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Abstract

Background/Objectives: Preterm birth (PTB) is a major global cause of neonatal morbid-
ity and mortality, and its heterogeneous mechanisms limit the development of reliable
prediction tools. Recent genomic and proteomic studies have highlighted molecular path-
ways involving inflammation, extracellular matrix dysfunction, and uterine activation,
yet their clinical integration remains limited. Defining distinct clinical phenotypes may
facilitate more targeted biomarker research. Methods: We performed a retrospective co-
hort study of singleton spontaneous preterm births (24-36 + 6 weeks) at Filantropia Clin-
ical Hospital, Bucharest (2022-2024). Maternal and neonatal data were extracted from
electronic records. Four phenotypes were defined by presentation (preterm premature
rupture of membranes —PPROM vs. contractions) and maternal inflammatory status. Sta-
tistical comparisons used ANOVA or Kruskal-Wallis tests, Chi-square tests, and logistic
regression adjusted for gestational age and birth weight to assess neonatal outcomes. Re-
sults: Of 585 preterm births, 318 spontaneous singleton cases met inclusion criteria. The
Academic Editors: Rizvan Clortea, cohort was predominantly late preterm, with 85.5% of deliveries occurring between 34
Maria Patricia Roman and Andrei and 36 + 6 weeks’ gestation. Four phenotypes were identified: phenotype 1 inflammatory
PPROM (22.3%), phenotype 2 structural PPROM (38.1%), phenotype 3 mixed inflamma-
tory + uterine activation (11.9%), and phenotype 4 uterotonic/endocrine phenotype
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(19.2%). Conclusions: These clinical phenotypes exhibited distinct maternal and neonatal
patterns and correspond to mechanisms increasingly supported by genomic and proteo-

mic studies. They may provide a practical framework for integrating clinical and molec-
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1. Introduction

According to the World Health Organisation, preterm birth is defined as delivery
before 37 completed weeks of gestation [1]. Nevertheless, there is some geographic varia-
tion regarding the threshold used to discriminate preterm deliveries from late miscar-
riages [2]. Preterm birth cases account for 15 million worldwide annually, resulting in an
11% rate of preterm deliveries. Furthermore, preterm birth is the main cause of paediatric
deaths, with a mortality rate of 18% for children under the age of 5 years, and 35% for
newborns (under 28 days) [3].

Regardless of the mode of delivery (vaginal delivery or caesarean section), preterm
birth can occur through several distinct clinical pathways, including preterm premature
rupture of membranes (PPROM), spontaneous preterm labour with intact membranes,
cervical insufficiency, and medically indicated preterm birth [2,4]. Another way to classify
preterm births is by gestational age: roughly 5% of preterm births occur before 28 weeks
(extreme prematurity), 15% between 28 and 31 weeks (severe prematurity), 20% at 32-33
weeks (moderate prematurity), and 60-70% between 34 and 36 weeks (late preterm or
near term) [2].

Negative outcomes of prematurity include a higher rate of necrotising enterocolitis,
sepsis, respiratory conditions (bronchopulmonary dysplasia and respiratory distress syn-
drome), neurological conditions (intraventricular haemorrhage, hypoxic-ischemic en-
cephalopathy, cerebral palsy, periventricular leukomalacia, seizures), hearing deficien-
cies, feeding incapabilities, and visual problems [5-7].

Developing prediction instruments that can accurately identify high-risk pregnancies
at an early gestational age could significantly reduce the consequences of preterm birth.
Therefore, close monitoring until birth and risk-lowering treatments could benefit these
women. These prediction tools could be particularly useful in low-resource countries
where funds have to be directed towards high-risk women with better triaging of cases
[8].

Preterm birth, whether spontaneous or iatrogenic, has numerous causes and predis-
posing variables, hindering the formulation of effective prediction tools [9]. In this context,
integrative omics-based research has gained increasing prominence, with genomics, tran-
scriptomics, proteomics, metabolomics, and microbiome studies being applied to better
capture the biological heterogeneity of preterm birth and to support clinically meaningful
phenotypic stratification [10].

Genomics and proteomics have begun to identify biomarkers linked to inflammation,
immunology, and tissue response; however, these advancements necessitate integration
into therapeutic practice. This retrospective study analyses the clinical and paraclinical
attributes of spontaneous preterm deliveries at Filantropia Clinical Hospital in Bucharest,
Romania, from 2022 to 2024. The objective is to identify phenotypes that may enhance
future omics-based research.

2. Materials and Methods
2.1. Study Design

The present study utilises an observational, retrospective design. The records and
medical documents of pregnant women who delivered at the Filantropia Clinical Hospi-
tal, Bucharest, from January 2022 to December 2024 were analysed to conduct this study.
The retrospective data included information such as demographic details, the results of
diagnostic tests, the medical histories of the pregnant women, the treatments adminis-
tered, the obstetrical outcome and other variables relevant to the study’s purpose. Fur-
thermore, we gathered data about neonatal outcomes such as birth weight, Apgar score,
length of hospital stay, NICU (Neonatal Intensive Care Unit) admission, duration of NICU
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stay, resuscitation at birth, need for ventilatory support, results of blood tests, and admin-
istered treatments.

The study was conducted in accordance with the Declaration of Helsinki guidelines,
and the Ethics Committee of the Filantropia Clinical Hospital, Bucharest, approved the
protocol (protocol code 4901/30 May 2025).

2.2. Participants

The participants in this study were selected from a total of 585 preterm births rec-
orded at Filantropia Clinical Hospital, Bucharest, between January 2022 and December
2024; of these, 318 pregnant women met the study’s specific inclusion criteria and were
included in the final analysis. The inclusion criteria encompassed all types of singleton
pregnancies that delivered preterm, defined as delivery between 24 and 37 completed
weeks of gestation, during the study period. The exclusion criteria included multiple
pregnancies, medically indicated preterm deliveries (severe preeclampsia, severe fetal
growth restriction, placental abruption, severe cholestasis, umbilical cord prolapse, pla-
centa accreta spectrum, placenta praevia with bleeding, suspected fetal compromise), and
pregnancies with major fetal congenital anomalies or poor-prognosis genetic syndromes.

No restrictions were applied to age or other demographic characteristics of partici-
pants. All available information was obtained from the hospital records, including history
of medical illness, laboratory tests, and other additional clinical information necessary for
the purpose of this study. These demographic and clinical variables were then incorpo-
rated for the purpose of analysis and interpretation of the results. All women received
routine clinical care in accordance with the usual management of preterm birth, and all
procedures related to data were conducted in accordance with applicable ethical and reg-
ulatory requirements for medical research. All patient information was kept confidential,
and all data were anonymised prior to analysis.

Notably, no biological samples (maternal or neonatal blood, placental tissue, or am-
niotic fluid) were stored at the time of delivery; therefore, genomic or proteomic analyses
could not be performed within this cohort.

