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Abstract: Preterm birth (PTB) affects approximately 10% of births globally each year and is the most significant direct cause of
neonatal death and of long-term disability worldwide. Early identification of women at high risk of PTB is important, given the
availability of evidence-based, effective screening modalities, which facilitate decision-making on preventative strategies, particularly
transvaginal sonographic cervical length (CL) measurement. There is growing evidence that combining CL with quantitative fetal
fibronectin (qfFN) and maternal risk factors in the extensively peer-reviewed and validated QUanititative Innovation in Predicting
Preterm birth (QUiPP) application can aid both the triage of patients who present as emergencies with symptoms of preterm labor and
high-risk asymptomatic women attending PTB surveillance clinics. The QUiPP app risk of delivery thus supports shared decision-
making with patients on the need for increased outpatient surveillance, in-patient treatment for preterm labor or simply reassurance for
those unlikely to deliver preterm. Effective triage of patients at preterm gestations is an obstetric clinical priority as correctly timed
administration of antenatal corticosteroids will maximise their neonatal benefits. This review explores the predictive capacity of
existing predictive tests for PTB in both singleton and multiple pregnancies, including the QUiPP app v.2. and discusses promising
new research areas, which aim to predict PTB through cervical stiffness and elastography measurements, metabolomics, extracellular
vesicles and artificial intelligence.
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Introduction

Preterm birth (PTB) is defined as a live birth occurring before 37 completed weeks of pregnancy by the World Health
Organization (WHO).! This can be further classified by the gestational age (GA) at the time of delivery; extremely
preterm (<28 weeks), very preterm (28 to 32 weeks), moderately preterm (32 to 34 weeks) and late preterm (34 to 37
weeks).! PTBs may be ‘spontaneous’, due to preterm labor (PTL; 40-45%) or preterm pre-labor rupture of membranes
(PPROM; 30-35%), or be “provider-initiated” in response to an obstetric indication (30-35%).> Estimates indicate
a global PTB rate of approximately 10%' equating to almost 15 million PTBs annually.! Prematurity is the most
significant direct cause of neonatal death worldwide and is responsible for approximately 35% of neonatal mortalities
within the first 4 weeks of life."! The risk of PTB-related complications is inversely proportional to GA, and subsequently
extremely preterm infants born <28 weeks are at greatest risk of morbidity and mortality.* The EPICure studies
demonstrated improved survival for infants born between 22 and 25 weeks between 1996 and 2006 (40% in 1995 to
53% in 2006, p<0.001),* and more recent UK studies have reported continued national improvement in the survival of
very preterm infants, particularly between 22+0 to 23+6 weeks (annual percentage change 6.03%, 95% CI 2.47-3.53,
p=0.02).> However, no similar improvements have been noted in long-term neonatal morbidity, including bronchopul-
monary dysplasia, major cerebral injury and retinopathy of prematurity.* Discussions with parents anticipating a PTB
must address not only survivability but include complications of prematurity (Table 1) as the continued improvements in
survival of extremely preterm infants may lead to a growing number of children and adults with long-term morbidity.
Indeed, there is significant evidence that even late preterm infants remain at increased risk of short- and long-term
adverse outcomes when compared to their term counterparts including respiratory distress syndrome (RDS),°
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hypothermia,” hypoglycemia,® jaundice,*® infection,® neurodevelopmental delay’'' and metabolic syndrome.'?
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Table | Morbidities Resulting from Complications of Premature Birth.'?

Short Term Long Term

Respiratory Distress Syndrome Bronchopulmonary Dysplasia
Neonatal Jaundice Cerebral Palsy and Motor Impairment
Infection Cognitive Impairment
Necrotizing Enterocolitis Behavioural disorders
Retinopathy of Prematurity Developmental Co-ordination Disorder
Intraventricular Hemorrhage Sensorineural hearing loss
Periventricular Leukomalacia

Screening for Preterm Birth
Spontaneous preterm labor (PTL) has been described as a complex “syndrome” reflecting the multiple aetiologies

1415 cervical disease'® and uterine overdistension, which lead to premature

including infection,'? uteroplacental disorders,
myometrial contractions, decidual activation and cervical ripening.'”'® The evolving clinical presentations, notably PTL
or PPROM, depend on the nature and timing of underlying pathological processes, which then activate the common
“parturition pathway”.'”"'” The heterogeneity of causality in PTB explains the challenge in developing globally effective
protocols to prevent, diagnose and treat the clinical problem. Screening asymptomatic high-risk women is, however,
strongly recommended,?® % and the most extensively investigated modalities include assessments of cervical length (CL)
and fetal fibronectin (fFN), which will also be considered in tandem given the creation of the novel clinical assessment

application QUantitative Innovation in Predicting Preterm Birth (QUiPP™).

Measurement of Cervical Length

Premature cervical ripening is considered as part of the common pathway to PTB, which may precede delivery by weeks
or months."? Effacement of the cervix can be assessed and quantified by measuring the CL, which is considered the most
predictive® and reproducible®* variable detectable by transvaginal ultrasound (TVUS). The shorter the CL, the greater
the risk of PTB.?® The GA at cervical assessment is also important as the odds of delivery <35 weeks decrease by
approximately 6% for each additional millimeter of CL (odds ratio (OR) 0.94, 95% CI 0.92-0.95, p=0.001) and by 5%
for each additional week of pregnancy at which the CL is measured (OR 0.95; 95% CI 0.92-0.98, p=0.004).>> As
pregnancy advances, the cervix shortens physiologically?>° and thus a CL of 25mm corresponds to the 0.5th, 3rd, 10th
and 20th percentiles at 16, 22, 28 and 33 weeks, respectively.”” Maternal characteristics including parity, weight and
height have also been shown to correlate with CL.*' First-trimester assessment of CL is controversial and is not currently
a recommended practice.”” Berghella et al found that a CL <25mm rarely occurs prior to 14 weeks, even in high-risk
patients destined to deliver prematurely, hypothesizing that cervical changes predictive of PTB develop after 16 weeks.*>
However, more recent studies have found associations between PTB and short CLs at 11-13 weeks.>® Multiple
international and professional societies currently recommend initiating measurements of CL from the second
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trimester, cervical

surgery,’®>’ congenital uterine anomalies®®>° and Cesarean sections at full cervical dilatation (FDCS).***' Whilst the

and offering screening based upon factors, which increase PTB risk, including previous PT

