
Prediction of Spontaneous 
Preterm Birth 
Clinical and Immunological Aspects

Linköping University Medical Dissertation No. 1779

Maria Svenvik





Linköping University Medical Dissertation 

 No. 1779 

 

 

 

 

 

Prediction of  

Spontaneous Preterm Birth  
 

Clinical and Immunological Aspects 
 

 

 

Maria Svenvik 
 
 
 
 
 

 
 

Department of Biomedical and Clinical Sciences, 

Linköping University, Linköping, Sweden 

Department of Obstetrics and Gynaecology, 

Region Kalmar County, Kalmar, Sweden 

 

Linköping 2021 



Copyright © Maria Svenvik, 2021 

Cover: Monte Fitz Roy and Cerro Torre, Argentina, by Maria Svenvik. 

Published figures and papers have been reprinted with permission from the copyright 

holders. 

Printed by LiU-tryck, Linköping, Sweden, 2021 

ISBN: 978-91-7929-659-9 

ISSN: 0345-0082 

This work is licensed under a Creative Commons Attribution-
NonCommercial 4.0 International License. 
https://creativecommons.org/licenses/by-nc/4.0/

https://creativecommons.org/licenses/by-nc/4.0/


Main supervisor 

Professor Jan Ernerudh, Linköping University, Sweden 

 

 

Co-supervisors 

Professor Marie Blomberg, Linköping University, Sweden 

Professor Maria Jenmalm, Linköping University, Sweden 

 

 

Faculty opponent 

Teresa Cobo, Maternal and foetal medicine specialist, Hospital Clinic Barcelona, 

Clinical researcher, Institut d'Investigacions Biomèdiques Agustí Pi i Sunyer 

(IDIBAPS), University of Barcelona, Spain 

 

 

 

 

 

 

 

 

 

 

Funding 

This work was supported by the Medical Research Council of Southeast Sweden 

(FORSS), Region Kalmar County, Medical Inflammation and Infection Centre (MIIC), 

Linköping University, and ALF grants, Region Östergötland.  

 

 



  



 

 

 

 

 

 

In loving memory of 

my wise grandmother, 

 

Elna Karlsson 

1916-2006 

 

who was allowed only a few years  

of education due to the mere fact 

that she was a girl. 

 

 

 I am very grateful that circumstances have changed. 

  



 

  



Abstract 

Background: Preterm birth (PTB), defined as birth before 37 weeks of gestation, 

accounts for most neonatal death and morbidity. Accurate prediction is a pre-requisite 

for the prevention and proper management of PTB. However, methods for prediction 

are unsatisfactory, although sonographic cervical length has a moderate predictive 

value. For clinical utility, adding a biomarker could increase the predictive accuracy. 

The immune system has an important regulatory role during pregnancy. Thus, 

presumptive predictive biomarkers may be searched for among immune-related 

molecules, such as cytokines, chemokines and other inflammation-associated mediators. 

The aims of this thesis were to identify clinical risk factors and immunological 

prediction markers for PTB, both in women at increased risk of PTB because of preterm 

labour (PTL) or preterm prelabour rupture of the membranes (PPROM), and in 

asymptomatic women in early pregnancy. An additional aim was to explore immune 

reaction patterns in PTL and PPROM compared to normal pregnancy.  

Material and methods: In a retrospective registry study, including 20,643 women who 

delivered during a five-year period, risk factors for Apgar score <7 at five minutes and 

risk factors for PTB <32 weeks were investigated using univariate and multivariate 

logistic regression. Furthermore, in a multi-centre mixed case-control and prospective 

cohort study of women with PTL <34 weeks of gestation (n=80), PPROM (n=40), as 

well as antenatal controls (n=44) and controls in labour at term (n=40), plasma levels of 

cytokines and chemokines representing different types of immune responses were 

analysed with a multiplex bead assay. In addition, an extended protein analysis 

exploring 92 inflammation-associated plasma proteins using proximity extension assay 

(PEA) was performed, as well as analysis of 67 different oxylipins by liquid 

chromatography coupled to tandem mass spectrometry. Finally, the PEA technique was 

used also to explore plasma proteins in a case-control study including 46 women with 

PTB and 46 women with normal pregnancies and delivery at term.  

Results and conclusions: A number of partly preventable clinical risk factors for PTB 

<32 weeks were identified, for example smoking (odds ratio (OR) 1.61 (95% confidence 

interval (CI) 1.07-2.41)); preeclampsia (OR 5.48 (95% CI 3.39-8.86)); and multiple 

gestation (OR 15 (95% CI 10-24)). The most evident risk factor for low Apgar scores 

was PTB; the more preterm the higher the risk. This provides important information for 

health care professionals, and offers motivations for preventive strategies regarding 

smoking cessation.  



Both PTL and PPROM were associated with a more pro-inflammatory profile compared 

to antenatal controls, with an increase in CXCL1. In addition, PTL showed higher 

CCL17 levels, and PPROM showed higher IL-6 levels compared with normal 

pregnancy. The inflammatory profile was even higher in labour at term, reflected by 

higher levels of CXCL1, CXCL8, and IL-6 compared with PTL, probably due to the 

more advanced stage of the parturition process in these women. 

To identify women with PTL and subsequent PTB <34 weeks of gestation, we found 

that a combination of the proteins IL-6, IL-17C, IL-10RB, and FGF-23 strongly 

correlated with PTB <34 weeks with an area under the curve (AUC) of 0.90; inferring a 

sensitivity of 90%, and specificity of 74%. For the prediction of delivery within 48 hours 

in women with PTL, the combination of IL-6 and IL-17C displayed an AUC of 0.88, 

with a sensitivity of 100%, and a specificity of 71%. Additionally, plasma levels of 

oxylipins were associated with time of birth. Lower levels of 9,10-DiHODE were 

associated with PTB <34 weeks (adjusted (a) OR 0.12 (0.024-0.62)) and with delivery 

within 48 hours (aOR 0.13 (0.019-0.93)), while higher levels of 11,12-DiHETre were 

associated with delivery <34 weeks (aOR 6.19 (1.17-32.7)) and higher levels of 8-HETE 

were associated with delivery within 48 hours (aOR 5.01 (1.13-22.14)). 

In asymptomatic women, plasma levels of combinations of inflammation-associated 

proteins in the first and the second trimester also revealed predictive information 

regarding subsequent risk for PTB <34 weeks. Combining MMP10trim1, sCD40trim2, M-

CSFtrim2, Flt3Ltrim2, and FGF-21diff (diff= difference in protein levels comparing the first 

and second trimesters) provided a prediction model with an AUC of 0.90. Proteins from 

the first trimester exclusively (sCD40 and MMP10) rendered an AUC of 0.76. 

This work provides valuable knowledge in the field of PTB and PTL with useful 

information on risk factors for PTB. Important associations between levels of 

inflammation-associated proteins and oxylipins with PTB following PTL were found. 

Before these findings can have clinical implications, they need to be validated in other 

cohorts. Additionally, in order to be clinically useful as a prediction tool for PTB, a 

bedside test is needed. Since the PEA technique is PCR-based, this might be achievable. 

For prediction of PTB in early pregnancy, we have interesting findings with acceptable 

accuracy based on samples from both the first and the second trimesters. However, as 

preventive interventions for PTB are preferably initiated early in pregnancy, a prediction 

tool has better value if it is based on plasma samples from the first trimester. Therefore, 

we plan to extend this study and evaluate other potential protein biomarkers. 
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Sammanfattning (Summary in Swedish) 
 

Prediktion av spontan förtidsbörd: Kliniska och immunologiska aspekter 

Förtidsbörd betyder födsel före 37:e graviditetsveckan. Komplikationer efter förtidsbörd 

är den vanligaste orsaken till död och sjuklighet hos nyfödda barn. För att kunna 

förebygga förtidsbörd behövs det tillförlitliga metoder för att förutspå (predicera) 

förtidsbörd. Ultraljudsmätning av livmoderhalsen ger viss information om senare risk 

för förtidsbörd. Det behövs dock andra metoder för att öka träffsäkerheten. Man vet att 

immunsystemet har en viktig roll under graviditet. Därför är det tänkbart att olika ämnen 

inom immunsystemet skulle kunna predicera förtidsbörd.  

Syftet med den här avhandlingen var att hitta kliniska och immunologiska markörer för 

att predicera förtidsbörd, både hos kvinnor med hotande förtidsbörd (för tidig start av 

värkarbete och påverkan på livmoderhalsen samt för tidig vattenavgång) och hos 

kvinnor i tidig graviditet utan symtom.  

I en registerstudie omfattande drygt 20 000 kvinnor fann vi att några av riskfaktorerna 

för förtidsbörd före 32:a graviditetsveckan var tvillinggraviditet, havandeskaps-

förgiftning, rökning samt att vara förstföderska. Vidare såg vi att den tydligaste 

riskfaktorn för låg Apgar-poäng (ett sätt att bedöma välbefinnandet hos ett nyfött barn, 

där låg poäng innebär att barnet inte mår bra) var förtidsbörd och att ju tidigare under 

graviditeten ett barn föddes desto större var risken för låg Apgar-poäng. 

Hos en grupp kvinnor med hotande förtidsbörd jämfört med kvinnor med normal 

graviditet jämförde vi mönstren av olika immunologiska signalämnen i blodet. Vi fann 

detta mönster mer komplicerat än vad man tidigare trott. När vi följde hur det gick för 

kvinnor med för tidigt värkarbete utan vattenavgång fann vi att endast en fjärdedel av 

dessa kvinnor födde före 34:e graviditetsveckan. Vi fann att olika ämnen inom 

immunsystemet var förknippade med födsel före 34 veckor. Detta gällde både proteiner 

och oxylipiner, som är ämnen som bildas vid nedbrytning av fettsyror. En kombination 

av flera olika av dessa proteiner tillsammans med längden på livmoderhalsen kunde med 

relativt god träffsäkerhet förutspå vilka kvinnor som skulle föda före 34 veckor samt 

inom två dygn. 

Vi undersökte också nivåer av immunologiskt viktiga proteiner i blodprover från tidig 

graviditet hos kvinnor som senare födde för tidigt. Även här fann vi att kombinationer 

av proteiner kunde förutspå förlossning före 34:e graviditetsveckan med relativt god 

träffsäkerhet. 

För att komma till klinisk användning måste våra undersökningsfynd först säkerställas 

genom att undersöka andra grupper av kvinnor. 
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Introduction 
 

Introductory remarks 
 

Preterm birth (PTB) is defined by the World Health Organization as birth before 37 

weeks of gestation1. Globally, about 15 million infants are born preterm every year2-4. 

In many cases the underlying cause is unknown. As living conditions for children have 

improved along with the possibilities to treat diseases, such as pneumonia and infections 

causing diarrhoea, the complications of PTB are now the leading cause of mortality for 

children under the age of five, resulting in the deaths of one million infants annually3,5. 

Despite efforts to decrease the number of PTBs, results so far have been disappointing. 

Currently, there are limited options for both predicting and preventing PTB.  

It is known that women with threatened preterm labour (PTL), i.e. women with preterm 

regular contractions and a shortened cervix, more often deliver at term than preterm6. 

The clinical and biomedical tools to assess these women and discriminate those that will 

go on and deliver preterm from those who will continue their pregnancy until term are 

inadequate. This means that many women with threatened PTL are hospitalised and 

receive potentially harmful treatments unnecessarily.  

In the context of PTB, the changes of the immune system are highly relevant since the 

maternal immune system must adapt and develop tolerance towards foetal antigens 

during pregnancy. If this immune tolerance is not developed properly, it is plausible that 

it might contribute to the initiation of preterm delivery. Possibly, immunological 

regulation in relation to delivery is reflected in the levels of different immune related 

plasma proteins and other compounds.  

 

  



10 
 

Preterm birth 
 

Almost 15 million infants are born preterm every year3,7,8. Globally, the PTB rate is 

11%, but varies considerably between different countries, from 5% in some European 

countries to 18% in a few African countries2,3,7,8 (Figure 1). In Sweden the rate of PTB 

was 5.6% in 20199. 

 

 

Figure 1. Estimated preterm birth rates in 2014.  
Figure by S. Chawanpaiboon et al (2019); Global, regional, and national estimates of levels of preterm birth in 
2014: a systematic review and modelling analysis, The Lancet Global Health8 (publisher Elsevier).  
Reprinted under the Creative Commons CC-BY-NC-ND license. 

 

PTB is subdivided into the categories of extremely preterm (<28 weeks; about 5%), very 

preterm 28-31+6 weeks; 15%), moderate (32-33+6 weeks; 12-20%) and late preterm 

(34-36+6 weeks; 60-70%)4,6. The gestational age at birth has important consequences 

for mortality and morbidity, which decrease with increasing gestational age4,10-12, 

exemplified by findings in the French EPIPAGE-1 and EPIPAGE-2 studies and the 

Swedish EXPRESS study. Children born at 25 weeks had 40% risk of death before 

discharge from hospital, whereas children born at 32-34 weeks had a 99% survival 

rate13. The rate of discharge home without severe morbidity was 30% in children born 

at 25 weeks of gestation, but 97% in children born at 32 weeks13. Correspondingly, the 

prevalence of cerebral palsy was 20% among the children who were born at 24-26 weeks 

of gestation, and considerably lower (4%) among children born at 32 weeks14. Studies 

on children born before 27 weeks of gestation and who were subjected to active perinatal 

care follow the same pattern; in children born at 23 weeks, the one-year survival without 

major neonatal morbidity was 9% compared to 54% in the children born at 26 weeks15. 

At a follow-up at 2.5 years of age, moderate or severe overall disability decreased with 

https://creativecommons.org/licenses/
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gestational age at birth (22 weeks, 60%; 23 weeks, 51%; 24 weeks, 34%; 25 weeks, 

27%; and 26 weeks, 17%)16.  

The most serious complications in the neonatal period are intraventricular haemorrhage, 

periventricular leukomalacia, bronchopulmonary dysplasia, sepsis, and necrotising 

enterocolitis4,15. Children who survive may suffer from complications in various organ 

systems, for example visual17,18 and hearing18 impairment, respiratory diseases19, and 

neurodevelopmental disorders16,20,21. They are also at risk for poorer physical, mental, 

and social health in adult life, with increased rates of cerebral palsy and other 

neurosensory disabilities, increased rates of intellectual disabilities and lower levels of 

graduation from high school, as well as lower post-secondary educational attainment, 

although this is strongly correlated to the parental social class. There is no increased risk 

of unemployment, but there is a risk of lower wealth and lower paid employment. 

Psychiatric disorders are more common and individuals born preterm may suffer from 

premature ageing, with shortened life expectancy, hypertension and cardio-metabolic 

disorders. There is also evidence for lower reproductive rates and fewer are married or 

co-habiting. However, the self-perceived quality of life is similar in adulthood among 

those who were born preterm and those who were born at term11,22-24.  
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Risk factors of preterm birth 

 

About one third (30-35%) of PTBs are medically indicated, due to for example 

preeclampsia, intrauterine growth restriction (IUGR), or placental complications, such 

as abruption or placenta praevia. About two thirds of PBTs are spontaneous4,6,7, 

preceded by PTL; 40-45%) or preterm prelabour rupture of membranes (PPROM; 25-

30%6, even up to 40-50%25,26). 

There are a number of risk factors associated with spontaneous PTB (sPTB), ranging 

from anthropometric, hereditary, social and environmental factors in maternal 

characteristics to important factors in reproductive history and current pregnancy 

characteristics27. Some of the most important risk factors are listed in Table 1, with 

relative risk (RR) numbers adapted from the references following in this section, 

representing a low (RR 1.1-1.5), moderate (RR 1.6-2.5), or high (RR >2.5) risk increase.  

One of the most important risk factors is previous PTB, with about four to six times 

increased risk in the following pregnancy28. The increased risk of sPTB applies to both 

previous spontaneous and previous medically indicated PTB4,29,30. Other important risk 

factors in reproductive history are previous stillbirth31, a short interpregnancy interval 

(less than six months)32,33, and nulli-parity34. 

In the current pregnancy multiple gestation poses a significant risk for sPTB with an 

odds ratio (OR) of more than 1035. Furthermore, a cervical length (CL) ≤25 mm is also 

a strong risk factor, which will be discussed later6,30. Other matters of importance are if 

conception was achieved by assisted reproductive technique; genitourinary or 

extragenital infections afflicting the pregnant woman; active periodontal disease during 

pregnancy6,30; and polyhydramnios36. Interestingly, non-obstetric surgical interventions 

during pregnancy, both intraabdominal and others, also seem to pose a risk for sPTB 

later in pregnancy, with a rate varying between different studies (15-41%)37-39. 

