*
rCer 4.38(0,26.12) 2.18 (0,14.23) 9.1 (0,28.69) -1.268 0.205
Total Cer 50.13 (42.88,61.76) 50.52 (43.09,57.51) 50.24 (41.77,62.89) -0.195 0.846
SCr (umol/L) 959.66+271.67 990.06+274.29 949.87+279.93 0.770 0.443
BUN (mmol/L) 20.16+5.54 20.3+5.43 20.0245.51 0.275 0.784
PTH (pg/mL) 277 (120.75,397)  289.5(182.25412.25) 261 (125.5,379.5) -1.162 0.245
Hb (g/L) 109.71 £ 20.31 106.36+17.93 109.88+20.78 -0.954 0.342
ALB (g/L) 37.85+3.87 37.48+4.12 38.36+3.49 -1.237 0.219
TG (mmol/L) 1.53 (1.07, 2.48) 1.42 (1.03,2.42) 1.9 (1.19,2.9) -1.704 0.088
TC (mmol/L) 476+1.32 4.61+1.08 4.83+1.43 -0.902 0.369
Glucose (mmol/L) 4.87 (4.3,5.72) 4.84 (4.2,5.49) 4.97 (4.42,6.09) -0.886 0.376
Corrected calcium 2.35(2.21, 2.45) 2.36 (2.21,2.47) 2.34(2.18,2.44) 0.753 0.451
(mmol/L)
P (mmol/L) 1.80+0.47 1.7810.47 1.85+0.47 -0.889 0.376
CaxP product 4.10 (3.28, 4.84) 3.97 (3.43,4.53) 4.31(3.22,5.08) -0.739 0.460
NE (x10 ° /L) 419 (3.34,5.4) 4.05 (3.47,5.17) 4.27 (3.3,5.54) -0.553 0.580
LYM (x10° /L) 1.32(1.1, 1.65) 1.26 (1.03,1.6) 1.41 (1.14,1.73) -1.786 0.074
MONO (x10° /L) 0.41 (0.31, 0.54) 0.43 (0.29,0.55) 0.41 (0.32,0.55) -0.186 0.852
PLT (x10° /L) 197.62 + 66.19 195 (144.25,228.5) 190 (167.5,249) -0.920 0.358
CRP (mg/L) 1.63 (0.6, 3.59) 1.24 (0.39,2.63) 1.79 (0.73,3.86) -1.334 0.182
EF (%) 62 (60, 65.25) 62 (60,66) 63 (60,66) -0.368 0.713
LA (cm) 3.70 +0.49 3.76 (3.32,4.22) 3.55 (3.35,4.05) -0.866 0.386
LVD (cm) 4.77 (4.33, 5.06) 4.72 (4.38,5.06) 4.8 (4.33,5.07) -0.316 0.752
LVPWD (cm) 0.95 (0.89, 1.04) 0.98 (0.9,1.07) 0.94 (0.88,1.03) -1.672 0.094
D/P Cr 1 year later . 0.59 (0.54,0.65) 0.61(0.57,0.71) -2.047 0.041*
D/DO Glucose 1 year later - 0.44 (0.41,0.50) 0.44 (0.36,0.47) -1.534 0.125
IL-17 (pg/mL) 40.49 (39, 41.79) 39.45 (38.55,41.04) 41.25 (39.9,42.9) -3.858  <0.0007%r*

Note: Group A: non-increased PSTR group; Group B: increased PSTR group. Normally distributed continuous variables are expressed as mean +
standard deviation (mean * SD); non-normally distributed continuous variables are expressed as median (interquartile range) [M (P25, P75)]; cat-
egorical variables are expressed as number (%). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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slopes indicate that the deleterious effect of elevated IL-17 on
faster PSTR is exacerbated by prolonged PD exposure.

Incremental Predictive Value of IL-17 over Standard Clinical
Metrics

While the standard clinical model (including baseline D/P Cr
and pCcr) showed acceptable accuracy in predicting faster
PSTR (AD/P Cr > 0) (the area under the curve [AUC] = 0.705,
95% Cl: [0.609-0.801]), the addition of effluent IL-17 signifi-
cantly enhanced the accuracy. Specifically, the comprehensive
model (IL-17 + baseline D/P Cr + pCcr) achieved the optimal
predictive accuracy, with an AUC of 0.789 (95% Cl: 0.706~-
0.872), a sensitivity of 72.3%, and a specificity of 74.0%. De-
Long test confirmed that this comprehensive model was sta-
tistically superior to the base model (P < 0.05; Figure 3B and
Table 4). These findings highlight the incremental predictive
value of IL-17, indicating that it captures changes in peritoneal
function that cannot be reflected by baseline transport status.

Validation of IL-17 Expression in A Mouse Peritoneal Fibrosis
Model

To investigate the specific role of IL-17 in the pathogenesis of
peritoneal fibrosis in vivo, we established a murine PF model
by daily intraperitoneal injection of 4.25% glucose-based dialy-
sis fluid. As shown in Figure 4A, haematoxylin and eosin (HE)
staining revealed notable thickening of the peritoneum and
increased inflammatory cell infiltration in the fibrosis group
compared with the control group. Masson staining showed
that collagen deposition was significantly increased in fibrot-
ic peritoneal tissue. Moreover, immunohistochemistry (IHC)
demonstrated marked infiltration of IL-17-positive cells within
the fibrotic tissues. These results verified the successful in-
duction of the PF model and indicated that IL-17 expression
was upregulated in the fibrotic peritoneum.

gPCR Assessment of Fibrotic Markers and IL-17 mRNA Ex-
pression in Murine Peritoneal Tissue

To further quantify the extent of peritoneal injury and inflam-
matory status at the molecular level, real-time quantitative
PCR (gPCR) was employed to determine the mRNA expression

Table 2. Univariable and Multivariable Linear Regression of Influencing Factors on D/P Cr.

Univariate Analysis

Multivariate Analysis

Variables
B(95%Cl) P-value B (95%Cl) P-value
PD vintage (years)  0.003 (-0.003, 0.009) 0.284 0.001 (-0.004, 0.005) 0.820
Age(years) 0.001 (-0.0002, 0.003) 0.084 0.001 (0.000, 0.002) 0.205
CRP(mg/L) 0.002 (-0.004, 0.007) 0.499 0.0003 (-0.003, 0.004) 0.853
ALB (g/L) -0.008 (-0.012,-0.003) 0.007** 0.0002 (-0.003, 0.004) 0.927
Baseline D/P Cr 0.742 (0.623,0.861) <0.0071*** 0.791 (0.648, 0.934) < 0.007***

pCcr 0.003 (0.001, 0.005) 0.002** -0.001 (-0.003, 0.001) 0.248
IL-17(pg/mL) 0.003 (-0.004, 0.010) 0.411 0.006 (0.001, 0.011) 0.022*

Note: *P < 0.05, **P < 0.01, ***P < 0.001.

Table 3. Univariable and Multivariable Linear Regression of Influencing Factors on D/D 0 glucose.

Univariate Analysis

Multivariate Analysis

Variables
B(95%CI) P-value B (95%Cl) P-value
PD vintage (years)  -0.004 (-0.008, 0.001) 0.129 -0.002 (-0.006, 0.002) 0.307
ALB (g/L) 0.005 (0.001, 0.008) 0.017* 0.0001 (-0.003, 0.003) 0.946
Baseline D/P Cr -0.473 (-0.594,-0.352) <0.001***  -0.166 (-0.370, 0.039) 0.111
Baseline D/DO0 Glucose 0.626 (0.484,0.768)  <0.001***  0.474(0.238,0.711) <0.007***
peritoneal Kt/V 0.020 (-0.011, 0.052) 0.207 0.031 (0.005, 0.057) 0.022*
pCcr -0.002 (-0.004,-0.001)  0.002** 0.000 (-0.002, 0.002) 0.922
IL-17(pg/mL) -0.003 (-0.009, 0.003) 0.282  -0.005(-0.010,-0.0002) 0.040*
Note: *P < 0.05, **P < 0.01, ***P < 0.001.
Table 4. Comparison of ROC Curve Parameters for Prediction Models of faster PSTR.
Groups AUC 95%Cl Optimal Cutoff  Sensitivity (%) Specificity (%)
Model 1 IL-17 0.710 0.617-0.804 39.86 76.9 58.0
Model 2 baseline D/P Cr 0.694 0.597-0.790 0.605 63.1 72.0
Model 3 pCcr 0.633 0.529-0.737 37.88 53.8 72.0
Model 4 baseline D/P Cr + pCcr 0.705 0.609-0.801 - 84.6 50.0
Model 5 baseline D/P Cr + pCcr+ IL-17 0.789 0.706-0.872 - 72.3 74.0
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levels of fibrotic markers (a-SMA and TGF-B) and IL-17 in the
experimental groups. As shown in Figure 4B-D, mRNA expres-
sion of a-SMA in peritoneal tissues was significantly higher
in the PF group than in the control group (P < 0.05). Similarly,
the mRNA levels of TGF-B in the PF group were significantly
higher than those in the control group (P < 0.01). Furthermore,
IL-17 mRNA expression in the PF group showed a marked up-
regulation compared with the control group (P < 0.05). These
transcriptional findings were consistent with the previously
observed trend in IL-17 protein expression as determined by
immunohistochemical staining.

A 1.0/ == PDvintage = 1 year
(A) “| —-- PD vintage = 3 years
—— PD vintage = 5 years

Probability of Increased Peritoneal Solute Transport Rate

(B)

100+
baseline D/P Cr+pCcr

80 — baseline D/P Cr+pCcr+IL-17

60

Sensitivity%

cl 1 I 1 I 1
0 20 40 60 80 100

100% - Specificity%
Figure 3. Interaction effect and receiver operating characteristic (ROC)
curve analysis.
(A) Predicted probability plot showing the interaction between IL-17
concentration and PD vintage on faster PSTR. (B) ROC curves of
baseline model (D/P Cr + pCcr) and combined model (D/P Cr + pCcr +
IL-17) for predicting faster PSTR.

Discussion

This study represents the first prospective cohort analysis to
establish that effluent IL-17 serves as a reliable predictor of
faster PSTR. There is a statistically significant correlation be-
tween elevated PSTR and increased mortality rate, as well as
a trend toward a higher technical failure rate [18-19]. However,
traditional clinical criteria still lack the sensitivity required for
early monitoring of PSTR increase. Our study bridges this gap
and reveals that compared with the standard clinical model,
the model incorporating IL-17 has significant predictive value.
Additionally, the histological evidence from the mouse perito-
neal fibrosis model further supports the feasibility of using IL-
17 as an early biomarker for peritoneal fibrosis.

Univariate regression analysis demonstrated that baseline D/

https://doi.org/10.71321/g94y8w65

P Cr was the most robust predictor of peritoneal transport
status at the 1-year follow-up (B = 0.742, P < 0.001). This find-
ing underscores the inherent stability of peritoneal membrane
characteristics, where initial solute transport rates—likely
reflecting baseline microvascular density and anatomical in-
tegrity—largely dictate subsequent functional trajectories. Con-
sequently, adjusting for initial functional status is imperative
when isolating the contributions of auxiliary pathogenic fac-
tors. Notably, after adjusting for baseline D/P Cr and systemic
inflammatory markers (CRP and albumin), local peritoneal IL-
17 levels remained independently associated with the progres-
sion of D/P Cr (B = 0.006, P = 0.022). These data suggest that
IL-17-mediated local immune-inflammatory responses may
serve as an independent driver of peritoneal transport acceler-
ation. Even in the absence of systemic inflammation, elevated
intraperitoneal IL-17 may herald a shift toward a high-trans-
porter phenotype within the following year.

In an experimental fibrosis model induced by glucose-rich dial-
ysis fluid, significant peritoneal thickening, abnormal collagen
deposition, and increased IL-17 expression were observed.
These morphological changes were consistent with the find-
ings of Gonzalez-Mateo et al. and Ferrantelli et al., who ex-
plained that IL-17 blockade attenuated peritoneal fibrosis [20-
21], further confirming the role of IL-17 in peritoneal structural
deterioration. This profibrotic potential was further supported
by in vivo evidence. These pathological alterations impair peri-
toneal function, especially by affecting solute transport and

Control PF
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Figure 4. Histological staining and mRNA expression in mouse peri-
toneal tissues.

(A) Representative images of HE staining, Masson staining, and IL-17
immunohistochemical staining in peritoneal tissues from control and
PF mice (scale bar = 100 pm, 100x magnification). Relative mRNA ex-
pression of (B) a-SMA mRNA, (C) TGF-B1 mRNA, and (D) IL-17 mRNA
in peritoneal tissues. *P < 0.05, **P < 0.01.
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ultrafiltration, ultimately resulting in dialysis technique failure
[22]. Previous studies have indicated that bioincompatible di-
alysis fluids induce Th17 polarization and IL-17 secretion [23].
This process activates mesothelial cells, prompting the release
of proinflammatory mediators that modulate the local inflam-
matory microenvironment. This cascade initiates and ampli-
fies peritoneal damage, laying the pathological foundation for
the progression of fibrosis. Local peritoneal microinflamma-
tion, which intensifies with increasing PD vintage, serves as a
pivotal factor driving structural remodelling, including fibrosis,
vascular lesions, and abnormal lymphatic vessel formation
[24].

Our data also revealed robust positive correlations between
effluent IL-17 and both TGF-B (r = 0.440) and FN (r = 0.319).
TGF-B is a well- recognized promoter of mesothelial-to-mes-
enchymal transition (MMT), and FN drives extracellular matrix
(ECM) remodelling [25-26]. Mechanistically, we hypothesize
that these associations stem from a pathogenic positive feed-
back loop in which IL-17 upregulates TGF-B expression [26].
In accordance with previous findings, IL-17 activates the ERK
and TGF-B/Smad pathways to drive ECM production [16, 27].
Simultaneously, TGF-B enhances the inflammatory response
by inducing Th17 polarization. This interaction accelerates the
transition from chronic inflammation to irreversible fibrosis.
This irreversible pathological damage results in a significant
reduction in peritoneal capacity, ultimately compromises the
clinical success of dialysis. Such pathological change in peri-
toneal structure can only be diagnosed via peritoneal biopsy.
However, its clinical application is limited due to the invasive
nature of the procedure. Clinically, the results of PET are used
to assess the function of the peritoneum.

Moreover, our research demonstrates that the comprehensive
model incorporating IL-17 has greater predictive value than the
basic model that includes only baseline D/P Cr and pCcr. ROC
analysis confirmed this enhanced efficacy, and the results were
validated by the DelLong test (P < 0.05). These findings sug-
gest that the effluent IL-17 has independent clinical prognostic
value. Furthermore, our logistic regression model revealed a
statistically significant interaction between IL-17 levels and PD
duration (P = 0.028). As shown in Figure 3A, higher effluent IL-
17 levels predicted an increased risk of faster PSTR, and this
association was more pronounced in patients with long-term
PD. Conversely, no such trend was observed in the short-term
treatment group. These results suggest that the prognostic
discriminatory ability of IL-17 strengthens with increasing dial-
ysis vintage.

These observations align with those of Poniewierska-Baran
et al. [15] and Shao et al. [28], supporting the hypothesis that
prolonged exposure to bioincompatible dialysis fluids continu-
ously activates Th17 cells. As a well-recognized inflammatory
factor, IL-17 was found to be significantly positively correlated
with serum CRP levels and PD vintage. This positive correla-
tion is in accordance with the hypothesis that a chronic in-
flammatory response occurs in the peritoneum of PD patients.
Additionally, the positive relationship between IL-17 levels and
corrected serum calcium levels suggests that IL-17 may be
involved in calcium and phosphorus metabolism disorders.
Consequently, IL-17 acts as an important time-varying factor
within the peritoneal microenvironment. For patients with a
long dialysis duration, close monitoring of IL-17 levels is es-
sential for timely clinical intervention.

40

This study has the following limitations: the single-centre study
design may limit its generalizability. Although the 12-month
follow-up confirmed the predictive value of IL-17, it may not
fully capture long-term structural outcomes.

Conclusion

In conclusion, this study demonstrated that IL-17 in the efflu-
ent serves as a potent biomarker for predicting faster PSTR. By
elucidating the synergistic role of IL-17 in peritoneal fibrosis,
our findings reveal a candidate biomarker for early detection
and clinical intervention. Identifying high-risk populations en-
ables the timely adjustment of treatment regimens, ultimately
offering a strategy to optimize survival prospects within the PD
population.
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Abstract

Background: The blood pressure response index (BPRI) is the ratio of mean arterial pressure (MAP) to the vasoactive-inotropic score (VIS). It ac-
curately reflects the response to vasoactive drugs in patients with septic shock and assesses the patient's vascular status. However, the relation-
ship between BPRI and the occurrence of acute kidney injury (AKI) in patients with septic shock has never been studied.

Methods: This study retrospectively analyzed patients diagnosed with sepsis and using vasoactive drugs in the MIMIC-IV database. The patients
were divided into four groups according to the BPRI level. The primary outcome is whether AKI occurs after the diagnosis of sepsis. The associa-
tion between BPRI and outcome was assessed by constructing logistic regression models and plotting restricted cubic spline (RCS) curves. The
predictive value of the BPRI for outcome was evaluated by plotting receiver operating characteristic (ROC) curves and comparing areas under the
curves (AUC).

Results: 5524 patients with septic shock were finally included. The median age of the patients was 68.8 years, and 84.3% developed AKI after the
diagnosis of sepsis. In a fully adjusted model, BPRI and the development of AKI were significantly correlated (OR [95%Cl], 0.988 [0.979, 0.996),
P=0.006). The results of the RCS curves suggested an "L'-shaped association and the inflection point was located at the level of 3.98. On the
left side of the inflection point, there was a decreasing trend in the risk of AKI in patients as BPRI levels increased (OR [95%Cl], 0.82 [0.747, 0.9],
P<0.001). On the right side of the inflection point, there was no statistically significant association (OR [95%CI], 0.995 [0.985, 1.01], P=0.212). In
addition, the BPRI showed favorable predictive value for outcome (AUC [95% Cl], 0.624 [0.601, 0.639]).

Conclusion: We identified a distinct non-linear association between BPRI and AKI risk in septic shock, characterized by a critical inflection point
at 3.98. Below this threshold, the likelihood of AKI rises sharply as BPRI decreases. Integrating perfusion pressure and vasopressor load, the BPRI

serves as a readily available metric to stratify renal risk and recognize vascular hyporesponsiveness.
Keywords: septic shock; acute kidney injury; blood pressure response index; intensive care unit; MIMIC-IV database

Introduction

Sepsis is a life-threatening organ dysfunction caused by dys-
regulation of the body's response to infection and is one of the
leading causes of death in intensive care unit (ICU) patients
[1]. The incidence of acute kidney injury (AKI) in patients with
sepsis is up to 70% or more, with prolonged hospitalization
cycles and approximately one-fold higher morbidity and mor-
tality rates in patients with concurrent AKI compared to sepsis
patients without concurrent AKI [2-3]. In patients with septic
shock, persistent renal insufficiency of perfusion is a major
cause of AKI [4]. The Surviving Sepsis Campaign guidelines
recommend controlling patients' mean arterial pressure (MAP)
above 65 mmHg [5].

However, in distributed shock due to infection, although suf-
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ficient cardiac output and large circulation pressure can be
maintained, persistent organ hypoperfusion may still occur
due to the loss of automatic regulation of vasoconstriction
and decreased arterial tension [6-7]. Moreover, due to the
widespread use of vasoactive drugs, MAP-based monitoring
may not reflect the actual organ perfusion of the patient [8-9].
The blood pressure response index (BPRI) is the ratio between
MAP and the vasoactive-inotropic score (VIS) [10-11]. Re-
cently, it has been found that the BPRI accurately responds to
vasoactive medications in patients with septic shock, allowing
for a convenient assessment of the patient's vascular status
[11]. In multicenter cohort studies, BPRI has been shown to be
strongly associated with poor patient prognosis [11]. However,
the relationship between BPRI and the development of AKI in
patients with septic shock is unclear.
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In this study, we hypothesize that BPRI and the occurrence
of AKI in septic shock patients are closely related and can be
used as an accurate predictor. We will test this hypothesis
by retrospectively analyzing a large sample of septic shock
patients in the Medical Information Mart for Intensive Care-1V
database.