International Society of Ultrasound in Obstetrics and Gynecology (ISUOG) recommends universal screening with TVUS
between 18 and 24 weeks in singleton pregnancies,”” the Royal College of Obstetricians and Gynaecologists (RCOG)
advocate targeted screening for intermediate and high-risk women (Table 2) and recommend ultrasound-indicated
transvaginal cerclage (TVC) if a CL <25mm is identified prior to 24 weeks.?' Whilst a meta-analysis has demonstrated
that TVUS best predicts PTB <35 weeks when a CL threshold of 20mm is used (pooled sensitivity 22.1%, specificity
98.2%, area under the receiver-operating characteristics (ROC) curve (AUC) 0.89), increasing the CL cut-off to 25mm
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Table 2 Women ldentified as Intermediate or High Risk Should Have TVUS Surveillance to Assess the
Need for an Ultrasound-Indicated TVC.?'

Intermediate Risk (Single Scan 18-22 Weeks) High Risk (Serial Scans 16-24 Weeks)
Previous FDCS Previous PPROM <34 weeks
One previous LLETZ procedure with excision depth >lcm Previous PTB or STM (16-34 weeks)
>| LLETZ procedure Previous use of cerclage
Cone Biopsy Congenital uterine variant
Intrauterine adhesions
Trachelectomy

Abbreviations: LLETZ, Large loop excision of transformation zone; FDCS, Fully dilated Cesarean Section; PPROM, Preterm prelabor
rupture of membranes; PTB, Preterm birth; STM, Second trimester miscarriage.

improves sensitivity to 33.3%, and maintains a high specificity of 95.9% (AUC 0.85).** This increases the screen-
positive rate from 1.8% to 4.1% but better identifies the women who, without intervention, will have a PTB.*
Professional society guidelines recommend the use of TVUS for CL measurement (Figure 1).2°?? Whilst CL
measurements may be performed using a transabdominal (TA) approach, the transvaginal route is preferred, as technical
challenges are often encountered performing TAUS due to the greater distance between the probe and the cervix and
acoustic shadowing from maternal and fetal structures.”® A full bladder is also required for adequate visualization of the
cervix, and this appears to artificially elongate the CL.**** There is substantial evidence to show safety and patient
acceptability of TVUS as a screening modality when effective counselling is provided, with women reporting the scan as
significantly less difficult than a cervical smear (p<0.001).* Indeed, following the introduction of a universal CL
screening programme in a Chicago hospital, 99.9% of women offered a TVUS agreed to the examination.*® Within
the context of a Preterm Birth Surveillance Clinic (PSC), a UK qualitative study reported that 95% of women found the
TVUS examination acceptable, suggesting that vaginal examinations do not deter women from accepting PTB
surveillance.*” TVUS measurements of CL should follow a sequential and standardised protocol, with opportunities
for revalidation and quality assurance.”” The Fetal Medicine Foundation and CLEAR programme (Cervical Length
Education and Review) are high-quality educational courses that offer certification to healthcare professionals who

demonstrate competence in the recommended technique for TVUS cervical assessment.*®4

Use of Cervical Length Measurement in Patients with Symptoms of

Preterm Labor
The diagnosis of PTL is challenging as many women presenting to hospital with symptoms of preterm uterine
contractions are not in PTL. However, given the burden of perinatal morbidity and mortality associated with PTB,
patients are often admitted to hospital for magnesium sulphate, tocolysis and corticosteroid administration. The current
UK National Institute of Clinical Excellence (NICE) guidelines recommend a “treat all” policy in preference to objective
assessments of PTB risk at gestations less than 29+6 weeks.”® However, as 15% of attendances at emergency obstetric
units are attributable to threatened PTL, there is a need to differentiate between women who will deliver a preterm infant
from the majority who will have a term birth.”" This is of increasing importance, as the timing of steroid administration
plays a large role in maximising their benefits and should only be reserved for women at high risk of delivering a preterm
infant within 1 week of threatened PTL.’* In addition, there is recent observational-level evidence suggesting an
association between antenatal corticosteroid use and childhood mental and behavioural disorders.>® Therefore, it is of
paramount importance that the most accurate tests available are used in screening for preterm birth, to limit the exposure
of antenatal steroids to those who are most likely to need them.

Measurements of CL in symptomatic women can detect a significant proportion of individuals who will deliver within
7 days and subsequently rationalise care. A large meta-analysis reported that for birth less than 7 days from presentation
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Figure | Images to show two described methods for measuring cervical length (CL). Image (A) shows the straight-line method in a short cervix. Image (B) shows the two-
lines method in a normal cervix, with calipers between the external os and the point of maximum curvature, and from the endpoint of the first line to the internal os.”
Images courtesy of Dr Lyndsay Creswell and Dr Neil O’Gorman.

a TVUS CL <20mm had a sensitivity of 75.4% (95% CI 66.6-82.9%) specificity of 79.6% (95% CI 77.1-81.9%),
positive likelihood ratio (LR+) of 3.74 (95% CI 2.77-5.05) and negative likelihood ratio (LR-) of 0.33 (95% CI 0.15—
0.73).>* Comparatively, a 15mm threshold improves specificity and the likelihood of the event of PTB within 7 days
(sensitivity 59.9%; 95% CI 52.7-66.8%, specificity 90.5%; 95% CI 89.0-91.9%, LR+ 5.71; 3.77-8.65, LR- 0.51; 0.33—
0.80).>* Thus, a CL of <l15mm at gestations over 30 weeks is advocated by NICE for initiating counselling on active
management for PTL including corticosteroid and tocolytic treatment in symptomatic patients.’® A Cochrane review has
further reviewed the effect of knowing the TVUS CL on prevention of PTB in symptomatic women and reported that
whilst it could not confirm a clear effect on reducing deliveries <37 weeks (relative risk (RR) 0.59; 95% CI 0.26-1.32), it
may prolong pregnancy by approximately 4 days.**
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Cervical Length in Twin Pregnancies