2.3. Definitions and Clinical Variables

Preterm birth was defined as delivery before 37 completed weeks of gestation as per
World Health Organisation criteria [1]. Maternal age at delivery was in years and gesta-
tional age in weeks based on first-trimester ultrasound dating and, if unavailable, the last
menstrual period. Hypertensive disorders of pregnancy included preeclampsia, gesta-
tional hypertension, chronic hypertension, and superimposed preeclampsia based on the
International Society for the Study of Hypertension in Pregnancy (ISSHP) 2021 classifica-
tion [11]. Diabetes included gestational diabetes mellitus and pre-existing diabetes, de-
fined by the American Diabetes Association guidelines [12]. Thrombophilia was defined
according to the diagnostic criteria of the American Society of Hematology 2023 guide-
lines for the management of venous thromboembolism [13].

We defined four mutually exclusive clinical phenotypes according to two dimen-
sions: clinical presentation (PPROM versus painful uterine contractions) and maternal in-
flammatory activation (present or absent) (Table 1). Maternal inflammatory activation was
defined by the presence of at least one of the following criteria: (1) a documented urinary
infection during pregnancy; (2) a documented genital infection during pregnancy; (3) a
positive vaginal/cervical culture at admission to hospital; (4) a positive urinary culture at
admission to hospital; (5) a maternal white cell count greater than 15,000/mm3 at admis-
sion; (6) a maternal C-reactive protein level greater than 10 mg/L at admission; or (7) a
documented colonization by Group B Streptococcus.
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Inflammation was recorded as absent only when all the inflammatory markers avail-
able were negative. In order to prevent misclassification caused by the unavailability of
laboratory or microbiological data, inflammatory status was only assigned when at least
four of the seven criteria listed above were available (Table 1). Cases with insufficient la-
boratory or microbiological data to allow reliable phenotype assignment were excluded
from statistical analyses. No imputation was performed, and all analyses were conducted
using a complete-case approach; a total of 27 cases (8.5%) were excluded due to missing
data.

Table 1. Operational definitions of the clinical phenotypes based on clinical presentation (PPROM

vs. contractions) and the presence or absence of maternal inflammatory activation.

Phenotype Definition
PPROM (+/-contractions) with evidence of maternal inflammatory activation, defined by
Phenotype 1—Inflammatory/infectious infections documented during pregnancy and/or laboratory/microbiological findings at
presentation.
Phenotype 2 —Structural/membrane integrity PPROM (+/-contractions) without any evidence of inflammatory activation.
Phenotype 3—Mixed inflammatory + uterine activation Contractions associated with inflammatory activation.
Phenotype 4— Uterotonic/endocrine/neuromuscular Contractions without inflammatory activation.

This hypothesis-driven phenotypic classification was defined a priori (not previously
validated or published) based on two consistently available dimensions: clinical presen-
tation (PPROM vs. uterine contractions) and maternal inflammatory activation. Pheno-
types were mutually exclusive, and overlapping conditions such as placental dysfunction
were not included in the phenotype definition and therefore did not influence phenotype
assignment in this retrospective cohort. Moreover, severe overlapping conditions were
excluded from the study.

While subclinical intrauterine inflammation may exist, its detection requires sophis-
ticated or invasive tests, such as amniotic fluid cytokine measurements, PCR for intra-
amniotic infection, or other advanced assays, which are not routinely available in clinical
practice and may be costly or impractical for large cohorts. Our simple and reproducible
phenotypic classification relies on readily available clinical and laboratory markers, en-
suring cost-effectiveness and feasibility. Importantly, several genomic and proteomic
markers have already been associated in the literature with specific preterm birth pheno-
types. By defining clear clinical groups, this framework can guide future studies in select-
ing the most relevant markers for each phenotype, evaluating their diagnostic or prognos-
tic value, and ultimately, if validated, applying this system in routine clinical practice to
optimize biomarker use in preterm birth management.

Cut-off values of 215,000/mm? for maternal white blood cell count and >10 mg/L for
C-reactive protein were adopted to define maternal inflammation, in accordance with
thresholds previously used in the literature to identify clinically significant inflammatory
activation in preterm birth [14,15].

Statistical analysis included composite maternal and neonatal outcomes. In the ma-
ternal composite outcome, there was the presence of hypertensive disorders of pregnancy,
presence of diabetes, presence of thrombophilia, conception via In Vitro Fertilisation
(IVF), mode of delivery and receipt of treatments. The neonatal composite outcome in-
cluded total and NICU length of stay, need for resuscitation at birth, need for ventilatory
support, need for surfactant and neonatal antibiotic therapy.

2.4. Data Collection

Data for the retrospective study were extracted from the electronic medical records
of 318 women admitted for preterm birth at Filantropia Clinical Hospital. Demographic
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characteristics, obstetric and medical history, evolution of pregnancy, clinical examina-
tion, laboratory tests, and maternal treatment during the hospital stay were retrieved. Ne-
onatal data, such as birthweight, Apgar score, treatments administered, and early birth
outcomes, were also collected. All of the data were managed in compliance with the insti-
tution’s policy on medical documentation, in the strictest confidentiality, and data were
anonymised. Following data collection, data were entered into an Excel database and un-
derwent a structured cleaning and validation process to identify missing, inconsistent, or
implausible values.

2.5. Statistical Analysis

Statistical analysis was performed using JASP (version 0.95.4, University of Amster-
dam, The Netherlands). We considered a p < 0.05 significant, with a confidence of 0.95.
Given the exploratory nature of the analysis, no correction for multiple comparisons was
applied, and all reported p-values represent nominal significance at an alpha level of 0.05.
All continuous variables with a Gaussian distribution were reported as mean (+standard
deviation), whereas the median (inter-quartile range was used for non-Gaussian distribu-
tions. For nominal variables, absolute frequencies (percentages) were reported. To evalu-
ate local and total normality of distribution of continuous variables, we used Q-Q plots
and descriptive statistics.

The significance of the difference between groups was evaluated using a one-way
ANOVA for Gaussian-distributed variables and a Kruskal-Wallis test for non-Gaussian-
distributed variables. For categorical variables, we used a Chi-square test. To evaluate the
independent association of phenotypes with neonatal outcomes, we constructed multi-
variate logistic regression models. To reduce confounding effects, we adjusted for gesta-
tional age at delivery and birthweight. Results are expressed as odds ratio (OR) with the
95% confidence interval (CI).

As no single neonatal outcome was pre-specified as a primary endpoint, the analyses
were intended to explore potential associations across phenotypic groups. Therefore, the
reported p-values should be interpreted as hypothesis-generating rather than confirma-
tory.

3. Results

From 2022 to 2024, Filantropia Clinical Hospital in Bucharest recorded a total of 585
preterm births. Among them, 143 were medically indicated premature deliveries, and 119
were twin pregnancies. Moreover, there was one triplet pregnancy, and three cases in-
volved significant fetal congenital malformations or poor-prognosis genetic disorders (cri-
du-chat syndrome, bilateral renal agenesis, and 15q26.3 microdeletion). After applying
the exclusion criteria, 318 cases were selected for statistical analysis (Figure 1).