Materials and Methods

Data Sources

All data for this study were obtained from the Beth Israel Dea-
coness Medical Center (BIDMC) intensive care unit database
(MIMIC-IV 2.2) [12]. The database covers the period from 2008
to 2019 and includes detailed medical information on nearly
200,000 hospitalizations as well as over 50,000 patients ad-
mitted to the ICU. In addition, MIMIC-IV data are rigorously
de-identified to ensure that patient privacy is effectively pro-
tected. It is worth mentioning that all patients included in this
database were adults (age >18 years). The institutional review
board of BIDMC waived the declaration of ethical review and
informed consent and approved the sharing of research re-
sources. One of the authors has applied for access to this da-
tabase (Certificate number: 58951192).

Study Objects

All patients were admitted to the ICU for the first time and
stayed for more than 24 hours. These patients were diagnosed
with sepsis on the first day of ICU admission and were treated
with vasoactive drugs. Sepsis was defined using the Third In-
ternational Consensus on Sepsis and Septic Shock (Sepsis-3)
as an increase of at least 2 points in the sequential organ fail-
ure assessment (SOFA) score from baseline on the basis of
infection or suspected infection [13].

Formulas and Outcomes

VIS formula: dopamine (pg/kg/min) + dobutamine (ug/kg/
min) + epinephrine (ug/kg/min) x 100 + norepinephrine (ug/
kg/min) x 100 + vasopressin (U/kg/min) x 10,000 + milrinone
(ug/kg/min) x 10 [14]. We chose the MAP with maximal sup-
port of vasoactive drugs and calculated the BPRI based on
the ratio of MAP to VIS. Patients were categorized into four
groups based on quartiles of BPRI: Q1 group (BPRI<1.90), Q2
group (BPRI: 1.90-4.03), Q3 group (BPRI: 4.02-8.84), and Q2
group (BPRI>8.84). The primary outcome of the study was
whether AKI occurred after the diagnosis of septic shock and
during ICU hospitalization. Secondary outcomes included:
AKI staging, renal replacement therapy, in-hospital all-cause
mortality, 30-day, 180-day, and 365-day all-cause mortality. The
diagnosis and staging of AKI were determined according to
the guidelines of Kidney Disease: Improving Global Outcomes
(KDIGO-2012) [15]. The study flow chart is shown in Figure 1.

Data Collection

The following information was collected from the database by
Navicat Premium 16.0 software. 1) General information: age,
gender, weight, race, smoking history, type of ICU admission. 2)
Comorbidities: hypertension, diabetes mellitus (DM), coronary
heart disease (CHD), heart failure (HF), chronic obstructive
pulmonary disease (COPD), chronic liver disease (CLD), chron-
ic kidney disease (CKD). 3) Disease severity scores: acute

https://doi.org/10.71321/61pvj246

physiology score-III (APS-1II ), SOFA score, charles comorbid-
ity index (CCl), glasgow coma scale (GCS) score. 4) Various
inspections on the first day in the ICU: white blood cell (WBC)
count, red blood cell (RBC) count, platelet (PLT) count, hemo-
globin (Hb), serum creatinine (SCr), blood urea nitrogen (BUN),
lactic acid, bicarbonate, pH, prothrombin time (PT), activated
partial thromboplastin time (APTT), international normalized
ratio (INR), sodium, potassium, chlorine, urine volume. 5) Treat-
ments received on the first day of ICU admission: diuretics,
Sedative drugs, and invasive mechanical ventilation (IMV).

Patients admitted to the ICU in the
MIMIC-IV database
(n=73181)

Excluded:

1.Non-first admission to ICU (n=22261)
2.ICU stay<24 hours (n=10261)
3.Non-sepsis patients (n=15070)

4

Y

‘ Patients with sepsis

(n=25589)

Excluded:
Ll No vasoactive drugs were used (n=20065)

Y

Patients with septic shock
(n=5524)

A 4 4 h 4
Q1 group Q1 group Q1 group Q1 group
(n=1380) (n=1380) (n=1380) (n=1380)

Figure 1. Flow chart.

Statistical Analysis

Statistical analyses were done through R software (version
4.3.3). Categorical variables were expressed as frequencies
(proportions) and continuous variables as medians (interquar-
tile range). Categorical variables were compared by chi-square
test. Continuous variables were skewed and compared by the
Mann-Whitney U test.

Missing data were observed in less than 15% of the variables.
To address this, we employed multiple imputation by chained
equations (MICE) to generate five imputed datasets, assuming
that data were missing at random (MAR).

The correlation between BPRI and the occurrence of AKI was
assessed by univariate and multivariate logistic regression
models. We adjusted for potential confounders through three
models based on factors from previous studies that may have
influenced study variables or outcomes. Model 1 adjusted
for general information (age, gender, weight, race, smoking
history). Model 2 added comorbidities and various scores (hy-
pertension, DM, CHD, HF, CKD, APS-lll, SOFA score, and GCS
score) to Model 1. Model 3 adds various tests and treatments
(WBC count, PLT count, Hb, lactic acid, pH, PT, INR, potassium,
diuretics, sedative drugs, IMV) to Model 2. Restricted cubic
spline (RCS) curves were plotted within the framework of the
unadjusted model and Model 3 to further assess associations
between study variables and outcomes.
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Analyze the predictive value of the BPRI for endpoints by plot-
ting the receiver operating characteristic (ROC) curve and com-
paring the area under the curve (AUC). Incorporate study met-
rics into existing disease severity scores and compare whether
the BRI improves the accuracy of the scores in predicting
study outcomes. Predictive performance was compared using
the Delong test. In addition, to further assess differences in
the impact of BPRI in different populations, we also performed
subgroup analyses in adjusted model 3. Two-sided P values
below 0.05 were considered statistically significant. To verify
the robustness of our findings, we performed sensitivity anal-
yses. Specifically, considering the potential use of phenyleph-
rine in septic shock, we recalculated the VIS by incorporating
phenylephrine (weighted x10) and repeated the regression
analysis to assess whether the association between BPRI and
AKI remained consistent.

Result

Baseline Data Analysis

A final total of 5524 patients with septic shock were included.
In the study cohort, the median age of the patients was 68.8
years, 57.6% were female, and 64.1% were white. Patients were
divided into 4 groups based on BPRI levels, and the baseline
information for each group is shown in Table 1. The patients
were also grouped according to the occurrence of AKI, and the
baseline information of the two groups is shown in Supple-
mentary Table 1. The profile of study variables and outcomes
for each group of patients is shown in Table 2. In the study
cohort, norepinephrine was used most frequently (85.5%),
followed by vasopressin (27.9%), and dobutamine (5.1%) least
frequently. The incidence of AKI in the total population was
84.3%. The odds of developing AKI were significantly higher in
all groups of patients as the level of BPRI decreased (P<0.001).
In addition, patients in the Q1 group had significantly higher
final AKI stage, odds of receiving RRT, hospitalization period,
and in-hospital all-cause mortality than patients in the oth-
er three groups (P<0.001). Kaplan-Meyer survival analysis
showed a stepwise distribution of 30-, 180-, and 365-day sur-
vival rates in each group of patients as BPRI levels decreased
(Figure 2).

{

|

2
h

[
|

(
g s 8
/(
/
[/

f
| [

[
[ 1]
{1

[

& 8 8 8

L
L h

8

2

Survival probability (%)
[

Survival probability (%)

Survival probability (%)

0| Logranktestp<0.001 @ | Logranktestp<0.001 o| Logranktestp<0.001

T T
0 10 20 30 0 60 120 180 0 120 240 360
Days Days Days
—Ql @ 3 o4

Figure 2. Kaplan-Meyer survival analysis at 30 (A), 180 (B), and 365
days (C) for four groups of patients.

Correlation Analysis

Through constructing a multifactorial logistic regression mod-
el, we found that BPRI and the incidence of AKI in septic shock
patients during ICU hospitalization were strongly associated.
The results were still significant in the unadjusted model (OR
[95%CI], 0.982 [0.975, 0.988], P<0.001) and the fully adjusted
model (OR [95%Cl], 0.988 [0.979, 0.996], P=0.006). The Q4
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group with the lowest incidence of AKI was set as the refer-
ence group. The risk of AKI in most groups of patients in each
model was significantly higher than that in the Q4 group (Table
3). In both the unadjusted and fully adjusted models, the plot-
ted RCS curves suggested an “L” shaped relationship between
the level of BPRI and the risk of occurrence of AKI (Both P for
no-linear<0.001, Figure 3). Threshold effects analysis suggests
that in the adjusted model, the inflection point of the BPRI is
located at the 3.98 level. On the left side of the inflection point,
there was a decreasing trend in the risk of AKI in patients as
BPRI levels increased (OR [95%Cl], 0.82 [0.747, 0.9], P<0.001).
On the right side of the inflection point, there was no statisti-
cally significant change in the risk of AKI in patients as BPRI
levels increased (OR [95%Cl], 0.995 [0.985, 1.01], P=0.212)
(Supplementary Table 2).

To evaluate the potential influence of phenylephrine, we also
recalculated the BPRI by incorporating this agent into the VIS
formula. The modified index retained a strong independent as-
sociation with AKI in multivariable models. The RCS analysis
(Supplementary Figure 1) reproduced the “L-shaped” associ-
ation seen in the primary cohort, identifying a nearly identical
inflection point at 4.03. This consistency supports the validity
of BPRI as a marker for renal risk, independent of vasopressor
choice.

P for no-linear < 0.001 P for no-linear < 0.001

Inflection point = 4.04 Inflection point=3.98

OR (95%Cl)
OR (95%Cl)

0 5 0 15 0 5 0 5
BPRI BPRI

Figure 3. Correlation between BPRI and AKI incidence odds ratio in
unadjusted model (A) and adjusted model 3 (B).

Predictive Analysis

ROC analysis indicated that the BPRI demonstrated moderate
discriminative ability for predicting AKI (AUC 0.624 [95% CI
0.601-0.639]). Notably, the composite index showed superior
predictive performance compared to its individual compo-
nents, MAP (AUC 0.542 [0.521-0.563]) and VIS (AUC 0.618
[0.599-0.637]), suggesting that integrating vasopressor load
with pressure targets offers better risk stratification than ei-
ther metric alone. Regarding in-hospital mortality, the BPRI
exhibited relatively higher prognostic accuracy (AUC 0.697
[0.681-0.712]). Furthermore, the inclusion of BPRI yielded in-
cremental value when combined with established disease se-
verity scores, improving the predictive accuracy of both APS-IlI
and SOFA models (Table 4, Figure 4).

Subgroup analysis

Subgroups of patients were analyzed using age, gender, hyper-
tension, SOFA score, and sedative drugs as stratification fac-
tors. The results showed that in different populations, the risk
of AKI was higher in groups Q1, Q2, and Q3 compared to group
Q4. Interaction tests showed that there was no significant
interaction between study variables and stratification factors
(Figure 5).
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Table 1. Baseline characteristics of patients in each group.

Variables Total (n=5524) Q1 group (n=1380) Q2 group (n=1382) Q3 group (n=1381) Q4 group (n=1381) P-value

General information

Age, year 68.8(57.8,79.3) 67.5(57.0,78.7) 69.6(57.3,80.2) 69.7(58.2,79.4) 68.4(59.0,78.7) .021
Gender, female 3181 (57.6%) 782 (56.7%) 775 (56.1%) 790 (57.2%) 834 (60.4%) 098
Weight, kg 79.1(66.6,95.0) 77.2(65.0,93.4) 78.2(65.8,94.0) 79.0(66.7,93.1) 81.2(68.5,98.9) <.001
Race <.001
White 3542 (64.1%) 798 (57.8%) 881 (63.7%) 901 (65.2%) 962 (69.7%)
Black 389 (7%) 102 (7.4%) 94 (6.8%) 102 (7.4%) 91 (6.6%)
Other 1593 (28.8%) 480 (34.8%) 407 (29.5%) 378 (27.4%) 328 (23.8%)
Smoking history 1567 (28.4%) 353 (25.6%) 400 (28.9%) 428 (31%) 386 (28%) 016
Type of ICU <.001
MICU 2668 (48.3%) 730 (52.9%) 717 (51.9%) 708 (51.3%) 513 (37.1%)
sicu 1041 (18.8%) 332 (24.1%) 292 (21.1%) 258 (18.7%) 159 (11.5%)
Other 1815 (32.9%) 318 (23%) 373 (27%) 415 (30.1%) 709 (51.3%)
Complications
Hypertension 3720 (67.3%) 875 (63.4%) 911 (65.9%) 946 (68.5%) 988 (71.5%)  <.001
DM 1705 (30.9%) 400 (29%) 394 (28.5%) 452 (32.7%) 459 (33.2%) .008
CHD 1887 (34.2%) 357 (25.9%) 448 (32.4%) 481 (34.8%) 601 (43.5%)  <.001
HF 1512 (27.4%) 340 (24.6%) 381 (27.6%) 394 (28.5%) 397 (28.7%) .059
COPD 407 (7.4%) 102 (7.4%) 104 (7.5%) 115 (8.3%) 86 (6.2%) 208
Stroke 404 (7.3%) 100 (7.2%) 123 (8.9%) 80 (5.8%) 101 (7.3%) 020
CID 611 (11.1%) 202 (14.6%) 162 (11.7%) 155 (11.2%) 92 (6.7%) <.001
CKD 271 (4.9%) 69 (5%) 82 (5.9%) 62 (4.5%) 58 (4.2%) 162
Various scores
APS, Ill 64.0 (45.0,90.0) 86.0(65.0,110.0) 68.0(49.0,92.0) 56.0(42.0,77.0) 49.0(35.0,71.0) <.001
SOFA score 10.0(7.0,12.0)  12.0(10.0,15.0) 10.0(8.0,13.0)  9.0(7.0,11.0)  7.0(5.0,10.0)  <.001
cel 6.0 (4.0,8.0) 6.0 (4.0,8.0) 6.0 (4.0,8.0) 6.0 (4.0,8.0) 6.0(4.0,7.0) <001
GCS score 13.0(8.0,15.0)  11.0(6.0,14.0)  12.0(7.0,14.0)  13.0(9.0,15.0) 14.0(10.0,15.0) <.001
VIS 18.1(8.0,38.4)  55.8(48.1,80.0) 25.4(20.0,30.1) 12.0(10.0,150)  5.0(3.0,6.0)  <.001
BPRI 4.0(1.9,8.8) 1.3(0.9,1.6) 2.8(2.3,3.4) 6.1(4.8,73)  153(11.9,24.3) <.001
Various inspections
WBCcount,x10°/L  12.0(8.7,16.5)  14.0(9.7,20.1)  12.3(9.0,17.1)  11.1(8.0,15.0)  11.3(8.4,14.9)  <.001
RBCcount,x10? /L 3.2 (2.8, 3.6) 3.2(2.8,3.6) 3.2(2.8,3.6) 3.2(2.8,3.6) 33(29,37) <001
144.0 147.0 153.0 145.0
PLT, x109/L (101.0,2040) 1270(760.1900) 151 09110)  (109.0,213.0)  (108.0,199.0) <00
Hb, mg/d| 9.6 (8.5,10.8) 9.6 (8.4,10.8) 9.6(8.4,10.8)  9.6(8.510.8)  9.8(8.7,10.9)  .005
scr, mg/d 1.2(0.8,2.1) 1.7(1.0,2.8) 1.2(0.8,2.1) 1.1(0.8,1.9) 1.1(0.8,1.5)  <.001
BUN, mg/dl 25.0(15.0,41.0) 31.0(20.0,47.0) 27.0(16.0,41.0) 23.0(14.0,39.0) 21.0(14.0,32.0) <.001
Lacticacid,mmol/L 1.6 (1.2,2.1) 1.9 (1.4,2.6) 1.5(1.2,2.0) 1.4(1.1,1.8) 1.5(1.1,2.0)  <.001
Bicarbonate, mEp/L 1.5 (1.2, 2.0) 1.7 (1.3,2.4) 1.5(1.2,2.0) 1.4(1.1,1.8) 1.5(1.1,2.0) <001
pH, units 7.4(7.3,7.4) 7.4(7.3,7.4) 7.4(7.3,7.4) 7.4(7.3,7.4) 74(73,7.4) <001
PT,s 14.8(13.2,18.0) 16.6(13.9,21.9) 14.9(13.3,18.1) 14.4(12.9,16.8) 14.1(12.9,15.9) <.001
APTT, s 33.0(28.8,42.5) 37.7(30.7,50.1) 33.8(29.2,42.9) 31.9(28.2,39.8) 31.0(27.8,37.3) <.001
INR 1.3(1.2,1.6) 1.5(1.3,2.0) 1.4(1.2,1.6) 1.3(1.2,1.5) 13(1.2,1.5)  <.001
. 138.0 138.0 139.0 138.0
Sodium,mEp/L 1356 1419) 1370(1340.141.0) 350 a00)  (136.0,1420)  (1350,141.0) <00
Potassium, mEp/L 4.1 (3.8, 4.5) 4.2 (3.8,4.8) 4.1 (3.7, 4.5) 4.1 (3.7, 4.4) 41(3.8,44) <001
. 104.0 105.0 105.0 104.0 (100.0,
Chlorine, mEp/L  1600,108.0) 1040(98.0,1080) 141 0"1000)  (101.0,109.0) 1oz§.0) <001
Urine volume. mi 1335.5 896.0 1245.0 1470.0 1665.0 - 001
' (704.5,2225.0)  (365.5,1765.0)  (655.0,2140.0)  (860.0,2325.0)  (1050.0, 2494.0)
MAP, mmHg 72.7 (68.5,77.5) 71.6 (66.9,76.0) 72.5(68.5,76.7) 72.7(68.7,77.8) 74.3(70.1,79.3) <.001
Received treatment
Diuretics 1445 (26.2%) 296 (21.4%) 315 (22.8%) 350 (25.3%) 484 (35%) <.001
Sedative drugs 4221 (76.4%) 1221 (88.5%) 1062 (76.8%) 918 (66.5%) 1020 (73.9%)  <.001
IMV 3938 (71.3%) 1142 (82.8%) 1002 (72.5%) 837 (60.6%) 957 (69.3%)  <.001

Note: Values are the median (interquartile range), or n (%).
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Discussion

In this large retrospective cohort study of 5,524 patients with
septic shock, we identified a distinct non-linear association
between the Blood Pressure-to-Resistivity Index (BPRI) and the
risk of developing AKI. A critical inflection point was observed
at approximately 3.98. Below this threshold, every 1-unit de-
crease in BPRI was associated with an 18% increase in the risk
of AKI during the ICU stay. Lower BPRI levels were not only
independent predictors of severe AKI and the need for renal
replacement therapy (RRT) but also correlated significantly
with prolonged hospital stays and increased short- and long-
term mortality. Notably, our sensitivity analysis incorporating
phenylephrine confirmed the robustness of these findings,
yielding a nearly identical threshold (4.03). To the best of our
knowledge, this is the first study to elucidate the relationship
between BPRI—a novel metric integrating perfusion pressure
and vasopressor load—and renal outcomes in septic shock.

Table 2. Hemodynamic drugs and study outcomes.

Renal perfusion insufficiency due to septic shock is the most
important cause of AKI in these patients. The kidney is ex-
tremely sensitive to hypoxia, and the tubular epithelial cells in
the thick segment of the ascending branch of the renal med-
ullary collaterals have a very high oxygen extraction rate, and

~ BPRI
APS-II

—CCl

—_ SOFA score

MAP
— VIS

T T T T T T T T
1.0 08 06 04 02 0.0 1.0 08 06 04 02 00

Specificity Specificity

Figure 4. ROC curves for each variable in predicting the occurrence of
AKI (A) and in-hospital all-cause mortality (B) in patients with septic
shock.