Twin pregnancies are at greater risk of perinatal morbidity and mortality than singleton gestations, with MBRRACE-UK
reporting a 2.3- and 3.5-fold increase in stillbirth and neonatal deaths, respectively, for twins compared to singletons in
2020.>° Notably, within this confidential enquiry, extreme prematurity was cited as the most common cause of perinatal
loss in twin pregnancies.”> Chorionicity and amnionicity are significant determinants of adverse pregnancy outcomes in
multiple pregnancies, including fetal loss <24 weeks’, perinatal death and PTB.>® Litwinska et al’s analysis of 6225 twin
gestations reported fetal losses <24 weeks in 2.3% of dichorionic diamniotic (DCDA) twins, 7.7% of monochorionic
diamniotic (MCDA) twins (RR 3.26; 95% CI 2.71-3.92) and 21.8% of monochorionic monoamniotic (MCMA) twins
(RR 9.29; 95% CI, 6.38-13.53).7° PTB rates are similarly influenced by chorionicity and amnionicity, with births prior to
32 weeks occurring in 7.4% of DCDA twins, 14.2% of MCDA twins (RR 1.92; 95% CI, 1.62-2.28) and 26.8% MCMA
twins (RR 3.64; 95% CI 2.17-6.09).°° Accurate determination of chorionicity and amnionicity by ultrasound examination
prior to 14 weeks’ gestation is therefore essential to guide appropriate antenatal surveillance and patient counselling in
multiple pregnancies.

Many studies have documented the utility of TVUS CL to predict spontancous PTL in twin gestations, demonstrating
that the rate of spontaneous PTB in twin pregnancies is inversely related to second trimester CL measurements.>’ >°
Despite the well-recognized increased risk of PTB in multiple pregnancies, the UK NICE guidelines do not recommend
routine screening for PTB risk in unselected twin pregnancies.®® This is in contrast with FIGO, who advocate for
routine second trimester CL screening in all twin pregnancies between 18 and 24 weeks utilizing a threshold of 20mm.®!
This recommendation is largely based upon evidence from a large systematic review of 21 studies, which indicated that
a CL <20mm between 20 and 24 weeks most accurately predicted PTB <32 and <34 weeks’ gestation in asymptomatic
women (pooled sensitivities, specificities, LR+ and LR- of 39% and 29%, 96% and 97%, 10.1 and 9.0, and 0.64 and 0.74,
respectively).®> The accuracy of CL measurement for the prediction of PTB <34 weeks and <37 weeks’ gestation was
limited in symptomatic women (pooled LR+ and LR- between 1.2 and 1.9 and between 0.65 and 0.69, resl:)ectively),62
although more recent evidence has suggested that the performance of CL as a predictive test in PTL (measured by the
examination-to-delivery interval) is not statistically different in twin pregnancies compared to singletons (Spearman
correlation coefficient (r)=0.30 vs r=0.29, p=0.9).%

Further large systematic reviews have agreed that second trimester CL in asymptomatic women is a strong predictor
of PTB, although Lim et al reported improved sensitivity at CLs <25mm (36%) compared to <20mm (30%), with no
compromise in specificity (94% for both).** Thus, in keeping with singletons, most publications tend to use a threshold of
25mm for screening between 18 and 24 weeks in twins.?? However, in addition to the CL measurement obtained, the
gestational age at the time of screening is an important consideration in twin pregnancies, providing accurate prediction
of spontaneous PTB probability. Kindinger et al’s individual participant data (IPD) meta-analysis reported that <18
weeks’ gestation, any CL measurement <30mm provided a greater risk of an extremely PTB (prior to 28 weeks)
compared to singleton gestations (p<<0.001) and that screening at or after 24 weeks best predicted later PTBs between 28
+1 and 36+0 weeks (p<0.001).°> Thus, there appears to be a potential role for TVUS CL in the screening of twin
pregnancies, however there is a paucity of prospective evidence on the benefits of serial CL scanning, and the accuracy
and threshold for treatment utilizing CL measurements in cases of threatened PTL. Evidence to date has also not shown
any proven benefit for the use of cervical cerclage, progesterone and cervical pessary to reduce the rates of PTB in twin

gestations with a short cervix.®®

Fetal Fibronectin

Fetal fibronectin (fFN) is an extracellular matrix glycoprotein produced by amniocytes and cytotrophoblasts, which is
found in high concentrations at the maternal—fetal interface of the amniotic membrane, where it acts as a “glue” between
the pregnancy and uterus.®”-°® In early pregnancy, prior to the fusion of the decidua and fetal membranes, fFN is present
in cervico-vaginal fluid, however after 22 weeks these levels are normally low (<50ng/mL).°® It is theorized that
increased levels of fFN are released into cervico-vaginal secretions when the choriodecidual interface is disrupted by
a mechanical or inflammatory-mediated injury, signifying a greater risk of PTB or PPROM." Research has consistently
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identified an association between qualitative detection of fFN and the risk of PTB in both asymptomatic high-risk women
with singleton pregnancies’' and women attending hospital with signs or symptoms of PTL.”?’%"3 NICE advocate that
a fFN cut-off of <50ng/mL can be utilized as an alternative to CL in symptomatic patients to rule out PTL if a TVUS is
unacceptable to the patient or in the absence of a skilled operator.>® Indeed, the predictive value of fFN appears to be
greatest amongst symptomatic women, with a large meta-analysis concluding 76% sensitivity and 88% specificity for
delivery within 7 days of sampling.”* This has been echoed by Honest et al’s systematic review, which concluded that
PTB was best predicted within 7-10 days of a positive fFN test in patients with symptoms of PTL (LR+ 5.42, 95% CI
4.36-6.74).”° Certainly, the greatest value of fFN in symptomatic patients is its high NPV for delivery within 14 days
(99.2%), which can reduce interventions including hospitalisation, untimely corticosteroid use and maternal anxiety.”®