Among the maternal characteristics that entail a significantly increased risk are 

hereditary factors. This hereditary aspect is reflected in the higher incidence of sPTB in 

certain ethnic groups, exemplified by African-American women having at least a two-

fold increased risk compared to Caucasian women4,40. Furthermore, if the pregnant 

woman herself was born preterm41 or has a sister who has experienced sPTB6 this also 

entails a slightly increased risk. Aberrations of the uterus, like an intrauterine septum42 

or previous conisation30,43 pose a moderate risk. Smoking is an important risk factor, as 

it is preventable and composes a significant risk for sPTB with a RR of approximately 

1.6-1.844,45. Moreover, both very young (<18)46 and older age (>4047; in other studies 

>3528) are associated with sPTB, where the strongest association concerns young age 

with a moderate risk increase. Underweight (body mass index (BMI) <19)30,48 is 

moderately associated with sPTB and obesity seems to increase the risk for extreme 
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PTB49. However, for early and moderate sPTB, obesity might be protective6. Finally, 

intercurrent maternal disease like thyroid disease, asthma, diabetes, hypertension, and 

depression6, as well as low socio-economic status40,45,50 are risk factors for sPTB. 

Despite all these risk factors, in up to two thirds of cases of PTB there is no risk factor 

present28, hence they are considered idiopathic, although subclinical infections are 

regarded as a plausible cause in many of those cases7.  

Infection-induced inflammations include acute chorioamnionitis, funisitis, and 

chorionic vasculitis. A pro-inflammatory response to infection can cause weakening of 

foetal membranes and may initiate preterm myometrial contractions. The infectious 

agents gain access to the amniotic cavity mainly by ascending from the lower genital 

tract, and more rarely by haematogenous spread. An intra-amniotic infection may also 

be iatrogenic, for example after amniocentesis. The frequency of diagnosed 

chorioamnionitis is inversely correlated to gestational age at delivery; 94% at 21-24 

weeks; 40% at 25-28 weeks, and 4% at term (37-41 weeks of gestation). However, 

chorioamnionitis may also be caused by sterile inflammation. Verified intra-amniotic 

microbial invasion is more frequent in PPROM than in PTL; 17-58% and 9-34%, 

respectively. Some of the most common pathogens associated with PTL are 

Fusobacterium nucleatum, Ureaplasma spp, Gardnerella vaginalis, Mycoplasma 

hominis, and Streptococcus agalactiae51. 

As mentioned above, multiple gestations are at higher risk for PTB. In the United States 

as many as 60% of twins are born before 37 weeks of gestation and 20% before 34 

weeks52. However, the focus of this thesis will be singleton pregnancies; therefore the 

following remarks are in relation to singleton sPTB. 
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Preterm prelabour rupture of the membranes 

 

The foetal membranes include two cellular layers; the internal amnion, which is a single 

layer of cuboidal epithelium, and the external thicker chorion, consisting of 

trophoblasts53. PPROM means rupture of the foetal membranes before 37 weeks of 

gestation occurring at least one hour before the onset of contractions6. PPROM affects 

3-4% of pregnancies25 and is generally regarded as a disease of the foetal membranes. 

An inflammatory process is believed to be involved in the membrane weakening, caused 

by different processes such as infections and oxidative stress resulting for example from 

smoking6,25. Sterile inflammation is also associated with the concept of senescence of 

the foetal membranes, resulting in preterm ageing of the membranes. Reduced capability 

of remodelling in micro-fractures that occur during the course of pregnancy might also 

contribute to the weakening process25. 

A majority of women with PPROM deliver within days; however several weeks can 

elapse before contractions start, rendering these women and foetuses more vulnerable 

to ascending infections7. Due to the increased risk of infections, the management of 

PPROM varies between expectant management and planned early birth. According to a 

Cochrane review by Bond et al, there was no difference between the two approaches of 

management in the primary outcomes, which were incidence of neonatal sepsis (RR 

0.93, 95% confidence interval (CI) 0.66-1.3), and ascertained neonatal infection with 

positive blood culture (RR 1.24, 95% CI 0.7-2.21). However, planned early birth was 

associated with an increased incidence of respiratory distress syndrome (RR 1.26, 95% 

CI 1.05-1.53) and an increased rate of caesarean section (RR 1.26, 95% CI 1.11-1.44). 

Regarding some of the secondary maternal outcomes in the review, early birth was 

associated with a decreased incidence of chorioamnionitis (RR 0.50, 95% CI 0.26-0.95) 

but an increased rate of endometritis (RR 1.61 95% CI 1.00-2.59). A secondary neonatal 

outcome was neonatal death, which was more frequent after early birth (RR 2.55, 95% 

CI 1.17-5.56). Furthermore, prophylactic use of antibiotics was shown to reduce 

maternal infections in expectant management54.    

In a large randomised trial in 2001, the prophylactic use of the antibiotic erythromycin, 

after diagnosis of PPROM without overt sign of infection, was associated with better 

neonatal outcomes, defined by a composite outcome of neonatal death, chronic lung 

disease, or major cerebral abnormality on ultrasonography. However, the use of another 

antibiotic (co-amoxiclav) was associated with necrotising enterocolitis55. A latter 

Cochrane review consolidates some beneficial effects from certain prophylactic 

antibiotics in PPROM in terms of prolongation of pregnancy, and in several short-term 

neonatal morbidity markers such as decreased neonatal infection rates, decreased use of 

surfactants, and less need for oxygen therapy. However, there was no significant 

reduction in perinatal mortality56.    
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Preterm labour 

 

PTL presents with preterm regular contractions, cervical change, but intact membranes, 

and is one of the most common reasons for antenatal obstetric hospitalisation during 

pregnancy57,58, yet a majority of women with PTL will eventually deliver at term6. The 

lack of reliable methods to assess women with PTL, implies that women might be 

subjected to unnecessary hospitalisation, avoidable transports to tertiary centres, and 

unwarranted treatments with potential side effects.  

Corticosteroids are usually administrated before 34 weeks of gestation, which is 

distinctly beneficial for foetal organ maturation and for decreasing neonatal respiratory 

distress59, obviously also in PPROM. However, some controversies exist regarding the 

use of corticosteroids60, partly based on adverse effects in animal models61. In addition, 

there is data proposing that the administration of betamethasone might interact with 

immune factors and pancreatic β-cells, possibly increasing the risk of type 1 diabetes 

mellitus62. This hypothesis is strengthened by the findings in a randomized trial that 

betamethasone treatment was associated with an increased risk of insulin resistance in 

early adulthood in the off-spring63.  

Tocolytics are often administrated in order to prolong gestation and to enable transport 

to tertiary centres. The most commonly used agents are oxytocin-receptor antagonists 

(atosiban), β2-agonists (terbutaline), calcium channel blockers (nifedipine), and 

prostaglandin (PG) synthetase inhibitors. However, these agents have side-effects, for 

example; terbutaline causes unpleasant side effects of tachycardia, palpitations, and 

tremor, and there are also concerns about maternal safety; PG synthetase inhibitors may 

cause adverse foetal effects64. Therefore, it is essential to identify the women in true 

need of treatment. 

In contrast to PPROM, routine use of prophylactic antibiotics in PTL does not indicate 

improved neonatal outcomes, but rather a possible association with short- and longer-

term harm for children (cerebral palsy in subgroup analysis). However, maternal 

infections may be reduced65. 

 

Cervical length in preterm labour 
 

Transvaginal ultrasound measurement of CL in PTL has a modest predictive value of 

PTB, varying between studies, due to for example different cut-offs of CL and different 

study populations. According to a meta-analysis66 the risk in PTL for PTB before 37 

weeks of gestation is decreased just by measuring CL compared to when it is not 

measured. However, this conclusion has been questioned67. Some studies, including a 

meta-analysis, propose 15 mm as a cut-off for subsequent PTB and for PTB within a 
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week68-71, but it should be pointed out that there is heterogeneity among studies. 

Furthermore, it has been proposed that withholding tocolytics is safe with a CL >15 mm, 

although it is not clarified whether this also holds true for the withholding of 

corticosteroids72. A cut-off of 20 mm has also been associated with an increase in 

subsequent PTB73,74, as has a cut-off of 25 mm75. Another interesting finding is that the 

gestational week at presentation is important for the cut-off value74,75. A CL of ≥25 mm 

has been considered a cut-off at which discharge from hospital is safe76. In summary, 

the various findings of CL in relation to various outcomes (gestational age at PTB or 

duration of pregnancy after an episode of PTL) makes the use of CL as a sole predictor 

of PTB subsequent to PTL less valuable. Another shortcoming is the lack of 

personalised assessment, taking into account for example maternal BMI, parity, and 

ethnicity. 

 

Biomarkers for preterm birth in preterm labour 
 

There are three commercially available bedside biomarkers intended for 

vaginal/cervical testing of risk for PTB in women with PTL. These include foetal 

fibronectin (FFN), phosphorylated insulin-like growth factor binding protein-1 

(phIGFBP-1, Actim Partus®), and placental alpha macroglobulin-1 (PAMG-1, 

Partosure®).  

FFN, an extracellular matrix glycoprotein generated in the decidua and chorion, is 

present in secretions of the cervix and vagina before 20 weeks of gestation. However, 

its presence after 22 weeks of gestation has been associated with PTB both in 

symptomatic and asymptomatic women. Yet, in a meta-analysis FFN testing in singleton 

gestations with threatened PTL was not associated with a reduction in PTB or 

improvement in perinatal outcome77.  

The protein phIGFBP-1 is produced in the decidua. Uterine contractions can cause tissue 

disruption at the choriodecidual interface, resulting in leakage of phIGFBP-1 into 

cervicovaginal secretions. Its presence has been associated with PTB in several studies. 

However, when systematically reviewed in a meta-analysis, the conclusions were that 

after one episode of PTL the test had low predictive performance for PTB at <34 and 

<37 weeks of gestation with positive and negative likelihood ratios of 2.7 and 3.5, and 

0.4 and 0.5, respectively78. 

PAMG-1, a protein normally present in amniotic fluid, seems to have some value as a 

predictor of PTB within seven and 14 days after presenting with PTL79. However, a 

review explored the prognostic accuracy of the three commercially available bedside 

cervicovaginal biomarker tests in combination with CL measurement (combined test) 

compared to CL measurement alone and/or a biomarker test alone. The primary outcome 
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was delivery within seven days after presenting with PTL at 22-34 weeks of gestation. 

Neither combined tests nor any of the biomarkers alone were shown to be superior in 

prognostic accuracy of delivery within seven days. However, data was limited, and 

further studies were recommended80.  

In a number of previous studies different immune-related potential biomarkers have 

been investigated in various compartments: cervicovaginal fluid, blood/plasma/serum, 

and amniotic fluid. CL is sometimes included in a combination with biomarkers.  

Different outcomes are reported: delivery within 48 hours, seven days, 14 days, PTB at 

<32, <34, <36, or <37 weeks of gestation. Furthermore, the intention in some studies is 

not only to predict PTB but also to evaluate the level of intra-amniotic inflammation or 

presence of infection. Moreover, for data description different statistical approaches 

have been used. Altogether, this causes difficulties when comparing results from 

different studies. Below (Table 2) is a presentation of selected previous studies81-89.  
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Prediction of preterm birth in early pregnancy 

 

The purposes of identifying predictive markers for PTB in early pregnancy are as 

follows: to distinguish the women at risk in order to offer potential preventive treatments 

or other interventions; to define a population at risk for the purpose of studying an 

intervention; and to increase knowledge regarding the underlying mechanisms of PTB90. 

Studies of the predictive value of transvaginal sonographic CL in asymptomatic women 

during the second trimester have shown an inverse correlation between CL and the risk 

of PTB. The specificity of CL measurement in relation to subsequent PTB depends on 

which cut-off is used, exemplified by findings of CL ≤20 mm, implying a specificity of 

99.9% (95% CI 99.8-100%) for PTB <34 weeks of gestation, while lower specificities 

are found for CL ≤30 mm and CL ≤35 mm; 90.1 % (95% CI 89.0-91.2%) and 65.5% 

(95% CI 63.8-67.3%), respectively. Furthermore, in a study performed at 22-24 weeks 

of gestation 1.7% of women had a CL <15mm but accounted for 86% of PTB <28 weeks 

of gestation. It has been advocated that singleton pregnant women with a prior PTB 

should undergo routine CL screening. However, routine CL screening in a low-risk 

population must follow strict guidelines91. In Sweden, a study on asymptomatic women 

undergoing transvaginal CL ultrasound either at 18-20 weeks of gestation (n=11,072) 

or at 21-23 weeks of gestation (n=6,288) or on both occasions (n=6,179) concluded that, 

although second trimester sonographic CL can identify women at high risk of sPTB, the 

diagnostic performance was moderate in this population with a low rate of sPTB <33 

weeks of gestation (0.47%) and a low prevalence of CL ≤25 mm (4.0% at 18-20 weeks 

and 4.4% at 21-23 weeks of gestation, respectively). The discriminative ability of CL 

≤25 mm for sPTB <33 weeks at 18-20 weeks showed an area under the curve (AUC) of 

0.65 compared to 0.76 at 21-23 weeks. A CL of ≤25 mm at 21-23 weeks predicted sPTB 

<33 weeks of gestation with a sensitivity of 38.5%, a specificity of 95.8%, and a positive 

predictive value (PPV) and a negative predictive value (NPV) at 3.6% and 99.7%, 

respectively. The authors suggested that a health economic analysis including their 

results was warranted92. Given the reported moderate performance of screening of CL 

in a low-risk population of mainly Caucasian women, a general screening of CL to 

predict PTB in similar populations cannot be recommended at present.  

Regarding biomarkers for prediction of sPTB, Menon et al published a review in 2011, 

presenting an overview of the sPTB biomarkers that had been studied during the past 40 

years, both in PTL and in asymptomatic women in early pregnancy. The review covered 

217 studies, in which a total of 116 biomarkers had been assayed. A large proportion of 

the investigated biomarkers were related to immune function and inflammation, the 

most frequently reported of all markers was interleukin (IL)-6. A majority of the studies 

included European or North American populations. Despite the extensive research, no 

reliable biomarker for PTB prediction was recognised93. 
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In another review from 2011, Conde-Agudelo et al94 aimed to investigate the accuracy 

of novel biomarkers for the prediction of sPTB in singleton asymptomatic women. Some 

biomarkers, for which predictive values for sPTB were previously established and 

considered moderate to minimal, were excluded (cervicovaginal FFN, serum alpha-

fetoprotein, serum human chorionic gonadotrophin (hCG), serum corticotrophin-

releasing hormone (CRH), salivary or serum oestriol). The review included 72 studies, 

in which 30 novel biomarkers in 89,786 women were evaluated. The two single most 

frequently studied biomarkers were C-reactive protein (CRP) and IL-6 (in 14 and 13 

studies, respectively).  Proteomic profile (desmoplakin isoform-1, stratifin, and 

thrombospondin-1 precursor)95 and prolactin96 in cervicovaginal fluid and matrix 

metalloproteinase (MMP)-8 in amniotic fluid97 were the only biomarkers with a positive 

likelihood ratio >10, although these markers had been evaluated only in one small study 

each. IL-6 and angiogenin in amniotic fluid and hCG and phIGFBP-1 in cervicovaginal 

fluid had a moderate predictive accuracy. No other biomarkers were found to have 

predictive value. Accordingly, the authors concluded that none of the biomarkers was a 

clinically useful test94.  

The cervicovaginal biomarker, phIGFBP-1, was more recently reviewed once more by 

Conde-Agudelo et al, and its predictive accuracy in asymptomatic women was again 

considered as minimal78. There are similar results for FFN; despite an RR of 8.2 (95% 

CI 4.8-13.9), the sensitivity was only 23% for prediction of PTB <35 weeks of 

gestation98. 

Recently, promising results have emerged from a pilot study concerning circulating cell-

free (cf)RNA-transcripts, in which measurement of nine placenta specific cfRNA-

transcripts predicted gestational age as accurately as ultrasound, assessed in 

longitudinally sampled blood from 31 healthy pregnant Danish women (Caucasian 

ethnicity). Furthermore, in a cohort of 38 North American women (African-American 

ethnicity) regarded as having a high risk of PTB (PTL; n=15, prior sPTB; n=23) seven 

cfRNA transcripts correctly classified women who delivered preterm (n=13) with a PPV 

of 80% in blood tests taken up to two months before parturition99.  

In conclusion, a diversity of proposed predictive markers (CL and biomarkers) have 

been investigated, so far without convincing clinical utility regarding prediction of sPTB 

in asymptomatic women, indicating the need for further research. 
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Prevention of preterm birth 

 

The important task of prevention of PTB must focus on primary, secondary, and tertiary 

preventive strategies. Primary preventive interventions aim at the general population of 

pregnant, or pre-pregnant, women, secondary prevention focuses on groups of women 

with increased risk of PTB, while tertiary prevention aims at decreasing mortality and 

morbidity among preterm born infants, and includes for example the administration of 

corticosteroids, tocolytics, antibiotics, and referral to tertiary centres in women with 

PTL or PPROM. Primary preventive strategies might include public educational 

interventions, public and professional policies, such as refraining from multiple 

gestations in connection with assisted reproductive techniques, nutritional supplements 

in some cases, behavioural changes (including diet, exercise, and decreasing the 

prevalence of smoking), improved access to prenatal care, and screening for and 

treatment of asymptomatic bacteriuria and lower genital tract infections. However, 

except for some lifestyle and behavioural changes, few of the interventions have been 

shown to be effective100,101. 