Total (n=5524) Q1 (n=1380) Q2(n=1382) Q3 (n=1381) Q4 (n=1381)  P-value
Hemodynamic drugs
Dopamine 579 (10.5%) 196 (14.2%) 123 (8.9%) 139 (10.1%) 121 (8.8%) <.001
Dobutamine 282 (5.1%) 132 (9.6%) 62 (4.5%) 32(2.3%) 56 (4.1%) <.001
Epinephrine 1021 (18.5%) 331 (24%) 171 (12.4%) 126 (9.1%) 393 (28.5%) <.001
Norepinephrine 4722 (85.5%)  1373(99.5%) 1341 (97%) 1251 (90.6%) 757 (54.8%) <.001
Vasopressin 1542 (27.9%) 887 (64.3%) 419 (30.3%) 133 (9.6%) 103 (7.5%) <.001
Milrinone 302 (5.5%) 58 (4.2%) 84 (6.1%) 68 (4.9%) 92 (6.7%) <.001
Outcomes
AKI 4658 (84.3%) 1287 (93.3%) 1186 (85.8%) 1089 (78.9%) 1096 (79.4%) <.001
AKl-stages <.001
0 866 (15.7%) 93 (6.7%) 196 (14.2%) 292 (21.1%) 285 (20.6%)
1 700 (12.7%) 132 (9.6%) 161 (11.6%) 184 (13.3%) 223 (16.1%)
2 1845 (33.4%) 378 (27.4%) 456 (33%) 452 (32.7%) 559 (40.5%)
3 2113 (38.3%) 777 (56.3%) 569 (41.2%) 453 (32.8%) 314 (22.7%)
RRT 610 (11%) 304 (22%) 162 (11.7%) 83 (6%) 61 (4.4%) <.001
Hospitalization time, day 9.7(5.5,16.8) 10.2(3.5,19.5) 10.8(6.3,18.1) 9.6(5.9,16.2) 8.6 (5.6,13.7) <.001
Length of stay in ICU, day 41(23,81) 50(26,11.0) 5.0(2.9,9.1) 3.8(2.3,7.1) 3.1(1.9,5.9) <.001
In-hospital mortality 1536 (27.8%) 676 (49%) 406 (29.4%) 275(19.9%) 179 (13%) <.001
30 days mortality 1688 (30.6%) 702 (50.9%) 450 (32.6%) 329 (23.8%) 207 (15%) <.001
180 days mortality 2191 (39.7%) 802 (58.1%) 605 (43.8%) 479 (34.7%) 305 (22.1%) <.001
365 days mortality 2391 (43.3%) 851 (61.7%) 653 (47.3%) 535 (38.7%) 352 (25.5%) <.001
Note: Values are the median (interquartile range), or n (%).
Table 3. Multifactorial logistic regression modeling to evaluate the association between BPRI and the incidence of AKI.
Variables Unadjusted model Model 1 Model 2 Model 3
BPRI 0.982 (0.975,0.988) ***  0.976 (0.969, 0.983) *** 0.996 (0.989, 1.001) 0.988 (0.979, 0.996) **
Q1 3.599 (2.820, 4.630)*** 4.493 (3.492,5.830) *** 2,218 (1.669,2.968) *** 1,957 (1.453, 2.651) ***
Q2 1.573 (1.290, 1.923) *** 1.780 (1.449, 2.191) *** 1.138 (0.905, 1.432) 1.322(1.036, 1.690) **
Q3 0.970 (0.807, 1.165) 1.050 (0.868, 1.270) 0.843 (0.686, 1.036) 1.113 (0.893, 1.388)
Q4 Ref. Ref. Ref. Ref.
P for trend <0.001 <0.001 0.004 <0.001

Note: P-value: *P<0.05, **P<0.01, ***P<0.001. Model 1: After adjusting for age, gender, weight, race, and smoking history; Model 2: adjusted for
model 1, additionally adjusted for hypertension, DM, CHD, HF, CKD, APS-Ill, SOFA score, and GCS score; Model 3: adjusted for model 2, additional-
ly adjusted for WBC count, PLT count, Hb, Lactic acid, pH, PT, INR, potassium, diuretics, sedative drugs, and IMV.
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Variables Group  Events/patients OR (95%Cl) P for interaction
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Figure 5. Subgroup analysis with AKI incidence as outcome event.

about 80% of the oxygen delivery is utilized by them [16]. Re-
duced oxygen supply to them due to decreased renal perfusion
pressure makes them more susceptible to renal dysfunction
[17]. In our study cohort, all patients with sepsis required treat-
ment with vasoactive drugs and therefore exhibited a higher in-
cidence of AKI relative to other studies [18-19]. A prospective,
exploratory cohort study found that in the early stages of diag-
nosis of infectious shock, patients in the group that developed
AKI had significantly lower MAP levels than those in the group
that did not develop AKI (MAP: 67+15mmHg VS. 68+17mmHg,
P=0.043) [20]. Meiping Wang et al. A prospective multicenter
cohort study found that among patients with a diagnosis of
sepsis and AKI, patients who developed early persistent AKI
generally had a lower MAP than patients with late or early tran-
sient AKI [21].

As recommended by sepsis management guidelines, norepi-
nephrine is commonly used as a first-line pressor-boosting
agent in adult patients with septic shock [13]. In addition
combination vasopressin therapy is recommended for pa-
tients whose MAP remains difficult to maintain, and positive
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inotropic agents such as dobutamine are often required for
patients with concomitant cardiac insufficiency. The use of
vasoactive drugs in patients with infectious shock and the pa-
tient's response to the drugs have some individual differences
[22-23]. The VIS score can be used to quantitatively assess the
strength of hemodynamic support. A retrospective study of
1935 adult patients undergoing cardiovascular surgery found
that VIS was strongly associated with the development of
postoperative AKI in patients (OR [95% CI], 1.191 [1.11, 1.34],
P<0.001) [24]. The BPRI combines hemodynamic status and
support strength and can be used to accurately respond to a
patient's response to vasoactive medications. Crucially, in our
subgroup analyses, the protective effect of higher BPRI was
more pronounced in patients with hypertension. This likely
reflects the rightward shift of the renal autoregulatory curve
induced by chronic hypertension. These patients may require
higher perfusion pressures to overcome increased varying
vascular resistance and maintain glomerular filtration, making
them more sensitive to drops in BPRI. In our study, we found
that when the BPRI was below the level of 3.98, the risk of AKI
in patients increased sharply with the decrease in BPRI. More
attention needs to be paid to such patients even in the pres-
ence of circulatory stabilization.

The current diagnosis of AKIl is based primarily on increased
SCr or decreased urine output. However, sepsis also reduces
peripheral perfusion, causing a decrease in muscle blood sup-
ply, which results in a decrease in creatine production, leading
to a lag in the increase in serum creatinine compared to the
actual impairment of renal function [25-26]. And decreased
urine output may also be diluted by aggressive fluid resuscita-
tion as well as diuretic use, resulting in failure to diagnose AKI
in a timely manner [27]. It is difficult to avoid delays in devel-
oping a diagnosis and implementing treatment that are based
on the fact that renal failure has already occurred. In patients
with septic shock, accurate assessment of renal perfusion
status is critical for effective prevention of AKI [28]. Currently,
ultrasonic Doppler is most commonly used to approximate
renal perfusion by measuring the resistivity index of the inter-
lobar arteries [29]. However, ultrasound Doppler results are
more dependent on the skill and experience of the operator.
Different pathologies (e.g., renal artery stenosis) may result in
similar ultrasound presentations, which adds to the complexity
of clinical judgment [30]. Furthermore, abdominal ultrasound
can be affected by conditions such as obesity or the presence
of abdominal and intestinal gas, which can affect the accuracy
of the measurements [31]. In contrast, the BPRI is derived from
readily available bedside parameters and requires no special-

Table 4. Predictive performance of each model for different outcomes

Models AUC (95%Cl) Models AUC (95%Cl) P for comparison

Occurrence of AKI

BPRI 0.624 (0.601, 0.639)

MAP 0.542 (0.521, 0.563)

VIS 0.618 (0.599, 0.637)
In-hospital mortality

BPRI 0.697 (0.681,0.712)

APS- 111 0.789 (0.777,0.802) +BPRI 0.796 (0.783, 0.808) <0.001

SOFA score 0.713 (0.699, 0.729) +BPRI 0.731(0.717,0.746) <0.001

CCl 0.601 (0.584, 0.618) +BPRI 0.697 (0.682,0.712) 0.063
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ized equipment. Our findings suggest that BPRI may serve as
a surrogate marker for renal perfusion status, reflecting the
systemic vascular tone. Further prospective validation is war-
ranted to confirm its utility in guiding hemodynamic therapy.
This study is subject to several limitations. Given its retrospec-
tive, single-center design, inherent biases preclude definitive
causal inference, necessitating validation in larger, multi-center
cohorts. A key methodological constraint is the calculation of
BPRI at a single time point—the maximum vasopressor dos-
age. While this cross-sectional approach may introduce lead-
time bias due to variable intervals from admission to peak
support, we prioritized this specific juncture as it captures the
nadir of vascular responsiveness. Theoretically, this represents
the phase of maximal hemodynamic instability and potential
renal hypoxic insult. Although longitudinal tracking would offer
a more granular temporal profile, the peak-dose BPRI serves as
a pragmatic indicator of the worst-case physiological status.
Furthermore, the lack of baseline MAP data for many patients
complicates the assessment of relative hypotension. Despite
statistical adjustments for hypertension and heart failure, un-
measured variability in pre-morbid blood pressure remains a
potential confounder. Regarding predictive performance, while
the AUC of 0.624 indicates moderate discrimination, the BPRI
consistently outperformed its individual components (MAP
and VIS). Future research should explore whether integrating
this index into existing prognostic models enhances their clini-
cal utility.

Conclusions

Our findings establish the BPRI as a significant independent
predictor of renal outcomes and survival in septic shock.
Specifically, a BPRI below 4.0 signals a sharp increase in AKI
risk. As a composite metric, it captures the interplay between
perfusion pressure and vasopressor load more effectively than
either parameter alone. Although its standalone discrimination
is moderate, the BPRI adds important prognostic value, helping
clinicians stratify patients based on vascular responsiveness
early in their ICU course.
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Abstract

Accumulating research suggests that peripheral pathological changes participate in the pathogenesis of migraine, and supporting evidence has
been reported in many clinical cases. However, few cases have directly demonstrated the bidirectional interaction between migraine and periph-
eral pathological lesions. Here, we present a case of severe migraine without aura (MwoA) whose attacks were elicited by palpation of chronic
folliculitis lesions around the unilateral nasal ala.This unique case reveals a distinct peripheral-central interaction in migraine, which may be me-

diated by neurogenic immunomodulation of the trigeminal system.

Keywords: Facial folliculitis; Migraine without aura; Trigeminal nerve; Neurogenic immunomodulation; Peripheral trigger; CGRP

Introduction

It has long been established that migraine patients frequently
exhibit tenderness in multiple pericranial regions, including the
shoulder, neck, sternocleidomastoid muscle, anterior temporal
area and occipital insertion sites. A large proportion of these
tender regions act as classic trigger points that can induce mi-
graine attacks, which strongly suggests that peripheral patho-
logical mechanisms play a non-negligible role in the onset and
recurrence of migraine [1]. As a common otogenic inflammato-
ry disease, petrous apicitis is often accompanied by headache
as a prominent clinical manifestation, and several clinical case
reports have pointed out that the headache phenotype induced
by petrous apicitis is highly consistent with the characteristics
of migraine in some patients[2-3]. Recently, Mancini et al. re-
ported a rare case where a patient with petrous apicitis devel-
oped de novo migraine without aura (MwoA), and the migraine
attacks achieved sustained remission after the patient re-
ceived mastoidectomy combined with a long-course antibiotic
therapy targeting the primary petrous apicitis [4]. This finding
further confirms that inflammatory lesions of the petrous apex
can cause pathological changes in the trigeminal nerve fibers
innervating the area, which in turn initiates and maintains the
recurrent attacks of migraine.

On the basis of previous research, we report a clinical case of

severe MwoA triggered by palpation of chronic facial folliculi-
tis around the unilateral nasal ala, a peripheral lesion that was
refractory to conventional antibiotic therapy but completely
resolved after effective migraine prophylactic treatment. This
case not only provides new clinical evidence for the peripheral
trigger mechanism of migraine, but also for the first time re-
veals that the central neural modulation of migraine can in turn
regulate the progression of peripheral inflammatory lesions.
It further enriches the understanding of the peripheral-central
interaction mechanism in migraine and provides a novel per-
spective for exploring the cross-regulation between the trigem-
inal nervous system and peripheral immune inflammation.

Case Presentation

A 45-year-old male presented to our department with an
8-month history of severe headaches, which were solely in-
duced by facial contact activities such as face washing and
shaving that involved the facial folliculitis lesions around his
left nasal ala. Each episode of contact or palpation of this
affected area was capable of precipitating an acute severe
headache attack. Preceding the onset of the severe headache,
an abrupt, transient sharp stabbing pain would radiate instan-
taneously from the left nasal ala to the surrounding regions of
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the left face. The headache was strictly unilateral on the left
side, localizing to the left frontal, temporal and parietal lobes,
and occasionally extending to the entire left cerebral hemi-
sphere. Characteristically, the headache manifested as throb-
bing and pulsating pain, with occasional stabbing sensations,
and had an average intensity of 8 to 10 on a 10-point numeri-
cal rating scale. Associated symptoms included nausea (with
or without vomiting), photophobia, phonophobia and irritability.
The headache was exacerbated by head movement, ambula-
tion and physical exertion, while mild relief was achieved with
recumbency and rest. Each headache attack typically persist-
ed for half a day or resolved spontaneously following an over-
night sleep.

On admission to our department, neurological and physical ex-
aminations yielded unremarkable findings, and brain magnetic
resonance imaging (MRI) scans were normal. Routine blood
tests, as well as additional investigations including erythrocyte
sedimentation rate and screening for sexually transmitted
diseases, all fell within normal reference ranges. Psychologi-
cal assessments for anxiety and depression were performed
during a headache-free interval, revealing a Hamilton Anxiety
Rating Scale (HAMA) score of 10 (a score =14 indicates mild
anxiety) and a Hamilton Depression Rating Scale (HAM-D)
score of 8 (a score >7 indicates mild depression). Dermato-
logical examination of the skin around the left nasal ala iden-
tified small pustular lesions and several keloids with varying
degrees of pigmentation, which the patient reported were
sequelae of previous pustular lesions (Figure 1). Based on the
clinical features of the headache and the normal results of all
auxiliary examinations except for the local cutaneous findings,
a diagnosis of migraine was made. The headache attacks
conformed to the diagnostic criteria for migraine without aura
(MwoA) as defined by the International Classification of Head-
ache Disorders, 3rd edition (ICHD-3), with the only exception
being the specific peripheral trigger factor.

Hind

Figure 1. Clinical manifestations of chronic facial folliculitis adjacent
to the left nosewing. The skin over the left nosewing region exhibited
small purulent papules (white arrows) and multiple keloidal lesions
with varying degrees of pigmentation (black arrows), which the patient
described as sequelae of prior purulent folliculitis. These lesions were
restricted to the cutaneous area innervated by the second division
(V2) of the trigeminal nerve and served as the sole trigger for migraine
without aura (MwoA) attacks in this patient.

The patient was initiated on prophylactic treatment with so-
dium valproate (500 mg twice daily) and discontinued all top-
ical antibiotic ointments for 2 months. During the first week
of treatment, palpation of the pustular lesions still triggered
migraine attacks, but pain intensity and duration were mark-
edly reduced. One week after starting sodium valproate, the
pustular lesions around the left nasal ala resolved completely,
and palpation or contact stimuli such as face washing no lon-
ger induced headaches. During the subsequent 2 months of
treatment and 6-month follow-up, the patient remained free of

https://doi.org/10.71321/jynd6h07

migraine attacks and recurrent pustular folliculitis.

Ten months after initial sodium valproate initiation (and 8
months after drug discontinuation), pustular lesions relapsed
around the left nasal ala, and their palpation again triggered
migraine attacks identical to the original presentation. Each
headache typically lasted 12 hours or resolved overnight af-
ter sleep. On one occasion, topical lidocaine hydrochloride
gel applied to the pustules reduced headache intensity after
attack onset; repeated application prevented palpation-trig-
gered headaches, but therapy was stopped due to its short
duration of action (only 2-6 hours). The patient was restarted
on sodium valproate at 500 mg twice daily. Five days after
resumption, pustular lesions resolved fully, and no headaches
were triggered by skin palpation or face washing. The patient
has remained on continuous sodium valproate with sustained
remission up to manuscript submission.

Written informed consent was obtained from the patient for
the publication of this case report, and all identifying informa-
tion of the patient has been anonymized to protect privacy.

Discussion

Migraine attacks can be triggered by multiple factors via tri-
geminal nerve (TN) or non-trigeminal pathways [5-7]. Although
trigeminal nerve block is effective for migraine, direct TN
stimulation as an independent trigger of migraine attacks has
rarely been reported. In this case, severe migraine without aura
was exclusively elicited by palpation of pustular folliculitis in
the V2 distribution in a patient with no prior headache history,
providing direct clinical evidence that peripheral TN stimula-
tion can initiate migraine under sensitized conditions. Psychi-
atric factors were excluded by normal anxiety and depression
scores, and contralateral symmetrical skin palpation did not
induce headaches. Topical lidocaine hydrochloride gel tran-
siently blocked palpation-induced headaches, supporting the
key role of peripheral trigeminal terminal activation in migraine
attack initiation [8].

Recent studies have demonstrated microstructural changes
and myelin sheath disruption in the TN of migraine patients [9],
suggesting that migraine may induce functional and structural
abnormalities in the TN [10] . Notably, our case is the first to
show that antibiotic-refractory chronic facial folliculitis in the
V2 territory completely resolved after migraine prophylaxis,
indicating that central migraine-related neural activity can
regulate peripheral cutaneous immune responses through the
trigeminal nerve. The trigeminal nerve acts as a critical bridge
for neuro-immune crosstalk, and its neuropeptides mediate
peripheral immune regulation and inflammation [11-12]
Folliculitis is mainly caused by Staphylococcus aureus and
Streptococcus pyogenes [13]. Bacterial toxins activate noci-
ceptors, followed by calcitonin gene-related peptide (CGRP)
release, which inhibits neutrophil phagocytosis and prolongs
infection [14].Meanwhile, CGRP from the trigeminal ganglion
(TG) maintains peripheral and central sensitization, increasing
migraine susceptibility [15]. TG-derived CGRP also modulates
macrophage polarization and exerts local immunomodulatory
effects [12]. We therefore propose a vicious cycle: nasal ala
folliculitis activates TG neurons and increases CGRP release,
leading to trigeminal and central sensitization that enables
palpation to trigger migraine. Concurrently, CGRP suppresses
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local antibacterial immunity, worsening chronic infection. This
bidirectional interaction between peripheral inflammation and
central migraine pathogenesis highlights a novel peripher-
al-central mechanism mediated by CGRP-related neurogenic
immunomodulation.

Conclusion

This case observation demonstrates a bidirectional regulatory
relationship between migraine attacks and chronic cutaneous
infection in the trigeminal nerve (TN) innervated facial region.
Moreover, this peripheral-central interaction in migraine patho-
genesis is likely mediated by calcitonin gene-related peptide
(CGRP) secreted from trigeminal ganglion (TG) neurons.
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Abstract

Background: Sepsis prediction models using electronic health records (EHRs) are often challenged by temporal biases from irregular data entry
and severe class imbalance. This study develops a novel deep learning (DL) framework to address these specific challenges for accurate and
early sepsis detection.

Methods: We propose a Feature-Wise Multi-Head Self-Attention Transformer (FW-MHSA-former) with an Adaptive Balance-Preserving Ensem-
ble (ABPE). FW-MHSA-former mitigates temporal bias by applying self-attention across medical features to model correlations directly. ABPE
resolves class imbalance by partitioning the majority class to train multiple models on balanced datasets, aggregating predictions via weighted
voting. The framework was retrospectively validated on the MIMIC-IV dataset; Kaplan-Meier analysis assessed survival outcomes. Visualizing the
attention-derived feature correlation matrix enhances interpretability.