The quantification of fFN (qfFN) allows the individual PTB risk to be defined; the EQUIPP study was the first trial to
prospectively indicate the utility of qfFN for PTB <34 weeks in symptomatic women.”® Quantifying fFN at thresholds of
10, 50, 200, and 500 ng/mL increased the PPV from 19% to 32%, 61% and 75%, respectively, whilst maintaining a high
negative predictive value (NPV) which has obvious clinical advantages in triaging patients with symptoms of PTL.”
Similarly, qfFN testing alone (AUC 0.82, 95% CI 0.76-0.89) appears to perform equally to the combination of CL and
qualitative fEN (AUC 0.83, 95% CI 0.77-0.88) in the assessment of symptomatic women.’’

A prospective masked cohort study of qfFN in asymptomatic women at high risk of PTB between 22 and 26+6 weeks
also identified increased rates of spontaneous PTB <34 weeks with rising concentrations of cervicovaginal fFN (2.7% at
<l0ng/mL, 11.0% at 10-49, 14.9% at 50-199, 33.9% at 200-499 and 47.6% >500ng/mL).”" This study further
demonstrated the diagnostic accuracy of increasing concentrations of qfFN to predict spontaneous PTB with an AUC
of 0.78 (95% CI 0.73-0.84) compared to the original qualitative test (AUC 0.68 for birth <34 weeks, 95% CI 0.63-0.73),
and aided risk discrimination amongst women with a short CL <25mm as 9.5% delivered preterm with qfFN <10ng/mL
compared with 55.1% at concentrations >200ng/mL (p<0.001).”"

Kuhrt et al developed the first version of the QUiPP app from a prospective dataset incorporating qfFN and a maternal
history of previous PPROM/PTB to aid prediction of PTB in symptomatic women. This model showed an improvement
in the prediction of PTB <34 and <37 weeks’ (AUC 0.83 and 0.77, respectively) when compared to previous literature,
including Honest et al’s review that reported AUCs ranging between 0.71 and 0.77 for fFN’s ability to predict PTL at the
same gestations.”>”® The study showed high NPVs for delivery at five different time points; delivery <30 weeks (97.2%;
95% CI 93.6-99.1%), <34 weeks (98.1%; 95% CI 94.6-99.6%), <37 weeks (94.9%; 95% CI 89.7-97.9%) and within 2
weeks (97.2%; 95% CI 93.5-99.1%) and 4 weeks (94.0%; 95% CI 89.2-97.1%).”® The performance accuracy of the
QUIPP app was evaluated in a secondary analysis of prospectively collected data from 355 women presenting with
symptoms of PTL. Each episode of threatened PTL was retrospectively assigned a risk of PTB within 7 days using the
QUIPP app. Using a 5% risk as a threshold for treatment, all women who had a PTB would have been correctly
identified, giving a sensitivity of 100% and a NPV of 100% for testing between 24 and 34 weeks.”” The positive
predictive value (PPV) for delivery within 7 days was 30.0% (95% CI 11.9-54.3%) in those presenting at 24+0 to 29+6
weeks and 20.0% (95% CI 12.7-30.1%) between 30+0 and 34+0 weeks.”® Furthermore, when comparing women with
a QUIPP low risk of delivery (<5%) with the NICE treat-all strategy for gestations <30 weeks, 89.4% of admissions
would have been prevented and 168 women would have avoided unnecessary treatment including hospitalisation,
antenatal corticosteroids and in-utero transfer.”’

A Cochrane review has assessed the effect of a clinician’s knowledge of qfFN results in reducing PTB in sympto-
matic singleton pregnancies between 23 and 34+6 weeks. The evidence was of low quality, but management based upon
awareness of the fFN results was felt to potentially reduce PTB before 37 weeks’ gestation (RR 0.72; 95% CI 0.52—
1.01).°” Evidence for gestations less than 34 weeks was of very low quality, and the effect of fFN knowledge in this
context is therefore uncertain. Similarly, effects on outcomes including birthweight, perinatal death, maternal hospitalisa-
tion, respiratory distress syndrome and neonatal intensive care unit (NICU) admission are unknown due to serious
concerns in study design and inconsistencies between the included trials.®

The Hologic® Rapid fFN 10Q test manufacturers advise against test use with vaginal bleeding or ruptured membranes, due
to the risk of a false-positive result, given the normal occurrence of fFN in maternal serum and amniotic fluid®’. Contamination
of the test swab with lubricants, soaps, or creams may also physically interfere with absorption of the cervicovaginal secretions
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or alter assay results. Lukes et al found three factors that significantly contributed to positive test results, including sexual
activity within 24 hr of sample collection (p<0.001), vaginal bleeding (p<0.0001) and cervical examination within 24 hr of
sample collection (p<0.001).*' A systematic review of six studies has further assessed the effect of TVUS, sterile vaginal
examination and sexual intercourse on FFN results in high-risk asymptomatic patients or patients reporting signs and
symptoms of PTL. It identified a high overall proportion agreement between positive fFN specimens obtained before and
after TVUS (93.4%) and sterile vaginal examination (88.5%), suggesting a minimal effect of these interventions on positive
test results.®” Conversely, women reporting coitus 24 to 48 hr prior to fFN collection were up to five times more likely to have
a positive qualitative result (RR 5.6; 95% CI 3.0-10.6), suggesting a sound rationale for discouraging testing in this setting.**