Interestingly, in a randomised double-blind placebo-controlled study in low- and 

middle-income countries daily administration of 81 mg aspirin (acetylsalicylic acid), 

initiated at 6-13 weeks of gestation in nulliparous women with singleton pregnancies, 

reduced the incidence of PTB at <37 weeks (RR 0.89 (95% CI 0.81-0.98)), and PTB<34 

weeks (RR 0.75 (95% CI 0.61-0.93)), and also reduced perinatal mortality (RR 0.86 

(0.73-1.00))102.  

According to a Cochrane review, there is evidence for a beneficial effect of 

supplementation with omega-3 polyunsaturated fatty acids (PUFA) for the prevention 

of PTB, mainly studied in women at risk for PTB (PTB <37 weeks of gestation RR 0.89 

(95% CI 0.81-0.97), PTB < 34 weeks RR 0.58 (95% CI 0.44 to 0.77))103. 

Regarding secondary preventive strategies, treatment with progesterone, cervical 

cerclage, and cervical pessary are the most studied interventions, and will be briefly 

presented below. Historically, antepartum bed rest was often recommended to women 

at increased risk of PTB. However, data does not support this regimen as there is no 

evidence of decreased rates of PTB after bed rest104. Therefore, it should rather be 

advocated against, since bed rest is associated with a substantially increased risk of 

venous thromboembolism105. 
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Progesterone 
 

The scientific rationale behind the use of progesterone to prevent PTB is the knowledge 

that start of labour at term is preceded by a “functional withdrawal” of progesterone. 

Unlike several other mammals, in which parturition is preceded by a decrease in the 

levels of circulating progesterone, pregnant women have increased progesterone levels 

throughout pregnancy; levels do not drop until after parturition. However, changes in 

the levels and functions in the progesterone receptors in the myometrium result in a 

decreased response to progesterone stimulation; hence a “functional withdrawal”, which 

favours a “functional” oestrogen activation, which augments myometrial 

contractility106. Progesterone may also maintain uterine quiescence; in vitro natural 

progesterone (P4) has been shown to inhibit contraction in human myometrial strips107. 

P4 can be administered orally, vaginally, rectally or intramuscularly. Alternatively, an 

intramuscular injection of 17α-hydroxyprogesterone caproate (17-OHPC) can be 

administered. However, there is a lack of evidence to support the use of 17-OHPC in 

prevention of PTB108. Outcomes with vaginally administered P4 differ between studies 

with different study populations; in 2003 a Brazilian double-blind randomised placebo-

controlled trial in high-risk singletons showed a significant reduction in PTB <34 weeks 

(2.7% vs 18.5%; p<0.05)109. In 2007, an international multi-centre double-blind 

randomised placebo-controlled trial, in which a short cervix was the entry criterion, 

showed a significant reduction in PTB <34 weeks compared to placebo (19.2% vs 

34.4%; RR 0.56 (95% CI 0.36-0.86)); however, the frequency of PTB in the study 

population was very high110. Another international multi-centre double-blind 

randomised placebo-controlled trial, published by Hassan et al in 2011, including 

asymptomatic women with singleton pregnancies and a short cervix, showed a 

significant reduction in the rate of PTB before 33 weeks of gestation (adjusted RR 0.52 

(95% CI 0.31-0.91))111. According to a meta-analysis by Romero et al in 2012 

administration of vaginally progesterone resulted in a significant reduction in PTB <33 

weeks (RR 0.58 (95% CI 0.42-0.80))112. Previous results of beneficial effects were then 

contradicted by Norman et al113 when, according to the large (n=1,228) double-blind 

randomised placebo-controlled OPPTIMUM trial involving a northern European 

asymptomatic singleton high-risk population for PTB, the use of vaginal progesterone 

did not demonstrate any reduced risk of PTB. However, there were no adverse neonatal 

outcomes or any long-term benefit or harm for the children at follow-up at two years of 

age. Romero et al then published updated meta-analyses including data from the 

OPPTIMUM study, still showing a decreased risk of PTB ≤34 weeks of gestation, and 

of foetal death (RR 0.66 (95% CI 0.52-0.83))114, as well as a significant reduction in 

PTB <33 weeks of gestation 0.62 (95% CI 0.47-0.81))115. In conclusion, there is room 

for further studies, and possibly different sub-cohorts of women at risk for PTB should 

be investigated. 
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Cervical cerclage and cervical pessary 
 

There are two methods of supplying mechanical support and keeping the cervix closed; 

cervical cerclage and cervical pessary. The indications for these two preventive 

strategies are similar; history of previous PTB or recurrent late miscarriages, i.e. a 

history of cervical insufficiency, or mid-trimester short CL30,116.  

The cerclage, or cervical stich, is a suture placed around the cervix under local, regional 

or general anaesthesia using a transvaginal technique, generally executed at 12-15 weeks 

of gestation. In some cases, the cerclage is placed via the transabdominal route. The 

disadvantages of cerclage are risk of infection, bleeding, and uterine contractions, which 

might lead to pregnancy loss or PTL116.  

The cervical pessary is a flexible silicone ring placed around the cervix without a need 

for anaesthesia. It is easy to remove and the primary adverse effect is vaginal 

discharge30,117. 

According to a Cochrane Database review, cerclage in high-risk women (either with a 

history of prior PTB or sonographic short cervix or both) with singleton pregnancies 

reduces the risk of PTB <37 weeks of gestation (RR 0.80 (95% CI 0.69-0.95)), <34 

weeks of gestation (RR 0.77 (95% CI 0.66-0.89)), and <28 weeks of gestation (RR 0.80 

(95% CI 0.64-1.00)), and probably also reduces the risk of perinatal deaths. It was not 

possible to draw any conclusions as to whether cerclage is more or less effective than 

other treatments, including vaginal progesterone116. In another systematic review, 

cerclage in women with a mid-trimester sonographic short cervix <25 mm, but without 

previous PTB, did not seem to prevent PTB <35, <34, <32, <28, and <24 weeks of 

gestation, although in sub-groups with CL <10 mm cerclage seemed to be efficacious in 

preventing PTB <35 weeks of gestation (RR 0.68 (95% CI 0.47–0.98)), possibly in 

combination with tocolytics and antibiotics. However, the authors commented that there 

was a low quality of evidence118. 

Regarding the cervical pessary, in a meta-analysis including 12 randomised trials with 

asymptomatic women with a high risk of PTB due to a history of PTB, mid-trimester 

sonographic short CL, uterine anomalies, previous conisation, or multiple gestation, no 

evidence was found to support the use of a cervical pessary to prevent PTB in singleton 

pregnancies (or in multiple gestations)119. 

To summarise, regarding these two interventions there is need for further studies, taking 

into account the effects of preventive strategies in different sub-groups of women 

considered at high risk for sPTB.  
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Immune changes during pregnancy 

Pregnancy poses a challenge to the whole human body in many respects, not least the 

immune system, which must harbour the semi-allogeneic foetus displaying paternal 

antigens, but still protect the mother from pathogens and other immunological threats. 

During the course of pregnancy, maternal immune cells are in close contact with the 

placental villous trophoblasts of foetal origin. In addition, there is an exchange of cells 

between mother and foetus, resulting in foetal (foetal cells transferred to the mother) 

and maternal microchimerism (maternal cells transferred to the foetus), which can 

continue to exist for decades in a multitude of tissues. Via the placenta, there is also an 

exchange of foetal cf RNA, cf DNA, exosomes and other microvesicles120. 

Several adaptive changes in the maternal immune system occur during the course of a 

normal pregnancy. Clinically those alterations are visualised by the change in the course 

of disease during pregnancy in some immune mediated disorders, for example multiple 

sclerosis (MS)121 and rheumatoid arthritis122,123. Pregnant women affected by these 

diseases experience amelioration, which is most evident in the third trimester. However, 

postpartum there is often a relapse of symptoms121-123. The relapse rate in MS during 

pregnancy is actually decreased by as much as 70%121, comparable to the effects of one 

of the presently most efficient available treatment for MS (natalizumab)124. 

The basis for these improvements in the course of certain diseases is changes in the 

immune system. During pregnancy, the different stages of pregnancy require different 

immune properties. First, pro-inflammation is a pre-requisite for the process of 

implantation120. Thereafter, the immune system is instead skewed towards tolerance to 

allow foetal growth and development, as well as development of the placenta120,123,125,126. 

Finally, at term there is again a pro-inflammatory state, which is essential for the break 

of tolerance in order for the initiation of labour to occur120,123,126,127. If those adaptations 

of the immune system do not occur in an orderly way and on a timely basis, pregnancy 

complications might arise such as PTB, preeclampsia, and IUGR. 

Another aspect of the immune system adaptation during pregnancy is a possible effect 

on the defence mechanisms towards infections. Although pregnant women generally are 

not more prone to infectious diseases, there is evidence that some infectious agents, for 

example hepatitis E, cytomegalovirus, herpes simplex virus, malaria parasites and 

influenza, that depend on T helper (Th)1-mediated responses, may cause more severe 

disease symptoms or have an increased infectivity in pregnancy, especially in the third 

trimester, compared to the non-pregnant state128. As for the relatively novel coronavirus 

disease 2019, the risk of severe symptoms during pregnancy may be higher than in the 

general population129, although more evidence is needed. 
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The immune system 

 

The immune system is generally divided into the innate and adaptive immune systems, 

although they are integrated and collaborative systems. Innate immunity is based on 

properties already present before infections occur, and constitutes a variety of epithelial 

barriers (in skin and mucosal tissues), and several cell types including phagocytic cells 

(neutrophils and macrophages), mast cells, natural killer (NK) cells, and the soluble 

factors of the complement system. Innate immune cells recognise microbial agents with 

their pattern recognition receptors (PRR) and they can elicit a rapid response to 

pathogens and antimicrobial peptides. Adaptive immunity, on the other hand, is slower 

in its first response, but with repeated exposure to a certain pathogen it elicits strong and 

rapid responses. Adaptive immunity is mediated by lymphocytes: B cells with antibody 

production, cytotoxic T cells (CTL), Th cells, and regulatory T cells (Treg). Adaptive 

immune reactions are highly specific and also have memory properties, meaning that 

repeated exposure to an antigen results in a more forceful response. Cytokines and 

chemokines (chemotactic cytokines), which are proteins synthesised by all innate and 

adaptive cells, as well as by many other cell types, are the “messengers of 

communication” between the cells of the immune system, and thus mediate 

inflammatory reactions. Several subsets of lymphocytes produce signature cytokines 

and chemokines130. The differentiation of Th cell subsets is presented in Figure 2 and 

lymphocyte effector functions of the adaptive immune system are presented in Table 3. 

Figure 2. Schematic over-
view of Th cell differ-
rentiation. Differentiation is 
induced in response to 
different cytokines in the 
surrounding environment, 
which activate the master 
transcription factors and the 
signalling transducer and 
activator of transcription 
(STAT) proteins that are 
required for Th cell fate 
determination and cytokine 
production. The different Th 
subsets secrete different 
characteristic cytokines and 
express different chemokine 
receptors that enable them 
to respond to different 
chemotactic signals pro-
duced at the site of 
inflammation. Image cour-
tesy of Sandra Hellberg, 
Linköping University. 
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Immune changes at the foetal-maternal interface 

The pregnancy related immune changes are most evident at the foetal-maternal interface 

(Figure 3), where the decidua is invaded by a different set of immune cells than those 

that are present in the non-pregnant state. The majority of the invading cells (70%) are 

NK cells and only a small proportion are T-cells, granulocytes and B cells125,131. 

However, the monocytes/macrophages make up the second largest immune cell 

population in the decidua, and they show immuno-tolerant properties132,133.The decidual 

macrophages are generally of an immune regulatory M2-like type120, which is promoted 

by for example macrophage colony-stimulating factor (M-CSF)131, and are important 

not only for inducing an immune-tolerant environment, but also for spiral artery 

remodelling125. The NK cells in the decidua are important for trophoblast invasion (via 

secretion of the chemokines C-X-C motif ligand (CXCL) 8 and CXCL10) and 

angiogenesis for spiral artery remodelling (via secretion of for example vascular 

endothelial growth factor, placental growth factor, and angiopoietins)125,131. 

Regarding cells of the adaptive immune system at the foetal-maternal interface, T cells 

are present in a low frequency (~10-20% of the leukocytes in first trimester131), have a 

different composition of cell subsets compared to blood, and frequently display the γδ 

T cell receptor instead of the αβ T cell receptor (which is predominant in the circulation), 

contributing to foetal immune tolerance and regulating trophoblast invasion and 

proliferation125. Furthermore, in normal early pregnancy there is also evidence of 

expansion of Treg cells134 with immunosuppressive features131 and lower presence of 

Th17 cells134 in the decidua. Additionally, in normal early pregnancy there is a moderate 

Th1 activity controlled by Treg cells creating a mild inflammatory environment134. In 

fact, for implantation, inflammation is a necessary component. However, for the 

continuation of a successful pregnancy, the inflammation needs to be resolved and a 

tolerogenic milieu established120. 

Hence, the composition of leukocytes at the foetal-maternal interface displays very 

different proportions and properties compared to the composition in the peripheral 

circulation, which is dominated by neutrophil granulocytes and T cells. 
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Figure 3. The foetal-maternal interface. Foetal-derived trophoblast cells are in contact with maternal 

immune cells at two sites: (1) villous trophoblasts (VTs) are surrounded by maternal immune cells in the 

intervillous space and (2) invading extravillous trophoblasts (EVTs) interact with decidual leukocytes. 

The VTs produce various cytokines and chemokines, and generate microparticles that may affect 

maternal blood leukocytes. The major decidual leukocyte populations are natural killer (NK) cells, 

macrophages (MΦ), and T cells (cytotoxic [Tc], helper [Th], and γδ Tcells). A small population of 

dendritic cells (DCs) is also present. The main functions of NK cells, macrophages, and regulatory T 

cells (Tregs) are summarised schematically. NK cells support spiral artery remodelling and EVT invasion 

via the production of angiogenic and chemotactic factors. The interaction between NK cell receptors and 

ligands on EVTs is important for adequate decidual NK cell function. The macrophages have immune 

regulatory properties that may support tissue homeostasis, for example by clearing infections and 

limiting T cell activation. They also support spiral artery remodelling via angiogenic factors and the 

clearance of apoptotic debris. Tregs are important immune suppressors and might contribute to foetal 

tolerance by inhibiting T cell activation and interacting with antigen presenting cells. CTLA-4= cytotoxic 

T lymphocyte antigen 4; Foxp3= forkhead box p3; GM-CSF= granulocyte-macrophage colony-

stimulating factor; IDO= indoleamine 2,3-dioxygenase; KIR= killer immunoglobulin-like receptor; M-

CSF= macrophage colony-stimulating factor; MMP9= matrix metalloproteinase 9; PlGF= placental 

growth factor; VEGF= vascular endothelial growth factor. Article Copyright © 2013 Authors, Source DOI: 

10.1177/0192623313482205125. 

https://doi.org/10.1177/0192623313482205
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Systemic immune adaptations in pregnancy 

At the systemic level, the innate immune system is amplified, reflected in an increase in 

the total count of peripherally circulating leukocytes135, due to an expansion of 

circulating neutrophil granulocytes and monocytes, which are also in a more activated 

state. The numbers of NK cells and dendritic cells are decreased and the NK cells show 

increased tolerogenic properties125.  

Also the adaptive immune system displays a significant change. Traditionally, according 

to the Th1/Th2-concept, a successful pregnancy has been regarded as dependent on a 

shift towards a more Th2-like response125,136. Pregnancy hormones and other factors like 

progesterone, oestradiol, leukaemic inhibitory factor, and PGD2 supposedly affect the 

Th2-shift135. This shift partly explains why Th1-mediated diseases such as MS are 

ameliorated during pregnancy, while the risk of infection with intracellular pathogens 

such as malaria and influenza virus increases.  However, more recently it has been 

understood that this is a simplified view of the adaptive immune system in pregnancy. 

Rather, the whole concept of Th1/Th2/Th17/Treg must be taken into account, and also 

the different stages of pregnancy require different immune properties for a normal 

outcome125. In early pregnancy, the Th1 cytokines interferon (IFN)-γ and the pro-

inflammatory cytokine tumour necrosis factor (TNF) are needed for the first stages of 

successful placentation125. Further supporting the importance of subsets of Th cells is 

the association between PTB and polymorphism and expression of the G-protein 

coupled chemokine receptor (CXCR) 3, expressed for example on Th1 cells137, as well 

as increased CXCR3 expression in choriodecidual leukocytes in PTL127. 