Results: The proposed framework achieved a peak Area Under the Receiver Operating Characteristic Curve (AUROC) of 0.94. At this optimal
performance, the model demonstrated a recall of 0.90 and an accuracy of 0.87. We compared our method with three classical models and three
advanced attention/Transformer-based models. The proposed approach yielded consistently superior performance across all evaluation metrics,
including accuracy and F1 score. The KM analysis confirmed that the model effectively stratified patients into high- and low-risk cohorts with sta-
tistically significant differences in survival outcomes (p < 0.001).

Conclusions: The proposed framework effectively and robustly predicts early sepsis. By addressing timestamp irregularities and class imbalance,

it achieves superior accuracy and provides an interpretable tool to enhance clinical decision support in critical care.
Keywords: Sepsis prediction; Transformer; Electronic health records; Deep learning; Interpretable model

Introduction

Sepsis remains a major global health challenge, characterized
by high incidence and mortality rates [1-3]. A substantial body
of research has established that early and accurate detection
is critical for improving patient outcomes [4]. However, the
clinical presentation of sepsis often overlaps with other condi-
tions, presenting a diagnostic challenge even for experienced
clinicians. Moreover, this challenge is compounded by the un-
derlying immune dysregulation characteristic of sepsis, involv-
ing pathways such as cGAS-STING that drive inflammation and
organ injury [5]. In response, various screening and predictive
scoring systems have been developed, with traditional tools
like the Systemic Inflammatory Response Syndrome (SIRS) cri-
teria, Sequential Organ Failure Assessment (SOFA), and quick
SOFA (gSOFA) being widely implemented. Despite their utility,
these systems exhibit several intrinsic limitations. They pri-

marily rely on static physiological and laboratory parameters,
inadequately capturing the complex, non-linear relationships
within patient data. Furthermore, their dependence on single-
point-in-time measurements fails to account for the dynamic
evolution of a patient's clinical state [6-8]. These conventional
methods also frequently impose stringent sample inclusion
criteria, which can limit their generalizability across diverse pa-
tient populations.

The widespread adoption of electronic health records (EHRs)
has created unprecedented opportunities to apply advanced
computational algorithms to enhance clinical decision-making.
Consequently, numerous studies have leveraged EHRs data to
improve sepsis-related outcomes [9-14]. Machine learning (ML)
techniques, in particular, allow for the identification of latent
patterns in complex patient data, offering valuable guidance
for diagnosis and treatment [15-16]. Early ML applications in
sepsis research often employed multivariate models like Cox
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proportional-hazards and logistic regression (LR). For instance,
Oami et al. [17] utilized these models to demonstrate that in-
tensive care unit (ICU) admission significantly reduced mortal-
ity risk in sepsis patients. Similarly, Zohar et al. [18] identified
hyperglycemia as an independent predictor of poor outcomes.
While powerful, these statistical models are limited in their
ability to handle high-dimensional, dynamic features, especial-
ly when the temporal evolution of these features is critical. To
address this, methods capable of modeling temporal dynam-
ics have gained prominence, with recurrent neural networks
(RNNSs) and their variants emerging as a leading approach.
Recent research has produced various sophisticated deep
learning (DL) models for sepsis prediction. Shashikumar et
al. [10] proposed DeepAISE, which uses a gated recurrent unit
(GRU) to process time series inputs. Das et al. [19] introduced
an architecture that combines an attention mechanism with a
bidirectional long short term memory (Bi-LSTM) and a convo-
lutional neural network (CNN). Other notable examples include
DEAR [20], which enhances a GRU base with a two-layer atten-
tion mechanism, and SSP [21], which pairs a LSTM network
with a CNN. Although these models have advanced predictive
performance, they face challenges. First, they are susceptible
to manual time-stamping biases in EHRs. Our analysis of the
MIMIC-IV dataset identified over 160,000 laboratory records
with identical specimen collection and result output times,
which is inconsistent with facts. Secondly, the inherent class
imbalance in sepsis prediction tasks often impacts model
training and optimization. Finally, "black box" nature of many
DL models hinders understanding their decision-making logic,
thus impacting their clinical credibility.

To address these limitations, we propose the Feature-Wise
Multi-Head Self-Attention Transformer (FW-MHSA-former) for
early sepsis prediction and an Adaptive Balance-Preserving
Ensemble (ABPE) training strategy. The FW-MHSA-former
eschews conventional recurrent processing, instead em-
bedding medical features as tokens and encoding temporal
relationships within its attention mechanism. This design
enhances robustness against the temporal inconsistencies
and recording inaccuracies prevalent in EHRs data. To combat
data imbalance, the ABPE method automatically partitions the
majority (negative) class into multiple subsets. Each subset
is then combined with the entire minority (positive) class to
form a balanced sub-dataset for training an independent mod-
el instance. This ensemble approach mitigates the effects of
class imbalance while preserving the statistical integrity of
the original dataset. Finally, to enhance model interpretability,
we visualize the attention-derived correlation matrix from the
FW-MHSA-former, providing clinicians with medically plausible
insights into the model's predictions.

The main contributions of this study are as follows:

+ We propose the FW-MHSA-former, a novel architecture
for early sepsis prediction. By mapping temporal informa-
tion into its hidden dimensions, the model mitigates the
impact of temporal irregularities and timestamp inaccu-
racies common in EHRs data while effectively extracting
informative representations.

+ We propose ABPE, an ensemble training strategy that
constructs multiple balanced training sub-datasets. By
training independent models on these datasets and aggre-
gating their predictions via a weighted vote, this approach
effectively addresses class imbalance without discarding
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data.

+ We conduct a retrospective study on the large-scale MIM-
IC-IV dataset, demonstrating that our proposed method
outperforms both classic ML and DL approaches in sepsis
prediction, thereby validating its effectiveness and poten-
tial for clinical application.

Methods

Dataset Description

The data for this study were sourced from the Medical Infor-
mation Mart for Intensive Care (MIMIC)-IV database (version
2.2) [22]. MIMIC-IV is a large-scale, publicly available, and
de-identified database developed through a collaboration be-
tween the Massachusetts Institute of Technology (MIT) and
Beth Israel Deaconess Medical Center (BIDMC). It contains
comprehensive clinical records from patients admitted to the
ICU at BIDMC between 2008 and 2019.

Our model utilizes a curated set of features extracted from
this database, including demographic data, vital signs, and an
extensive panel of laboratory measurements. In addition, we
incorporated several engineered features, such as interaction
terms between age and blood pressure. From a physiological
perspective, arterial blood pressure (ABP) is a core marker of
circulatory dysfunction and a key feature of sepsis progression
in the Sepsis-3 diagnostic criteria [23]. The prognostic value
of blood pressure abnormalities is age-dependent: elderly pa-
tients have impaired vascular elasticity, weakened autonomic
compensatory capacity, and reduced hemodynamic reserve
in response to infection-induced vasodilation and circulatory
collapse. Identical ABP values correspond to different sepsis
risk across age groups, and this non-linear synergistic effect
cannot be effectively captured by age or blood pressure alone.
The inclusion of these engineered features is supported by
prior research demonstrating their utility in improving sepsis
prediction models [24-26]. A complete list of the features used
as model inputs is provided in Table 1.

Table 1. List of demographic, vital signs, laboratory measurements,
and engineered features used in the sepsis prediction model.

Category Features
Demographic  Age
. . ABPm, ABPs, ABPD, HR, Temp, O,, Sat, RR,
Vital signs )
FiO,
WBC, INR, PT, BUN, Ven pH, Art pH, Creat,
Laborator Ven CO,, Art CO,, Ven O,, Art O, Sat, AG, Hgb
y JHct, PTT, AST, ALP, Glu, K. Mg, CL, Trop T,
Fib, NH,, HCO,, PIt, Lactate, WB Cl, BG
Engineered ABPm x Age, ABPs x Age, ABPd x Age, HR x

Age, P/F Ratio

Definition of Sepsis Onset and Study Population

The identification of sepsis in this study followed the most re-
cent Sepsis-3 criteria [27]. A case was labeled as sepsis when
both a confirmed or suspected infection and a SOFA score in-
crease of at least two points were observed.

In this study, each instance of ICU care was treated as a dis-



tinct sample, given that patients may have multiple ICU admis-
sions. The samples were selected according to the following
criteria:

+ The patient was over the age of 18;

+ The patient is not septic within the initial look-back hours
following ICU admission but becomes septic at the hour
of look-back + prediction time, or the patient never devel-
ops sepsis during their ICU stay;

+ The number of missing records is no more than half of the
look-back;

+ The rate of missing values for the ABPm feature did not
exceed 95%. ABPm was selected as the anchor for data
quality control because it is a core indicator of circulatory
function and organ perfusion, and hypotension is a key
component of the Sepsis-3 definition for sepsis and septic
shock. A missing rate over 95% indicates nearly no valid
hemodynamic records in the observation window, which
would introduce severe noise and reduce model reliability.

Compared to other studies, the inclusion criteria of this study
are more tolerant of data sparsity and have no direct require-
ments on the frequency of feature measurement, making our
work more applicable and conducive to promoting clinical ap-
plication.

In the context above, the look-back refers to the time interval
from which data is collected prior to the current moment, while
the prediction time denotes the future interval following the
current moment for which the model makes its prediction. The
look-back and prediction time are both user-defined param-
eters that can be adjusted according to the specific require-
ments of the study.

Data Preprocessing

The requisite data were extracted from the MIMIC-IV dataset
and subsequently adjusted to an hourly resolution by resetting
minute and second fields to zero in each record. Admittedly,
this hourly aggregation may smooth subtle short-term phys-
iological variations. To further verify model robustness, we
supplemented a sensitivity analysis at a 30-minute temporal
resolution for comparison.

Following temporal resampling, outlier treatment was conduct-
ed. Any values less than zero were set to zero, and for each
medical feature, any values exceeding three standard devia-
tions from the mean were also set to zero. Additionally, cases
involving standard deviation were handled as follows: if the
standard deviation exceeded twice the mean, values greater
than the mean were set to zero; if the standard deviation was
between one-tenth and twice the mean, values outside five
standard deviations from the mean were set to zero; and if
the standard deviation was less than one-tenth of the mean,
no additional processing was applied. Instead of utilizing
non-original data imputation techniques, the missing data
were preserved by replacing them with a value of zero. To eval-
uate imputation effects and justify zero-filling, we compared it
against forward-filling, k-NN, and mean imputation. Using iden-
tical model settings, data splits, and metrics, we isolated the
imputation strategy as the sole variable.

Negative samples spanned the full ICU stay, while positive
samples included records from ICU admission up to the
pre-sepsis prediction window. Only samples with a time span
exceeding the sum of the look-back window and the prediction
time window were retained. In the event that the records within
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the look-back period did not encompass the entire range of
hours, missing records were populated with zeros. Ultimately,
samples exhibiting over 95% missing values for ABPm were
excluded. The data preprocessing steps are summarized in
Figure 1.

e
Partition samples by stay_id.

Sample extraction + Feature selection & engineering.

« Records time alignment.

+ Set negative value to zero.
+ At time point i of each feature:
0, x; >pu+300rx;<pu-—30c

stept: x; = {x otherwise

Outlier Treatment

otherwise

i
0, 0>2uand x; > pu

step2: x; =<0, :—oususZuand(x,v>/1+5aarxi</1+5a)
x,

Data filling

« Fill missing values with zero.
« Insert missing records as zeros.

« Data time span d since ICU admission: d > Look Back + Prediction Time. ‘

S i « Proportion p of zero values in ABPm: p <95%.

Figure 1. Data preprocessing steps for the MIMIC-1V dataset. The
original data is first aligned to the hourly level, followed by outlier treat-
ment and missing value handling.

Feature-Wise Multi-Head Self-Attention Transformer
(FW-MHSA-former)

In the canonical Transformer architecture, the encoder is re-
sponsible for converting the input sequence into high-dimen-
sional representations, while the decoder is tasked with gen-
erating the target sequence [28]. Given that sepsis prediction
is a classification task rather than a sequence generation task,
we have elected to employ an encoder-only Transformer archi-
tecture. The inherent manual time-stamping biases in EHRs,
when combined with the alignment of records to the hour-level
during preprocessing, result in the occurrence of timestamp
shifts. Such discrepancies in recorded time undermine the
reliability of time-step-based analysis. Therefore, In contrast
to most Transformer-based models designed for time-series
analysis, our approach tokenizes medical features instead
of individual time points, thereby encapsulating the temporal
dimension as a latent variable. This perspective enables a fea-
ture-centric representation while implicitly modeling temporal
dependencies. In this configuration, each medical feature is
regarded as an independent token, shifting the model's focus
from cross-temporal correlations to cross-feature correlations.
This mitigates the direct adverse effects of timestamp biases.
Furthermore, cross-feature correlation analysis allows for the
identification of interrelationships among medical features
within the model's decision-making process and the assess-
ment of each feature's influence on the model's predictions.
This interpretability is intrinsic to the model and does not rely
on external interpretation methods such as SHapley Additive
exPlanations (SHAP), thereby providing a more direct explana-
tory basis for clinical decision-making.

This chapter provides a detailed introduction to the structure
of the FW-MHSA-former. Figure 2 illustrates the overall struc-
ture of the proposed model.

Embedding

Embedding is a technique that maps high-dimensional or
symbolic data (such as text or categorical information) into a
lower-dimensional vector space [29]. This approach is widely
used in fields such as Natural Language Processing (NLP)
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and recommendation systems. In this study, we employ an
embedding layer to map the input medical features into a con-
tinuous high-dimensional space. Specifically, the embedding
layer transforms the temporal dimension, determined by the
look-back size, into a higher-dimensional space with d,q. This
transformation enables subsequent network layers to capture
correlations among medical features in this enriched, high-di-
mensional space. In this study, the embedding operation is
implemented through linear projection. Given the input data
X = Xp,..% € R, where T represents the historical obser-
vations over Y hours, and N is the number of medical features.
The embedding layer maps each feature into a d,,,¢-dimen-
sional space. The transformation process can be expressed as
follows:

H° = Dropout (XWg+bg) € R™mod! (1)

where W, € RVmedel jg the weight matrix of the embedding lay-
er, by € Rl s the bias vector, and H’ € R™ %! s the out-
put of the embedding layer. To prevent model overfitting, the
embedded result is processed through a dropout layer, where
a certain percentage of neurons is randomly dropped with a
fixed probability.

Encoder

The canonical Transformer architecture employs an encod-
er-decoder structure. However, ongoing research has intro-
duced both encoder-only and decoder-only architectures. The
decoder-only architecture generates outputs in an autoregres-
sive manner, rendering it well-suited for generative tasks such
as text generation [30-31] and speech synthesis [32-33]. In
contrast, the encoder-only architecture processes the entire
input sequence in parallel, thereby enabling faster training and
inference compared to decoder-only architectures. It is particu-
larly well-suited for tasks such as classification [34-35], feature
extraction [36-37], and information retrieval [38-39].

Sepsis prediction is essentially a binary classification task,
where the objective is to determine whether a patient is likely
to develop sepsis based on the input sequence. Consequently,

we have adopted an encoder-only architecture in our study.
This approach is in accordance with the latest advancements
in computer vision (CV) [40-42] and time series analysis (TSA)
[43-44], where encoder-only architectures have demonstrated
substantial effectiveness in extracting meaningful patterns
and making predictions from structured data.

The fundamental function of the encoder is to perform deep
feature extraction and model the contextual relationships with-
in the input sequence [45]. The encoder is typically composed
of multiple stacked layers with identical structures. Each layer
comprises two key submodules: a FW-MHSA mechanism and
a Feedforward neural network (FFN). These modules are inte-
grated via serial residual connections and layer normalization,
ensuring that essential original features are retained while ac-
celerating model convergence. The encoder's operation can be
formalized as follows:

H"* = LayerNorm (H""+ MHSA (H"")) 2
H" = LayerNorm (H" + FFN (H")) ®d)

where L denotes the L-th encoder layer, and H- € R™mode! rep-
resents the output of that layer. The FW-MHSA mechanism,
represented by MHSA in Equation (2), captures global depen-
dencies within the input sequence, while the FFN applies fur-
ther nonlinear transformations to the extracted features.

Feature-Wise Multi-Head Self-Attention

The attention mechanism enables models to concentrate
on the most salient parts of the input data, thereby markedly
enhancing processing efficiency and performance [46]. The
advent of the Transformer architecture saw the introduction
of self-attention mechanisms, marking a significant shift in DL
from traditional RNNs and CNNs to more efficient, parallel pro-
cessing architectures. To further enhance the representational
capacity of self-attention, the Transformer also introduced
multi-head self-attention. This approach applies multiple atten-
tion heads in parallel, thereby improving the model's ability to
capture dependencies and global information across different
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Figure 2. The architecture of the proposed FW-MHSA-former. Each encoder layer includes an input embedding layer, a Feature-Wise Multi-Head
Self-Attention layer, a feed-forward neural network, and two residual connections with layer normalization. The output from the final encoder layer

is fed into the fully connected layer for classification.
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positions within the input sequence. In the proposed FW-MH-
SA-former, the multi-head self-attention mechanism is used to
compute attention across input medical features in multiple
feature subspaces simultaneously, allowing the model to cap-
ture more diverse dependencies between those features.

In the FW-MHSA-former, the output of the embedding layer,
H® € R™dmedel consists of T tokens, where each token rep-
resents a medical feature and is transformed as a vector
inR™medel |n the feature-wise multi-head self-attention mecha-
nism, each token is linearly transformed into a query Q, key K,
and value V as follows:

Q=H"W, K=H"W,V=H"W, )

where WQ c Rdmodelde, W, € Rdmodelde, and W, € Rmodeixdy gra
learnable projection matrices. Multiple sets of Wy, W,, andW,
are used to execute these transformations, yielding distinct Q,
K, and V matrices for each attention head. For each head, the
similarity between the query and key is calculated, and Soft-
max is applied to generate attention weights. These weights
are then utilized to aggregate the value vectors, resulting in the
output for the i - th head:

head. = Attention (QW,"”, KW, ?, v, ?)

) . (5)
aw. (l), KW. 0T .

= softmax( (@QWy", KWi'). )(vw,?)

k

The outputs from all heads are concatenated, and a linear
transformation is applied to generate the final multi-head
self-attention output:

MHSA(H"") = Concat (head,,...,head,)W, (6)

where W, is a projection matrix that maps the concatenated
multi-head attention outputs back to the original d,,,..-dimen-
sional space.

Classification Head

After traversing multiple encoder layers, the input sequence,
represented by H- € R™Ml js encoded into a high-dimen-
sional feature representation that is rich in contextual informa-
tion. The subsequent step is to transform this representation
into a two-dimensional vector, which represents the proba-
bility for sepsis positive and sepsis negative. To simplify the
high-dimensional feature representation, all features are first
flattened into a one-dimensional vector:

X = Flatten(H") & R™mode! 7)

The flattening operation concatenates the features across T
time steps into the vector X, thereby providing a unified input
for the subsequent classification layer. This vector is then
passed through a linear transformation layer, which maps
it into the classification space. In this linear layer, the input
features are multiplied by the weight matrix W, € R(dmedelx2,
thereby generating the classification output y":

y'=XWcls+bcls € R2 (8)

where b, € R? is the bias term. At this stage of the process,
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the model compresses the high-dimensional feature represen-
tation into the output dimension required for the classification
task. To convert the output of the linear layer into a probability
distribution, the Softmax function is applied:

yfw'- (9)

The Softmax function normalizes the raw scores generated
by the linear layer into a probability distribution, thereby repre-
senting the likelihood that the input sequence belongs to each
class. In the context of binary classification tasks related to
sepsis prediction, the output of the Softmax function compro-
mises two probability values, each corresponding to the pre-
dicted likelihood for sepsis positive or sepsis negative.