No cases of extreme prematurity were recorded. The sample consisted of 18 severe
preterm births (5.7%), 28 moderately preterm births (8.8%) and 272 late preterm births
(85.5%). At presentation, 109 women (34.3%) were noted to have only painful uterine con-
tractions, and 209 women (65.7%) had ruptured membranes, with or without painful uter-
ine contractions.

Phenotype 1, which represents the inflammatory PPROM phenotype, included 71
patients (22.3%). Women experienced membrane rupture in the setting of a known infec-
tious process or in the setting of distinctively raised inflammatory biomarkers. The most
frequent maternal conditions were diabetes (10 patients, 14.1%) and thrombophilia (7 pa-
tients, 9.8%).

Phenotype 2, the structural/membrane-integrity PPROM phenotype, represented 121
patients (38.1%) and was defined by rupture of membranes without inflammatory activa-
tion. The most common maternal comorbidities in this group were diabetes (20 patients,
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16.5%), hypertension (6 patients, 5.0%), thrombophilia (5 patients, 4.1%) and IVF concep-
tion (7 patients, 5.8%).

585 preterm deliveries identified

(2022-2024)

e Excluded h
Excluded Excluded Excluded Severe fetal congenital
latrogenic Twin Triplet malformations/ poor-
preterm births pregnancies pregnancy prognosis genetic
(n=143; 24.4%) (n=119; 20.3%) (n=1; 0.2%) syndromes
e cri-du-chat syndrome
(n=1;0.2%)
o bilateral renal agenesis
(n=1;0.2%)
Final sample included it statistical = 1pas misreledian
analysis: n=318; 54.4% _ =Rgl J

Figure 1. Flowchart illustrating identification, exclusion criteria, and final selection of preterm birth
cases (2022-2024).

Phenotype 3 comprised 38 patients (11.9%) and represented the mixed phenotype,
defined as activation of both inflammatory and uterine systems. Hypertensive disorders,
diabetes, and thrombophilia were common in this group (10.5% each).

Phenotype 4, which represents the uterotonic/endocrine/neuromuscular PPROM
phenotype, comprised 61 patients (19.2%) and was characterised by clinical uterine con-
tractions with no evidence of inflammation. Diabetes was the most common maternal con-
dition (10 patients, 16.4%), and hypertensive disorders were also common (5 patients,
8.2%). A separate group of 27 women (8.5%) could not participate in any phenotypic
group due to a lack of inflammatory laboratory data and were not included in subsequent
subgroup analyses Table 2).

As this was a retrospective study, incomplete inflammatory data were unavoidable
and reflect limitations of routine clinical documentation rather than a predefined sam-
pling strategy. Although selection bias cannot be entirely excluded, missing data were not
systematically linked to maternal disease severity and represent an inherent constraint of
retrospective analyses.

Table 2. Distribution of the four clinical phenotypes and associated maternal conditions.

Phenotype

No. (%) Most Frequent Associated Maternal Conditions (%)

Phenotype 1 —Inflammatory PPROM

Phenotype 2 —Structural/membrane integrity

PPROM

Hypertensive disorders: 3 (4.2%) ® Diabetes: 10 (14.1%) ® Thrombo-
philia: 7 (9.8%) ® IVF conception: 1 (1.4%)
Hypertensive disorders: 6 (5.0%) ® Diabetes: 20 (16.5%) ® Thrombo-
philia: 5 (4.1%) ® IVF conception: 7 (5.8%)

71 (22.3%)

121 (38.1%)
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Phenotype 3—Mixed inflammatory + uterine acti-

Phenotype 4 — Uterotonic/endocrine phenotype

vation

No data

Hypertensive disorders: 4 (10.5%) ® Diabetes: 4 (10.5%) ® Thrombo-
philia: 4 (10.5%) ® IVF conception: 4 (10.5%)
Hypertensive disorders: 5 (8.2%) ® Diabetes: 10 (16.4%) ® Thrombo-
philia: 3 (4.9%) e IVF conception: 0 (0%)

38 (12.0%)

61 (19.2%)

27 (8.5%)

There were modest differences in maternal characteristics among the four pheno-
types (Table 3). Maternal age and gestational age were not different between groups
(mean range 30.32-31.13 years; p = 0.90). Latency from admission to delivery differed sig-
nificantly between phenotypic groups (p < 0.01), with Group 1 having the longest median
latency (10.93 h, IQR 3.53-34.86) and Group 4 having the shortest median latency (4.75 h,
IQR 2.10-11.53). Maternal WBC at admission differed significantly, with Group 1 account-
ing for the highest mean WBC levels (13.61 + 3.84 x10%/L) and Group 4 accounting for the
lowest mean WBC levels (11.69 + 2.81 x10%/L; p < 0.01). There was no difference in the
proportion of patients with documented prenatal visits (range 85.25-90.91%; p = 0.54).
Similarly, cesarean delivery rates were comparable across phenotypic groups (43.0-49.2%;
p =0.49).

Table 3. Maternal and obstetric characteristics across the four clinical phenotypes.

Mean (SD)

Median (IQR)

Phenotype Group

Maternal Age,

Years

Maternal WBC at Gestational Age at De- Cesarean Sec-

Admission, x103/L

Latency Admission-to-  Monitored Preg-

livery, Weeks Delivery, Hours nancy, % tion, %

30.32 £5.83

13.61 +3.84 90.14 47.9

36.00 (33.43-36.57)

10.93 (3.53-34.86)

30.64 + 5.66

12.01 +3.49

36.14 (35-36.57)

7.12 (3.58-15.45)

90.91

43.0

@D (N =

31.13 +5.82

12.97 +3.25

36.00 (35.32-36.50)

6.84 (2.60-18.13)

86.84

44.7

30.39 £5.70

11.69 +2.81

36.29 (35.71-36.57)

4.75 (2.10-11.53)

85.25

49.2

p value

0.9

<0.01 0.07 <0.01 0.54 0.49

Table 4 shows the frequency of relevant obstetric interventions by phenotypic
groups. Gestational steroids, tocolysis, magnesium sulfate for fetal neuroprotection, and
maternal antibiotics are listed. There was a significant difference in maternal antibiotic use
between groups (p < 0.01), and phenotypic Group 1 had the highest use, as would be ex-
pected given its inflammatory phenotype. There was a slight difference in corticosteroid
use (p = 0.08) between groups. Tocolysis and magnesium sulfate showed no significant
differences between the four phenotypic groups.

Table 4. Distribution of obstetric interventions across phenotype groups.