While Treg cells are important for the promotion of immune tolerance, peripheral blood 

levels of Treg cells are unchanged in pregnancy125,138, or may even be lower139, implying 

that Treg cells exert their most important tolerogenic functions at the foetal-maternal 

interface, where they are enriched134. However, it has been shown that there is a different 

composition of Treg subsets in blood in term versus PTL140. Furthermore, in PTL there 

are indications that low circulating Treg levels are associated with subsequent PTB, and 

could be used to predict PTB, along with short CL141. 

Less is known about the role of Th17 in pregnancy; both increased and unaltered 

numbers have been reported125. 

Although IL-6 is associated with Th2 and Th17-cells, it is primarily a pro-inflammatory 

cytokine. Longitudinal profiling of pro- and inflammatory plasma cytokines (IL-1β, IL-

6, IL-10 and TNF) throughout pregnancy, without signs of infection, has revealed that 

IL-6 is associated with sPTB142. In infection-related PTL, IL-6 in amniotic fluid and 

cervico-vaginal sampling is a sensitive indicator of PTB135.  
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Another pro-inflammatory protein, the chemokine CXCL8, secreted by many cell types, 

for example macrophages and epithelial cells, has been shown to attract leukocytes, 

particularly neutrophils, to the decidua and cervix at the onset of labour, and to be 

significantly increased in PTL135. 

Taken together, the immune system is tightly regulated during pregnancy and this 

regulation involves both innate and adaptive immunity; a disrupted regulation might 

lead to labour at term or preterm143. 

Oxylipins in inflammation and preterm birth 

Beyond the cytokines, chemokines, and other proteins attributed to T cell subsets and 

other immune cells, several other molecules are relevant for the concept of 

inflammation. Fatty acid metabolites, called oxylipins, are synthesised by several cell 

types and have important regulatory roles in various inflammatory and homeostatic 

processes in a broad variety of tissues144. The metabolites are derived from PUFAs such 

as arachidonic acid (AA), linoleic acid (LA), eicosapentaenoic acid (EPA), 

docosahexaenoic acid (DHA), dihomo-γ-linolenic acid (DGLA), and α-linolenic acid 

(ALA). The most important enzymatic cascades involved in the formation of oxylipins 

are catalysed by cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 

(CYP)145. 

In relation to labour and pregnancy the most well-known group of oxylipins are the 

prostanoids, including PGs. Prostanoids are involved in some important processes in 

pregnancy, such as endothelial cell activation146 and resolution of inflammation147,148, 

and there is evidence of elevation of prostanoids in amniotic fluid before the onset of 

labour, both preterm and at term149-151. Moreover, as mentioned previously, PGD2 has a 

role in promoting the Th1/Th2 dichotomy135. Clinically, the PGs dinoprostone and 

misoprostol are used for labour induction. 

It has been suggested that a subset of oxylipins might serve as potential early biomarkers 

for sPTB152, and that low circulating levels of omega-3 PUFAs (EPA and DHA) are a 

risk factor for early PTB153. The authors hypothesised that several underlying 

mechanisms are plausible, such as the impact of dietary long chain fatty acids on the 

production of eicosanoids involved in the parturition process, on the myometrial 

activity, and on inflammatory pathways153.  
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“Omic clocks” of pregnancy 

 

Recently, several interesting longitudinal studies have further explored the systemic 

changes during pregnancy with a systems biology approach, i.e. investigating, at a 

global level, a very large number of different compounds and cells. The maternal plasma 

proteome changes as a function of gestational age with several proteins displaying a 

five-fold change in abundance. Many of the changes are associated with immune 

system-related proteins154. Furthermore, as the changes in the plasma proteome seem to 

be precisely timed, it was possible to develop a prediction model for gestational age, 

based on 74 proteins, one of which is chorionic somatomammotropin hormone, involved 

for example in the regulation of T cell function during pregnancy. It was possible to 

reduce the number of proteins in the model to only eight without the model losing its 

predictive power155. In addition to this “proteomic clock of pregnancy”, an “immune 

clock” was also reported based on profiling of peripheral immune cells regarding cell 

frequencies and subsets, as well as cell type-specific signalling capacity. This “immune 

clock” also revealed a precisely timed chronology of immune adaptations during 

pregnancy156. Additionally, extraction of RNA in cf plasma and quantification of RNA 

in a transcriptomic model showed a steady increase in expression of genes related to 

host immune response and also that the average expression of mRNA signatures of T 

cells and B cells follows unique patterns during gestation157, hence there is a 

“transcriptomic clock”. Finally, in a multi-omics model a combination of a very large 

number of compounds from different longitudinally collected biological samples was 

investigated; cytokines in plasma and serum, single cell characterisation of the immune 

system in whole blood, plasma proteomics, plasma metabolomics, and cf 

transcriptomics in plasma, as well as microbiome profiling from vaginal swabs, saliva, 

stool, and tooth/gum samples. Following a machine learning approach, several 

biologically plausible correlations between the “omics” datasets were found, and a 

chronology was found even among these diverse biological events. Interestingly, the 

proteomic layer showed the strongest correlation with gestational age, emphasising the 

feasibility of using proteins as biomarkers that can be measured in the circulation158. 

To conclude, these studies provide a valuable body of knowledge about fine-tuned 

chronological changes during normal pregnancy, several related to the immune system, 

which may function as the starting position in the on-going work towards understanding 

how deviations from these changes can cause pregnancy complications, including PTB. 
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The process of parturition and the preterm labour syndrome 
 

The process of parturition displays the same terminal pathways whether it occurs at term 

or preterm, resulting in cervical changes (softening, shortening, and dilation), 

myometrial contractions and weakening of the foetal membranes, eventually causing a 

rupture of the membranes. This is referred to as “the common pathway of parturition” 

(Figure 4)7, which is regarded as a pro-inflammatory event. However, the mechanisms 

for the onset of labour are unclear, even enigmatic. The concept of “pregnancy clocks” 

has been suggested and reviewed by Menon et al, involving several mechanisms that 

operate in harmony in order to initiate labour at the optimal time53. 

 

 

Figure 4. Labour (term and preterm) is characterised by increased myometrial contractility, cervical 
dilation, and rupture of the chorioamniotic membranes. From [R. Romero, S.K. Dey, and S.J. Fisher 
(2014). Preterm labor: One syndrome, many causes. Science, 345 (6198), 760-765]7. Reprinted with 
permission from AAAS. 

 

In PTL, pathological processes supposedly activate one of the components in the 

common pathway. These pathological processes might involve pro-inflammatory 
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pathways triggered by infection, decidual haemorrhage and vascular disease, senescence 

of the decidua or other pregnancy-related tissues, disruption of maternal-foetal 

tolerance, decline in progesterone action, uterine overdistension (as in multiple gestation 

or polyhydramnios), and maternal stress (Figure 5). The phenotype of PTL can be 

referred to as “the preterm labour syndrome”7. 

The “pregnancy clocks” are related to factors in endocrine/paracrine signalling, foetal 

membranes, the decidua, the myometrium, the cervix, and possibly the foetus53,159. 

   

Endocrine/paracrine factors 

 

The hypothalamic–pituitary–adrenal (HPA) axis plays a role in the parturition process. 

Birth timing in sheep seems to be strictly controlled by the foetal HPA axis, whereas in 

humans there are inconsistent findings as to the role of CRH levels53. 

In several other mammals a surge of glucocorticosteroids in maternal and foetal plasma, 

as well as in amniotic fluid, precedes the start of labour. Cortisol promotes placental 

CRH production, creating a positive feed-back loop. However, in humans there is 

instead a progressive increase of corticosteroids in the circulation during pregnancy and 

no surge at the onset of labour, although it has been suggested that there is a boosted 

local paracrine action in the foetal membranes and the myometrium. In addition, as 

gestational age advances, cortisol is locally generated from cortisone by the decidua and 

the foetal amnion cells, resulting in high local concentrations of cortisol in the foetal 

membranes, which stimulates local production of PGs. Besides having a maturation 

effect on several foetal organ systems, glucocorticoids also contribute to increased PG 

synthesis, through for example up-regulation of COX-2. PGs are potent mediators of 

myometrial contractility, and an increase in PGE2 and PGF2α in amniotic fluid can be 

measured prior to onset of parturition. Furthermore, pro-inflammatory cytokines like IL-

1β, IL-6, and TNF display circadian patterns and have all been associated with labour53.  

The peptide oxytocin, produced by the posterior pituitary gland, as well as by 

trophoblasts in the placental membranes and decidua, and possibly by the foetus, 

displays faster pulses in labour than before the onset of labour. The myometrial receptors 

for oxytocin respond by mobilising intracellular calcium and thus stimulate myometrial 

contractions53.  

Foetal signals 

 

Foetal organ maturation signals, for example increased lung surfactant, have been 

associated with the release of PGs and inflammatory cascades from the foetal 

membranes. The foetal signals might also induce progesterone withdrawal53. 
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Interestingly, it has been shown that T cells collected from the umbilical cord blood of 

preterm infants promote myometrial contractility in vitro, mediated through IFN-γ and 

TNF. T cells from term infants do not exert this effect160. 

Foetal membrane senescence 

 

There seems to be a physiological ageing process of foetal membranes, which 

contributes to the sterile inflammation that promotes labour. This sterile inflammation 

may initiate the inflammatory cascade leading to a contractile state in the myometrium 

and ripening of the cervix. Decreased telomere length has been suggested to be one of 

the signals of importance, possibly accelerated by oxidative stress. Also, damage-

associated molecular pattern (DAMP) markers are released by senescent foetal 

membranes, which through activation of PRRs can further enhance the inflammatory 

response. Certain DAMPs may also cause a progesterone receptor switch, possibly 

favouring functional progesterone withdrawal in myometrial cells53. 

Decidual inflammation and senescence  

 

Decidual stromal cells seem to go through spontaneous senescence due to inhibition of 

certain cellular functions, exemplified by the fact that early-to-mid-decidua displays 

different gene expressions compared to late gestation decidua (at least in mice)53. Also 

the immune cell population of the decidua changes in composition and function during 

the course of pregnancy, as mentioned in a previous section120. It is believed that the 

decidua can activate parturition via inflammatory signals controlling the types and 

functions of the present immune cells53. As gestational age advances, this might be 

associated with withdrawal of active suppression or with an augmented capacity to 

generate inflammatory signals, coherent with the hypothesis that senescence in decidual 

cells can be provoked by increased production of pro-inflammatory mediators in 

response to stretching of the decidua caused by the growing foetus159. Because of their 

expression of pro-inflammatory mediators, decidual macrophages are considered an 

important cell type in the contribution to parturition, and there is evidence for 

accumulation of decidual macrophages in both term and preterm labour131. In addition, 

according to a “two-hit hypothesis”, a hereditary (in the maternal lineage) exaggerated 

inflammatory response to an external stimulus, for example an ascending infection, 

predisposes to PTB159. 

Myometrial clock 

 

During pregnancy the normal contractile state of the myometrium must be actively 

suppressed in order to allow the 500-fold expansion necessary for a term pregnancy; 

hence there is need for uterine quiescence. The myometrial contractions in term labour 
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result from withdrawal of the mechanisms that support the quiescent state; mainly 

progesterone, but to a lesser extent also factors that promote contractions, such as 

oxytocin159. In addition, the growing foetus generates distention of the uterine wall, 

believed to give rise to increased production of inflammatory cytokines and remodelling 

of extracellular matrix, which could play a part in the initiation of parturition53.   

Cervical factors 

 

Finally, the cervix undergoes several changes during the course of pregnancy, which 

accelerate near term. The cervical collagen becomes less densely arranged, partly due 

to MMPs. In addition, the glycosaminoglycan composition changes and the water 

content increases; collectively supporting softening. Simultaneously, functional changes 

occur in the smooth muscle, epithelial, and fibroblast components53. The expression of 

pro- and anti-inflammatory cytokines undergo major changes during the labour process, 

irrespective of the gestational age, indicating that the pathogenesis of PTL might 

comprise dysregulation of the expression of anti-inflammatory cytokines in the 

cervix161. 

 

Figure 5. Proposed pathogenic mechanisms implicated in spontaneous preterm labour. . From [R. 
Romero, S.K. Dey, and S.J. Fisher (2014). Preterm labor: One syndrome, many causes. Science, 345 
(6198), 760-765]7. Reprinted with permission from AAAS. 
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The Apgar score  
 

In 1953 the work of anaesthetist Virginia Apgar 

(Figure 6) “A proposal for a new method of 

evaluation of the newborn infant”162 was 

published, in which a scoring system was 

presented to evaluate resuscitation efforts in 

neonates, and as a basis for discussion and 

comparison of the results of obstetric 

interventions, including pain relief given to 

mothers. The original scoring system included 

assessment at one minute of age of heart rate, 

respiratory effort, reflex irritability (response to 

stimulation like suction in the oropharynx or 

nostrils), muscle tone, and skin colour. A rating 

of zero, one, or two was given to each sign 

depending on whether it was present or absent 

(Table 4). A score of ten indicated the best 

possible condition.  

Since the 1950s the scoring system has spread worldwide, and in clinical practice it 

includes assessment of the clinical signs at one, five, and ten minutes of age. Although 

the scoring system has been criticised because of inter- and intra-observer variability, 

and because a low score does not give information about the underlying conditions163, 

its simplicity and inexpensiveness provide many advantages. It is used to compare 

neonatal outcomes at different obstetric units and, despite other available methods such 

as measurement of umbilical cord acid base balance, defines the degree of birth asphyxia 

according to the International Statistical Classification of Diseases and Related Health 

Problems 11th Revision (ICD-11)164.  

An Apgar score <7 at 5 minutes (AS5min<7) has been shown to be a risk factor for 

neonatal mortality165 and morbidity, such as respiratory distress and neurological 

conditions including cerebral palsy166-168, but is also associated with neuro-

developmental problems later in childhood169,170, as well as a higher prevalence of low 

cognitive performance in adult men171. Low Apgar scores are not only associated with 

neonatal mortality, but also with infant mortality up to one year of age165. Furthermore, 

there is an association between an Apgar score of 0-5 at five minutes of age and cancer 

diagnosed shortly after birth172. 

 

 

Figure 6. Virginia Apgar (1909-1974).  
Source:https://cfmedicine.nlm.nih.gov/phys
icians/biography_12.html. Courtesy of the 
National Library of Medicine. 

https://cfmedicine.nlm.nih.gov/physicians/biography_12.html
https://cfmedicine.nlm.nih.gov/physicians/biography_12.html
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Table 4. The clinical signs included in the Apgar score. 

Score 

 

0 1 2 

Heart rate 

 

Absent <100 >100 

Respiration    

                 

Absent Slow, irregular Strong, vigorous cry 

Skin colour Blue Acrocyanosis 

(blue extremities) 

Normal 

Muscle tone        No movement, flaccid Some flexion 

(arms and legs) 

Full body active 

motion 

Reflex irritability* 

          

No response Grimace Sneeze, cough 

*response to catheter in nostrils 

 

Several risk factors have been associated with AS5min<7; they cover social, 

anthropometric, medical, and obstetric factors and comprise low socio-economic status 

and lower level of education173, single civil status174, overweight and obesity175,176, 

maternal shortness in stature177, maternal age >35 years175, smoking178, nulli-

parity175,177, previous caesarean section177, operative and breech delivery in the current 

pregnancy, abnormal intrapartum cardiotocography (CTG), oxytocin augmentation, and 

intrauterine meconium release174. 
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Aims and Hypotheses 
 

General aim 
 

The general aim of this thesis was to increase the knowledge of clinical and 

immunological factors in sPTB, in particular to evaluate these factors as potential 

predictors for sPTB in early pregnancy or in relation to PTL and PPROM. 

 

Specific aims and hypotheses 
 

Study I: To identify risk factors prior to delivery for AS5min<7 and to identify risk factors 

for PTB <32 weeks of gestation. An additional aim was to compare possible differences 

in risk factor profiles between secondary and tertiary levels of care. 

 

We hypothesised that our study population would display risk factors for AS5min<7 and 

PTB <32 weeks in accordance with findings of previous studies. Furthermore, we 

hypothesised that the tertiary level of care would be associated with increased rates of 

AS5min<7 and PTB <32 weeks. 

 

 

Study II: To investigate whether chemokines/cytokines or a proximity extension assay 

(PEA)-based inflammatory biomarker panel in plasma, together with clinical variables, 

were able to predict time of delivery before or after 34 weeks of gestation, and delivery 

within or after 48 hours, in women with PTL before 34 weeks of gestation. An additional 

aim was to elucidate the cytokine and chemokine profiles in PTL and PPROM before 

34 weeks of gestation compared to those of antenatal controls and controls in labour at 

term.  

 

We hypothesised that a combination of several inflammation-associated proteins, 

mainly pro-inflammatory, would discriminate women with PTB <34 weeks from >34 

weeks and women with delivery <48 hours from >48 hours with a clinically useful 

accuracy, possibly in combination with CL. Furthermore, we hypothesised that patterns 

of pro-inflammatory responses would be more evident in term labour > PTL > PPROM 

> antenatal controls.  
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Study III: To evaluate plasma oxylipin levels as a predictor for PTB <34 weeks of 

gestation and within 48 hours of admission to hospital in women with PTL before 34 

weeks of gestation.  