Adaptive Balance-Preserving Ensemble (ABPE)

We propose an ABPE to avoid the issue of data imbalance
in sepsis prediction. In the preliminary phase, the negative
sample set is divided into multiple subsets, with each subset
containing a sample size as close as possible to that of the
positive sample set. Each subset of negative samples is then
combined with the positive sample set to create multiple bal-
anced sub-datasets. This even division strategy ensures the
original dataset is preserved in its integrity.

The FW-MHSA-former is instantiated and trained on each
sub-dataset. The area under the receiver operating characteris-
tic curve (AUROC) score from each model serves as its respec-
tive weight. For a given prediction sample, the risk probabili-
ties predicted by each model are weighted according to these
scores. The final prediction is then derived using a weighted
voting approach. The framework of the proposed ABPE and
the ratio for dividing the training, validation, and test sets are
illustrated in Figure 3.

Statistical Analysis

We compared baseline demographic, clinical, and laboratory
characteristics between the septic and non-septic cohorts.
The normality of continuous variables was evaluated using the
Shapiro-Wilk test. As the data were predominantly non-normal-
ly distributed, continuous variables, such as HR and ABP, are
reported as medians with interquartile ranges (IQRs), and dif-
ferences between groups were assessed using the Mann-Whit-
ney U test. Categorical variables are reported as frequencies
and percentages, with inter-group comparisons performed us-
ing the Chi-squared test or Fisher's exact test, as appropriate.
To assess the prognostic performance of our FW-MHSA-for-
mer model, Kaplan-Meier (KM) survival analysis was conduct-
ed. Patients were stratified into high-risk and low-risk catego-
ries based on risk scores generated by the model. The log-rank
test was then used to determine the statistical significance of
any differences observed between the KM survival curves of
these two groups. For all statistical tests, a two-sided p < 0.05
was considered the threshold for statistical significance.

Evaluation Metrics

Model performance was evaluated using accuracy, recall, the
F1 score, and AUROC. Accuracy measures the overall rate of
correct classifications. Recall assesses the model's ability to
identify all true sepsis cases, which is critical for minimizing
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missed diagnoses. The F1 score, as the harmonic mean of
precision and recall, provides a balanced evaluation, especially
for imbalanced datasets. Finally, the AUROC represents the
model's capacity to distinguish between sepsis and non-sep-
sis patients. These metrics are defined as follows:

TP+TN
Accuracy = ( ) (10)
(TP+TN+FP+FN)
TP
Recall = ——— (1)
(TP+FN)
PrecisionxRecall
F1score=2x ——— (12)
Precision+Recall

where TP (true positive) refers to the number of correctly
predicted sepsis cases, TN (true negative) is the number of
correctly predicted non-sepsis cases, FP (false positive) is the
number of non-sepsis cases incorrectly predicted as sepsis,
and FN (false negative) is the number of sepsis cases incor-
rectly predicted as non-sepsis.

Results

Early Sepsis Prediction and Survival Analysis

To evaluate the model's performance in the task of early sep-
sis prediction, we selected accuracy, recall, F1 score, and AU-
ROC. We designed experiments with different combinations of
look-back (5h, 10h, 15h, 20h) and prediction time (1h, 3h, 6h,
12h) to analyze the difference in model performance across
different configurations. Table 2 presents the results of these
metrics across different configurations.

Experimental results demonstrate that the optimal predictive
performance across all horizons is consistently achieved with
a 20-hour look-back window. Notably, the AUROC for a 1-hour
lead time reached 0.94, superior to that of the 5, 10 and 15-

..................

hour configurations. A monotonic attenuation in discriminative
power was observed as the prediction horizon extended; spe-
cifically, within the 20-hour window, the AUROC declined from
0.94 to 0.87 as the horizon increased from 1 to 12 hours. This
phenomenon is congruent with clinical trajectories, where the
stochastic nature of sepsis increases forecasting complexity
over longer intervals. Furthermore, the results suggest that ex-
tended temporal depth within the look-back window provides

Table 2. The performance of the proposed method, evaluated on an
independent test set for early sepsis prediction under different look-
back and prediction time.

Prediction .
configuration s
Look-  Prediction ) acy Recall F1score AUROC
back time

5 1 0.86 0.83 0.85 0.93
5 3 0.83 0.78 0.82 0.89
5 6 0.79 0.72 0.77 0.87
5 12 0.76 0.70 0.74 0.83
10 1 0.83 0.82 0.83 0.91
10 3 0.83 0.81 0.82 0.90
10 6 0.81 0.76 0.80 0.86
10 12 0.75 0.72 0.74 0.82
15 1 0.86 0.88 0.86 0.92
15 3 0.83 0.82 0.83 0.91
15 6 0.79 0.74 0.78 0.88
15 12 0.79 0.77 0.78 0.86
20 1 0.87 0.90 0.87 0.94
20 3 0.86 0.84 0.86 0.93
20 6 0.79 0.84 0.86 0.93
20 12 0.80 0.83 0.80 0.87

Note: the "look-back" refers to the historical period from which patient
data is used to inform the model, the "prediction time" is the lead inter-
val for forecasting.
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Figure 3. Overview of the proposed ABPE framework, illustrating the creation of balanced sub-datasets, model training, and the weighted vot-

ing mechanism for final prediction.
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critical contextual features that augment short-term predictive
stability.

To assess clinical applicability, KM survival analysis was
used to stratify patients into high- and low-risk groups based
on model-predicted probabilities. Figure 4 displays survival
curves across various look-back and prediction windows. The
results demonstrate that the model consistently distinguishes
risk groups, with significantly lower survival in the high-risk
cohorts. Log-rank tests confirmed all comparisons reached p <
0.001, indicating statistically significant survival differences.

Sensitivity Analysis of Temporal Resolution

We compared 1-hour and 30-minute resolutions to assess how
temporal aggregation affects performance. Table 3 details the
12-hour prediction results by look-back window, with all other
quantitative data provided in Appendix Table A.

The results show that the proposed FW-MHSA-former main-
tains consistent and competitive performance at the higher
30-minute temporal resolution. Across all experimental con-
figurations, all evaluation metrics exhibited only minor fluc-
tuations between the two resolutions, with AUROC differing
by at most 0.02. This demonstrates that our model is robust
to changes in time granularity and is not overly dependent on
coarse hourly aggregation, further verifying the reliability and
generalizability of the developed framework.

Prediction Time: 1h Prediction Time: 3h

https://doi.org/10.71321/4t9gsy05

Table 3. Performance Comparison of the Proposed Model Under
1-hour and 30-minute Temporal Resolutions at a Fixed 12-hour Pre-
diction Horizon, Stratified by Look-back Window.

Resolution Accuracy Recall F1 score AUROC

5-h look-back

30min 0.75 0.69 0.73 0.83

1h 0.76 0.70 0.74 0.83

A 0.01 0.01 0.01 0.00
10-h look-back

30min 0.74 0.70 0.73 0.80

1h 0.75 0.72 0.74 0.82

A 0.01 0.02 0.01 0.02
15-h look-back

30min 0.77 0.77 0.77 0.84

1h 0.79 0.77 0.78 0.86

A 0.02 0.00 0.01 0.02
20-h look-back

30min 0.78 0.78 0.78 0.85

1h 0.80 0.80 0.80 0.85

A 0.02 0.02 0.02 0.00

Prediction Time: 6h Prediction Time: 12h
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Figure 4. Kaplan-Meier survival curves comparing high-risk and low-risk sepsis groups across different look-back (5h, 10h, 15h, 20h) and
prediction time (1h, 3h, 6h, 12h). The x-axis represents the survival time in hours, while the y-axis represents the survival rate. The shaded areas

around each curve represent the 95% confidence intervals.
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Comparison of Missing Value Imputation Strategies

Table 4 compares the performance of four missing value im-
putation strategies under a 20-hour look-back window; com-
plete results for all settings are provided in Appendix Table B, C,
D. Across all evaluated configurations, the zero-filling strategy
consistently achieved the highest AUROC, outperforming other
methods.

Notably, all four imputation methods showed consistent per-
formance trends: model AUROC increased with the extension
of the look-back window and decreased with the extension of
the prediction time. This verified that the zero-filling approach
used in this study does not introduce obvious artificial bias or
distort the physiological distribution of vital signs and labo-
ratory features. On the contrary, the zero-filling method better
preserved the original temporal characteristics of the EHRs
data, enabling the model to capture the progressive physiolog-
ical deterioration trajectory of sepsis more effectively.

Comparison with classic models

Six models were selected to benchmark the proposed method.
These include three classical approaches: Adaptive Boosting
(AdaBoost), Long Short-Term Memory (LSTM), and Random
Forest (RF). The other three are advanced attention-based or

Table 4. Performance Comparison of Four Missing Value Imputation
Strategies Under 20-Hour Look-Back Window Across All Prediction
Time Configurations.

Method Accuracy Recall F1score AUROC
1-h prediction
Forward filling 0.81 0.78 0.81 0.89
K-NN imputation 0.83 0.82 0.83 0.91
Mean imputation 0.83 0.82 0.83 0.91
Zero filling 0.87 0.90 0.87 0.94
3-h prediction
Forward filling 0.82 0.79 0.81 0.91
K-NN imputation 0.84 0.82 0.84 0.91
Mean imputation 0.82 0.81 0.82 0.91
Zero filling 0.86 0.84 0.86 0.93
6-h prediction
Forward filling 0.74 0.76 0.74 0.81
K-NN imputation 0.75 0.74 0.75 0.81
Mean imputation 0.76 0.75 0.76 0.82
Zero filling 0.79 0.83 0.80 0.87
12-h prediction
Forward filling 0.75 0.76 0.75 0.81
K-NN imputation 0.74 0.73 0.74 0.81
Mean imputation 0.74 0.76 0.75 0.82
Zero filling 0.80 0.80 0.80 0.85

Note: Forward filling: Missing values are filled with the last valid obser-
vation from the same patient; any remaining missing values are further
imputed using the training-set mean; K-NN imputation: Missing values
are imputed based on the average of the 5 nearest neighbors with
complete feature profiles. Mean imputation: Missing values are filled
with the mean of the corresponding feature derived from the training
dataset; Zero filling: The baseline strategy in this study, which replaces
missing values and out-of-range negative values with 0.
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Transformer-based architectures: DUETT [47], the LSTM-Trans-
former hybrid, and Medformer [48]. All models were evaluated
on the same test set and assessed in accordance with the
evaluation metrics described in Evaluation metrics. Given that
shorter look-back increases the difficulty of prediction while
allowing the model to initiate sepsis prediction earlier after
ICU admission, and that longer prediction times provide more
response time for healthcare professionals, two representative
experimental scenarios were selected for comparison. Table
5 presents the accuracy, recall, F1 score, and AUROC results
for each model under a fixed 5-hour look-back with different
prediction times (1h, 3h, 6h, and 12h). Table 6 illustrates the
corresponding performance for distinct look-back hours (5h,
10h, 15h, and 20h) with a fixed 12-hour prediction time. The
experimental results demonstrate that our method exhibits su-
perior overall performance.

Visualization and interpretation analysis

In order to enhance the interpretability of the model, we em-
ployed the self-attention mechanism of the Transformer for
sepsis prediction, encoding medical features (such as HR, ABP,
WBC, etc.) as tokens and calculating correlations between
these features through the attention mechanism. Figure 5 dis-
plays the correlation map from the model's final layer, obtained
by averaging across all attention heads. Each cell represents
the attention score when the query is sent from the corre-
sponding row to the corresponding column.

It can be observed that ABP (including ABPm, ABPs, and
ABPd) exhibit a noticeable response to almost every feature,
which is reasonable given the relatively higher density of ABP
data. Additionally, certain features exhibit strong uniform re-
sponse patterns, including (1) ABPm, ABPs, and ABPd, (2) HR
and 02 Sat, and (3) Ven CO2 and Ven 02, among others. These
relationships align with known medical correlations.

While Figure 5 shows relatively low pairwise attention weights
between core laboratory markers including Lactate, Creati-
nine, and Bilirubin, this does not indicate the model’s neglect
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Figure 5. Correlation map of the FW-MHSA-former. Each cell rep-
resents the attention score when the query is sent from the corre-
sponding row to the corresponding column.



Table 5. Comparison of performance metrics between our proposed
method and baselines across different prediction times with a 5-hour
look-back. The evaluation was conducted on the same test set, which
was balanced for positive and negative samples.

Method Accuracy Recall F1score AUROC
1-h prediction
Adaboost 0.79 0.62 0.74 0.90
LSTM 0.79 0.64 0.76 0.90
RF 0.75 0.53 0.68 0.91
DUETT 0.85 0.81 0.82 0.92
LSTM Transformer 0.85 0.80 0.82 0.92
Medformer 0.85 0.82 0.83 0.93
FW-MHSAformer g g6 083 0.85 0.93
(Ours)
3-h prediction
Adaboost 0.71 0.44 0.60 0.85
LSTM 0.74 0.52 0.67 0.87
RF 0.65 0.32 0.48 0.89
DUETT 0.81 0.75 0.81 0.88
LSTM Transformer 0.80 0.74 0.81 0.86
Medformer 0.81 0.76 0.80 0.88
FWMHSAformer 83 078 082  0.89
(Ours)
6-h prediction
Adaboost 0.61 0.26 0.41 0.82
LSTM 0.63 0.29 0.44 0.80
RF 0.54 0.08 0.15 0.80
DUETT 0.78 0.69 0.72 0.85
LSTM Transformer 0.76 0.71 0.76 0.83
Medformer 0.78 0.71 0.74 0.83
FW-MHSAformer o 29 075 077 0.87
(Ours)
12-h prediction
Adaboost 0.54 0.11 0.19 0.77
LSTM - - - 0.67
RF 0.50 0.00 0.01 0.75
DuUETT 0.75 0.63 0.68 0.83
LSTM Transformer 0.74 0.67 0.71 0.82
Medformer 0.74 0.69 0.73 0.82
FW-MHSAformer o276 070 074  0.83
(Ours)

Note: The "-" denotes undefined values due to no positive predictions,
which can occur when the model fails to identify any minority class
instances.

of organ dysfunction— a key point of the Sepsis-3 definition
centered on organ dysfunction [49]. Instead, this phenomenon
is attributed to the sparse and irregular measurement of these
laboratory markers in clinical practice, which leads to the lack
of strong static correlations between them. Importantly, the
model does not rely solely on high-frequency vital signs; rather,
it effectively captures the dynamic temporal changes of these
core laboratory markers that are associated with organ failure,
and integrates them with vital signs and engineered features
(e.g., P/F Ratio, ABPxAge) that directly reflect organ func-
tion. This integration fully aligns with the Sepsis-3 definition
[49], confirming that the model has not overlooked the core
multi-organ failure logic of sepsis.
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The correlation map illustrates the relationships between
medical features, with each column representing the attention
scores when responding to queries from other features. The
higher the attention score, the more information from the que-
ried feature is incorporated into the output of the querying fea-
ture. The more a feature is incorporated by other features, the
greater its influence on the model's final output. By summing
the attention scores in each column of the correlation map,
we calculated an importance score, indicating the contribution
of each medical feature to the model's predictions. These im-
portance scores were ranked in descending order, as shown in
Figure 6.

Table 6. Comparison of performance metrics between our proposed
method and baselines across different prediction times with a 12-
hour prediction. The evaluation was conducted on the same test set,
which was balanced for positive and negative samples.

Method Accuracy Recall F1score AUROC
20-h look-back
Adaboost 0.63 0.31 0.46 0.82
LSTM 0.64 0.31 0.46 0.76
RF 0.50 0.01 0.01 0.82
DUETT 0.78 0.75 0.77 0.84
LSTM Transformer 0.79 0.78 0.79 0.85
Medformer 0.78 0.75 0.77 0.83
FW-MHSAformer 485 080 080  0.85
(Ours)
15-h look-back
Adaboost 0.58 0.21 0.33 0.80
LSTM - - - 0.66
RF 0.51 0.01 0.22 0.77
DUETT 0.75 0.73 0.75 0.86
LSTM Transformer 0.77 0.75 0.77 0.85
Medformer 0.76 0.71 0.76 0.84
FW-MHSAformer 29 077 078  0.86
(Ours)
10-h look-back
Adaboost 0.56 0.15 0.25 0.79
LSTM - - - 0.55
RF - - - 0.79
DUETT 0.74 0.71 0.73 0.81
LSTM Transformer 0.72 0.69 0.71 0.80
Medformer 0.72 0.70 0.72 0.80
FW-MHSAformer 25 675 074 082
(Ours)
5-h look-back
Adaboost 0.54 0.11 0.19 0.77
LSTM - - - 0.67
RF 0.50 0.00 0.01 0.75
DUETT 0.75 0.69 0.73 0.82
LSTM Transformer 0.75 0.65 0.71 0.82
Medformer 0.76 0.68 0.70 0.83
FW-MHSAformer 26 070 074 083
(Ours)

Note: The "-" denotes undefined values due to no positive predictions,
which can occur when the model fails to identify any minority class
instances.
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Figure 6. Feature importance ranking based on the sum of attention
scores in the correlation map. The y-axis represents the medical fea-
ture importance score, while the x-axis displays the corresponding
feature names.

Discussions

This study introduces and validates a novel DL framework that
synergizes a FW-MHSA-former with an ABPE strategy. The ar-
chitecture was specifically engineered to overcome two funda-
mental challenges inherent in EHRs data: the management of
temporally irregular observations and the profound class im-
balance typical of medical datasets. Evaluated retrospectively
on the comprehensive, publicly accessible MIMIC-IV dataset,
the model demonstrated robust performance. Across a range
of configurations, varying the look-back window from 5 to 20
hours and the prediction horizon from 1 to 12 hours, the model
consistently yielded an AUROC exceeding 0.80. It achieved a
peak AUROC of 0.94 when utilizing a 20-hour look-back win-
dow for a 1-hour prediction horizon. Furthermore, in compar-
ative analyses, our framework outperformed six conventional
ML and DL models.

A detailed investigation into the model's performance char-
acteristics revealed crucial temporal dynamics. Experimental
results demonstrate that the model’s predictive performance
scales with the extension of the look-back window, peaking at
20 hours, although performance remains comparable between
the 15-hour and 20-hour windows specifically at a 12-hour
lead time. This finding suggests that physiological data within
the 20-hour window preceding sepsis onset encapsulates the
most critical information for risk prediction, as longer temporal
sequences better capture the complete trajectory of progres-
sive clinical deterioration. Such insight provides an empirical
basis for determining optimal data acquisition windows in
clinical settings. Furthermore, while the observed decay in per-
formance as the lead time extends aligns with the established
principle that predictive uncertainty increases with temporal
distance, the model maintains robust discriminative capacity
(AUROC > 0.82) even at a 12-hour lead time. This underscores
its potential to establish a clinically meaningful window for
early intervention.

An analysis of the model's interpretability confirmed that it
learned patterns highly congruent with established clinical
pathophysiology. Feature importance analysis revealed that
the highest-weighted predictors were engineered interaction
terms, namely ABPmxAge, ABPdxAge, and ABPsxAge. This
finding is significant, as it indicates that the prognostic value
of blood pressure in sepsis is non-linear and substantially
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modulated by age. This interaction term more effectively cap-
tures the heightened hemodynamic vulnerability of older pa-
tients during infectious stress than individual metrics alone—a
nuance frequently missed by traditional linear models. Follow-
ing these were foundational vital signs such as HR, RR, Temp,
and 02 Sat, which are the cornerstones of rapid screening
tools like the gSOFA. This alignment demonstrates that the
model independently learned decision-making criteria consis-
tent with expert clinical consensus. Moreover, laboratory mark-
ers reflecting organ dysfunction and tissue hypoperfusion—
including Plt, Creat, and lactate—also received high importance
scores, which is consistent with the Sepsis-3 definition cen-
tered on the SOFA score. Thus, the model functions not as an
inscrutable 'black box' but as a system whose decision-making
logic is largely transparent and capable of augmenting our un-
derstanding of sepsis pathophysiology.