Treatment

Phenotypic group 1 Phenotypic Group 2 Phenotypic Group 3Phenotypic Group 4

(n="71) (n=121) (n = 38) (n = 61) p-Value

Corticosteroid therapy, 1 (%)

Tocolysis, 1 (%)

Magnesium sulfate, n (%)

Maternal antibiotics, n (%)

0.08
0.17
0.25
<0.01

20 (28.2) 17 (14.0) 6 (15.8) 9 (14.8)

14 (19.7) 11 9.1) 7 (18.4) 8 (13.1)
2(2.8) 0 (0) 0(0) 1(1.6)

53 (74.6) 75 (62.0) 16 (42.1) 16 (26.2)

Table 5 displays a comparison of neonatal characteristics and short-term clinical out-
comes of neonates from the four phenotypic groups. Group 1 (inflammatory PPROM) had
the lowest mean birthweight and the highest proportion of infants requiring NICU ad-
mission (53.5%), ventilatory support (28.2%) and neonatal antibiotic treatment (40.8%).
Groups 2 and 4 had intermediate clinical severity, whilst Group 3 (mixed inflamma-
tory + uterine activation) had a higher percentage of infants in the NICU (47.4%), although
with relatively similar neonatal Apgar scores and inflammatory markers. There were no
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differences between groups for neonatal Apgar scores, inflammatory markers (WBC, CRP,
procalcitonin), duration of NICU stay, resuscitation at birth and surfactant requirement.

Table 5. Neonatal outcomes at birth and during hospitalisation across the four phenotypic groups.

Characteristic Phenotypic Group 1 Phenotypic Group 2 Phenotypic Group 3 Phenotypic p-Value
(n=71) (n=121) (n =38) Group 4 (n=61)

Birth weight (g), mean (SD) 2463.38 + 540.04 2719.01 + 358.02 2661.84 £ 47440  2650.00 +498.50 <0.01
Apgar score, 1 min, median (IQR) 8 (7-9) 8 (8-9) 8 (7.25-9) 8 (8-9) 0.9
Apgar score, 5 min, median (IQR) 9 (8-9) 9 (8-9) 9 (8-9) 9 (8-9) 0.13

N tal WBC at admissi 10%/L),
eonata at admission (<10°/L) 14.14 £ 5.20 14.05 + 4.22 15.12 + 6.05 1582+643 0.8
mean (SD)
Neonatal CRP at admission (mg/L), me-
. 0.88 (0.42-2.23) 1.05 (0.56-1.96) 1.2 (0.54-4.42) 1.1 (0.59-2.33) 0.69
dian (IQR)
Neonatal procalcitonin (ng/mL), median
(IOR) 7.81 (2.73-16.61) 6.41 (2.1-12.46) 3.01 (0.23-10.29) 3.18 (1.53-10) 0.21
Length of stay (days), median (IQR) 6 (3-12.5) 4 (3-8) 4 (3-6.75) 4 (3-7) 0.14
NICU stay (days), median (IQR) 1 (0-5) 0 (0-2) 0 (0-2) 0 (0-2) 0.10
Resuscitation at birth, % 37.7 25.8 21.1 23.0 0.16
NICU admission, % 53.5 38.8 474 443 0.26
Ventilatory support, % 28.2 215 211 18.0 0.55
Surfactant needed, % 4.2 0 5.3 3.3 0.14
Antibiotics required, % 40.8 24.8 26.3 23.0 0.07

Unadjusted and adjusted odds ratios (ORs) with 95% confidence intervals for neona-
tal outcomes in four phenotypic groups (Group 1 as the reference group) are listed in Ta-
ble 6. With unadjusted ORs, we present the crude association between group membership
and each neonatal outcome. Adjusted ORs were estimated by adjusting for gestational age
and birth weight to assess whether there are group differences in neonatal outcomes after
taking into account these neonatal characteristics. Outcomes were admission to the neo-
natal intensive care unit (NICU), ventilatory support, antibiotic treatment in the neonatal
period, and extended length of stay (>14 days).

Table 6. Unadjusted and adjusted odds ratios for neonatal outcomes according to phenotypic

groups.
Phenotypic . o . % (az0
Outcome Group Unadjusted OR (95% CI) p Adjusted OR* (95% CI) P
NICU admission 1 1.00 (reference) — 1.00 (reference) —
2 0.55 (0.30-1.00) 0.05 0.86 (0.72-1.84) 0.73
3 0.78 (0.35-1.72) 0.54 1.41 (0.47-4.19) 0.54
4 0.69 (0.35-1.37) 0.29 1.73 (0.67-4.48) 0.26
Ventilatory support 1 1.00 (reference) — 1.00 (reference) —
2 0.41 (0.10-1.37) 0.20 3.06 (1.00-9.37) 0.05
3 1.21 (0.43-3.37) 0.71 2.21 (0.49-10.01) 0.31
4 1.24 (0.55-2.79) 0.59 2.46 (0.63-9.69) 0.20
Neonatal antibiotics 1 1.00 (reference) - 1.00 (reference) —
2 0.48 (0.25-0.89) 0.02 0.86 (0.43-1.11) 0.73
3 1.20 (0.45-3.23) 0.70 0.79 (0.22-1.23) 0.69
4 0.43 (0.20-0.92) 0.03 0.86 (0.20-0.92) 0.78
Length of stay > 14 days 1 1.00 (reference) — 1.00 (reference) —
2 0.33 (0.14-0.78) 0.01 4.06 (0.14-23.15) 0.11
3 1.32 (0.48-3.55) 0.23 2.73 (0.15-49.88) 0.50
4 0.36 (0.12-1.08) 0.07 0.57 (0.12-1.08) 0.71
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* Adjusted OR for gestational age and birth weight.

4. Discussion

This study reports a systematic clinical phenotyping of sPTB in a large Romanian
tertiary centre and a four-phenotype classification that manifests distinct maternal pheno-
types and aetiological pathophysiological profiles. This classification distinguishes
PPROM-related and contraction-related mechanisms as well as the inflammation level at
presentation, and it allows us to identify clinically relevant subgroups with different ma-
ternal characteristics and clinical outcomes. While numerous differences emerged in the
unadjusted analyses (e.g., NICU admission, length of stay > 14 days, antibiotic use), most
of the associations did not persist after adjusting for gestational age and birthweight.

Our classification converges on conceptual frameworks already available in the liter-
ature that describe the aetiological heterogeneity of preterm birth. A number of patho-
genic pathways have been identified as pivotal elements of mechanisms of preterm birth,
i.e., infection/inflammation, uterine overdistension, decidual haemorrhage, cervical insuf-
ficiency, and endocrine- or stress-mediated activation [2,9].

4.1. Clinical Phenotyping Models
4.1.1. PPROM-Related Mechanism

In the current study, the two phenotypic groups identified are complementary in
providing insight into the biological heterogeneity of PPROM. Group 1 —the “Inflamma-
tory PPROM” phenotype —reflects infection/inflammation-driven pathways described
previously in studies of amniotic fluid, chorion and decidua, where microbial invasion
and increased inflammatory signalling play a key role in the weakening and rupture of
membranes [16]. In contrast, Group 2—“Structural/membrane integrity PPROM” —iden-
tifies a distinct biological profile with predominant changes in extracellular matrix integ-
rity and collagen remodelling, suggesting a more mechanical pathway of failure.