A secondary analysis of data obtained in the multicentre APOSTEL-1 (Alleviation of Pregnancy Outcome by Suspending
of Tocolysis in Early Labour-1) study showed that multiple factors including sexual intercourse and vaginal examinations
contributed to invalid test results, but statistical significance was only observed for vaginal bleeding at the time of testing (OR
4.5;95% CI 1.7-12).*° Hezelgrave et al’s study of high-risk asymptomatic women found that median fFN concentrations in
blood-stained swabs were significantly greater than case-matched controls (66ng/mL vs 7.5ng/mL, p<0.001) and that these
swabs had greater sensitivity but lower specificity for predicting PTB.** As the ROC curve obtained was similar between the
blood-stained and control groups (0.78 vs 0.84) there may still be predictive value in testing women who present with a small
volume of vaginal bleeding given that low fFN levels have a high NPV and indicate a low risk of PTB, with limitations of
testing discussed with the patient.®

Fetal Fibronectin in Twin Pregnancies

NICE discourages clinicians from the use of independent fFN testing to predict the risk of PTB in twin gestations, citing a lack
of evidence for its accuracy in multiple pregnancies.®® Following the publication of the 2015 NICE guidelines, there have been
studies supporting the use of fFN to predict spontaneous PTB in both symptomatic and asymptomatic twin pregnancies.
Marleen et al performed a systematic review of biochemical markers in the prediction of PTB in twin pregnancies,
demonstrating increased odds of PTB <34 weeks in both asymptomatic (OR 8.07, 95% CI 5.28-12.33 p=0.001) and
symptomatic (OR 3.07, 95% CI 1.44-6.57 p=0.004) women with positive fFN tests.®> Kuhrt et al identified 130 eligible
asymptomatic women with twin pregnancies in a prospective cohort study and reported that qfFN measured between 18 and
27+6 weeks was significantly related to the risk of delivery prior to 30 weeks’ gestation (AUC 0.8, 95% CI 0.7-1.0).%® For
women with a short cervix <25mm, the spontancous PTB rate <30 weeks increased from 0% for those with low qfFN
concentrations <10ng/mL, to 86% for those with a gfFN >200ng/mL, and notably for patients with a qfFN >200ng/mL and
a CL >25mm, the PPV for spontancous PTB was 0%.%¢ Whilst the study is limited by its small size, these results suggest that
combining qfFN with CL can improve the prediction of PTB in twin pregnancies, and this has since been incorporated into the
QUIPP app v.2.*" A further systematic review including 1332 twin pregnancies has reported sensitivities ranging from 29% to
41% and specificities between 92% and 96% for fFN in the assessment of PTB risk. However, the authors have concluded that
the accuracy of fFN in multiple pregnancies is inconclusive, and this is likely secondary to the limited and heterogeneous data
included in the analysis.*® This highlights the need for prospective, high-quality research to determine the accuracy of fFN in
twin gestations.

Preterm Birth Screening Clinics (PSCs) and QUIiPP

The UK Saving Babies Lives Care Bundle Version 3 (SBLCBV3) supports the development of specialist PSCs to standardise care
pathways for high-risk women, facilitate access to specialist care and encourage research through preterm birth networks.* The
efficacy of PSCs has been disputed in the literature; a Cochrane systematic review failed to show any evidence of benefit of PSCs
in reducing rates of PTB.”® However, this analysis was limited by a lack of statistical power and large variation in outcomes
measured by the included RCTs. Furthermore, the included studies were conducted in the 1980s, when currently recommended
screening methods were not available, and the interventions performed, including repeat digital cervical assessments, have not
been shown to be effective in the prevention of PTB.”' Between 2012 and 2017, there has been a 44% increase in the number of
UK specialist PTB clinics.”? Although studies have shown variation in practice between maternity units internationally”, there
appears to be an increasing consensus UK-wide in referral criteria to clinic, gestation at first appointment and CL thresholds for
intervention.”> A recent prospective cohort study of singleton pregnancies between 23 and 28 weeks demonstrated the ability of
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PSCs measuring CL and qfFN in conjunction with maternal history to accurately triage asymptomatic high-risk women.”*
Patients who screened positive and were admitted to hospital were significantly more likely to deliver before 30 weeks (RR 27.6;
95% CI 15.0-50.1).”* Patients who screened negative, despite their risk factors, had a low rate of PTB, comparable to the
background population (1.3% vs 1.2%) and lower rates of neonatal death, stillbirth and NICU admission (p<0.001 for all).”* This
predictive modelling utilizing qfFN and CL has been incorporated into a decision-support tool (QUiPP v.2), providing an
individualized assessment of the risk of delivery within pre-specified time frames for both symptomatic and asymptomatic

populations of women with singleton or twin pregnancies.®”*>

QUIPP’s performance to triage women has been evaluated in a UK
prospective, multicentre study of asymptomatic, high-risk women. This included 1667 singleton and 136 twin pregnancies in the
training set and 887 singleton and 17 twin pregnancies in the validation set. The study demonstrated high accuracy for QUiPP’s
ability to predict spontaneous PTB and is thus advocated for widespread use to assist in risk stratification and management
decisions between 18+0 and 36+6 weeks’ gestation.®” For the convenience of clinicians, given local variations in resources, three
different prediction models incorporating clinical risk factors have been created; 1) qfFN 2) CL, 3) both CL and qfFN. All three
models have demonstrated good accuracy in PTB prediction at <30, <34 and <37 weeks with AUCs ranging, dependent on the
algorithm chosen, between 0.76 and 0.83, 0.71 and 0.76, and 0.68 and 0.75, respectively.87 ‘Whilst there were trends towards
improved prediction when using the third model combining risk factors, CL and qfFN, there were no significant differences
between algorithms. A low (<1%) risk on the QUiPP app is associated with an event rate of only 0.5%, whilst a high risk (>10%) is
associated with a 26% risk of delivery within 4 weeks (Table 3).*” As accuracy is high for the prediction of PTB within 4 weeks
(AUC >0.87 for all three combinations of tests), clinicians can reliably inform and manage women at high risk, and be reassured
that less frequent surveillance appointments are appropriate for women at lower risk.®” Further research is required to identify if
a specific QUIPP risk should prompt interventions including transvaginal cerclage (TVC), however, the authors stress the
importance of interpreting results in consideration of the clinical context and women’s views.*®