While our model demonstrated exemplary performance in a
retrospective context, its ultimate clinical value is contingent
upon prospective validation. Kaplan-Meier survival analysis
confirmed the model’s ability to stratify patients into high- and
low-risk cohorts with statistically significant differences in
survival outcomes (p < 0.001), laying a critical foundation for
its translation into clinical decision support tools. Notably, with
a stable AUROC of 0.82-0.86 across all look-back configura-
tions, the 12-hour prediction window fits well into routine ICU
workflows based on 12-hour nursing shift cycles, providing
reliable evidence to assist real-time clinical scheduling and hi-
erarchical patient management. This lead time aligns perfectly
with routine patient assessment and handover procedures: the
model can be run once per shift at handover to generate a 12-
hour sepsis risk forecast for the entire on-duty period, enabling
proactive rather than reactive care. For patients stratified
as high-risk, this 12-hour lead time enables concrete, guide-
line-aligned interventions: upgrading from 4-hourly routine vital
sign monitoring to 1-hourly continuous hemodynamic monitor-
ing, pre-emptive completion of blood culture and inflammatory
biomarker testing, and advance preparation of vascular access
and fluid resuscitation protocols. This fully addresses the core
clinical requirement of the Surviving Sepsis Campaign guide-
lines, which mandate initiation of evidence-based care within
1 hour of sepsis recognition, by providing a sufficient window
for risk mitigation before clinical deterioration. Furthermore,
the model’s robust risk stratification enables optimized ICU re-
source allocation: low-risk patients (with consistently negative
predictions) can avoid unnecessary invasive monitoring and
frequent laboratory testing, while clinical resources are priori-
tized to the high-risk cohort identified by the model.
Nevertheless, this study is subject to several limitations. First,
we standardized the time series by aggregating raw records to
a uniform hourly resolution, which may smooth high-frequen-
cy physiological fluctuations and subtle acute physiological
changes. To mitigate this limitation and evaluate the influence
of temporal granularity, we supplemented a sensitivity analy-
sis using a 30-minute interval resolution. Experimental results
demonstrated that our model yields stable and comparable
performance at both 1-hour and 30-minute temporal resolu-
tions, confirming that the prediction capability is not substan-
tially compromised by hourly aggregation and supporting the
robustness of the proposed method.

Second, the model was developed and validated exclusively
using data from the MIMIC-IV database. Although large and of



high quality, MIMIC-IV represents a single academic medical
center. Therefore, the model's performance and generalizabil-
ity must be confirmed through external validation on datasets
from different healthcare systems and patient populations.

Conclusions

This study introduces a novel DL architecture that integrates
a FW-MHSA-former with an ABPE for the early prediction of
sepsis. The proposed framework exhibits superior predictive
performance, enabling the robust stratification of patients into
high- and low-risk cohorts, thereby enhancing clinical decision
support and optimizing patient management strategies. A
critical finding is the model's exceptional robustness and reli-
ability, as evidenced by its sustained high-fidelity predictive ac-
curacy across diverse and challenging look-back and forecast
time configurations. These results underscore the framework's
significant clinical utility and its potential to improve patient
outcomes through more timely and precise.
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Abstract

Objective: To investigate the clinicopathological features, immunophenotype, key diagnostic points and prognosis of succinate dehydrogenase
(SDH)-deficient renal cell carcinoma in order to provide a reference for its clinical diagnosis, treatment and pathological diagnosis.

Materials and Methods: The retrospective analysis was performed on 14 cases of SDH-deficient renal cell carcinoma, with a summary and evalu-
ation of their clinicopathological, morphological, immunohistochemical features and prognosis.

Results: Among the 14 patients, 10 were male and 4 were female. The age ranged from 43 to 78 years, with a median age of 52 years. 9 tumors
were located in the left kidney and 5 in the right kidney. Tumor size ranged from 1.5 cm to 8.0 cm. Microscopically, the tumor cells exhibited
diverse architectural patterns, including predominantly solid and nested growth, occasional microcystic and cystiic dilatation, and papillary archi-
tecture. The tumor cells had abundant cytoplasm, which was vacuolated or weakly eosinophilic. Immunohistochemical results showed that all 14
tumor cells were positive for vimentin and PAX-8, and negative for SDHB, CK7, CD117, and CA IX. The Ki-67 proliferation index ranged from 5% to
20%. Among the 14 patients, 1 was lost to follow-up, and 13 were followed up. Of the 13 followed patients, 12 were alive and 1 died.

Conclusion: SDH-deficient renal cell carcinoma is a relatively rare subtype of renal cell carcinoma. Patients with low nuclear grade are generally
younger, whereas those with high nuclear grade are mostly middle-aged or elderly and prone to metastasis. Loss of SDHB expression by immu-
nohistochemical staining is helpful for the diagnosis of this type of tumor.

Keywords: Succinate dehydrogenase-deficient renal cell carcinoma; Histology; Immunohistochemistry; Diagnosis; Prognosis

Introduction

Succinate dehydrogenase (SDH) is a respiratory enzyme com-
plex composed of four protein subunits, SDHA, SDHB, SDHC,
and SDHD, and is localized to the inner mitochondrial mem-
brane [1]. Its primary function is to catalyze the conversion of
succinate to fumarate and facilitate electron transport in the
respiratory chain [2]. SDH-deficient renal cell carcinoma (SDH-
RCC) is a relatively rare subtype of RCC, which was first identi-
fied in 2004. It was officially classified as an independent sub-
type of RCC by the World Health Organization (WHO) in 2016.
In 2022, it was formally defined as RCC with loss of SDHB
expression and recognized as a distinct subtype of RCC [3-4].

As a rare subtype of RCC (accounting for 0.05%-0.2% of all
RCC), SDH-RCC has been relatively uncommon reported in
China, with limited relevant research available. Consequently,
clinicians and pathologists lack sufficient familiarity with this
entity, leading to a high risk of misdiagnosis. To improve the
understanding of this subtype of RCC, we collected a total of

14 cases of SDH-RCC and summarized their clinicopathologi-
cal and immunohistochemical features.

Materials and Methods

Case Collection

A total of 14 cases of SDH-RCC diagnosed between 2018 and
2024 were collected from the First and Second Affiliated Hos-
pitals of Anhui Medical University, all of which met the diag-
nostic criteria for SDH-RCC. Detailed clinicopathological data
and follow-up information were collected for each case. All
histological slides were independently reviewed in a blind man-
ner by two senior pathologists, and the microscopic pathologi-
cal features of each specimen were documented in detail.

HE Staining and Immunohistochemical Staining
All specimens were obtained via surgical operation, including
radical nephrectomy and partial nephrectomy. The specimens
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were fixed in formalin, embedded in paraffin, and subjected to
routine deparaffinization and rehydration prior to HE staining.
Histomorphological features were examined under a light
microscope. Immunohistochemical staining was performed
using the EnVision two-step method. The primary antibodies
included SDHB (MXB Biotechnologies, clone 21A11AE7), vi-
mentin (MXB Biotechnologies, clone MX034), PAX-8 (MXB Bio-
technologies, clone EP298), CK7 (MXB Biotechnologies, clone
0V-TL12/30), CD117 (MXB Biotechnologies, clone YR145), CA
IX (MXB Biotechnologies, rabbit polyclonal antibody), and Ki-
67 (Roche, clone 30-9).

Follow-Up

Follow-up information was collected through medical record
review and telephone follow-up. The recorded parameters
included tumor recurrence, metastasis, and patient survival
status.

Result

Clinical Information

Detailed clinical information of the 14 patients was summa-
rized (Table 1). The patients ranged in age from 43 to 78 years,
with the mean age of 54.4 years and the median age of 52
years. Regarding gender, there were 10 males and 4 females,
with a marked male predominance and a male-to-female
ratio of 2.5:1. With respect to tumor location, 9 tumors were
located in the left kidney and 5 in the right kidney. As for the
reasons for initial presentation, 8 patients were asymptomatic
and detected incidentally during physical examination, while
the remaining patients presented with varying degrees of
discomfort, including ipsilateral abdominal pain, lumbodorsal
pain, abnormal liver function, and ipsilateral inguinal hernia.
All patients underwent abdominal CT or MRI, which revealed a
space-occupying lesion in the affected kidney (Figures 1A and
1B).

Gross Findings

The maximum tumor diameter ranged from 1.5 cm to 8.0 cm
in the 14 patients. Among them, 9 tumors were obtained from
partial nephrectomy specimens, and 5 from radical nephrecto-

my specimens of the affected kidneys.

The cut surfaces of the tumors exhibited variable colors, pre-
dominantly gray-white, gray-yellow, and gray-brown. Regarding
tumor texture, cases 1, 4, 9, 11 displayed a cystic-solid cut sur-
face, and the remaining cases showed solid and slightly firm
cut surfaces. Most tumors were well-demarcated with pushing
growth borders. Only cases 3, 13, and 14 showed invasion of
the renal capsule and perirenal adipose tissue.

Histologic Features

Most tumors were well-circumscribed, with pushing borders
into adjacent tissue and formation of a fibrous capsule. Focal-
ly, a lobular architecture was noted. Invasion into surrounding
adipose tissue was identified in 3 cases. Entrapped non-neo-
plastic renal tubules were visible at the periphery of the tu-
mors.

Tumor cells were arranged in solid sheets, nests, and tubules
(Figures 2A, 2B), with prominent sinusoidal vasculature within
tumor nests. Microcystic or multicystic structures were pres-
ent in some cases (Figure 2C). In addition, focal micropapillary
architecture was observed in 1 case (case 13; Figure 2D), and
papillary structures were identified in 1 case (case 14; Figure
2E).

2 2 LN S, 8 =R G L
Figure 2. Histological features of SDH-RCC. (A) (B) Tumor cells are
arranged in solid sheets, nests, and tubules (HEx400). (C) Multicystic
structures are present within the lesion (HEx200). (D) Micropapillary
structures are identified in some cases (HEx400). (E) Papillary struc-
tures are observed in a minority of cases (HEx400). (F) Short spindle
cell proliferation is seen in high-grade tumors (HEx400).

- ;L

Figure 1. Imaging features of SDH-RCC. (A) CT shows a right renal mass; (B) CT shows a left renal mass.
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With respect to cytomorphology, tumor cells exhibited abun-
dant eosinophilic cytoplasm, with vacuolar changes noted
focally in some cases. Focal short spindle-cell morphology
was present in 1 case (case 14; Figure 2F). Nuclei were round
to oval with fine, evenly distributed chromatin and mild nuclear
atypia. A small number of cases showed more marked nuclear
atypia, characterized by enlarged nuclei, coarse chromatin, oc-
casional prominent nucleoli, and focal necrosis.

Of the 14 cases included in this study, 10 were classified
as low-grade [International Society of Urological Pathology
(ISUP)/WHO grade 1-2], and 4 as high-grade, including 3 cases
of [ISUP/WHO grade 3] and 1 case of [ISUP/WHO grade 4].

Immunohistochemical Staining

Immunohistochemical staining was performed in all 14 cases
(Table 2). The results showed that tumor cells in all cases were
positive for PAX-8 (Figure 3A) and vimentin (Figure 3B). All

https://doi.org/10.71321/3zc3th83

cases were negative for SDHB (Figures 3C, D), while non-neo-
plastic renal tubules adjacent to the tumor were positive.

In addition, CK7, CA IX, and CD117 were all negative. The Ki-
67 proliferation index ranged from 5% to 30%. All low-grade
tumors exhibited a low Ki-67 index, ranging from 5% to 15%
(Figure 3E), whereas the Ki-67 index of high-grade tumors was
20-30% (Figure 3F).

Follow-Up Results

Follow-up was conducted in all 14 patients, with a follow-up
duration of 2-7 years. One patient was lost to follow-up, 1 pa-
tient was dead, and the remaining 12 patients were alive at the
last follow-up. In addition, extrarenal metastasis occurred in 3
patients (cases 8, 13 and 14). Case 8 was found to have lung
metastases during examination upon seeking medical atten-
tion for fever and cough 11 months after surgery, and case 13
was diagnosed with lung metastases during routine physical

Table 1. Clinicopathological information of 14 patients.

Num- Age  Sex Location Size Reason for Surgical Cut surface of Metastasis Follow-u
ber 79 (kidney) consultation approach the mass status P
. ) Yellowish-gray,
1 50 Male Right  2.5cmx2.0cmx2.0cm Phygca_l Partial multiloculated None Alive
examination  nephrectomy :
cystic
. . Grayish-white and
2 53 Female Right 5.0cmx4.0cmx1.5cm Lumb.ar.dlsc Radical grayish-red, slight- None Lost to
herniation nephrectomy | . follow-up
y firm in texture
3 78 Female Right 7.5cmx5.0cmx4.5cm Phy.s"’?' Radical Variegated None Alive
examination  nephrectomy appearance
4 48 Female Right 6.5cmx5.0cmx3.5cm Phy§|cql Partial Multllocglated None Alive
examination  nephrectomy cystic
. . Yellowish-gray and
5 48 Male Left 6.0cmx5.0cmx4.0cm Phy.s'c"’?' Partial grayish-brown, None Alive
examination  nephrectomy :
firm in texture
Physical Partial Grayish-white and
6 43 Male Right  3.2cmx3.2cmx2.8cm ysica yellowish-gray, None Alive
examination  nephrectomy .
firm in texture
7 65 Male Left 2.5cmx2.0cmx2.0cm Phy.S|ca.Ie Partial YeIIow!sh—grayand None Alive
xamination  nephrectomy  grayish-brown
i : Yellowish-gray and
8 59 Female Left 7.5cmx7.0cmx6.0cm Leftllowera.b Radical grayish-white, with Pulmonar.y Alive
dominal pain  nephrectomy . metastasis
a thin capsule
Rapid weight Partial Grayish-white and
9 49 Male Left  3.5cmx3.0cmx1.5cm  loss, gastric grayish-brown, None Alive
; nephrectomy . .
discomfort cystic and solid
Physical Partial Variegated, rela-
10 56 Male Left ~ 5.0cmx5.0cmx4.0cm s tively well-circum- None Alive
examination  nephrectomy .
scribed
Yellowish-gray and
11 50 Male Left  4.5cmx3.2cmx2.7cm Phy§|ca_l Partial graylsh-red, None Alive
examination  nephrectomy hemorrhagic cys-
tic degeneration
12 58 Male Left  1.5cmx1.5cmx1.2cm Abnormgl liver Partial Ygllomsh-gray, None Alive
function nephrectomy  with a capsule
13 53 Male Right 8.0cmx7.0cmx7.0cm ightinguinal —  Radical Grayish-brown, — Pulmonary . o
hernia nephrectomy medium in texture metastasis
: . . . Lumbar
14 51 Male Left  4.0cmx3.5cmx3.5cm Low.backpaln Partial Gray!sh-whlte,ﬁrm spine me-  Death
with fever nephrectomy in texture tastasis
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examination 5 years after surgery. Case 14 developed bone
metastasis and has died.

A 3
E = a2y

= D—

Figure 3. Immunohistochemical features of SDH-RCC. (A) Tumor
cells show nuclear positivity for PAX-8 (EnVisionx400). (B) Tumor cells
are positive for Vimentin (EnVisionx400). (C) SDHB staining: positive
normal renal tubules (lower left), negative tumor cells (upper right)
(EnVisionx200). (D) SDHB staining is negative in tumor tissue (EnVi-
sionx400). (E) Low nuclear grade with low Ki-67 proliferation index
(EnVisionx400). (F) High nuclear grade with high Ki-67 proliferation
index (EnVisionx400).

Table 2. Results of immunohistochemical staining.

Num- Immunohistochemical staining items
ber SpDHB PAX-8 Vimentin CK7 CD117 CAIX Ki- 67
1 - + + - - - 8%
2 - + + - - - 10%
3 - + + - - - 20%
4 - + + - - - 10%
5 - + + - - - 15%
6 - + + - - - 8%
7 - + + - - - 8%
8 - + + - - - 25%
9 - + + - - - 5%
10 - + + - - - 10%
11 - + + - - - 8%
12 - + + - - - 7%
13 - + + - - - 20%
14 - + + - - - 25%

Note: - : negative; + : positive.
Discussion

SDH is a key enzyme in the tricarboxylic acid cycle that cata-
lyzes the conversion of succinate to fumarate, and it is com-
posed of four distinct subunits, including SDHA, SDHB, SDHC,
and SDHD [1]. Mutations in any of the SDH subunits can lead
to loss of normal function of the complex, thereby contributing
to the development of associated tumors.

In 2004, Vanharanta et al. first identified familial genetic char-
acteristics of SDHB gene mutations in 3 relatively young pa-
tients with RCC, and suggested a potential correlation between
these mutations and the development of early-onset RCC. Sub-
sequently, due to the limited number of cases, this type of RCC
was not classified separately. It was not until 2016 that the
WHO officially classified SDH-RCC as an independent subtype
of RCC [5].

76

SDH-RCC is an extremely rare subtype of RCC, accounting for
only 0.05%-0.2% of all RCC. It has a wide age distribution, rang-
ing from 14 to 76 years, and shows a male predominance [3].
In this study, a total of 14 SDH-RCC patients were collected,
with an age range of 43-78 years, including 10 males and 4 fe-
males. These findings were generally consistent with the age
and gender distribution characteristics of SDH-RCC reported in
the literature. Patients with SDH-RCC harbor mutations in the
SDHA, SDHB, SDHC and SDHD genes, among which SDHB mu-
tations are the most common [6-8]. In addition, germline muta-
tions in SDH genes can cause patients to develop gastrointes-
tinal stromal tumors, pheochromocytoma/paraganglioma, and
pituitary adenomas [1]. No clinical records of these associated
neoplasms were identified in the 14 patients included in this
study.

Histologically, the tumors are mostly well-circumscribed, with
variable cut surface colors ranging from gray-yellow to gray-
red [9]. Microscopically, tumor cells are predominantly ar-
ranged in solid and nested patterns, often accompanied by the
formation of microcystic, multicystic and tubular structures.
Papillary structures may occasionally be observed. Tumor
cells show abundant eosinophilic cytoplasm with vacuolar
changes, and the nuclei are usually bland [9]. In the present se-
ries of 14 cases, typical solid sheet-like and nested structures
were identified in all cases, and papillary structures were found
in case 14. The cytomorphology was generally consistent with
that described in the literature, except that focal short spin-
dle-cell morphology was displayed in case 14. 10 cases were
low-grade nuclear grade, and 4 cases were high-grade nuclear
grade. In addition, SDH-RCC shows overlapping histomorpho-
logical features with other types of RCC, including clear cell
RCC, papillary RCC and chromophobe RCC [1]. Sarcomatoid
transformation may occur in high-grade SDH-RCC.

Regarding treatment and prognosis, most SDH-RCC are low-
grade tumors with weak invasiveness and rare metastasis.
The long-term metastasis rate is approximately 11%, and the
overall prognosis is generally favorable. Treatment is generally
performed with partial nephrectomy [6, 9]. In contrast, high-
grade SDH-RCC, including tumors with sarcomatoid change,
necrosis, and high nuclear grade, is relatively rare but the
invasiveness of the tumor is significantly increased, and the
tumor is prone to metastasis with a metastatic rate of up to
70%, resulting in a relatively poor prognosis. Radical nephrec-
tomy is usually performed for these high-risk tumors [10]. In
the present study, among the 14 patients, 1 patient was lost
to follow-up. Of the remaining 13 patients, 12 were alive and 1
had died at the last follow-up. Notably, all 3 patients who de-
veloped extrarenal metastasis presented high nuclear-grade.
Differential diagnosis: 1. Clear cell RCC is the most common
subtype, accounting for the highest incidence among all RCC.
Tumor cells are arranged in solid nests or acinar structures,
with a characteristic network of thin-walled blood vessels in
the stroma [11]. The cells are large and polygonal, with abun-
dant clear cytoplasm or eosinophilic cytoplasm in high-grade
tumors [11]. Immunohistochemically, tumor cells are positive
for CA IX, without loss of SDHB expression [9]. 2. Chromo-
phobe RCC is the third most common subtype of RCC. Micro-
scopically, tumor cells are mostly arranged in solid sheets and
nests, with occasional tubular or trabecular patterns [12-13].
The tumor is composed of two cell types. One is small eosin-
ophilic cells with granular cytoplasm and the other is large



polygonal cells with flocculent cytoplasm and characteristic
plant-like cell membranes, showing wrinkled nuclei with incon-
spicuous nucleoli [13]. Immunohistochemically, tumor cells
are positive for CK7 and CD117, without loss of SDHB [13]. 3.
Oncocytoma is a benign renal tumor. Microscopically, tumor
cells are densely arranged in nests, islands, and acini. The
tumor stroma is often loosely edematous, accompanied by
myxoid or collagenized changes, and a characteristic central
scar composed of collagen fibers and compressed blood ves-
sels may be present [14-15]. Tumor cells are round or cuboidal
with indistinct cell borders, moderate to abundant cytoplasm
containing dense eosinophilic granules, small nuclei, and in-
conspicuous nucleoli [14-15]. Immunohistochemically, tumor
cells are positive for CD117 and negative for CK7, without loss
of SDHB expression [9].