The preterm premature rupture of the membranes remains a major cause of preterm
birth, responsible for up to 3% of all pregnancies worldwide [17,18]. A number of clinical
factors have been associated with increased risk for PPROM. The history of PPROM is one
of the strongest predictors, with a recurrence rate of nearly 14% [19]. Additionally, the
presence of pathogens in the vaginal or cervical samples may make a woman susceptible
to ascending infection, histologic chorioamnionitis, and eventually rupture of the mem-
branes [20]. The development of intrauterine infection in a scenario in which the mem-
branes rupture prior to the onset of labour can result in significant maternal and fetal
morbidity, ranging from fetal death to severe maternal sepsis [21]. Importantly, intrauter-
ine infection is, in most cases, a secondary event. It follows the loss of integrity of the
membranes as opposed to being the primary cause. Equally suggestive is the fact that
some cases of PPROM occur in the absence of microbial invasion. In such cases, the fra-
gility may be due to increased proinflammatory cytokine activity or structural weaknesses
in the components of the membranes [22].

These mechanistic variations have significant implications for prediction, risk strati-
fication and targeted management. Proteomic and genomic advances have highlighted
the therapeutic potential of molecular biomarkers that have a dual clinical role. Bi-
omarkers identified in patients with PPROM may be used to predict delivery timing and
the risk of imminent labour, facilitating earlier therapeutic interventions to prolong la-
tency or improve neonatal outcomes. Alternatively, particular molecular signatures oc-
curring before rupture of the membrane may enhance the prediction of women at high
risk of PPROM to facilitate prophylaxis with targeted surveillance, progesterone treat-
ment or cervical support [8,10].
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Proteomic studies have identified a variety of candidate biomarkers, comprising am-
niotic fluid, cervicovaginal fluid, blood and/or placental biomarkers, that have consist-
ently been found to be associated with PPROM.

Consequently, a substantial body of proteomic work supports the hypothesis that
PPROM is likely to be heterogeneous, occurring through distinct biological pathways,
most commonly inflammation and membrane structural weakening. Studies assessing
short-term predictors of delivery in women with established PPROM correspond clearly
to these mechanistic domains [19,22].

Biomarkers associated with imminent delivery were repeatedly implicated in inflam-
matory processes, indicating neutrophil recruitment and cytokine signalling as well as
systemic immune activation. Kim et al. described increased amniotic fluid IL-8, lipocalin-
2, MMP-9, and S100 A8/A9 levels as predictive of delivery within 14 days [23]. Ronzoni et
al. showed that increased maternal serum endotoxin activity was predictive of delivery
within seven days [24]. Similarly, Ryu et al. showed that high maternal CRP, lipid perox-
ides, and protein carbonyls and low antioxidant capacity were found to be major predic-
tors of delivery in <3 days, therefore supporting the involvement of inflammatory and
oxidative stress pathways [25]. Rahkonen et al. demonstrated an inflammatory signature
through cervical fluid where MMP-8 was found to be higher in PPROM and lower in
women who had a spontaneous preterm birth [26].

Contrarily, we found that the structural/extracellular matrix degradation biomarker
phenotype represents a phenotype in which preterm rupture is mainly due to loss of con-
nective tissue rather than overt inflammation. Gezer et al. found that high levels of cervi-
covaginal urea and creatinine predicted delivery within 48 h and were supportive of
PPROM diagnosis by suggesting increased membrane permeability and amniochorion
structural compromise [27]. Proteomic analysis of fetal membranes also showed differen-
tial expression of proteins implicated in extracellular matrix remodelling (COL4Al,
LAMA2, LMNB1/2, FBLN2, CSRP1), proteolysis (CTSG, ELANE, MMP-9), and energy
metabolism pathways (PKM, ADPGK, ATP6AP1), indicating that extracellular matrix
degradation and energy metabolism exhaustion are additional, non-inflammatory path-
ways contributing to membrane failure [28].

Genomic evidence for a unique biological architecture for PPROM: predominantly
extracellular matrix instability, coagulation, and localised inflammatory activation. Ge-
nomic variants associated frequently with membrane rupture susceptibility are matrix re-
modelling genes such as TIMP2 (rs2277698) and (rs1882435), consistent with the structural
degradation mechanism delineated by proteomic studies [29-31]. Polymorphisms in TNF-
related pathways, such as TNFRSF6 (tumour necrosis factor receptor superfamily member
6 or Fas gene), have also been reported in several studies of PPROM, implying that abnor-
mal apoptotic signalling may be involved in premature weakening of the membranes [32].
PPROM susceptibility has also been associated with variants in toll-like receptors that
govern microbial recognition and localised inflammatory responses, as reported by Ra-
mos et al. and Romero et al. [9,33]. In addition, systems-level genomic investigations sug-
gest that PPROM-specific gene networks may be regulated by ESR2 and STAT1, implicat-
ing hormonal and immune-mediated mechanisms. In summary, current evidence shows
that the underlying genomic background of PPROM encompasses collagen metabolism,
matrix degradation, haematologic/coagulation dysregulation and localised inflammatory
activation, and that it defines a phenotype distinct from contraction-driven preterm la-
bour [34].

From an omics perspective, these two PPROM-related phenotypes provide a clear
framework for targeted molecular investigation. Inflammatory PPROM may be explored
using proteomic and transcriptomic profiling of amniotic fluid, cervicovaginal fluid, or
maternal blood collected at admission, focusing on immune activation and cytokine
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signalling pathways. In contrast, the structural/membrane integrity PPROM phenotype
may benefit from proteomic analysis of fetal membranes or cervicovaginal fluid, targeting
extracellular matrix remodelling, collagen turnover, and metabolic exhaustion pathways.
Such phenotype-driven sampling strategies may reduce biological heterogeneity and en-
hance biomarker discovery in future omics-based studies.

4.1.2. Contraction-Related Mechanisms

Phenotypic Group 3—"“Mixed inflammatory + uterine activation” phenotype is a hy-
brid biological pathway in which mild inflammatory signalling is accompanied by early
activation of the uterine contractile machinery. This may indicate that even subclinical
inflammation decreases the myometrial activation threshold and initiates the process of
progressing from membrane weakening to active labour. Phenotypic group 4 —"Utero-
tonic endocrine/neuromuscular” phenotype —represents a more contractility-directed bi-
ological process that involves endocrine, neuromuscular and calcium-handling pathways
that directly increase myometrial excitability and induce coordinated uterine contractions.
As in the inflammation-dominated phenotype, this pathway is likely to indicate a process
of labour that is less related to infection-mediated pathways and more to uterotonic in-
trinsic signalling and the uterus’s neuromuscular readiness.

Several inflammation-related biomarkers, including calgranulin C, annexin A5, a-1-
antitrypsin precursor and kininogen, were consistently upregulated in cervical or vaginal
fluids of women who went on to progress from preterm labor to preterm birth, suggesting
leukocyte recruitment, cytokine signaling and tissue remodeling, whereas S100 calcium-
binding protein A7, histone H2B, peptidyl-prolyl cis-trans isomerase A, L-lactate dehy-
drogenase A chain, histone H1.2, cystatin B and histone were markedly downregulated
in women who delivered preterm, implying a suppression of nuclear stability and cyto-
skeletal homeostasis at the time of inflammatory uterine activation [35].