Caution should be applied when managing patients not represented in the dataset, which generated and validated
QUIiPP. Women with a previous FDCS were not included in the training and validation cohorts and thus care must be

Table 3 Prediction of PTB Within Four Weeks, and Prior to 34 Weeks as Calculated by the QUIPP App v.2 in Comparison with

Observed Event Rates in Asymptomatic High-Risk* Women.®”

Test Predicted Probability | Observed Event Rate Predicted Area Under the Receiver Operating
(%) of Delivery % (95% CI) of Delivery | Event Rate (%) | Characteristic (ROC) Curve to Predict
Within 4 Weeks Within 4 Weeks Delivery Within 4 Weeks (95% CI)
Risks + qfFN <l 0.5 (0.1-1.6) 0.6 0.87 (0.78-0.93)
1-4.9 2.4 (1.143) 20
5-9.9 8.8 (2.9-19.3) 6.9
210 26.4 (15.3-40.3) 23.5
Risks+ CL alone <l 0.2 (0.0-1.1) 0.5 0.87 (0.72-0.92)
1-4.9 2.0 (0.8-4.0) 2.1
5-9.9 5.5 (I.1-15.1) 7.0
210 13.8 (7.1-23.2) 24.6
Risks + qfFN + CL <l 0.3 (0.0-1.4) 0.4 0.89 (0.73-0.95)
1-4.9 1.5 (0.3-4.2) 2.1
5-9.9 0.0 (0.0-8.6) 6.7
=10 18.2 (9.8-29.6) 24.1

Notes: *Previous PTB or PPROM <37 weeks, previous STM 16-23+6 weeks, previous cervical surgery (LLETZ or cone biopsy) or twin pregnancy.
Abbreviations: PTB, Preterm birth; PPROM, Preterm prelabor rupture of membranes; STM, Second trimester miscarriage; LLETZ, Large loop excision of transformation zone.
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applied when utilizing the QUiPP app in this population whilst awaiting the results from the CRAFT-OBS trial, which
aims to assess the efficacy of CL and gfFN in risk stratification of women with previous a CS in labor.”®

QUIPP App v.2 for Symptomatic Women

The new QUIPP algorithm has expanded the utility of the previous app by incorporating additional risk factors including twin
pregnancy, second trimester miscarriage (STM) and cervical surgery, and the calculation of risk using qfFN, TVUS CL or
a combination of both.” The dataset utilized for QUiPP App v.2 was substantially larger than the original version (1538 vs 382
symptomatic women), included 41 and 33 twin pregnancies in the training and validation sets, respectively, and demonstrated
a significant increase in sensitivity at all outcome time points with similar NPVs. All three algorithms have good accuracy for the
prediction of PTB at <30, <34 and <37 weeks’ gestation and within 1 and 2 weeks’ post testing (For qfFN and CL AUC: 0.95 <30
weeks; 0.83 <34 weeks; 0.73 <37 weeks; 0.88 within 1 week; 0.89 within 2 weeks).95 The “Evaluation of the QUiPP app for
Triage and Transfer” (EQUIPTT) multicentre cluster RCT has further allowed validation of the app’s real-time performance using
qfFN to triage a large sample of symptomatic women, comparing the intervention with a control of standard emergency obstetric
care for threatened PTL (AUC 0.90; 95% CI 0.85-0.95 for delivery within 7 days).”” As CL was only utilized in 5.5% of all visits,
there was not enough data to draw conclusions on its validity in triaging symptomatic women with threatened PTL.”” Four women
from the intervention sites utilizing QUiPP missed timely treatment including steroids, compared to 12 from the control sites, and
no deliveries <30 weeks occurred outside of any hospital sites.”” However, there was no statistically significant reduction in
hospital admissions using QUiPP compared to the control arm (7.4% vs 9.9%, OR 0.72; 95% CI 0.45-1.16).”” This may have
occurred due to difficulties implementing the QUiPP app in the intervention group hospitals. It may also highlight that the
management of threatened PTL in many control sites already varies considerably from the NICE recommended “treat-all

strategy” for women prior to 30 weeks, but this may not reflect wider UK practice.

Other Tests

Other biochemical tests can assist in the prediction of PTB including placental alpha-microglobulin-1 (PAMG-1) and
phosphorylated insulin-like growth factor-binding protein-1 (phlGFBP-1). A systematic review and meta-analysis of 65
cohort studies assessed the accuracy and performance of fFN, PAMG-1 and phIGFBP-1 for PTB prediction in low- and
high-risk symptomatic women within 7 days of testing. The AUCs were 0.87, 0.91 and 0.80 for fFN, PAMG-1 and
phlGFBP-1, respectively, with PAMG-1 also achieving a high NPV of 97% and statistically superior PPV across all risk
groups (p<0.05), two to six-fold higher than those of fFN and phlGFBP-1."® However, the predictive performance of
PAMG-1 comparative to the QUiPP app has not yet been evaluated.

Saade et al have developed a novel serum test utilizing a log ratio of insulin-like growth factor-binding protein 4 (IBP4) and
sex hormone-binding globulin (SHBG) to predict spontaneous PTB in asymptomatic women. A multicenter prospective US study
of 5501 women enrolled between 17+0 and 28+6 weeks demonstrated an AUC of 0.75 for the prediction of spontaneous PTB <37
weeks, with a sensitivity and specificity of 75% and 74%, respectively.”” However, this study was not sufficiently powered to
assess the performance of IBP4/SHBG in improving neonatal outcomes, or in the prediction of extreme or very PTBs <32 weeks.
Subsequently, Markenson et al have published a US multicenter prospective observational study between 19+1 and 20+6 weeks,
confirming that the IBP4:SHBG ratio significantly predicts PTB <32 weeks’ gestation with an AUC of 0.71 (95% CI 0.55-0.87,
p:0.016).10° The IBP4:SHBH ratio was also predictive of severe neonatal morbidity with an AUC of 0.67 (95% CI 0.57-0.77,
p=0.005) and neonatal mortality with an AUC of 0.78 (95% CI 0.63-0.93, p=0.026)."” This test is commercially available as
PreTRM™ (Sera Prognostics, Inc. Salt Lake City, UT). Evidence on the test’s clinical and cost-effectiveness'®' is limited, and
further prospective, preferably randomized studies are required to assess its utility in current clinical practice. A recent prospective
study of 1191 low-risk women, randomized to the PreTRM test or usual care, showed no significant benefit of the PreTRM mid-
trimester screening test to reduce births <37 weeks, when coupled with a spontaneous PTB risk reduction protocol in screen-
positive patients (2.7% vs 3.5%, p=0.41). This study had multiple limitations, as it excluded high-risk women, and was
prematurely terminated due to inadequate funding, and hence underpowered. However, as infants in the screened group had
a significantly shorter NICU length of stay, this should prompt further study.'®
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Future Considerations: Metabolomics, Extracellular Vesicles, Cervical
Elastography, Cervical Stiffness and Artificial Intelligence