Conclusion

In summary, SDH-RCC is a rare subtype of RCC primarily
caused by abnormal expression of the SDHB gene, which
further leads to dysfunction of SDH. Among affected pa-
tients, those with low-grade SDH-RCC have a relatively more
favorable prognosis but still require long-term follow-up and
monitoring, whereas those with high-grade SDH-RCC are at a
high risk of recurrence and metastasis. Currently, surgical re-
section remains the first-line treatment for SDH-RCC. Given the
complex morphological features of SDH-RCC tumors, SDHB
immunohistochemistry can assist in the diagnosis of this dis-
ease. In addition, it is recommended that family members of
affected patients may undergo concurrent clinical counseling
and screening to identify potential hereditary risks.
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Abstract

Objective: To investigate the risk factors for spontaneous reduction (SR) in assisted reproductive technology (ART)-conceived twin pregnancies
and compare perinatal outcomes between SR and non-SR pregnancies, and to develop and validate an SR risk prediction model in the dizygotic
twin (DZT) cohort.

Methods: This single-center retrospective cohort study enrolled patients who achieved clinical twin pregnancies following ART at the Reproduc-
tive Center of the First Affiliated Hospital of Anhui Medical University between January 2015 and December 2024. Participants were classified
into monozygotic twins (MZT, n=505) and dizygotic twins (DZT, n=3,263) based on the number of gestational sacs and fetal heartbeats detected
on early pregnancy ultrasound, and each cohort was further divided into SR and Non-SR groups. Baseline characteristics, treatment parameters,
and perinatal outcomes were compared between groups. Univariable and multivariable logistic regression analyses were performed with SR as
the dependent variable, incorporating nine core predictors. A predictive model for SR was constructed in the DZT cohort and internally validated;
model performance was evaluated using the receiver operating characteristic (ROC) curve with area under the curve (AUC), calibration curve, Bri-
er score, and decision curve analysis (DCA). Risk stratification was performed by tertiles of predicted probability.

Results: In the DZT cohort, the SR group had significantly older maternal age, a higher proportion of advanced maternal age (=35 years), and high-
er rates of blastocyst-stage transfer, intracytoplasmic sperm injection (ICSI), and frozen-thawed embryo transfer cycles than the Non-SR group (all
P<0.05). No statistically significant differences were observed in any of these characteristics in the MZT cohort. Perinatal outcome trends were
consistent across both cohorts: the SR group had later gestational age at delivery, lower rates of preterm birth and low birth weight, but higher
rates of glucose metabolism abnormalities and lower rates of premature rupture of membranes. Multivariable logistic regression identified ad-
vanced maternal age (aOR=3.00), history of previous miscarriage (aOR=1.32), blastocyst-stage transfer (aOR=3.05), non-good-quality embryos
(aOR=1.79), ICSI (aOR=1.56), and frozen-thawed cycles (aOR=3.33) as independent risk factors for SR, whereas secondary infertility (aOR=0.67)
and transfer of 22 embryos (aOR=0.53) were associated with a reduced risk. The DZT-SR prediction model achieved an AUC of 0.857 on internal
validation, with acceptable calibration and favorable net clinical benefit on DCA. SR incidence increased progressively across low-, intermediate-,
and high-risk strata at 8.3%, 28.7%, and 77.9%, respectively.

Conclusion: SR in ART-conceived twin pregnancies is closely associated with maternal age and multiple embryo- and cycle-related factors. The
DZT-SR prediction model, built on nine routinely available clinical variables, demonstrated good internal validation performance and may serve as
a practical tool for early pregnancy risk stratification and individualized follow-up planning.

Keywords: Assisted reproductive technology; Twin pregnancy; Spontaneous reduction; Logistic regression; Prediction model

Introduction

According to the World Health Organization (WHO), approxi-
mately one in six people worldwide experiences infertility at
some point during their lifetime [1]. The widespread adoption
of assisted reproductive technology (ART) has substantially
improved pregnancy outcomes for affected couples; however,
the use of ovarian stimulation and multiple embryo trans-

fer has led to a higher rate of iatrogenic multiple pregnancy
compared with natural conception, making it one of the most
common complications associated with ART [2-3]. Multiple
pregnancy carries considerable maternal and neonatal risks:
compared with singleton pregnancy, the risks of preterm birth,
preterm birth before 32 weeks, stillbirth, and neonatal death
are increased approximately 6-, 13-, 5-, and 7-fold, respectively,
and the rates of severe maternal morbidity and mortality are
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also markedly elevated [4-5]. In response, reproductive medi-
cine societies worldwide have issued guidelines recommend-
ing a reduction in the number of embryos transferred and
encouraging the adoption of elective single embryo transfer
(eSET) to reduce multiple pregnancy rates [2-3, 6-7].

The routine use of first-trimester ultrasound has made van-
ishing twin syndrome (VTS) — or spontaneous reduction (SR)
— increasingly recognizable in clinical practice. SR refers to
the arrest of development of one or more embryos in an intra-
uterine multiple pregnancy that has already been confirmed
clinically. In ART-conceived twin pregnancies, the reported
incidence of SR ranges from approximately 12% to 38% [8-10].
Its etiology remains incompletely understood, but proposed
contributing factors include abnormal embryonic develop-
ment, suboptimal placental implantation, and an unfavorable
intrauterine environment [9, 11-12]; maternal age, chorionicity,
and certain ART-related procedures may also play a role [13-16],
though the available evidence is limited and findings across
studies are inconsistent.

The impact of SR on pregnancy outcomes also warrants at-
tention. Perinatal outcomes in pregnancies that undergo SR
and continue as singletons appear to fall somewhere between
those of pregnancies that were singletons from the outset and
those that remain twin pregnancies, but existing studies are
limited by small sample sizes and heterogeneous findings [8,
10]. Furthermore, the clinical patterns and implications of SR
may differ between monozygotic twins (MZT) and dizygotic
twins (DZT), yet systematic stratified analyses are lacking, and
data from Chinese populations remain scarce.

Against this background, the present study compared baseline
characteristics, treatment parameters, and perinatal outcomes
between SR and non-SR pregnancies in both MZT and DZT
cohorts, examined the risk factors associated with SR, and
developed and internally validated an SR risk prediction model
within the DZT cohort, with the aim of informing early pregnan-
cy risk assessment and follow-up management.

Materials and Methods

Study population

This was a single-center retrospective cohort study. We en-
rolled patients who achieved clinical pregnancy following ART
at the Reproductive Center of the First Affiliated Hospital of
Anhui Medical University between January 2015 and Decem-
ber 2024, and whose twin pregnancy was confirmed by trans-
vaginal ultrasound in the first trimester. Participants were clas-
sified into MZT and DZT based on the number of gestational
sacs and fetal heartbeats on early ultrasound, and each cohort
was divided into an SR group and a Non-SR group according to
whether spontaneous reduction occurred during first-trimester
follow-up.

Definitions and diagnostic criteria

Twin pregnancy was confirmed approximately 30 days after
embryo transfer by transvaginal ultrasound showing either
two separate gestational sacs or a single sac containing two
fetal heartbeats. MZT was defined as a single gestational sac
with two fetal heartbeats, and DZT as two gestational sacs
each with a fetal heartbeat. SR was defined as a spontaneous
decrease in the number of fetal heartbeats from two to one

https://doi.org/10.71321/mapcd847

on routine follow-up ultrasound in a previously confirmed twin
pregnancy; the date of the first ultrasound documenting this
change was recorded as the time of SR. Non-SR was defined
as the absence of any such reduction in fetal heartbeats
throughout the first trimester, with subsequent delivery of one
or two live infants.

Inclusion and exclusion criteria

Patients were included if they: (1) achieved clinical pregnancy
following ART with first-trimester ultrasound confirmation of a
twin pregnancy (MZT or DZT); and (2) were followed through
to delivery with complete obstetric and neonatal records.
Patients were excluded if they: (1) underwent multifetal preg-
nancy reduction; (2) had recurrent miscarriage or structural ab-
normalities of the reproductive tract; (3) had the pregnancy ter-
minated due to systemic illness, uterine scarring, or personal
reasons; (4) had pre-existing hypertension or diabetes mellitus
before pregnancy; (5) conceived through donor oocytes, donor
sperm, intrauterine insemination, or preimplantation genetic
testing cycles; (6) were in a consanguineous relationship; (7)
had a severe psychiatric disorder; or (8) had incomplete clini-
cal records.

Embryo quality grading

Cleavage-stage embryos (D2/D3) were assessed morphologi-
cally according to the Istanbul Consensus and the ESHRE-AL-
PHA scoring criteria [17-19], taking into account blastomere
number, fragmentation, and symmetry. On day 3, embryos
meeting specific score combinations — such as 8CF4S1 —
were classified as good-quality. Blastocysts (D5/D6) were
graded using the Gardner-Schoolcraft system [18-23]. Day-5
blastocysts expanded to stage =3 with inner cell mass (ICM)
and trophectoderm (TE) both graded A or B (i.e., AA, AB, BA, or
BB) were considered good-quality; for day-6 blastocysts, the
same grading criteria applied with a minimum expansion stage
of 4. When all transferred embryos were good-quality, the cycle
was categorized as the "good-quality” group; if any transferred
embryo was below this threshold, the cycle was assigned to
the "non-good-quality" group.

Study variables

Baseline and treatment characteristics collected included ma-
ternal age, body mass index (BMI), history of previous miscar-
riage, infertility type (primary or secondary), cycle type (fresh or
frozen-thawed), fertilization method (conventional IVF or ICSI),
embryonic developmental stage at transfer (cleavage-stage
D2/D3 or blastocyst D5/D6), number of embryos transferred (1
or 22), embryo quality (good-quality or non-good-quality), and
the underlying causes of infertility.

Perinatal outcomes included mode of delivery, gestational
age at delivery, neonatal birth weight, presence of any low
birth weight (any LBW, defined as at least one infant weighing
<2,500 g), and pregnancy complications including hypertensive
disorders of pregnancy, glucose metabolism abnormalities,
and premature rupture of membranes.

Nine variables were entered into the logistic regression anal-
yses as core predictors: advanced maternal age (235 years),
maternal BMI, infertility type, history of previous miscarriage,
embryonic developmental stage, number of embryos trans-
ferred, embryo quality, fertilization method, and cycle type.
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Table 1. Baseline and treatment characteristics of the DZT group.

Non-

Variable SR(n=2456) SR(n=807) P value

Maternal age (years)  29.99+3.67 31.86+4.25 <0.001

BMI(kg/m?) 22.35+3.14 22.61+3.26 0.052
No. of previous miscar- /v, 080 0514084 0084
riages

Advanced maternal

age (235 years), n (%) <0.001
No 2163 (88.1) 594 (73.6)

Yes 293 (11.9) 213 (26.4)

Infertility type, n (%) 0.104
Primary infertility 1332 (54.2) 464 (57.5)
Secondary infertility 1124 (45.8) 343 (42.5)

H|§tory pf previous 0.305

miscarriage, n (%)

No 1643 (66.9) 524 (64.9)
Yes 813(33.1) 283 (35.1)
Infertility factors, n (%)
Pelvic factor 1585 (64.5) 403 (49.9) <0.001
Tubal factor 1451 (59.1) 316(39.1) <0.001
Endometriosis 143 (5.8) 46 (5.7) 0.891
Ovulatory disorder/ goq 530y 135(16.7) <0.001
ovarian factor
Uterine factor 110 (4.5) 45 (5.6) 0.206
Other factors 190 (7.7) 280 (34.7) <0.001
No female factor 365 (14.9) 40 (5.0)0 <0.001
tmeeh“O”””m“ 675(27.5 336 (41.6) <0.001
Embryonic develop- <0.001
mental stage, n (%)
D2/D3 (cleavage

stage) 317 (12.9) 36 (4.4)
D5/D6 (blastocyst o145 (g71) 771 (95.6)

stage)

No. of embryos trans-

ferred, n (%) 0.019
1 42 (1.7) 25 (3.0)
>2 2414 (98.3) 782 (97.0)

Embryo quality, n (%) <0.001
Good quality 2154 (87.7) 648 (80.3)
Non-good quality 302 (12.3) 159(19.7)

Foertlllzatlon method, n <0.007

(%)

IVF 1793 (73.0) 514 (63.7)
ICS 663 (27.0) 293 (36.3)

Cycle type, n (%) <0.001
Fresh cycle 550 (22.4) 67 (8.3)
Frozen-thawed cycle 1906 (77.6) 740 (91.7)

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
25, and the prediction model was built and validated in RStu-
dio (v4.5.1). Continuous variables with approximately normal
distributions are presented as mean t standard deviation (SD)
and compared between groups using the independent-sam-
ples t-test (or Welch's t-test when variances were unequal).
Categorical variables are presented as counts and percentag-
es and compared using the Pearson chi-square test; Fisher's
exact test or the continuity-corrected chi-square test was used
when any expected cell count was less than 5. All tests were
two-sided, and P<0.05 was considered statistically significant.
Risk factors for SR were examined by univariable and multi-
variable logistic regression, with effect sizes expressed as
odds ratios (OR) with 95% confidence intervals (95% Cl).

An SR risk prediction model was developed in the DZT cohort
and internally validated using a 70:30 training-to-test split.
Discrimination was assessed by the receiver operating char-
acteristic (ROC) curve and the area under the curve (AUC); the
optimal classification threshold was determined by the Youd-
en index, from which sensitivity, specificity, and related metrics
were derived. Calibration was evaluated using a calibration
curve and the Brier score. Clinical utility was assessed by de-
cision curve analysis (DCA). Risk stratification was performed
by dividing the test-set predicted probabilities into tertiles, and
SR incidence was compared across the resulting low-, interme-
diate-, and high-risk groups.

Results

Study population

A total of 3,768 patients with ART-conceived twin pregnancies
were included: 3,263 in the DZT cohort (SR group, n=807; Non-
SR group, n=2,456) and 505 in the MZT cohort (SR group,
n=62; Non-SR group, n=443). The DZT cohort underwent full
comparative analysis, logistic regression, and prediction mod-
el development; findings from the MZT cohort are presented
descriptively.

Baseline and treatment characteristics in the DZT cohort
Baseline and treatment characteristics are shown in Table 1.
Several differences were observed between the SR and Non-
SR groups.

Regarding continuous variables, maternal age was significant-
ly higher in the SR group than in the Non-SR group (31.86+4.25
vs. 29.99+3.67 years, P <0.001), and BMI was also slightly
higher (22.614£3.26 vs. 22.35+3.14 kg/m?, P =0.052). The
number of previous miscarriages did not differ significantly
between groups (0.51+0.84 vs. 0.45+0.80, P =0.084).

Among categorical variables, the proportion of women of ad-
vanced maternal age (=35 years) was significantly higher in
the SR group (26.4% vs. 11.9%, P <0.001). Infertility type (pri-

Note: Continuous variables are presented as mean + SD; categorical variables as n (%). Pelvic factors include pelvic inflammatory disease and
adhesions; tubal factors include tubal obstruction, hydrosalpinx, and prior tubal surgery; ovulatory disorder/ovarian factors include polycystic
ovary syndrome, ovulatory dysfunction, and diminished ovarian reserve; uterine factors include fibroids, adenomyosis, intrauterine adhesions, and
prior uterine surgery; other factors include thyroid disorders and systemic autoimmune conditions; male factor infertility includes oligozoosper-

mia, asthenozoospermia, teratozoospermia, and azoospermia.
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mary vs. secondary) was similar between groups (P =0.104).
A history of previous miscarriage did not differ significantly
between groups (SR 35.1% vs. Non-SR 33.1%, P = 0.305). The
distribution of infertility causes also differed significantly, with
notable differences in the proportions of pelvic, tubal, and
ovarian factors (all P <0.001 or P =0.001), suggesting that the
underlying cause of infertility may be related to SR risk. With
respect to embryo and cycle characteristics, blastocyst-stage
transfer (D5/D6) was more frequent in the SR group (95.6% vs.
87.1%, P <0.001). The distribution of the number of embryos
transferred also differed between groups, with =2 embryos be-
ing the predominant strategy in both (P =0.001). The SR group
had a higher rate of ICSI (36.3% vs. 27.0%, P <0.001) and a
markedly higher proportion of frozen-thawed cycles (91.7% vs.
77.6%, P <0.001).

Risk factors for SR in the DZT cohort: logistic regression anal-
ysis

Univariable and multivariable logistic regression analyses were
performed with SR as the outcome variable, incorporating the
nine prespecified core predictors. The multivariable model was
fitted using complete-case analysis.

Univariable analysis

On univariable analysis (Table 2), advanced maternal age (=35
years) was significantly associated with SR (OR=2.65, 95%
Cl: 2.17-3.23, P<0.001). Each 1 kg/m? increase in BMI was
associated with a modest increase in SR risk (OR=1.03, 95%
Cl: 1.00-1.05, P=0.048). History of previous miscarriage and
infertility type did not reach statistical significance or showed
unstable effect estimates in univariable analysis. Transfer
of =2 embryos was associated with a lower likelihood of SR
(OR=0.55, 95% Cl: 0.33-0.91, P=0.021). Non-good-quality em-
bryos were associated with higher SR risk (OR=1.67, 95% ClI:
1.35-2.06, P<0.001), as were ICSI compared with conventional
IVF (OR=1.54, 95% Cl: 1.30-1.82, P<0.001) and frozen-thawed
cycles compared with fresh cycles (OR=2.95, 95% Cl: 2.03-
4.29, P<0.001).
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Multivariable analysis

After adjustment for all nine predictors (Table 2), advanced
maternal age remained an independent risk factor for SR
(aOR=3.00, 95% ClI: 2.40-3.76, P<0.001). BMI was no longer
significant in the multivariable model (aOR=1.01, 95% ClI:
0.99-1.04, P=0.344). A history of previous miscarriage was
independently associated with increased SR risk (aOR=1.32,
95% Cl: 1.06-1.64, P=0.013). Secondary infertility was inverse-
ly associated with SR (aOR=0.67, 95% CI: 0.54-0.83, P<0.001).
Embryonic developmental stage was independently associat-
ed with SR, with blastocyst-stage (D5/D6) transfer showing a
substantially higher risk than cleavage-stage transfer (aOR =
3.05, 95% Cl: 1.92-4.82, P < 0.001). Transfer of =2 embryos
remained associated with lower SR risk (aOR=0.53, 95% CI:
0.31-0.90, P=0.019). Non-good-quality embryos (aOR=1.79,
95% CI: 1.42-2.26, P<0.001), ICSI (aOR=1.56, 95% CI: 1.30—
1.88, P<0.001), and frozen-thawed cycles (aOR=3.33, 95% Cl:
2.23-4.99, P<0.001) were each independently associated with
increased SR risk; frozen-thawed cycle type showed the largest
effect size among all predictors in the model.