 

We hypothesised, that a combination of different plasma oxylipins would discriminate 

women with PTB <34 weeks from >34 weeks and women with delivery <48 hours from 

>48 hours with a clinically useful accuracy. 

 

 

Study IV: To evaluate whether prediction of sPTB prior to 34 weeks of gestation was 

possible in a low-risk population of pregnant women, based on the levels of 

inflammation-associated plasma proteins in the first and second trimester, analysed by 

the high sensitivity PEA. 

 

We hypothesised that combinations of inflammation-associated proteins from the first 

or second trimester, or in combinations of the trimesters, would demonstrate clinically 

useful predictive accuracy for PTB <34 weeks of gestation. 
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Material and Methods 
An overview of the studies included in this thesis is presented in Table 5. 

Table 5. Overview of the studies included in the thesis. 

Study I II III IV 

Aim Identify risk factors 

for Apgar score <7 at 

5’ and for PTB <32 

gw 

Evaluate 

combinations of 

plasma proteins for 

prediction of PTB in 

threatened PTB 

Evaluate plasma 

oxylipins for 

prediction of PTB in 

PTL 

Evaluate 

combinations of 

plasma proteins in 

early pregnancy for 

prediction of sPTB 

Design Retrospective cohort 

study 

Case-control study 

and prospective 

cohort study 

Prospective cohort 

study 

Case-control study 

Data collection 2006-2010 2014-2017, 2018* 2014-2017, 2019* 2011-2018, 2019* 

Data sources Digital medical 

records Obstetrix® 

Digital medical 

records Obstetrix® 

Digital medical 

records Obstetrix® 

Digital medical 

records Obstetrix® 

Analytical 

method 

-- MBA, ELISA, PEA LC/MS-MS PEA 

Study 

participants 

All live births 

(n=20,643) at a 2° 

and a 3° level 

hospital  

80 women with 

PTL and 40 women 

with PPROM <34 

gw  

80 women with PTL 45 women with 46 

sPTBs <34 gw 

Controls -- 44 women at 

antenatal visits, 40 

women in labour at 

term 

-- 46 women with 

normal 

pregnancies and 

delivery at term 

Grouping 

designation 

Apgar score <7 or >7 

at 5’ of age, birth 

<32 gw 

PTB <34 gw or 

within 48 h 

PTB <34 gw or 

within 48 h 

PTB <34 gw or 

term birth 

Outcome 

measures 

Maternal and 

obstetric risk factors  

AUC for 

combinations of 

proteins predicting 

PTB 

Oxylipin levels in 

relation to time of 

birth 

AUC for 

combinations of 

proteins predicting 

PTB 

Statistics Student’s t-test, 

Chi2-test, univariate 

and multivariate 

logistic regression 

Kruskal-Wallis, 

Mann-Whitney U-

test, Chi-2 test, 

Fisher’s exact test, 

discriminant 

analysis 

Chi-2 test, Fisher’s 

exact test, Mann-

Whitney U-test,  

univariate and 

multivariate 

logistic quantile 

regression 

Kruskal Wallis, Chi-

2 test, Fisher’s 

exact test, Mann-

Whitney U-test, 

discriminant 

analysis 

*Laboratory data collection.  PTB=preterm birth; gw=gestational weeks; PTL=preterm labour; sPTB= 

spontaneous PTB; MBA= Multiplex bead assay; ELISA= enzyme-linked immunosorbent assay; PEA=proximity 

extension assay; LC/MS-MS= liquid chromatography coupled to tandem mass spectrometry; PPROM=preterm 

prelabour rupture of the membranes; AUC=Area under the curve.  
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Study designs, study populations, and outcomes 
 

Study I 

 

Study I was a retrospective registry cohort study including all births (n=21,126) during 

2006-2010 at a secondary level hospital and a tertiary level hospital in the southeast 

region of Sweden. The aim was to identify risk factors for AS5min<7 and risk factors for 

PTB <32 weeks of gestation, and to evaluate differences between secondary and tertiary 

level of hospital care. Subjects were grouped according to Apgar score; <7 or ≥7 at five 

minutes of age, and according to birth before or after 32 weeks of gestation. After 

exclusion of neonates who had not been assigned an Apgar score, stillbirths, neonates 

with lethal malformations, and one of two twins (or two of three triplets) the remaining 

study population was n=20,643. Outcomes were risk factors for AS5min<7 and for risk 

factors for PTB <32 weeks of gestation estimated using logistic regression analysis. 

 

Study II 

 

Study II was both an observational multi-centre case-control study and a prospective 

cohort study, which included women with threatened PTB <34 weeks at three hospitals 

in the southeast region of Sweden during 2014-2017. Threatened PTB was defined as 

PTL, i.e. regular painful contractions and cervical change (n=80), or PPROM (n=40). 

As controls 44 women with normal pregnancies and subsequent deliveries at term were 

recruited at scheduled visits to an antenatal clinic. These women were matched for 

gestational age at inclusion to the women with threatened PTB.  Another control group 

included 40 women with normal pregnancies in an early phase of active labour at term 

(cervical dilatation 5-6 cm) (Figure 7). Outcomes were AUC for combinations of 

inflammation-associated proteins predicting PTB <34 weeks and within 48 hours of 

hospital admission due to PTL, and differences in levels of chemokines and cytokines 

between groups. 

 

Study III 

 

The subjects in study III were the same 80 women with PTL before 34 weeks of 

gestation as those in the prospective cohort of Study II (Figure 7). Outcomes were ORs 

for oxylipins associated with PTB <34 weeks of gestation and ORs for oxylipins 

associated with delivery within 48 hours of hospital admission due to PTL. 

 



43 
 

Total               
n=204

Threatened
PTB <34 weeks     

n=120

Preterm labour    
n=80

PPROM            
n=40

Controls          
n=84

Antenatal        
n=44

In labour        
at term           

n=40

Figure 7. Flow chart of the women included in Study II. The 80 women in preterm labour were also 

included in Study III. PPROM=Preterm prelabour rupture of the membranes. 

 

Study IV 

 

Study IV was a retrospective case-control study based on the pregnancy biobank 

(Graviditetsbiobanken, GraBB), which was founded at the University of Linköping in 

collaboration with Linköping University Hospital with the purpose of prospectively 

collecting blood samples to enable research on pregnancy complications. Pregnant 

women received information about the research project when booking their first visit to 

the antenatal clinic. Two antenatal clinics in Region Östergötland were responsible for 

the recruitment of women, both clinics serving a population of predominantly low-risk 

women. Participation in the biobank required the donation of blood samples in the first 

trimester (8-11 weeks of gestation), second trimester (around 25 weeks of gestation), 

and intrapartum. Participation also included permitting access to present and future 

medical records for research purposes. If the partner of the pregnant woman also 

consented, blood samples were taken from the umbilical cord after delivery. During 

2011-2018 a total of 8,027 women participated in the biobank. All pregnancies were 

dated, according to clinical routine, by transabdominal ultrasound measuring the 

biparietal diameter (21-55 mm) at 12-22 weeks of gestation. 

To perform a case-control study, all women with PTB 22-34 weeks of gestation (n=108) 

were identified by linking the database of the biobank to the electronic medical records 

(Obstetrix®) of the women. To identify cases of sPTB, the medical records were 

scrutinised. Exclusion criteria were maternal age <18 (n=1), stillbirth (n=9), multiple 

gestation (n=17), emergency placental complications (n=13), and medically indicated 

PTB due to preeclampsia, IUGR or other severe pregnancy complications (in total 
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n=22). After these exclusions, 46 pregnancies (in 45 women) were included (see flow 

chart in Figure 8). Of the included cases of sPTB 23 presented with PTL and 23 

presented with PPROM. 

As controls, 46 women with delivery at term were included. These controls were 

matched to the cases regarding parity, and the selection was based on the chronological 

order for inclusion in the biobank, i.e. the first woman enrolled in the biobank next after 

a case was selected, provided she fulfilled the inclusion criteria: delivery at term, blood 

samples from both first and second trimesters available, singleton pregnancy, age 18-

42, BMI 18-30, non-smoker, and uncomplicated current pregnancy. Exclusion criteria 

were intercurrent disease requiring medication, history of previous obstetric 

complications, and adverse outcomes in mother or child. 

Outcomes were AUC for combinations of inflammation-associated proteins from the 

first and the second trimesters, separately or combined, for the prediction of PTB <34 

weeks of gestation. 

Women registered at two antenatal clinics 2011-2018; n=19,294

Women who accepted participation in pregnancy biobank; n=8,027 

Women with preterm birth 
<34 weeks; n=108

<18 years of age n=1
Stillbirth n=9
Twins, triplets n=17
Placental complications n=13
Preeclampsia n=15
IUGR n=3
Other pregnancy complications n=4

Women with spontaneous 
preterm birth <34 weeks; n=46*

Controls: Healthy women with normal 
pregnancy and term delivery; n=46

Figure 8. Flow chart of the study population in Study IV. *46 pregnancies in 45 women.  

 

Data sources 
 

For all studies pre-pregnancy, pregnancy and delivery data was extracted from the 

Obstetrix® electronical medical records (Cerner Sweden Corp.). Detailed information 

on the women attending antenatal, intrapartum, and postpartum care in the South-East 

region of Sweden is registered in Obstetrix® and includes diagnoses, pregnancy 

outcomes of mother and child, as well as maternal general health data. 
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Analytical methods 

     

Handling of blood samples 

 

For study II, III, and IV EDTA tubes were used.  The tubes were centrifuged at 2500 g, 

in study II and III after one-two hours, and in study IV after 30-60 minutes. The plasma 

was then aliquoted and frozen immediately at -70ºC until use.  

 

Enzyme-linked immunosorbent assay (ELISA) 

 

In study II levels of the Th2-

associated chemokine C-C motif 

ligand (CCL) 18 were analysed by 

an in-house sandwich ELISA 

adapted from Sandberg et al179. The 

method is described in detail in 

Paper II, and a principal (schematic) 

overview is provided here (Figure 

9).  

A 96-microtiter well plate is coated 

with capture antibodies against the 

target antigen, in this case CCL18, 

after which the diluted sample is 

added, in duplicates in this case. The 

capture antibodies will bind any 

antigens present in the sample. After 

washings to remove unspecifically bound antigens, a biotinylated detection antibody is 

added in order to bind to another epitope of the antigen.  

After repeated additional washings, streptavidin-poly-horse radish peroxidase (HRP) is 

added. The streptavidin binds to the biotin. The enzymatic activity of the HRP 

transforms the substrate into a coloured product. The more enzyme present, the stronger 

colour. Hence, the colour intensity reflects the abundance of antigen. The enzymatic 

reaction is stopped by adding a solution of sulphuric acid. To assess the concentration 

in the sample, the optical density of the colour reaction is measured and compared to 

that of a standard curve, with known concentrations, also present on the plate. 

 

  

Y
Target 

antigen

Y
capture
antibody

biotinylated
detection antibody

substrate coloured
product

streptavidin-poly-HRP

Figure 9. Schematic overview of Enzyme-Linked 

Immunosorbent Assay (ELISA). HRP=horse 

radish peroxidase. 
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Multiplex bead analysis 

 

In study II, multiple bead analysis (Luminex) was used to determine concentrations of 

chemokines and cytokines representing different types of immune responses; Th1 

(CXCL10, CXCL11), Th2 (CCL2, CCL17), Th17 (CCL20, CXCL1), inflammation 

(CXCL8, Granulocyte Macrophage-Colony Stimulating Factor (GM-CSF), IL-6), and 

B-cell recruitment (CXCL13). The analysis was performed as described by Håkansson 

et al 180 and is described in detail in Paper II.  

The principle of the multiple bead analysis is similar to that of ELISA, but permits 

simultaneous measuring of multiple antigens in one sample (Figure 10). Instead of 

coating wells with capture antibodies, colour-coded (dyed red and infrared in different 

concentrations) micro-spheres (beads) coated with capture antibodies against the 

antigen of interest are placed in the wells. The antigens bind to the capture antibodies, 

like in ELISA. Next, a biotinylated detection antibody is added, and thereafter a solution 

with phycoerythrin-conjugated streptavidin, which binds to the biotin. Phycoerythrin is 

a fluorochrome that emits light of a certain wavelength when hit by a laser beam. The 

colour-codes of the beads and the fluorescence signal from the detection antibodies are 

then simultaneously read after exposure by a dual laser beam. One laser identifies the 

colour-coded bead that represents the antigen, whereas the other laser determines the 

magnitude of the fluorescence signal from the detection antibody, thus representing the 

concentration of the antigen in the sample. Also here, the signal (in this case 

fluorescence instead of optical density in ELISA) is related to a standard curve to obtain 

the concentration. 

Y
Y

colour-coded bead 
with capture antibody

biotinylated
detection antibody

streptavidin-
phycoerythrin

microwell with multiplex
colour-coded beads

reading by dual laser beam 
in flow cytometry

sample

Target 
antigen

 

Figure 10. Schematic overview of the multiplex bead assay. 
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Proximity extension assay (PEA) 

 

In study II and IV PEA was performed; for study II in 2018 and for study IV in 2019. 

In preparation for analysis, aliquots were thawed slowly on ice, centrifuged during 5 

min at 2,000g at +4°C to remove potential precipitates, then pipetted into a 96-

microwell plate, frozen at -70°C and shipped on dry ice to the Clinical Biomarkers 

Facility, Science for Life Laboratory, Uppsala University, Uppsala, Sweden, where the 

analysis was carried out.  

The multiplex PEA technology (Olink Bioscience, Uppsala, Sweden) was used to 

measure 92 inflammation-associated proteins using the Olink Inflammation panel 

(https://www.olink.com/products/inflammation) (Appendix 1).  

 

A brief description of the main steps of the PEA technology is presented (Figure 11): 

The samples are incubated with oligonucleotide-labelled antibodies, which pair-wise 

bind to two different epitopes of the target protein. Next, if the oligonucleotides are in 

close proximity they are hybridized and then extended by DNA polymerization, which 

forms a new polymerase chain reaction (PCR) target sequence. Real-time PCR is then 

used to detect, amplify and quantify the PCR target. The data is presented as Normalized 

Protein eXpression (NPX) values, i.e. arbitrary units in a Log2 scale, in order to 

minimize intra- and inter-assay variation, and used for relative quantification only. 

Hence, NPX values for two different analytes are not comparable. The requirement of 

binding two epitopes secures a high specificity, and the PCR-based amplification step 

secures a high sensitivity.  

 

 

Figure 11. Overview of the proximity extension assay technology. Image courtesy of Olink Proteomics 
AB. 

  

 
 

 

https://www.olink.com/products/inflammation
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High performance liquid chromatography coupled to tandem mass spectrometry 

 

In study III, during 2019, high performance liquid chromatography coupled to tandem 

mass spectrometry (HPLC/MS-MS) was used to quantify concentrations of 67 

individual oxylipins (Figure 12). The explanations of the abbreviations of the individual 

oxylipins are listed in Appendix 2. The procedure of HPLC/MS-MS is described in 

detail in Paper III according to a protocol published by Späth et al181 using external 

calibration curves, also previously described182.  

HPLC-MS/MS is optimal for simultaneous multi analyte quantification to obtain 

oxylipin profiles in biological samples183. Briefly, HPLC methodology can separate 

analytes dissolved in liquid, which are transferred to the MS system via an interface. 

The MS system then identifies and quantifies the analytes. 

First, the analytes are extracted from the sample (in our case with solid phase extraction), 

injected on the HPLC-column, and then pumped under pressure through the column 

with the mobile phase (a gradient of water (0.1% acetic acid) and acetonitrile: 

isopropanol (90:10)). In the reversed phase set-up, the analytes are separated based on 

their polarity due to their different affinities for the stationary phase of the column. 

Retention time in this set-up is longer for lipophilic analytes compared to more polar 

analytes, which results in a chromatogram with PG-like compounds eluting earlier than 

for instance fatty acid epoxides.  

For quantification purposes the HPLC is connected with the MS via an interface (in this 

case an ion source operating in negative electrospray ionisation mode) generating ions, 

making introduction into the mass spectrometer in the gas phase possible, so that they 

can be separated in the mass analyser according to their mass/charge ratio and then 

detected. A triple quadropole was used, in which the first and last quadropoles are mass 

filters, while the one in the middle is used as a collision cell for fragmentation of the 

ions.  The data is computer processed, whereby a mass spectrum is generated and 

compiled into a chromatogram allowing quantifications of the analytes (Figure 13).  
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Statistics 
 

Sample size calculation 

 

In Study I no sample size calculation was performed since it was a descriptive 

retrospective registry study. 