Metabolomics

Metabolomics is a comprehensive study of the altered metabolic states of substrates and their metabolites within cells,
bio-fluids, tissues or organisms.'®® Specific metabolites produced or modified by the vaginal metabolome are theorized to
provide a quantitative representation of local inflammatory processes present in the cervico-vaginal microbiota.
Alterations in the vaginal microbiome have repeatedly been associated with spontaneous PTB'®*'% and adverse
pregnancy outcomes including PPROM and early-onset neonatal sepsis.' %

Identification of metabolites including specific endogenous amino acids, lipids, nucleotides, and carbohydrates within
the vaginal metabolome may act as potential early biomarkers for intra-amniotic inflammation, infection and spontaneous
PTB, aiding identification of high-risk women.'””'®® Studies have shown unique metabolic profiles in women who
experience PTBs compared to those who experience a term delivery. Similar to the vaginal microbiome structure,

significant differences have also been demonstrated between the metabolome of Black and White women (p<0.001),'"”

which may contribute to the racial disparity seen in PTB rates between these groups.'®”-''%

Additionally, several xenobiotics of a suspected, exogenous source including diethanolamine (DEA), ethyl-glucoside,
tartrate and Ethylenediaminetetraacetic acid (EDTA) have also been reported to be significantly associated with PTB
(p<0.05), raising concerns of possible harm to women in pregnancy from environmental exposures.'®’

These findings suggest the biological importance of the cervicovaginal metabolome in pregnancy.''" Whilst data demonstrate
promise for the study of metabolomics in women who experience PTB, its current use remains within the context of clinical
research. Future research is required to further characterise the contribution of these individual metabolic differences in those who

have spontaneous PTBs and ascertain the utility and viability of this as a biomarker in routine clinical practice.

Extracellular Vesicles

“Extracellular vesicle” (EV) is the collective term for anucleated lipid bilayer-delimited particles that are released by
cells in response to physiological and metabolic changes.''? EVs contribute to cell-to-cell communication, transporting
signalling molecules or “cellular cargo” including proteins, lipids and nucleic acids between cells in extracellular spaces,
plasma and bio-fluids.''® The cargo contained within these vesicles appears to reflect the physiological or pathological
state of the releasing cell, and this has the capacity to influence the biological functions of recipient cells.,'"* In normal
early pregnancy development, endometrial, embryonic and placental-derived EVs have a well-recognized role in
influencing successful implantation, immunomodulation, and spiral artery remodelling."'*"'> At term, fetal-derived
EVs also appear to have a role in inducing functional progesterone withdrawal in placental trophoblasts, initiating
spontaneous labour.''® With increasing recognition of the role of EVs in trans-placental feto-maternal communication,
there is growing interest in them as predictive and diagnostic markers of obstetric diseases including PTB.

Cantonwine et al first identified statistically significant EV proteins, which were uniquely expressed in the first-
trimester plasma samples of women who delivered spontaneously prior to 34 weeks. A panel of three proteins (A2MG,
HEMO and MBL2) was specifically reported to have a specificity of 83% (95% CI 0.65-0.94%) at fixed sensitivity of
80% for birth <34 weeks and AUC of 0.89 (0.83-0.95)."'” A larger, multicenter study validated these findings and
identified that a panel of five EV proteins isolated from maternal plasma in first-trimester singleton pregnancies may
predict spontaneous PTB before 35 weeks with an AUC of 0.74 (95% CI 0.63-0.81)."'® Performance utilizing a separate
panel of four markers observed a marginally improved AUC of 0.77 (95% CI 0.61-0.90) in nulliparous women.''®

Menon et al have also reported significant changes in the micro RNA (miRNA) and protein content of circulating EVs
amongst term and preterm gestation births. 167 and 153 miRNAs were found to significantly change as a function of gestational
age across term and PTBs, respectively. The functional roles reported for many of the miRNAs overrepresented in the PTB cohort
were related to cell growth, cellular senescence, and inflammation, suggesting potential disturbances in the normal cell cycle in
this group.'"”

Similarly, the placental EV protein cargo appears to significantly differ between women who experience PTB and term birth.
A comparative analysis revealed 96 proteins differing significantly across gestations (p<0.05), with lower levels seen amongst the
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PTB cohort.'?’ A further study by Menon et al has additionally shown significant differences between the levels of individual EV
proteins isolated in maternal serum between four cohorts of patients; term not in labour, term in labour, PPROM, and PTL
(p<0.001)."*! Differences in proteins associated with inflammation, coagulation and oxidative stress were identified even between
PPROM and PTL groups (p<0.001),'" highlighting the heterogeneous nature of preterm birth syndrome. Further research within
this field could shed even further light on the physiological process of parturition and potentially improve the early identification of
women who will go on to deliver prematurely. This exciting topic is likely to play a more important role in this subject as more and
more studies are added to the existing small body of literature.