Development and validation of the DZT-SR prediction model

A multivariable logistic prediction model was constructed us-
ing the nine core predictors described above. The regression
equation is as follows:

logit(p) = -4.072 + 1.304 x (advanced maternal age =35
years) + 0.056 x BMI - 0.077 x (secondary infertility) + 0.439
x (history of previous miscarriage) + 1.243 x (blastocyst
transfer D5/D6) - 1.119 x (=2 embryos transferred) - 0.621 x
(non-good-quality embryos) + 0.317 x (ICSl) + 3.016 x (fro-
zen-thawed cycle)

p =1/[1+ exp(-logit(p))] represents the predicted probability
of SR.

Discrimination

ROC curve analysis showed good discriminative performance
for the model (Figure 1): AUC was 0.868 in the training set and
0.857 in the test set. Using the Youden index, the optimal clas-

Table 2. Factors associated with SR: univariate and multivariable logistic regression

Variable OR (95% ClI)

Advanced maternal age
(235 vs <35 years)
Maternal BMI (per 1 kg/
m? increase)
Infertility type
(secondary infertility)
Embryonic stage
(D5/D6 blastocyst)
History of previous

2.65(2.17-3.23)
1.03 (1.00-1.05)
0.87 (0.74-1.03)

3.23 (2.29-4.57)

miscarriage (yes)
No. of embryos
transferred (=2)
Embryo quality
(non-good quality)
Fertilization
method (ICSI)
Cycle type

(frozen-thawed cycle)

1.09 (0.92-1.29)
0.55 (0.33-0.91)
1.67 (1.35-2.06)
1.54 (1.30-1.82)

2.95 (2.03-4.29)

(univariable) (B EERS C) (muFI;i‘\Ilzl:;:ble)
< 0.001 3.00 (2.40-3.76) <0.001
0.048 1.01 (0.99-1.04) 0.344
0.104 0.67 (0.54-0.83) <0.001
< 0.001 3.05(1.92-4.82) <0.001
0.305 1.32(1.06-1.64) 0.013
0.021 0.53 (0.31-0.90) 0.019
<0.001 1.79 (1.42-2.26) <0.001
< 0.001 1.56 (1.30-1.88) < 0.001
<0.001  3.33(2.23-499)  <0.001
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sification threshold was 0.501, at which the model achieved
a sensitivity of 0.822 and a specificity of 0.830 in the test set.
The positive predictive value (PPV) was 0.750, the negative
predictive value (NPV) was 0.883, and overall accuracy was
0.827.

ROC curves for SR prediction
Train AUC=0.868 | Test AUC=0.857

0.75

Sensitivity
°
o
8

0.25

0.00 025 050 075 1.00
1 - Specificity

Figure 1. ROC curves of the DZT-SR prediction model in the training
and test sets.

ROC curves for the spontaneous reduction (SR) prediction model in
dizygotic twin (DZT) pregnancies, shown separately for the training
set (solid line) and the test set (dashed line). The area under the curve
(AUC) was 0.868 in the training set and 0.857 in the test set. The op-
timal classification threshold determined by the Youden index was
0.501, at which the model achieved a sensitivity of 0.822 and a speci-
ficity of 0.830 in the test set. The diagonal reference line represents a
non-discriminating classifier.

Calibration

The calibration curve for the test set showed good overall
agreement between predicted probabilities and observed SR
rates across risk strata, with the curve tracking close to the
45° reference line and no obvious systematic over- or under-
estimation across most of the risk range (Figure 2). The Brier
score was 0.142, indicating that the overall probability predic-
tion error was within an acceptable range.

Clinical net benefit

Decision curve analysis showed that, across a reasonable
range of threshold probabilities, the net benefit of using the
model exceeded both the "treat all" and "treat none" reference
strategies (Figure 3). This suggests that applying the model to
identify high-risk patients and guide follow-up decisions could
help avoid unnecessary interventions while maintaining the
ability to detect truly high-risk individuals

Risk stratification

To make the model more applicable in practice, predicted
probabilities in the test set were divided into tertiles to form
low-, intermediate-, and high-risk groups. Observed SR rates
increased markedly across strata: 8.3% (15/181) in the low-
risk group, 28.7% (52/181) in the intermediate-risk group, and
77.9% (141/181) in the high-risk group (Figure 4).
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Perinatal outcomes in the DZT cohort

Perinatal outcome analyses were restricted to live births with
complete delivery records. Compared with the Non-SR group,
the SR group had a significantly later gestational age at deliv-
ery (38.42+1.99 vs. 36.10+2.04 weeks, P<0.001) and a marked-

Calibration plot (Test set)

Observed SR rate
&

0.25

0.00

0.0 0.2 0.6 0.8

0:4

Mean predicted probability
Figure 2. Calibration curve of the DZT-SR prediction model in the test
set.
The calibration curve plots predicted probability of SR against the ob-
served SR rate across risk strata in the test set. The diagonal dashed
line represents perfect calibration (predicted probability = observed
rate). Points falling close to this reference line indicate good agree-
ment between model predictions and actual outcomes. The Brier
score was 0.142, indicating acceptable overall prediction error.

3
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Figure 3. Decision curve analysis (DCA) for the DZT-SR prediction
model.

Decision curve analysis evaluating the clinical net benefit of the SR
prediction model across a range of threshold probabilities in the test
set. The model curve (solid line) is compared with two reference
strategies: treating all patients as high risk ("Treat all", gray line) and
treating no patients as high risk ("Treat none", horizontal line at zero).
The model provides greater net benefit than either reference strategy
across a clinically meaningful range of threshold probabilities, sup-
porting its potential utility for guiding individualized follow-up deci-
sions in early pregnancy.



ly lower rate of preterm birth (13.6% vs. 61.1%, P<0.001). The
smaller of the two birth weights was significantly higher in the
SR group (P<0.001), and the proportion of pregnancies with
any low birth weight infant (any LBW, <2,500 g) was substan-
tially lower (8.7% vs. 53.3%, P<0.001). Birth weight discordance
of 220% (discord20) was observed in 15.6% of Non-SR deliv-
eries; as most SR pregnancies resulted in singleton deliveries,
this measure was effectively zero in the SR group (P<0.001).
Overall rates of any pregnancy complication were similar be-
tween groups (21.2% vs. 20.8%, P=0.816). The rate of hyper-
tensive disorders of pregnancy was slightly lower in the SR
group but did not reach significance (6.7% vs. 8.8%, P=0.060).
Glucose metabolism abnormalities were more frequent in the
SR group (8.0% vs. 3.7%, P<0.001), whereas premature rupture
of membranes was less common (2.2% vs. 5.1%, P<0.001).
Detailed perinatal outcomes are presented in Table 3.

Risk stratification by predicted probability

100% -

141/181 (77.9%)

75% 4

50%

52/181 (28.7%)

Observed SR rate

25%4

15/181 (8.3%)

0% -

Lc'>w Interrnledlate Hilgh
Risk group (predicted probability tertiles)

Figure 4. Risk stratification by predicted probability tertiles in the test
set.

Bar chart showing the observed SR incidence across three risk stra-
ta defined by tertiles of the model-predicted probability in the test
set (n=543). The low-risk group (first tertile) had an SR rate of 8.3%
(15/181), the intermediate-risk group (second tertile) 28.7% (52/181),
and the high-risk group (third tertile) 77.9% (141/181). The stepwise
increase in SR incidence across strata confirms the model's risk strati-
fication ability.

Baseline and treatment characteristics in the MZT cohort

The MZT cohort was smaller, comprising 443 women in the
Non-SR group and 62 in the SR group. Among continuous
variables, maternal age was slightly higher in the SR group
but the difference did not reach significance (31.73+4.45 vs.
30.76+4.28 years, P=0.098); BMI (P=0.887) and number of
previous miscarriages (P=0.131) were also similar between
groups. Among categorical variables, the proportion of women
with advanced maternal age was higher in the SR group (25.8%
vs. 17.4%), though again without statistical significance
(P=0.109). Infertility type, history of previous miscarriage, and
most infertility-related factors including pelvic and tubal caus-
es showed no significant differences. One exception was uter-
ine factor infertility, which was more common in the SR group
(14.5% vs. 6.3%, P=0.033). Embryonic developmental stage,
number of embryos transferred, embryo quality, fertilization
method, and cycle type were all comparable between groups
(all P>0.05). Full details are provided in Table 4.
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Table 3. Comparison of perinatal outcomes in the dizygotic twin
group.

Variable Non-SR SR P value
Gestational age at 38.42
delivery (weeks) 36.10+2.04 +1.99 0.001
Preterm birth, n (%) 1500 (61.1) 109 (13.6) <0.001
Cesarean delivery,n (%) 2326 (94.7) 572(70.9) <0.001
Smaller birth weight (g) fi%g;g 32524(')24; <0.001
Any LBW
(<2500 9), n (%) 1309 (53.3) 70(8.7) <0.001
Birth weight _ _
discordance 220%, n (%) 383 (15.6)
Any complication,n (%) 511(20.8) 171(21.2) 0.816
Hypertensive disorders
of pregnancy, n (%) 216 (8.8) 54 (6.7)  0.060
Glucose metabolism
abnormality, n (%) 91 (3.7) 64 (8.0) <0.001
Premature rupture of 125 (5.1) 17(22)  <0.001

membranes, n (%)

Note: Continuous variables are presented as mean + SD; categorical
variables as n (%). Analyses were restricted to live births with com-
plete delivery records. LBW, low birth weight; any LBW, at least one in-
fant with birth weight <2500 g; birth weight discordance =20%, defined
as (larger birth weight - smaller birth weight) / larger birth weight =
0.20.

Perinatal outcomes in the MZT cohort

In the MZT cohort, the SR group delivered at a significant-
ly later gestational age (37.49+3.22 vs. 35.63+1.78 weeks,
P<0.001) and had a markedly lower rate of preterm birth
(30.6% vs. 83.5%, P<0.001). The cesarean delivery rate was
also significantly lower in the SR group (71.0% vs. 96.8%,
P<0.001). The smaller birth weight was higher in the SR group
(3,063.33t716.92 vs. 2,251.06+508.81 g, P<0.001), and the
rate of any LBW was substantially lower (17.7% vs. 65.2%,
P<0.001). The overall rate of any pregnancy complication did
not differ between groups (24.2% vs. 20.5%, P=0.508), nor did
rates of hypertensive disorders of pregnancy (P=0.339) or pre-
mature rupture of membranes (P=0.501). Glucose metabolism
abnormalities could not be formally tested due to the small
number of events. Perinatal outcomes for the MZT cohort are
summarized in Table 5.

Discussion

This study analyzed risk factors for SR and compared perina-
tal outcomes in a large single-center cohort of ART-conceived
twin pregnancies, and developed and internally validated an SR
prediction model in the DZT cohort. The findings suggest that
SR is not a random occurrence but is closely tied to maternal
age, embryo characteristics, and treatment cycle factors.

Interpretation of risk factors for SR

Advanced maternal age (=35 years) was the strongest inde-
pendent risk factor for SR in this study (aOR=3.00), consistent
with previous reports describing older maternal age in VTS
populations [9, 11]. The biological rationale is reasonably
straightforward: as women age, the rate of oocyte aneuploidy
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rises and the proportion of chromosomally abnormal embryos
increases, raising the likelihood of early embryonic arrest. In a
twin pregnancy, this may manifest as one embryo failing to de-
velop further. Older age may also be accompanied by reduced
endometrial receptivity, which could further compromise early
placental establishment.

Frozen-thawed cycle type had the largest effect size in the

Table 4. Baseline and treatment characteristics of the monozygotic
twin group.

Variable (l:c;n;i;) SR (n=62) Pvalue
Maternal age (years) 30.76 £4.28 31.73+4.45 0.098
BMI(kg/m?) 2249 +3.25 22.43+2.76 0.887
No. of previous 0444072 0.69+129 0.131
miscarriages
Advanced maternal age
(=35 years), n (%) 0.109

No 366 (82.6) 46 (74.2)
Yes 77 (17.4) 16 (25.8)

Infertility type, n (%) 0.301
Primary infertility 224 (50.6) 27 (43.5)
Secondary infertility 219 (49.4)  35(56.5)

Hlstgry of previous mis- 0.518

carriage, n (%)

No 297 (67.0) 39 (62.9)
Yes 146 (33.0) 23 (37.1)

Infertility factors, n (%)

Pelvic factor 239 (54.0) 28(45.2) 0.222

Tubal factor 153 (34.5) 20(32.3) 0.723

Endometriosis 41 (9.3) 7(11.3) 0.609

Ovulatory disorder /g1 153y (145 0468
ovarian factor

Uterine factor 28 (6.3) 9 (14.5) 0.033

Other factors 55 (12.4) 9(14.5) 0.641

No female factor 46 (10.4) 10(16.1)  0.177

Male factor infertility ~ 100 (22.6) 18 (29.0)  0.260
Embryonic developmen- 0.332
tal stage, n (%)

D2/D3 (cleavage

stage) 18 (4.0) 4(6.5)
D5/D6 (blastocyst 425(96.0) 58 (93.5)

stage)

No. of embryos trans-

ferred, n (%) 0.434
1 266 (60.1) 34 (54.8)

) 177 (39.9) 28 (45.2)

Embryo quality, n (%) 0.652
Good quality 401 (90.5) 55(88.7)
Non-good quality 42 (9.5) 7(11.3)

Fertilization method, n (%) 0.128
IVF 307 (69.3)  37(59.7)

ICSI 136 (30.7) 25 (40.3)

Cycle type, n (%) 0.392
Fresh cycle 80 (18.1) 14 (22.6)
Frozenthawed cycle 363 (81.9) 48 (77.4)

Note: Continuous variables are presented as mean + SD; categorical
variables as n (%). Infertility factor categories are defined as in Table 1.
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Table 5. Comparison of perinatal outcomes in the monozygotic twin
group.

Variable Non-SR SR P value

Gestational age at
delivery (weeks)

35.63+1.78 37.49+3.22 <0.001

Preterm birth, n (%) 370 (83.5) 19 (30.6) <0.001
Cesarean delivery,n (%) 429 (96.8) 44 (71.0) <0.001
Smaller birth weight (g) 325%18%61’ fg?%‘?;‘g <0.001

Any LBW (<2500 g),n (%) 289 (65.2)  11(17.7) <0.001
Birth weight L L
discordance =20%, n (%) 53(12.0)
Any complication, n (%) 91 (20.5) 15(24.2) 0.508
Hypertensive disorders
of pregnancy, n (%) 40 (9.0) 3(4.8)  0.339
Glucose metabolism
abnormality, n (%) 27(6.7) 3(48)
Premature rupture of 21 (47) 1(1.6) 0.507

membranes, n (%)

model (aOR=3.33). These cycles are often used when fresh
transfers have previously failed or when endometrial prepara-
tion is needed, and the patients selected for them may already
carry a higher background risk of early pregnancy complica-
tions. Beyond patient selection, individual variation in em-
bryo-endometrial synchrony during frozen-thawed transfer may
affect the stability of early placentation [24]. Blastocyst-stage
transfer (aOR=3.05) was also associated with higher SR risk.
Two explanations seem plausible: first, blastocysts implant
more efficiently and are more likely to be identified as twin
pregnancies on the initial ultrasound, making subsequent SR
easier to detect on follow-up; second, patients selected for
blastocyst transfer may represent more complex treatment
histories that independently carry higher SR risk [18, 22].
Non-good-quality embryos (aOR=1.79) and ICSI (aOR=1.56)
were both independently associated with SR, pointing toward
embryo developmental potential as a common underlying
theme. Embryos of lower morphological quality may have lim-
ited capacity to sustain development after implantation. For
ICSI, the association may partly reflect the characteristics of
the patient population — particularly those with severe male
factor infertility — rather than the procedure itself [18, 22]. A
history of previous miscarriage (aOR=1.32) may reflect under-
lying endometrial dysfunction that compromises early implan-
tation stability.

The inverse association between transferring =2 embryos and
SR risk (aOR=0.53) requires some clarification. This study en-
rolled only patients with confirmed twin pregnancies, so the
comparison concerns who among established twin pregnan-
cies is more likely to undergo SR, not who is more likely to form
a multiple pregnancy in the first place. When two embryos are
transferred, clinicians may select a better-matched embryo
combination, or follow-up management for these patients may
differ in ways that contribute to greater twin pregnancy sta-
bility. BMI showed a weak association with SR on univariable
analysis but lost significance after adjustment, suggesting it
may act through shared pathways with age or cycle strategy
rather than as an independent contributor. Secondary infertility
was associated with lower SR risk (aOR=0.67), possibly be-
cause these patients have had at least one prior live birth and



may have a more favorable baseline endometrial environment,
though the underlying mechanism warrants further study.

Perinatal outcomes after SR

The SR group delivered at a later gestational age and had
substantially lower rates of preterm birth and low birth weight
compared with the ongoing twin group. This is broadly consis-
tent with published systematic reviews showing that perinatal
outcomes in SR-survivor pregnancies tend to be better than
those in continuing twin pregnancies, while remaining some-
what worse than in pregnancies that were singletons from the
start [9-10]. Early exposure to a twin implantation environment
and the more complex placental bed remodeling that accom-
panies it may have lasting effects on placental function in the
surviving fetus. The higher proportions of advanced mater-
nal age and frozen-thawed cycles in the SR group may also
independently contribute to perinatal risk. The higher rate of
glucose metabolism abnormalities in the SR group (8.0% vs.
3.7%) alongside the lower rate of premature rupture of mem-
branes (2.2% vs. 5.1%) suggests that the complication profile
of SR-survivor pregnancies may have some distinctive features
that deserve further investigation.

Prediction model performance and clinical implications

The DZT-SR prediction model was built entirely from variables
available through routine clinical assessment. Internal valida-
tion yielded an AUC of 0.857, with sensitivity and specificity
both exceeding 0.82 at the optimal threshold. Calibration and
DCA net benefit were both acceptable. After stratifying by pre-
dicted probability tertiles, observed SR rates rose from 8.3%
in the low-risk group to 77.9% in the high-risk group, providing
a practical basis for tailoring follow-up intensity in early preg-
nancy. Women in the low-risk group can be managed with
standard follow-up, while those in the high-risk group may
benefit from shorter ultrasound intervals, closer monitoring for
gestational sac development and intrauterine hematoma, and
additional psychological support. The model should be used
as a risk stratification aid rather than a definitive diagnostic
tool, and clinical judgment remains essential.

Limitations and future directions

Several limitations should be noted. First, the retrospective
single-center design introduces the potential for selection
and information bias. Second, SR was not subclassified by
whether only a gestational sac disappeared or whether cardiac
activity had already been detected before arrest, which may
affect incidence estimates. Third, data on chorionicity, ovarian
stimulation protocol, luteal support regimen, first-trimester
intrauterine hematoma, and embryo genetic testing results
were unavailable, limiting mechanistic interpretation. Fourth,
the MZT cohort was too small to support reliable multivariable
modeling. Fifth, only internal validation was performed, and the
model's generalizability needs to be tested in external cohorts.
Future work could address these gaps through multicenter
prospective studies with standardized SR definitions and fol-
low-up protocols; by incorporating chorionicity, intrauterine
hematoma, and embryo genetic information to explore biolog-
ical mechanisms; by externally validating the model and trans-
lating it into more accessible formats such as a nomogram or
online calculator; and by accumulating larger MZT samples to
enable a more rigorous comparison of SR patterns and perina-
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tal outcome profiles between MZT and DZT pregnancies.

Conclusion

This study found that SR in ART-conceived twin pregnancies
is independently associated with advanced maternal age,
history of previous miscarriage, blastocyst-stage transfer,
non-good-quality embryos, ICSI, and frozen-thawed cycles,
while secondary infertility and transfer of =2 embryos were as-
sociated with lower SR risk. Perinatal outcomes in SR-survivor
pregnancies were better than those in ongoing twin pregnan-
cies overall, though the higher rate of glucose metabolism ab-
normalities points to a somewhat distinct complication profile.
The DZT-SR prediction model, built on nine routinely available
clinical variables, showed good internal validation perfor-
mance (AUC=0.857) and clear risk stratification ability, and
may support individualized follow-up planning in early preg-
nancy. Multicenter prospective studies and external validation
are needed to strengthen the evidence base and improve the
model's broader applicability.
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