For Study II-IV a priori analysis showed that a sample size of 70 women was sufficient 

to detect a 40% decrease or increase in an immunological parameter (CXCL10) with a 

power of 80% and an alpha value of 0.05. Hence, 35 women in each group would be 

appropriate. This was also supported by findings in previous studies detecting 

differences between groups regarding immunological parameters in pregnancy 

complications85,184. Therefore, in Study II inclusions of women continued until there 

were at least 40 women in each group. Study III was based on a sub-cohort of the women 

included in Study II.  

In Study IV, a total of 46 women with sPTB were identified in the pregnancy biobank. 

Since at least 35 women in each group were required according to the a priori analysis, 

we decided to include all women with sPTB as the number of cases with sPTB did not 

substantially exceed 35. As control group, the same number of women as the cases were 

included according to the a priori analysis. 

Figure 13. Diagram of liquid chromatography coupled to tandem mass spectrometry.  
Author: Daniel Norena-Caro, 2017. Created in Illustrator C6. Downloaded from 
https://en.wikipedia.org/w/index.php?curid=53483681, available under the Creative Commons 
CC0 1.0 Universal Public Domain Dedication. 

 

https://en.wikipedia.org/w/index.php?curid=53483681
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Descriptive statistics 

 

In Study I, mean value (mean), standard deviation (SD), and range (first-third quartile 

(Q1-Q3); interquartile range (IQR)) were presented for continuous variables, and 

differences between groups were analysed with Student’s t-test adjusted for unequal 

variances. Categorised descriptive data was presented as numbers and percentages. 

Chi2-test was used for the comparison of frequencies.  

In Study II, III, and IV mean/SD and median/range (min-max or IQR) were presented 

for continuous variables. Differences between several groups were analysed with 

Kruskal-Wallis test, and in case of p<0.05 followed by a Mann-Whitney U-test. 

Numbers and proportions were presented for categorical variables and differences 

between groups were analysed by Chi-2 test or Fisher´s exact test. 

 

Analyses of outcomes 

 

In Study I ORs for AS5min<7 and PTB <32 weeks of gestation, associated to the risk 

factors for the respective outcomes, were calculated with univariate and multivariate 

logistic regression analysis. The multivariate analysis included all variables with 

significant associations with the respective outcomes in the univariate analysis, and 

maternal age. 

In Study II differences in concentrations of chemokines and cytokines between the cases 

and control groups at baseline were assessed with Kruskal-Wallis test, and in case of 

p<0.05 followed by Mann-Whitney U-test. In women with PTL, differences in levels of 

inflammation-associated proteins in association with time of delivery were calculated 

with the Mann Whitney U-test. Discriminant analysis was performed to evaluate 

associations between inflammation-associated proteins and time of PTB. Receiver 

operating characteristic (ROC) curves using the results from the discriminant function 

analysis were defined. 

In Study III the Mann-Whitney U-test, or Chi-2 test when appropriate, was used for 

screening of differences in oxylipin concentrations between groups. Oxylipins with a 

difference in concentrations between groups at a p-value <0.1 were further analysed 

with logistic quantile regression in univariate and multivariate models. 

In Study IV, initially a Mann-Whitney U-test was performed to screen for proteins 

associated with PTB <34 weeks of gestation. Proteins with significant differences at a 

p-value level <0.1 were included in a discriminant analysis to evaluate associations 

between inflammation-associated proteins and sPTB before 34 weeks of gestation. Only 

proteins with a p-value <0.05 were accepted in the final discriminant analysis. ROC 

curves were then defined using the results from the discriminant function analyses. 
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Ethical approval and considerations 
 

The Regional Ethical Review Board in Linköping, Sweden, approved the studies in this 

thesis (Study I; Dnr 2012/195-31, Study II and III; Dnr 2013/417-31 and Dnr 2016/421-

32 (amendment), and Study IV; Dnr 2010/296-31 and Dnr 2019-00424 (amendment)). 

Study I was a registry study, in which no informed consent was obtained. Because of 

the retrospective and observational study design and the nature of the study with data 

electronically collected from thousands of women, the Swedish Ethical Review 

Authority did not demand informed consent. The study had no impact on the 

participants’ health, but might add important knowledge that future parturients may 

benefit from.  

In Studies II-IV, all participating women gave written informed consent after receiving 

oral and written information. They consented to donating blood samples and to giving 

access to their medical records for research purposes. 

In Study II, as well as in Study III, which was based on a sub-cohort of the women 

participating in Study II, the women in the case group were admitted to hospital due to 

threatened PTL, which might be an emergency condition. However, information about 

the study did not delay any medical examination or the start of treatment. Blood 

sampling for research purposes did not cause any additional discomfort for the women, 

as this was done in conjunction with clinically indicated procedures, such as the 

insertion of a peripheral vein catheter. Study II included two control groups: one 

comprising women in labour at term and one comprising women at scheduled antenatal 

visits. For the women in labour at term, information about the study neither caused delay 

regarding medical examinations nor affected the care given to the women. The insertion 

of a peripheral vein catheter is a routine procedure at the labour wards from which the 

women were recruited to the study, meaning that the blood sampling for the study caused 

no additional discomfort. For the women in the antenatal control group, participation in 

the study entailed blood sampling at a time point when it was not clinically indicated, 

causing some additional discomfort. However, the oral and written information clearly 

gave the women the opportunity to carefully consider whether they would consent or 

not. Also, the amount of extra blood taken, about 20 mL, did not cause any health 

problems. In Study IV, extra blood samples were donated on three occasions, which also 

can be regarded as safe. The sampling times were scheduled to coincide with routine 

blood sampling.  

To study risk factors of PTB in early pregnancy raises ethical concerns. To date, there 

are no obvious preventive strategies to offer women with an increased risk of PTB based 

on biomarker information. However, in Study IV, data is processed on a group level and 

no information is retrieved about individual women. Moreover, Study IV is 
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retrospective, meaning that the women have already delivered preterm. Hence, it is 

already known that these women are at an increased risk of PTB and will be treated 

accordingly in a subsequent pregnancy, irrespective of the findings in this study.  Further 

ethical issues regarding these studies are discussed in the section Future Perspectives. 

When the possible negative ethical aspects of the studies are compared to the benefits 

of gaining more knowledge regarding the understanding and prediction of PTB, the 

positive aspects dominate. 
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Results and Discussion 
 

Risk factors for Apgar score <7 at five minutes of age 
 

Because the Apgar score is an important predictor for child mortality and morbidity, as 

well as for medical and cognitive problems later in life, the aim of Study I was to identify 

risk factors for AS5min<7 in a cohort of women giving birth to 21,126 infants, of which 

99.4% had been assigned an Apgar score at 5 minutes of age. Stillbirths (n=72), neonates 

with lethal malformations (n=3), and, in case of multiple gestations (n=619), one of two 

of twins (or two of three of triplets) were excluded. The reason for exclusion of one of 

two twins was in order not to register maternal risk factors more than once in the same 

pregnancy. The settings were a tertiary level hospital (n=13,632) and a secondary level 

hospital (n=7,011) with a rate of AS5min<7 of 2.00% and 1.37% respectively.  

The most evident risk factor for AS5min<7 was PTB with a clear trend of the rate of 

AS5min<7 across the strata of gestational ages; compared to delivery at term PTB at 28-

31 weeks had an OR for AS5min<7 of 8 (95% CI 5-12), and at <28 weeks of gestation 

the OR was 15 (95% CI 8-29) with a rate of AS5min<7 of 56% at <28 weeks compared 

to 1.13% at term (Table 6). This is in line with previous findings of associations between 

low gestational age and very low birth weight and low Apgar scores185. Moreover, it has 

been shown that preterm born infants, who are assigned lower Apgar scores, have higher 

RRs of neonatal death186. However, postterm birth (>42 weeks of gestation) was also 

associated with AS5min<7, although the risk increase was less evident than for PTB (OR 

2.0 (95% CI 1.7-2.3)) (Table 6).  

The anthropometric risk factors that were multivariately associated with AS5min<7 were 

short stature (≤158 cm), overweight (BMI 25-29), and obesity (BMI ≥30) (Table 6). 

Similar findings were made by others175,176,187,188. Interestingly, Berglund et al found an 

association between short stature and the risk for asphyxia associated with substandard 

care during labour177. Obesity is a risk factor for a number of pregnancy complications, 

such as gestational diabetes and preeclampsia189,190, and it is possible that these 

conditions cause adverse neonatal outcomes. However, in this study there was no 

multivariate association between preeclampsia and AS5min<7, although there was an 

association in the univariate analysis (Table 3, Paper I). Data on gestational diabetes was 

not available.   

Factors related to obstetric history and current pregnancy characteristics that were 

associated with AS5min<7 were nulli-parity, previous caesarean section, multiple 

pregnancy, and non-normal admission CTG (Table 6), which correspond to previous 

findings175,177.  
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An additional aim was to investigate whether the level of care (secondary or tertiary 

hospital) was a risk factor for AS5min<7. The two clinics in this study work in 

collaboration according to shared guidelines, and some of the obstetric high-risk patients 

are referred from the secondary to the tertiary level hospital. Therefore, it is important 

to continually evaluate potential differences in obstetric care and outcomes. According 

to the univariate logistic regression analysis there was an association between AS5min<7 

and tertiary level care, however in the multivariate analysis, adjusted for PTB and other 

variables, there was no significant difference (Table 6). Thus, there seems to be no 

difference in outcomes at the different levels of care, when taking differences in 

diagnoses into account.   

Table 6. Risk factors for Apgar score <7 at 5 minutes. Analyses performed by univariate and multivariate 
logistic regression. 

      

Apgar <7 Univariate logistic 

regression 

  Multivariate logistic 

regression 

 
 

Total n (%)   OR 95% C.I. p   OR 95% C.I. p 

Level of Care            

 Secondary 7,011 96 1.37  1.00    1.00   

 Tertiary 13,632 273 2.00  1.48 1.17-1.87 0.001  1.21 0.90-1.61 0.203 

Height (cm)            

  ≥175 1,800 17 0.94  1.00    1.00   

 159-174 14,992 229 1.53  1.83 1.44-2.32   2.06 1.56-2.72  

 ≤158 2,084 60 2.88  3.34 2.06-5.39 <0.001  4.23 2.43-7.39 <0.001 

BMI (kg/m2)            

 <25 11,359 156 1.37  1.00    1.00   

 25-29.9 4,862 84 1.73  1.38 1.19-1.60   1.29 1.08-1.54  

  ≥30 2,319 61 2.63  1.91 1.43-2.56 <0.001  1.67 1.17-2.36 0.004 

Parity            

 0 8,418 191 2.27  1.00    1.00   

 ≥1 10,602 117 1.10  0.48 0.38-0.60 <0.001  0.34 0.25-0.48 <0.001 

Gestational age (weeks)         

 37+0 - 41+6 18,251 206 1.13  1.00    1.00   

 ≥42+0 1,080 26 2.41  2.8 2.6-3.1   2.0 1.7-2.3  

 32+0 - 36+6 1,026 45 4.39  8.0 6.8-9.4   3.9 2.9-5.3  

 28+0 - 31+6 149 27 18.1  23 18-29   8 5-12  

 <28+0 111 62 55.9  64 46-88 <0.001  15 8-29 <0.001 

Previous caesarean section         

 No 17,796 271 1.52  1.00    1.00   

 Yes 1,224 37 3.02  2.01 1.42-2.84 <0.001  3.66 2.31-5.81 <0.001 

Multiple pregnancy         

 No 20,338 336 1.65  1.00    1.00   

 Yes 305 33 10.82  7.20 4.95-10.49 <0.001  3.57 1.81-7.05 <0.001 

CTG at admission         

 normal 16,524 214 1.30  1.00    1.00   
  non normal 1,176 36 3.06   2.47 1.73-3.53 <0.001   1.95 1.45-2.62 <0.001 

OR=odds ratio; C.I. =confidence interval 
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Risk factors for preterm birth <32 weeks of gestation 
 

Our second aim in Study I was to investigate risk factors for PTB <32 weeks of gestation 

among the maternal and obstetric variables available in the database. The database 

included 260 infants born at <32 weeks of gestation, corresponding to a rate of 1.26%. 

The total rate in Sweden during the same time period was 1.0%9. The slightly higher 

rate in our study population is due to referrals of preterm deliveries to the tertiary level 

hospital, also from other secondary level hospitals, as mentioned above. 

Pre-existing thyroid disease and epilepsy, as well as smoking were multivariately 

significant risk factors for PTB <32 weeks of gestation (Table 7), while type 1 diabetes 

mellitus and IBD did not convey an increased risk of PTB (Table 4, Paper I). The number 

of cases with thyroid disease or epilepsy are few (n=10 and n=4, respectively) in the 

PTB group. Therefore, this finding must be interpreted cautiously. Focusing on smoking 

cessation in pregnant women through information campaigns and through offering 

therapies is an important measure for prevention of PTB, but also for other pregnancy 

complications associated with smoking, such as IUGR191.  

Significant obstetric risk factors for PTB <32 weeks were preeclampsia (OR=5.5 (95% 

CI 3.4-8.9)) and multiple gestation (OR=15 (95% CI 10-24)). According to Swedish 

guidelines in assisted reproductive techniques, the standard procedure is to insert a 

single embryo due to the increased risk of multiple gestations, a risk that was confirmed 

in our study. An inverse association was noted between PTB <32 weeks and parity, as 

parous women had a lower risk for PTB than nulli-parous women (OR 0.68 (95% CI 

0.47-0.98)), in line with previous findings6,34,35 (Table 7).  
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Table 7. Risk factors for preterm birth before 32 weeks of gestation; analysed by univariate and 
multivariate logistic regression. 

   

PTB <32 

weeks 

 
Univariate logistic 

regression 

 
Multivariate logistic 

regression 

    Total n (%)   OR 95% C.I. p   OR 95% C.I. p 

Smoking            

 No 15,784 108 0.68  1.00    1.00   

 Yes 3,236 34 1.05  1.54 1.05-2.27 0.029  1.61 1.07-2.41 0.022 

Thyroid disease           

 No 18,379 131 0.71  1.00    1.00   

 Yes 550 10 1.82  2.58 1.35-4.93 0.004  2.32 1.17-4.57 0.015 

Epilepsy            

 No 18,798 137 0.73  1.00    '1.00   

 Yes 158 4 2.53  3.54 1.29-9.67 0.014  3.14 1.13-8.78 0.029 

Parity            

 0 8,418 82 0.97  1.00    1.00   

 ≥1 10,602 60 0.57  0.58 0.41-0.81 0.001  0.68 0.47-0.98 0.036 

Multiple pregnancy           

 No 20,314 216 1.06  1.00    1.00   

 Yes 303 44 14.52  15.8 11.2-22.3 <0.001  15 10-24 <0.001 

Preeclampsia           

 No 20,067 214 1.07  1.00    1.00   
  Yes 550 46 8.36   8.47 6.09-11.8 <0.001   5.48 3.39-8.86 <0.001 

PTB=preterm birth; C.I.= confidence interval 
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Complex immune profiles in preterm labour, PPROM, labour at term, and 

antenatal controls 
 

With the aim to elucidate the immune profiles of PTL and PPROM in comparison to the 

antenatal pregnant state, and to labour at term, in total 204 women were included in a 

case-control study, as shown in Figure 14. The study group comprised of 120 women 

with threatened PTB (PTL (n=80) and PPROM (n=40)), and the control groups 

consisted of 44 pregnant women before labour, recruited at scheduled visits to an 

antenatal clinic, and 40 women in labour at term. Despite the intention to match for 

gestational age at inclusion there was a slight (medians 30 versus 32 weeks), but 

statistically significant (p=0.048) difference between the antenatal control group and the 

women with PTL (Table 1, Paper II). Although unlikely, a minor influence on protein 

levels cannot be excluded. Regarding age, BMI, and parity, there were no significant 

differences between any of the groups. There was, as anticipated, a statistically 

significant difference in gestational age at inclusion and gestational age at delivery. 

There was also a significant difference in CL at inclusion comparing women with PTL 

(median 15 mm) and women with PPROM (median 21 mm; p=0.008) (Table 1, Paper 

II). 

 

Total     
n=204

Threatened
PTB <34 w 

n=120

Preterm 
labour    
n=80

Delivery 
<34 weeks 
n=21 (26%)

Delivery 
≥34 weeks 
n=59 (74%)

PPROM  
n=40

Delivery 
<34 weeks 
n=34 (85%)

Delivery 
≥34 weeks 
n=6 (15%)

Controls 
n=84

Antenatal 
n=44

In labour at 
term; n=40

 

Figure 14. Flow chart of the women in Study II. PPROM=Preterm prelabour rupture of the membranes. 
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Analysis of plasma samples with multiplex bead assay and ELISA showed a complex 

pattern of chemokines and cytokines when comparing PTL, PPROM, antenatal controls, 

and controls in term labour. CCL17, CXCL1, CXCL8, and IL-6 were the cytokines and 

chemokines that differed. The highest level of inflammation was found in labour at term, 

which was expected considering the known pro-inflammatory state of labour143. Women 

in labour at term had higher plasma levels of the Th17-associated chemokine CXCL1, 

and pro-inflammatory CXCL8 and IL-6 compared with PTL (p=0.007, 0.003, and 0.013, 

respectively). Women in labour at term also displayed higher levels of the Th2-

associated chemokine CCL17, CXCL1 and IL-6 (all p<0.001) compared with the 

antenatal controls.  