Cervical Elastography

A promising future approach to screening for preterm birth by examining the integrity of cervical tissue is gaining
traction in the research literature. While cervical elastography is not a novel idea, there have been significant develop-
ments in this field. Ultrasound elastography is an imaging technique that can show alterations in the stiffness of an
examined tissue structure and this has been applied to the uterine cervix. Several different approaches have been
described such as strain elastography (SE) and shear wave elastography (SWE). In the prediction of preterm birth, SE
has a sensitivity and specificity of 84% (95% CI 68—100%) and 80% (95% CI 60—100%), respectively.'** The detection
rates of PTB using SWE and SE are not statistically different (p=0.94).'*? In a meta-analysis, Wang et al conclude that
cervical elastography’s diagnostic capability is superior to CL alone in the prediction of spontaneous PTB.'*? Despite
these encouraging data, cervical elastography has not yet been refined enough to be translated into routine practice.

Pregnolia® Cervical Stiffness
There is also another method of assessing cervical consistency, or cervical stiffness, which appears to be an effective and easily
reproducible method of PTB prediction.'**'** Parra-Saavedra et al, in a study of 1115 women, reported a statistically significant
inverse relationship between cervical consistency and CL, with this association being demonstrably stronger for CL measure-
ments below 28mm.'** This could suggest that the well-recognized association between a short cervix and PTB is mediated
through changes in cervical stiffness, and as cervical softening appears to precede cervical shortening, early identification of
changes in cervical consistency could facilitate more prompt identification and treatment of high-risk patients.'** Utilizing
a cervical consistency index (CCI), the prediction of PTB before 32, 34 and 37 weeks in this study outperformed CL; the AUC <32
weeks was 0.947 vs 0.631, <34 weeks was 0.943 vs 0.645 and <37 weeks was 0.907 vs 0.643.'**

The Pregnolia® system (Schlieren, Switzerland) has been developed to enable an objective and quantitative measure-
ment of cervical stiffness.'*” The device consists of a control unit and a single-use sterile probe, placed in contact with
the anterior lip of the cervix following visualisation with a Cusco bivalve speculum (Figure 2). The aspiration device

Figure 2 An illustration demonstrating the use of the Pregnolia system, with the probe tip in contact with the anterior lip of the cervix, the need for a foot pedal to initiate
the vacuum and the control unit to display the cervical stiffness index (CS).'* Image courtesy of Dr Sabrina Badir.
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applies negative pressure on the cervical epithelium as the operator, utilizing a foot pedal, creates a small vacuum inside
the probe tip, gently pulling on the cervical tissue to a predefined safe level of deformation. The greater the stiffness of
the cervical tissue, the higher the tension required to displace the tissue into the probe tip. The obtained value of the
closing pressure (mbar) is displayed by the control unit and gives a direct measurement of ectocervical stiffness (CSI).

A prototype of the device was tested in a feasibility study to describe the evolution of cervical stiffness in normal
pregnancies, comparing cervical stiffness measurements in 50 pregnant and 50 non-pregnant women. CLs were also
obtained by ultrasound examination for all participants. The CSI in the first trimester was reported to be significantly
lower than in the non-pregnant group, at less than half of the corresponding value of the non-pregnant cervix.'*® The
mean value (mbar) further decreased as pregnancy advanced with significant differences found between the first (153 +
78) and second trimesters (77 + 37) (p<0.001).'%® No differences were demonstrable in CSI between the second and third
trimesters, in direct contrast with CL measurements, which significantly decreased between these times.'?® This study
supports the idea that cervical softening is initiated earlier than cervical shortening and poses the research question of
whether the Pregnolia®™ system can predict significant cervical changes more accurately or earlier than what is currently
achievable by TVUS CL, qfFN or other biochemical tests. Further observational studies investigating this are awaited.

Artificial Intelligence

Artificial intelligence (Al) refers to the ability of a machine or software program to perform tasks that are typically
associated with human intelligence, including reasoning, learning, adaptation, understanding and interaction.'?” There is
significant potential for the use of Al in obstetric and gynaecological imaging, facilitating the training of ultrasound
sonographers and providing instant image quality assurance.'?’ It is also hoped that AI technologies will emerge as
a transformative tool in PTB screening, revolutionising the prediction of spontaneous PTL and promoting individualized
care of high-risk women by enabling more precise, data-driven decision-making.

Lacerda de Andrade Junior et al performed a retrospective observational study of 524 unselected singleton pregnan-
cies, who underwent a second trimester CL assessment, with the objective of creating an Al screening algorithm for PTB.
An Al preterm birth predictive model was created based on a stacking-based ensemble learning method (SBELM)
utilizing a Neural Network approach, multivariate logistic regression (LR) and the best Al algorithm. Eight variables
were considered significant including: previous spontaneous PTB <37 weeks, smoking history, maternal weight, cervical
funnelling on TVUS, previous curettage, CL <30.9mm, use of antibiotics during pregnancy, and index of the straight CL/
internal angle inside the cervix. Fixing a 10% false-positive rate, results of the algorithm for the prediction of
spontaneous PTB <35 weeks’ gestation were directly compared to a CL of less than 25mm, respectively; sensitivity
33.3% vs 47.3%, specificity 91.8% vs 92.8%, PPV 23.1% vs 32.7%, NPV 94.9% vs 96.0%, AUC 0.32 vs 0.81.'%% Larger,
multicenter, prospective studies utilizing Al computer technology and ultrasound findings are recommended to confirm
these results, particularly in high-risk cohorts, and provide statistical power to the findings.

Conclusion

PTB is an important public health priority with long-term implications for individuals, families and healthcare systems.
Accurate prediction in high-risk asymptomatic women and symptomatic patients is essential to guide clinicians to offer
necessary preventative interventions and treatment to reduce morbidity and mortality. There is an abundance of evidence
supporting the utility of CL and qfFN in both clinical settings, and subsequently, there is clear prospective, multicenter
and “real-world” evidence validating the QUiPP prediction models in both singleton and twin gestations. Further
research is required, including the predictive efficacy of the QUiPP model in women with previous FDCS, multiple
pregnancies and in countries outside of the UK. Large, prospective studies investigating the new exciting research area

of second trimester CSI, amongst other technologies, are awaited.
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