In addition, endocrine, neuromuscular and metabolic pathways have been impli-
cated in the activation of contractions as revealed by functional analyses that demonstrate
differential expression of proteins associated with vitamin D metabolism, plasminogen
activation, blood coagulation, angiogenesis and receptor/signal-transducer regulation,
which suggests coordinated alterations in hormonal responsiveness, calcium homeostasis
and excitability of the myometrium. First-trimester proteomic signatures for later sponta-
neous preterm birth, including vitamin D-binding protein, apolipoprotein A-I and o-1-
antitrypsin, provide further evidence of an endocrine—metabolic susceptibility that may
precede clinical onset of labour [36].

Spontaneous preterm labour with intact membranes (sPTB) is associated with a bio-
logical profile characterised by an inflammatory regulatory profile, uterine activation, and
a neuroendocrine signalling signature, according to genomic data. Multiple SNPs identi-
fied in European-derived populations, including EBF1 and NFKB1, underscore the im-
portance of inflammatory transcriptional control in determining gestational length [37,38].
Importantly, genome-wide analyses of transcriptional regulators suggest that the genetic
variant rs3820282 at the WNT4 locus may be functionally linked to regulatory activity,
including ESR1 binding, and could influence WNT4 expression, a gene involved in uterine
development and hormonal signaling, thereby supporting a potential mechanistic link to
timing of labour onset [37]. Targeted analysis identified several TNF pathway genes asso-
ciated with sPTB, further underscoring the role of systemic immune activation in uterine
contractility [39-41]. Integrated network analysis reveals that sPTB is generated by an au-
toimmune-hormonal axis, with upstream regulators including NR3C1 (glucocorticoid re-
ceptor), PPARG and IRF3, and these susceptibility profiles are distinct from those of
PPROM. Altogether, this genomic evidence provides a framework in which sPTB is
largely determined by a hormonal, innate immunity, and neuromuscular activation
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signature, supporting a contraction-dominant versus structural membrane-failure hy-
pothesis [34,42].

For contraction-dominant phenotypes, future omics approaches could focus on tran-
scriptomic and proteomic profiling of maternal blood, myometrial tissue (where availa-
ble), or cervicovaginal fluid collected at the onset of symptoms. These analyses may target
hormonal signalling, calcium-handling pathways, neuromuscular excitability, and in-
flammatory transcriptional regulators. Longitudinal sampling prior to and during the on-
set of contractions may be particularly informative for identifying molecular signatures
associated with uterine activation.

4.2. Maternal and Neonatal Outcomes Across Phenotypes

Distinct clinical patterns emerged in the four phenotypic groups identified in this
study. Maternal comorbidities were unevenly distributed, consistent with the biological
differences suggested by the clinical phenotypes. Group 1 (inflammatory PPROM) was
characterised by moderate rates of metabolic and vascular comorbidities, specifically dia-
betes (14.1%) and thrombophilia (9.8%), as previously reported in relation to premature
membrane weakening and systemic inflammation and metabolic dysfunction [43—45].
Group 2 was characterised by the most frequent rates of diabetes (16.5%) and similar prev-
alence of hypertensive disease and thrombophilia, indicating a phenotype with chronic
metabolic or vascular stress that might compromise extracellular matrix integrity without
the overt presence of inflammation [46—49]. Group 3 had similar rates of hypertensive dis-
ease and thrombophilia (10.5% each), suggesting that both inflammatory and contractile
pathways might be stimulated in women with underlying vascular vulnerability. Indeed,
as reported, endothelial dysfunction and microvascular lesions of the placenta, typical of
thrombophilia, instigate local hypoxia, oxidative stress, and cytokine release that stimu-
late prostaglandin synthesis and uterine activation [50]. Likewise, hypertensive preg-
nancy disorders manifest as systemic endothelial activation and increased levels of in-
flammatory mediators, mechanisms implicated previously in spontaneous preterm la-
bour independent of membrane status [51].

Such findings are entirely in keeping with the “vascular obstetrical syndrome”
model, which postulates that vascular dysfunction predisposes to a simultaneous inflam-
matory and uterotonic response, closely resembling the mixed phenotype apparent in
phenotypic Group 3.

Group 4 had the highest prevalence of hypertensive disorders, at 16.4%, which is
consistent with a mechanistic link between vascular dysfunction and uterine excitability.
Hypertensive disease induces endothelial activation, oxidative stress, and altered prosta-
glandin metabolism-all key biological processes that enhance myometrial sensitivity and
promote spontaneous uterine contractions [52]. Also, increased oxytocin receptor expres-
sion and exaggerated myometrial calcium signalling have been reported in hypertensive
pregnancies, further supporting an endocrine—vascular interaction that favours a pro-con-
tractile uterine environment [53].

Overall, the distribution of comorbidities across clinical phenotypes underscores the
notion that PPROM and preterm labour are heterogeneous syndromes with different ma-
ternal risk profiles.

Maternal age was similar among all four groups, while gestational age at delivery,
latency from admission to delivery and maternal WBC differed significantly (p < 0.01). In
keeping with the well-recognised observation that gestational age is the dominant deter-
minant of early neonatal morbidity and mortality, even small differences of approxi-
mately 1 week between groups are likely to be clinically relevant [54].

The inflammatory PPROM Group 1 delivered at the lowest mean gestational age and
had both the longest latency from admission to delivery and the highest maternal WBC
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count. This pattern is consistent with data showing that intra-amniotic infection/inflam-
mation is associated with earlier preterm delivery, prolonged latency after membrane
rupture at lower gestational ages, and maternal leukocytosis as part of the clinical picture
of chorioamnionitis [54-57].

By contrast, the structural/membrane-integrity group and the two contraction-re-
lated groups delivered at more advanced gestations with progressively shorter latency
intervals and lower WBC values in a trajectory compatible with non-infectious mecha-
nisms of preterm parturition dominated by mechanical membrane weakness or uterine
activation rather than overt inflammation. This interpretation agrees with conceptual
models that distinguish infection-driven PPROM from “uterotonic” or endocrine/neuro-
muscular pathways of spontaneous preterm birth [9].

Phenotypic group differences in the proportion of monitored pregnancies and cesar-
ian deliveries did not differ significantly, indicating that the phenotypic differences re-
ported here are unlikely to be explained simply by variations in antenatal surveillance or
obstetric management within this cohort.

Antenatal corticosteroid use was relatively similar across groups (14.0-28.2%, p =
0.08). This pattern is consistent with current European guidelines, which recommend of-
fering a single course of corticosteroids to all women at risk of preterm birth between
about 24-34 weeks’ gestation, irrespective of the underlying etiology of preterm birth [58].
Thus, in our cohort, steroid administration appears to have been driven mainly by gesta-
tional age and imminent risk of delivery rather than by phenotype.