Women with PTL had higher inflammatory activity than controls before labour with 

higher levels of CCL17 (p=0.002) and CXCL1 (p<0.001). Women with PPROM also 

had higher inflammatory activity than the antenatal controls with higher levels of 

CXCL1 (p<0.001) and IL-6 (p=0.005). However, there were no significant differences 

between PTL and PPROM. The finding of significantly higher levels of CXCL1 in the 

groups with labour (preterm and at term), as well as in PPROM, indicates that Th17-

associated immunity has a role in parturition. The origin of PPROM is supposed to 

involve degenerative and inflammatory processes in foetal membranes25. Our findings 

support such a pro-inflammatory component in PPROM.  

Interestingly, the Th2-associated chemokine CCL17 was higher in PTL and term labour 

compared to antenatal controls, suggesting that the inflammatory process in labour is 

complex and not confined to the previous dogma of high Th1 and low Th2 (Table 8).  
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Prediction of preterm birth <34 weeks of gestation and within 48 hours of 

presenting with preterm labour <34 weeks 
 

Another aim was to evaluate chemokines, cytokines and other inflammation-associated 

compounds, such as the fatty acid metabolites oxylipins, as predictors for PTB <34 

weeks of gestation and for PTB within 48 hours of hospital admission due to PTL<34 

weeks. Of the 80 women with PTL, only 21 (26%) delivered before 34 weeks of 

gestation, whereas of the 40 women with PPROM, a majority (34 (85%)) delivered 

before 34 weeks of gestation (Figures 14, 15A, 15C). This supports previous findings of 

a majority of women with PTL delivering at term, while the risk of subsequent PTB 

after PPROM is significantly higher than after PTL6,7. 

 

 

 

Figure 15. Flow chart (panels A and B) and inclusion chart (panel C) of women with preterm labour. 
The bars in panel C represent gestational age at inclusion and at delivery for individual women. The 
red bars represent those who delivered before 34 weeks. The arrows indicate delivery within 48 hours 
of hospital admission. Image by Johanna Raffetseder. 



63 
 

Moreover, delivery within 48 hours of hospital admission due to PTL occurred in 14 

(17%) of the 80 women (Figures 15B, 15C). That is a small proportion, but clinically 

the most important group of women to identify, since they are the ones most in need of 

medical treatment and referral to tertiary centres. However, the rather small sample size 

might negatively affect the predictive power of the study. 

Regarding maternal and obstetrical characteristics, delivery before 34 weeks was 

associated with a higher BMI (median 25 (20-46)) than in the group who delivered after 

34 weeks (median 22 (16-41), p=0.011). This finding is noteworthy as obesity is not 

generally associated with sPTB192, but rather with medically indicated PTB due to 

pregnancy complications like preeclampsia and gestational diabetes mellitus. 

Nonetheless, this was not a surprising finding, given the association between obesity 

and inflammation193,194. Furthermore, as expected, CL differed significantly both for 

delivery before or after 34 weeks of gestation (median 7 (0-40) and 16 (4-40); p<0.001)) 

and for delivery within or after 48 hours (p=0.008). Additionally, there was a 

significantly higher proportion of nulli-parous women among the women with preterm 

delivery before 34 weeks of gestation compared to later (81% vs 45.8%; p=0.01), but 

no significant difference between women with delivery within 48 hours compared to 

after 48 hours (p=0.24). There were no significant differences between groups regarding 

maternal age, prevalence of smoking, or gestational age at inclusion (Table 3, Paper II). 

 

Combinatory prediction model for preterm birth with IL-6, IL-17C, IL-10RB, FGF-23, 

and cervical length 

 

In Study II, all chemokines and cytokines analysed with multiplex bead assay or ELISA 

were investigated as predictive markers together with a PEA-based inflammatory 

biomarker panel of 92 proteins. The proteins with the most significant differences 

between women with delivery before or after 34 weeks of gestation, according to the p-

values, were IL-6 (p<0.001)), CXCL8 (<0.001), M-CSF (p<0.001), OSM (p=0.002), IL-

17C (p=0.003), and CCL3 (p=0.005) (Figure 16, Table 4, Paper II). Interestingly, all 

these highly significant differences originated from the high-sensitivity and high-

specificity PEA technique. A few significant differences in chemokine and cytokine 

levels were also detected with the multiplex bead assay, however not as convincingly as 

with the PEA. The only protein measured by multiplex bead assay that showed a 

significant difference between women with delivery before or after 34 weeks of 

gestation was CXCL8 (p=0.040). Regarding women with delivery within or after 48 

hours of hospital admission CXCL8 (p=0.020), GM-CSF (p=0.017) and IL-6 (p=0.034) 

differed between groups (supplementary Table 1, Paper II).            
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Figure 16. Inflammation-associated proteins in the sub-cohort of women with preterm labour (n=80) for 
those who delivered <34 weeks and ≥34 weeks. The proteins with the most significant differences 
according to the p-value (Mann Whitney U-test) are shown. NPX (Normalised Protein eXpression) levels 
are arbitrary units on a log2 scale (one unit increase equals a doubling of concentration). Image by 
Johanna Raffetseder. 

Furthermore, a discriminant function analysis, including all proteins with a p-value <0.1 

in an initial Mann-Whitney U-test, was performed in order to find out which 

combination of proteins that was most strongly associated with time of PTB. IL-6, IL-

17C, IL-10 receptor subunit beta (IL-10RB), and fibroblast growth factor (FGF) 23 were 

found to be most strongly associated with delivery <34 weeks, whereas IL-6 and IL-17C 

were most strongly associated with delivery within 48 hours. Thereafter, ROC curves 

using the results from the discriminant function analysis were defined, creating a 

prediction model for delivery <34 weeks and within 48 hours, respectively (Figure 17). 

When adding data on CL to the protein findings, and adjusting for BMI and age in the 

model, the prediction accuracy was slightly improved compared with protein data only 

(Figure 17). BMI did not on its own influence the prediction model. With the combined 

model, delivery before 34 weeks was predicted with an AUC of 0.90, at a sensitivity 

level of 90% with a specificity of 74%. These cut-off levels were chosen to obtain a high 

NPV (96%), with a corresponding PPV of 54%.  Delivery within 48 hours was predicted 

with an AUC of 0.88, with a sensitivity level of 100% and a specificity of 71%. The 

corresponding NPV was 100%, and PPV was 39%. 
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Figure 18. Receiver operating characteristic (ROC) curves from the discriminant function analyses 
showing the proteins and the protein index that significantly discriminated between women who 
delivered at <34 weeks of gestation and women who delivered after 34 weeks (panel A) and the 
corresponding ROC curves for the women who delivered within 48 hours from study inclusion compared 
to women who delivered after 48 hours (panel B). Sens=Sensitivity; Spec=Specificity; AUC=Area under 
the curve. Image by Lars Brudin. 

 

Figure 17. Index for preterm delivery. Receiver operating characteristic (ROC) curves resulting from 
the discriminant function analyses. The left panel (a) shows the weighted combination of proteins 
that significantly discriminated between women who delivered at <34 weeks of gestation (n=21) and 
women who delivered after 34 weeks (n=59) and the right panel (b) shows corresponding ROC 
curves for the women who delivered within 48 hours of study inclusion (n=14) compared to women 
who delivered after 48 hours (n=66). The red solid line is proteins in combination with cervical length, 
and adjusted for age and body mass index. The blue dotted line is proteins only, in panel (a) IL-6, 
IL-17C, IL-10RB, and FGF-23, and in panel (b) IL-6 and IL-17C. Image by Lars Brudin, 
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The cut off-values and ROC curves for the individual proteins included in the prediction 

models are shown in Figure 18. Since CL <25 mm was not an absolute inclusion 

criterion, the study included three women with PTL and a CL >25 mm. Exclusion of 

these three women did not affect the results. 

 

The sets of proteins that predicted delivery <34 weeks of gestation or delivery within 48 

hours comprise both inflammatory (IL-6, IL-17C, FGF-23) and anti-inflammatory (IL-

10RB) compounds, indicating that inflammation is paralleled by a counteracting anti-

inflammatory response, as a negative feedback mechanism.  

 

IL-6 is one of the most studied biomarkers in relation to PTB93 and has previously been 

associated with PTB subsequent to PTL in samples obtained from amniotic 

fluid82,83,87,89,195, blood87,196, and cervicovaginal fluid86. Our finding therefore is in line 

with previous studies, and the importance of IL-6 is further emphasised by the 

association of IL-6 with both delivery <34 weeks and with delivery within 48 hours.  

 

Three novel findings regarding association between PTB and inflammation-associated 

proteins were made; IL-17C was associated both with PTB <34 weeks and with delivery 

within 48 hours. IL-17C is a pro-inflammatory cytokine belonging to the IL17-family. 

Except for a role in the pro-inflammatory response, IL-17C is also involved in epithelial 

tissue homeostasis197,198. Previous work on IL-17 has shown contradicting results; lower 

serum levels have been associated with PTL199, but higher amniotic fluid levels of IL-

17C were found in PTL and PPROM200. However, it was not stated199,200 which 

subgroup of IL-17 that was investigated, thus it is likely to have been IL-17A, the most 

studied IL-17 family member. There are no previous findings reported on IL-17C and 

PTB specifically.  

 

Another novel finding was the association of IL-10RB with PTB <34 weeks of gestation. 

IL-10RB is one of the subunits of the IL-10 receptor and is required for IL-10 signal 

transduction201,202. To our knowledge it has not previously been associated with PTB. 

Our findings support an important role in PTB for the cytokine IL-10, in line with 

previous findings of associations between IL-10 and PTB84,196. 

 

The third novel finding was the association of FGF-23 with PTB <34 weeks of gestation. 

FGF-23 has several endocrine functions203 and is involved in phosphate and vitamin D 

homeostasis204. The finding of low FGF-23 levels in gestational diabetes supports its 

importance in endocrine functions and suggests it has a role in pregnancy related 

complications205.  
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Associations between the oxylipins 9,10-DiHODE, 11,12-DiHETrE, 8-HETE, and 

preterm birth 

 

In order to further investigate inflammatory profiles as predictive biomarkers for PTB 

in PTL, plasma levels of 67 oxylipins were analysed with HPLC-MS/MS in the sub-

cohort of 80 women with PTL (Figures 14, 15) (Study III).  

According to an initial non-stringent (p<0.1) screening, using a Mann-Whitney U-test 

(supplementary Table S2, Paper III), women with delivery before 34 weeks of gestation 

had lower concentrations of 9-HOTrE, 9,10-DiHOME, and 9,10-DiHODE, while higher 

concentrations of 8-HETE and 11,12-DiHETrE compared to women with delivery after 

34 weeks (Figure 19). Furthermore, women with delivery within 48 hours of hospital 

admission displayed higher concentrations of 8-HETE and lower concentrations of 

9,12,13-TriHOME, 9,10-DiHOME, and 9,10-DiHODE compared to women with 

delivery after 48 hours (Figure 20). The association between these oxylipins and time of 

delivery was further analysed with univariate and multivariate logistic regression. 

Results from the univariate analyses are shown in Table 2 and Table 3 in Paper III.  

Multivariately, an association was found between lower concentrations of 9,10-

DiHODE and PTB <34 weeks of gestation; 40% of women with concentrations of 9,10-

DiHODE in the lowest two concentration quartiles delivered <34 weeks compared to 

10% of women with concentrations in the highest quartile (adjusted (a) OR 0.12 (0.024-

0.62); p=0.012). In addition, there was an association between higher concentrations of 

11,12-DiHETrE and PTB <34 weeks; 15% of women with concentrations in the lowest 

quartile delivered <34 weeks compared to 45% of women with concentrations of 11,12-

DiHETrE in the highest quartile (aOR 6.19 (1.17-32.7); p=0.032) (Table 2, Paper III). 

Data for all quartiles is shown in supplementary Tables S3 and S4 in Paper III. Thus, 

9,10-DiHODE and 11,12-DiHETrE seemed to have opposite effects in relation to 

PTB<34 weeks; 9,10-DiHODE appearing to be protective while 11,12-DiHETrE was 

associated with an increased OR of PTB. 

Regarding delivery within 48 hours of hospital admission, the oxylipins showing 

significant associations in the multivariate analysis were 9,10-DiHODE and 8-HETE. 

Again, lower concentrations of 9,10-DiHODE was associated with delivery within 48 

hours; 28% of women with concentrations in the two lowest quartiles delivered within 

48 hours compared to 5% of women with concentrations in the highest quartile (aOR 

0.13 (0.019-0.93); p=0.042). The corresponding numbers for 8-HETE were 7% delivery 

within 48 hours in the two lowest quartiles and 28% in the two highest quartiles (aOR 

5.01 (1.13-22.14); p=0.034) (Table 3, Paper III). Hence, regarding delivery within 48 

hours of hospital 9,10-DiHODE appeared to be protective, while 8-HETE was 

associated with an increased risk of delivery within 48 hours.  
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Figure 19. Oxylipins associated with delivery before (n=21) and after (n=59) 34 weeks of gestation. A 
non-parametric Mann-Whitney U-test was used. Results are shown for oxylipins with p-values <0.1. 
Medians and inter-quartile ranges are noted. Image by Johanna Raffetseder. 

 

 

Figure 20. Oxylipins associated with delivery within (n=14) and later than (n=66) 48 hours after study 
inclusion. A non-parametric Mann-Whitney U-test was used. Results are shown for oxylipins with p-
values <0.1. Medians and inter-quartile ranges are noted. Image by Johanna Raffetseder.  
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Thus, 9,10-DiHODE, which is an ALA-derived dihydroxy fatty acid produced via the 

CYP pathway, seemingly has a protective effect in relation to both PTB <34 weeks of 

gestation and to delivery within 48 hours. 9,10-DiHODE has previously been associated 

with pregnancy in analyses of bovine corpora lutea206. Interestingly, in a prospective 

study by Aung et al on asymptomatic women, several CYP products (together with LOX 

products) had best discriminative capacity among the oxylipins for overall and sPTB 

<37 weeks of gestation207, although 9,10-DiHODE was not included in that study. 

DiHODEs are not commercially available, which in part may have held back 

investigations of their role in PTB. The need for a comprehensive panel of analytes in 

studies of PTL and PTB is emphasised by our findings. 

Aung et al furthermore found that among asymptomatic women another dihydroxy fatty 

acid; 11,12-DiHETrE (also known as 11,12-DHET); derived from AA via the CYP 

pathway was associated with overall PTB207. In accordance, our results imply that 11,12-

DiHETrE increases the risk of PTB also in women with PTL, as we found that high 

levels of 11,12-DiHETrE were associated with PTB <34 weeks of gestation.  

The finding of 9,10-DiHODE and 11,12-DiHETrE having opposite effects on the risk 

of sPTB is really interesting. The finding is in contrast to the inflammation-associated 

proteins, which were all elevated in association with PTB. In the context of oxylipins, 

high levels of 9,10-DiHODE instead seem to have a protective effect. This highlights 

that oxylipins have both pro- and anti-inflammatory properties, despite that these two 

compounds are catalysed by the same enzyme (CYP).  

Furthermore, the precursor fatty acid might be of importance; 11,12-DiHETrE is omega-

6 AA-derived, while 9,10-DiHODE is omega-3 ALA-derived. Omega-3 supple-

mentation has been associated with decreased risk of PTB103,207, and low plasma 

concentration of omega-3 EPA and DHA is a distinct risk factor for PTB153. 

Additionally, it has been shown that omega-3 supplementation (DHA and EPA) in 

singleton pregnancies in women with low total omega-3 PUFA status reduced the risk 

of PTB. This illustrates that PUFA status is of clinical importance in relation to PTB, 

although this finding was demonstrated in asymptomatic women and not women in 

PTL208.  

In addition, we found high levels of 8-HETE in association with delivery within 48 hours 

of hospital admission. In the univariate logistic regression analysis high levels of 8-

HETE also correlated with PTB <34 weeks of gestation. 8-HETE is a monohydroxy 

fatty acid derived from non-enzymatic oxidation of AA, or via the LOX pathway. It was 

included in the study of Aung et al207 but was not associated with PTB. In the study by 

Ramsden et al 8-HETE was not included152. To our knowledge there are no previous 

reports on an association between 8-HETE and PTB.  
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In conclusion, we made some novel findings regarding associations between specific 

oxylipins and PTB <34 weeks and delivery within 48 hours subsequent to PTL. The 

oxylipins seem to have both protective and harmful effects on the risk of PTB. However, 

we did not estimate the results strong enough for the studied oxylipins to be clinically 

useful as predictive biomarkers for PTB at present.  