Tocolysis rates were also similar across phenotypic groups, from (9.1-19.7%, p =0.17).
Current recommendations stress that tocolytic agents are to be employed judiciously, pri-
marily to buy 48 h to complete corticosteroid treatment and/or in-utero transfer, and that
their application is clinically based on criteria of cervical change, the absence of contrain-
dications, rather than on putative biological pathways leading to preterm labour [59]. The
absence of a significant between-group difference is thus in line with current practice rec-
ommendations.

Use of magnesium sulfate for fetal neuroprotection was low in all groups (0-2.8%, p
= 0.25). International recommendations support intravenous magnesium sulfate when
early preterm birth (generally <32 weeks) is imminent, to reduce the risk of cerebral palsy
and severe motor impairment in surviving infants [60]. The low use of magnesium sulfate
in our cohort most probably reflects the clinical profile of our population, as we had no
cases of extreme prematurity and only a small proportion of severe preterm births —situ-
ations in which neuroprotective magnesium sulfate is usually indicated.

By contrast, there was a significant difference in maternal antibiotic use in phenotypic
groups (26.2-74.6%, p < 0.01), with Groups 1 and 2 having the highest exposure to antibi-
otics (74.6% and 62.0%, respectively). These results are consistent with evidence and
guidelines that suggest prophylactic antibiotics should be given to women diagnosed
with PPROM to prolong latency and reduce infectious morbidity of mothers and neonates
[61,62]. Antibiotic use was significantly lower in Group 4 (uterotonic/endocrine pheno-
type) and Group 3 (mixed inflammatory + uterine activation) at 42.1% and 26.2%, respec-
tively. This is consistent with recommendations that routine antibiotic therapy should be
avoided in women diagnosed with idiopathic preterm labor with intact membranes, as no
benefits were identified and the potential for harm in the ORACLE II study and subse-
quent analyses [63,64].

This study demonstrates that the important determinant of neonatal outcomes is
more likely fetal maturity at the time of delivery rather than membership in a particular
phenotypic group, as noted in a previous study [65]. In our study, we observed no differ-
ences in neonatal inflammatory markers such as CRP and procalcitonin between the two
groups, which would provide additional support to this observation. Notably, phenotypic
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Group 1 had the highest incidence of NICU admission (53.5%) and neonatal ventilatory
support (28.2%), but no differences reached significance, which again supports the litera-
ture that gestational age is more indicative of neonatal outcomes than membership in a
particular group [66—68].

The unadjusted and adjusted odds ratios for neonatal outcomes across phenotypes
identify an interesting pattern. After adjustment for gestational age and birth weight, the
risk of ventilatory support was borderline significant for Group 2 (adjusted OR 3.06; 95%
CI 1.00-9.37; p = 0.05) versus Group 1 (reference). This result is counterintuitive because
Group 2 is defined by a structural/membrane integrity pathway rather than overt inflam-
matory activation, yet it carries an approximately three-fold increased risk of neonatal
ventilatory requirement. A plausible biological explanation is that although inflammation
can make the uterus contract and trigger delivery, it also accelerates fetal lung maturation,
which reduces the need for ventilatory support in the newborns of subjects with more
inflammatory phenotypes. Both experimental and clinical studies have proven that intra-
uterine inflammation accelerates surfactant production and improves lung compliance,
hence reducing the incidence of respiratory distress syndrome (RDS), even in preterm in-
fants [69-71].

This observation may further support, but does not confirm, the hypothesis that la-
tency from membrane rupture to delivery differs between inflammatory and non-inflam-
matory phenotypes, as latency was significantly longer in the inflammatory phenotype
compared with the non-inflammatory phenotype (mean 83.37 h vs. 24.30 h, p =0.01), sug-
gesting more prolonged intrauterine exposure in the presence of inflammatory activation.
The shorter latency observed in the non-inflammatory group may reflect a more abrupt
transition to delivery without prior inflammatory stimulation, which may be associated
with relatively less advanced biological pulmonary maturation despite similar gestational
age at birth. In addition, antenatal corticosteroid administration represents a potential
confounder; however, in our institution, corticosteroid therapy follows a standardized
protocol strictly based on gestational age (all pregnancies <34 weeks receive dexame-
thasone), independent of phenotypic classification. While gestational age was included in
the adjusted models, residual confounding related to the timing and completeness of an-
tenatal corticosteroid exposure cannot be excluded, given the retrospective nature of the
data.

However, given the exploratory design of the study and the multiple comparisons
performed across neonatal outcomes, this association may reflect a type I error and should
therefore be interpreted as hypothesis-generating, and larger cohorts are needed to con-
firm the finding.

4.3. Strengths and Limitations

The strengths of this study include the fact that we gathered data from only one ter-
tiary centre with standardised therapeutic protocols, thereby ensuring that data collection
and case management were uniform. The proposed phenotypic classification enabled a
structured clinical characterization of preterm birth cases, providing a multidimensional
descriptive framework based on established obstetric presentations. The use of compre-
hensive clinical, laboratory and microbiological data and rigorous statistical methods,
such as multivariable logistic regression adjusted for gestational age and birthweight, fa-
cilitated assessment of the associations observed under appropriate analytic conditions.
Further studies are now able to use the framework developed here, but with immediate
benefit to future omics-based work by mapping genomic and proteomic signatures within
a clinically focused conceptual framework.

This study also has some limitations. First of all, it was conducted in a retrospective
manner, associating inherent risks specifically related to information bias and limiting
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causality. Some of the biomarker information collected from the patient’s blood test re-
sults, such as white blood cell (WBC) count and C-reactive protein (CRP) levels, was un-
available for a subset of patients. This led to difficulty in accurately comparing the levels
of inflammation between the different groups. Furthermore, the lack of placental histo-
pathology and cytokines in the amniotic fluid hinders providing a more detailed overview
of the biological processes occurring during preterm birth. Additionally, this is a single-
centre study, comprising patients with similar demographic characteristics; therefore, the
results of this study may not apply to other populations.

The predominance of late preterm deliveries (34-36+6 weeks) in our cohort limits the
direct extrapolation of neonatal outcome patterns to populations with higher rates of ex-
treme prematurity. While the underlying biological pathways defining our phenotypes
are likely relevant across gestational ages, their relative impact on neonatal morbidity may
differ in settings where early preterm birth and neonatal mortality are more prevalent.
External validation in more heterogeneous populations, including low-resource settings,
is therefore warranted.

Lastly, since no samples were stored for later analysis, it was impossible to validate
certain genomic or proteomic markers that may contribute to preterm birth in this popu-
lation.

4.4. Clinical Implications of Phenotype-Based Classification

Phenotype-based classification of spontaneous preterm birth may offer practical ad-
vantages for clinical risk stratification, patient counseling, and neonatal management. By
distinguishing inflammation-dominant, structural membrane-related, and contraction-
driven pathways, this framework allows clinicians to better contextualize the expected
clinical course, including latency to delivery and potential neonatal risks (Figure 2).

Phenotype 2 - Structural

Phenotype 1~
Inflammatory / infectious

PPROM (+/-contractions)
with evidence of maternal
inflammatory activation

+ Inflammation,
cytokines (IL-8),
neutrophil activation
(MMP-9, SI00A8/A9)

+ Inflammation-driven
membrane
weakening

« Infection surveillance,

latency prediction,
antibiotics/anti-
inflammatory
strategies

/ membrane integrity

PPROM (+/-contractions)
witho!

ut any evidence of

inflammatory activation

* ECM and collagen

degradation (COL4AL1,

TIMP2), membrane
permeability

+ Mechanical membrane
failure without overt

inflammation

* PPROM risk
prediction, cervical
support,
progesterone

Phenotype 3 - Mixed
inflammatory + uterine

activation

Col
inflammatory activation.

* Mild inflammation,
prostaglandins,
vascular-immune
interaction

* Lowered myometrial
activation threshold

* Tocolysis
counseling, timing
of corticosteroids

ntractions associated with
mi

+ Hormonal and

neuromuscular signaling
(WNT4-ESR, Ca?*
handling)

« Primary myometrial

excitability and
contractions

« Anticipation of rapid

labor, neonatal
preparedness

Figure 2. Conceptual framework of spontaneous preterm birth phenotypes and their underlying

biological pathways.

From a preventive perspective, phenotype identification may support more person-
alized strategies. For example, women with inflammatory phenotypes may benefit from
intensified infection surveillance and targeted antimicrobial or anti-inflammatory inter-
ventions, whereas those with structural or contraction-dominant phenotypes may be
more suitable candidates for progesterone therapy, cervical support, or closer uterine ac-
tivity monitoring. Similarly, recognition of contraction-driven phenotypes may guide an-
ticipatory counseling regarding tocolysis efficacy and timing of antenatal corticosteroid
administration.

At the neonatal level, phenotype-informed stratification may improve preparedness
for respiratory support, infection surveillance, and NICU resource allocation, even when
gestational age at delivery is similar. Overall, integrating clinical phenotyping into
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obstetric care pathways may represent a first step toward personalized prevention and
management of preterm birth, and provides a clinically meaningful foundation for future
integration with omics-based risk prediction models.

Prospective validation of this framework would ultimately depend on dedicated pro-
spective studies incorporating standardized, multi-compartment biobanking at the time
of clinical presentation. In such studies, maternal peripheral blood (for genomic, tran-
scriptomic, and proteomic profiling), urine (metabolomics), vaginal or cervical secretions
(microbiome and local inflammatory mediators), and, when clinically indicated, amniotic
fluid could be collected prior to therapeutic interventions. Systematic placental tissue
sampling immediately after delivery, using standardized fixation or cryopreservation
protocols, would further enable exploratory correlations between clinical phenotypes and
tissue-level molecular signatures. Importantly, this proposed strategy represents a con-
ceptual roadmap for future research rather than an extension of the current retrospective
dataset.

Although the pathogenic pathways underlying spontaneous preterm birth have been
previously described, their operationalization into a structured, mutually exclusive clini-
cal classification remains limited in routine obstetric practice. By applying a reproducible
phenotypic framework within a well-characterized tertiary cohort, our study translates
established biological concepts into a clinically usable stratification model. This approach
reduces heterogeneity within preterm birth populations and provides a practical bridge
between bedside clinical phenotyping and future, prospectively designed molecular stud-
ies. In this context, the value of the present work lies not in identifying a novel mechanism
but in establishing a structured platform upon which subsequent genomic and proteomic
investigations may be systematically built.

5. Conclusions

This study demonstrates that identifying clinically relevant subtypes of spontaneous
preterm birth provides a good foundation for future research studies focused on under-
standing the molecular basis of preterm birth. The phenotyping system identified struc-
tural, inflammatory, endocrine, and mixed forms of preterm birth and, therefore, allows
researchers to focus their efforts on specific groups rather than trying to understand the
entire population. This can lead to a reduction in heterogeneity among samples selected
for multi-omic analyses, increased biological relevance of those analyses, and the devel-
opment of precision obstetrics approaches to prevent preterm birth. Furthermore, the
identification of clinically distinct pathways for preterm birth creates opportunities for the
identification of potential therapeutic targets for the prevention of preterm birth. There-
fore, future studies on spontaneous preterm birth should include both clinically defined
subtypes and the collection of multi-omic data, such as proteomics, genomics, tran-
scriptomics, and metabolomics, fostering identification of specific biological pathways in-
volved in each subtype of preterm birth. Additionally, by collecting group-specific bio-
logical samples, investigators will obtain pathway-level insights into the biology of each
subtype of preterm birth and develop better prediction tools based on biomarkers. Using
machine learning algorithms to combine clinical data and omics data can further improve
the accuracy of subtyping spontaneous preterm birth and develop more personalised pre-
ventive strategies. To our knowledge, this represents the first structured phenotypic clas-
sification of spontaneous preterm birth conducted in a Romanian tertiary centre, provid-
ing an essential foundation for future multi-omic research initiatives within this popula-
tion and facilitating alignment with international precision obstetrics efforts.
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Abbreviations

The following abbreviations are used in this manuscript:

PTB Preterm birth
PPROM Preterm premature rupture of the membranes
ANOVA Analysis of variance
WBC White blood cell count
NICU Neonatal Intensive Care Unit
1IoC Incompetence of the internal os of the cervix
IVF In vitro fertilisation
CRP C-reactive protein
SD Standard deviation
IOR Interquartile range
OR Odds ratio
ECM Extracellular matrix
MMP Matrix metalloproteinase
1L Interleukin
5100 A8/A9 Calprotectin
COL4A1 Collagen Type IV Alpha-1 Chain
LAMA2 Laminin Subunit Alpha-2
LMNB1/2 Lamin B1/2
FBLN2 Fibulin-2
CSRP1 Cysteine- and Glycine-Rich Protein 1
CTSG Cathepsin G
ELANE Elastase, Neutrophil Expressed
PKM Pyruvate Kinase, Muscle
ADPGK Adenosine Diphosphate Glucokinase
ATP6AP1 Adenosine Triphosphase H* Transporting Accessory Protein 1
TIMP2 Tissue Inhibitor of Metalloproteinases 2
TNF Tumour necrosis factor
TNFRSF6 Tumour necrosis factor receptor superfamily member 6 (Fas receptor)
ESR2 Estrogen receptor 2
STAT1 Signal Transducer and Activator of Transcription 1
SNP Single Nucleotide Polymorphism
EBF1 Early B-Cell Factor 1
NFKB1 Nuclear Factor Kappa B Subunit 1
Wingless-Type Mouse Mammary Tumor Virus Integration Site Family,
WNT4
Member 4
NR3C1 Nuclear Receptor Subfamily 3, Group C, Member 1
PPARG Peroxisome Proliferator-Activated Receptor Gamma
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IRF3 Interferon Regulatory Factor 3
RDS Respiratory distress syndrome
ISSHP International Society for the Study of Hypertension in Pregnancy
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