   

Early prediction of preterm birth <34 weeks of gestation based on first 

and second trimester plasma levels of MMP-10, sCD40, M-CSF, Flt3L, 

and FGF-21 
 

In Study IV the aim was to identify plasma biomarkers in early pregnancy predictive for 

PTB before 34 weeks of gestation, based on samples from a group of women with sPTB 

(n=46) and a group of healthy women with normal pregnancies and delivery at term 

(n=46), selected from a prospectively collected biobank with samples from both the first 

and the second trimesters (flow chart in Figure 8).  

Regarding maternal characteristics there was, as expected, a significant difference 

(p<0.001) in gestational age at delivery comparing cases (median w 32 (range 23-34)) 

and controls (w40 (37-42)). The median gestational age at first trimester sampling was 

10+4 weeks (range 7+1-16+3) and at second trimester sampling 25+3 weeks (range 

23+2-30+3). Furthermore, there was a significantly higher rate of deliveries by 

caesarean section in PTB <34 weeks of gestation than in term deliveries (26.1% and 

4.3%, respectively; p=0.007). Age, BMI, smoking, and gestational age at the time for 

blood sampling did not differ between groups (Table 1, Paper IV). 

Concerning plasma levels of inflammation-associated proteins, differences in NPX 

values between the women with PTB <34 weeks and women with delivery at term were 

evaluated both for the respective trimester and for the difference between the trimesters 

(change). In the first trimester, higher levels of seven inflammation-associated proteins 

were significantly associated (p<0.05) with subsequent PTB <34 weeks (Table 2, Paper 

IV). In the second trimester, plasma samples were available from 31 of the 46 women 

with PTB before 34 weeks of gestation. We found significantly higher (p<0.05) levels 

of 26 proteins associated with PTB <34 weeks (Table 3, Paper IV). The change in NPX 

values between the first and the second trimester samples revealed five proteins that 

differed significantly between PTB <34 weeks and term delivery (Table 4, Paper IV). 

The proteins with significant differences in the different comparisons partially 

overlapped.  

Thereafter, a discriminant function analysis, including all protein data, revealed which 

combination of proteins that was most strongly associated with PTB <34 weeks of 

gestation. The included proteins were soluble cluster of differentiation (sCD) 40 and 
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MMP-10 from the first trimester, and M-CSF and FMS-like tyrosine kinase 3 ligand 

(Flt3L) from the second trimester. FGF-21 and CXCL10 were the proteins whose 

change between the first and second trimesters correlated most to PTB <34 weeks. 

Moreover, the total combination of proteins from the first trimester, the second trimester, 

and the change in protein level that most accurately discriminated PTB <34 weeks of 

gestation comprised of the proteins MMP10trim1, sCD40trim2 M-CSFtrim2, Flt3Ltrim2, and 

FGF-21diff. 

The inclusion of FGF-21 plasma level change in the prediction model for PTB <34 

weeks among asymptomatic women is very interesting. In the second trimester samples 

FGF-21 was significantly higher in PTB <34 weeks (p=0.024). FGF-21 is a fibroblast 

growth factor with metabolic, but no proliferative, activity203. Its importance in 

pregnancy is implicated by findings of decreasing levels of FGF-21 in the postpartum 

period compared to during pregnancy209. Intriguingly, in Study II, FGF-23, which 

belongs to the same endocrine subfamily as FGF-21203, was included in the prediction 

model for PTB <34 weeks of gestation, further strengthening an association between 

this subfamily of FGFs and PTB. Besides this, to our knowledge, there are no previous 

reports on the association between FGF-21 and PTB.  

 

Another similarity between the results of Study II and IV is the significance of high 

levels of M-CSF. In Study IV, M-CSF was associated with PTB with significantly 

higher levels of this cytokine in both the first and the second trimester (p=0.011 and 

p<0.001, respectively), although only the second trimester value qualified for inclusion 

in the prediction model. In Study II, levels of M-CSF were significantly higher in 

women with PTL who delivered <34 weeks of gestation (Figure 16) and within 48 hours 

of hospital admission (Table 4, Paper II), although in Study II M-CSF did not qualify 

for the prediction model. M-CSF has previously been associated with other pregnancy 

complications, although in diverging ways. Low levels of M-CSF at the foetal maternal 

interface have been associated with pregnancy loss210, which is not surprising given its 

importance for the induction of decidual macrophages132,133. However, in preterm 

deliveries and gestational diabetes M-CSF levels in the maternal circulation are 

reportedly increased211. The diverging results of M-CSF may be partly explained by low 

levels of M-CSF contributing to immune dysregulation, while high levels of M-CSF can 

be viewed as an attempt to balance an increase in inflammation.  

Other proteins that have been previously associated with pregnancy complications are 

the MMPs, involved in tissue remodelling in the endometrium, cervix and vascular 

tissue during pregnancy53,212,213. Increased levels of MMP-8 in amniotic fluid have been 

associated with PTB within seven days in twin pregnancies complicated by PTL <35 

weeks of gestation214, whereas decreased levels of MMP-2 and MMP-9 have been 

associated with preeclampsia and preterm labour213. In this study, MMP-10 in the first 



72 
 

trimester was also lower in women with subsequent PTB than in women with term 

delivery, although the difference was not statistically significant (p=0.068, 

supplementary Table 1, Paper IV). However, according to the discriminant analysis 

(where all proteins with a p-value <0.1 were tested), MMP-10 did have a discriminative 

capability in association with sCD40, which was, on the other hand, significantly higher 

in cases than in controls, both in the first trimester and in the second trimester (p=0.002; 

Table 2, Paper IV, and p<0.001; Table 3, Paper IV, respectively). CD40 is a co-

stimulatory trans-membrane protein, expressed on various antigen-presenting cells, and 

involved in cell activation215. Regarding its presumptive involvement in pregnancy 

complications and inflammatory dysregulation in pregnancy, increased levels of CD40 

ligand (CD40L) on cord blood platelets have been reported in chorioamnionitis216, 

which is strongly associated with PTB. In addition, activation of the CD40-CD40L 

system has been associated with preeclampsia217. In Study II MMP-10 was not 

associated either with PTB <34 weeks of pregnancy or with delivery within 48 hours, 

whereas higher levels of sCD40 was significantly associated with PTB <34 weeks of 

gestation (p=0.023, data not shown) but not with delivery within 48 hours. sCD40 was 

not included in the prediction model in Study II.  

Furthermore, higher second trimester levels of the Th1-associated chemokine CXCL10 

was associated with PTB <34 weeks of gestation (p=0.003; Table 3, Paper IV), as well 

as was the change between the first and second trimesters (p=0.049; Table 4, Paper IV), 

although CXCL10 was not included in the combinatory prediction model. For 

comparison, in Study II CXCL10 did not significantly differ between groups of PTL, 

PPROM, antenatal controls and controls in labour at term, neither analysed by multiplex 

bead assay nor by PEA. Elevated levels of CXCL10 have previously been associated 

with preeclampsia218-220, in accordance with the inflammatory properties of CXCL10. 

Regarding PTB, previous studies have not demonstrated clear associations with levels 

of CXCL10220,221 although CXCL10 has been found to be increased in inflammatory 

conditions of the placenta222 which might precede PTB.  

 

Finally, also higher second trimester levels of Flt3L were associated with PTB <34 

weeks. Interestingly, Flt3L, which is a growth factor, is structurally related to M-CSF 

and involved in the maturation and growth of B cells223 and dendritic cells224. Flt3 binds 

to the cytokine receptor Flt3, belonging to the tyrosine kinase receptors family, 

including, among others, also the Flt1 receptor225. To our knowledge, no associations 

between Flt3L and pregnancy complications have been reported before, but there are 

evident associations between increased levels of sFlt-1 and the development of 

preeclampsia226-228. In Study II there was no association between Flt3L and PTB <34 

weeks or with delivery within 48 hours in PTL. 
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To create a prediction model for PTB <34 weeks of gestation we used the results from 

the discriminant function analyses to define ROC curves. The AUC for the prediction 

models of the respective blood sampling time points was 0.764 in the first trimester, 

0.799 in the second trimester, and 0.757 for the difference between the first and the 

second trimester. The combinatory model of proteins predicted PTB before 34 weeks of 

gestation with an AUC of 0.902 (Figure 21).  

AUCComb 0.902  
AUCTrim1 0.764
AUCTrim2 0.799
AUCDiff 0.757

Comb: MMP10trim1, sCD40trim2, M-CSFtrim2, Flt3Ltrim2, FGF-21diff

Trim 1: sCD40, MMP10
Trim 2: M-CSF, Flt3L
DiffT1-T2: FGF-21, CXCL10

Figure 21. Index for PTB before 34 weeks of gestation. Receiver operating characteristic curves 

resulting from the discriminant function analyses and their respective areas under the curve (AUC) for 

the total combination (Comb) of proteins (blue line), the first trimester (Trim1 (T1), green line) , the 

second trimester (Trim 2 (T2), orange line), and the change in protein levels between Trim1 and Trim2 

(Diff, red line). Proteins were measured by proximity extension assay in plasma longitudinally sampled 

from women with PTB before 34 weeks of gestation (n=46 in Trim1, n=31 in Trim2) compared with 

women with delivery at term (n=46 in both trimesters). The proteins included in each index are listed in 

the box. Image by Lars Brudin and Maria Svenvik. 

 

Our findings that levels of inflammation-associated proteins in early pregnancy plasma 

are of importance for subsequent PTB is confirmed by Lynch et al, who investigated 

early pregnancy plasma with a proteomic approach and found that the most relevant 
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pathways for PTB <37 weeks of gestation were the complement cascade, the immune 

system, and the clotting cascade229.  

Furthermore, the predictive ability of our combined model with an AUC of 0.902 is 

reasonably good compared to previous work. In another study based on circulating 

proteins measured at 17-28 weeks of gestation, a prediction model for sPTB <37 weeks 

using insulin-like growth factor binding protein 4 and sex hormone binding globulin had 

an AUC of 0.75. However, the study involved both a discovery and a validation 

design230, which is an advantage compared to our study with discovery cohort only. 

Regarding other circulating compounds than proteins, Ngo et al 99 presented an AUC of 

0.81 based on transcripts in maternal blood in a rather small (n=23) validation cohort of 

women with a high risk of PTB. So far, the predictive model presenting the highest AUC 

seems to be different combinations of circulating microparticles where the top 20 

combinations predicted sPTB before 34 weeks with an AUC ranging from 0.861 to 

0.892231. However, the method used by us offers a fast and feasible way of measuring 

circulating biomarkers without the need for extraction of RNA or microparticles.  

In summary, the protein findings in Studies II and IV showed both similarities and 

differences regarding associations between certain elevated inflammation-associated 

proteins in early pregnancy and in PTL with subsequent PTB. The proteins that were 

included in any of the individual prediction models are shown in Table 9.  

 

Table 9. Inflammation-associated proteins included in a prediction model for PTB <34 weeks of 
gestation either in Study II (PTL) or Study IV (early pregnancy). P-values <0.1 are shown for protein 
associations with PTB <34 gw and within 48 hours of hospital admission (Study II) and for associations 
between proteins analysed in the first (Trim 1 (T1)) and second trimester (Trim2 (T2)), and the change 
in protein levels between T1 and T2, with PTB (Study IV). Incl. indicates which prediction model the 
protein was included in. 

PTL=preterm labour; gw=gestational week; h=hours; Incl.=inclusion in prediction model; Trim1=first 

trimester; Trim2=second trimester; DiffT1-T2=change in protein level Trim1-Trim2. 

 34 gw 48 h Incl. Trim 1 Trim 2 DiffT1-T2 Incl.

Protein p p p p p

sCD40 0.023 ns - 0.002 <0.001 ns Comb, T1

CXCL10 0.057 0.086 - ns 0.003 0.049 Diff

FGF-21 ns ns - ns 0.024 <0.001 Comb, diff

FGF-23 0.034 ns 34gw ns ns ns -

Flt3L 0.082 ns - ns 0.007 ns Comb, T2

IL-6 <0.001 <0.001 34gw, 48h ns <0.001 0.024 -

IL-10RB 0.021 0.079 34gw ns 0.044 ns -

IL-17C 0.003 <0.001 34gw, 48h ns ns ns -

M-CSF <0.001 0.007 - 0.011 <0.001 ns Comb, T2

MMP-10 ns ns - 0.068 ns 0.087 Comb, T1

Study II PTL Study IV early pregnancy
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Methodological considerations 

 

All four studies have strengths and limitations in their research methodology.  

In Study I we investigated risk factors for low Apgar scores and for PTB <32 weeks of 

gestation. As previously pointed out, a low Apgar score does not provide information 

about the underlying cause of the neonate’s ill condition163. Thus, the analysis of 

umbilical cord pH and base excess would have been valuable in order to possibly 

correlate metabolic acidosis to findings of low Apgar scores. However, this data was not 

available. It has previously been shown that only about half of infants with low Apgar 

scores or asphyxia have metabolic acidosis232,233, and not all neonates with metabolic 

acidosis have low Apgar scores233,234. As a low Apgar score at five minutes of age 

identifies infants in need of intensified medical care, it has advantages over the diagnosis 

of metabolic acidosis in that a vast majority (99.4%) of the neonates in this study were 

assigned an Apgar score at five minutes of age, whereas umbilical cord blood gases were 

completely recorded in only 70-75%.  

A possible limitation of Study I is that the cases with AS5min<7 were rather few (n=367; 

1.98%). However, as the total study population included a larger number of infants with 

AS ≥7 (n=20,274), the risk factor analysis may be considered solid. Furthermore, the 

rate of PTB <37 weeks was 7.7% in our study population, compared to 6.2% in the 

general Swedish population for the same time period9. The corresponding numbers for 

PTB <32 weeks were 1.3% in the study population versus 1.0% in the general 

population9. The slightly higher rate of PTB in our study population than in the general 

population can be explained by the referrals of preterm deliveries to the tertiary level 

hospital from the other six hospitals in the southeast region. Thus, it might be considered 

that we focused on risk factors for PTB associated with a tertiary level of care. However, 

as the risk factors for PTB <32 weeks of gestation that were demonstrated in this study 

have been confirmed by others, we believe that our findings are not particularly biased 

by the slightly higher rate of PTB at the tertiary level hospital. Moreover, our data did 

not allow investigation of whether the cases of PTB were spontaneous or medically 

indicated. However, from a clinical point of view it is likely that the majority of PTBs 

among preeclamptic women were medically indicated. The rate of medically indicated 

versus sPTB in multiple gestations was also unclear in our study, which is a further 

limitation. In previous studies regarding risk factors for low Apgar scores, preterm 

neonates as well as multiple gestations have often been excluded174,175,177; however, we 

aimed to conduct a more comprehensive investigation into the risk factors for AS5min<7. 

We identified short stature, overweight, and obesity as risk factors for AS5min<7. It is 

notable, that data about height and weight was missing in 10% of the study population, 

and that among these women AS5min<7 was slightly overrepresented (3.2% AS5min<7). 

Therefore, the results regarding maternal height and overweight/obesity as risk factors 
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for low Apgar scores should be interpreted cautiously. However, these findings are 

confirmed by others175,176,187,188. Interestingly, Berglund et al also found an association 

between short stature and the risk for asphyxia associated with sub-standard care during 

labour177.  

An advantage of our study is that data on admission-CTG was available and therefore 

possible to evaluate as a risk factor for AS5min<7. This is not possible if the Swedish 

Medical Birth register is used as a data source, although data on a much larger population 

of women would be available compared with our study. The focus of this study was 

maternal risk factors recognised prior to delivery. It would be interesting to investigate 

foetal risk factors, reflected by other variables than CTG only. However, factors such as 

IUGR or oligohydramnios are not always identified prior to delivery. Moreover, we 

judged the material to be too small for this purpose. 

It would also have been interesting to investigate a possible association between 

oxytocin augmentation and low Apgar scores, since oxytocin augmentation has 

previously been associated with birth asphyxia174. Furthermore, in cases assessed as 

subject to sub-standard obstetrical care, labour dystocia, which is often treated with 

oxytocin, was associated with a significant increase in asphyxia177. However, in our 

database information on oxytocin administration was not available, which is a limitation 

of this study. 

Furthermore, although the electronic medical records contain detailed data on the 

women, information about ethnicity was lacking, which would have been of interest to 

study as a risk factor both for AS5min<7 and for PTB <32 weeks of gestation. 

Regarding Studies II and III, in which immune patterns in PTL and PPROM were 

compared to normal pregnancies (Study II), and prediction models for PTB <34 weeks 

and delivery within 48 hours of hospital admission due to PTL (Study II and III) were 

investigated, there are also some important methodological considerations.  

First of all, the study cohort was rather small, but on the other hand, it was prospective, 

clinically well-defined, and enough number of women were included in order to find 

significant differences. To further evaluate the accuracy of the prediction models, a 

validation cohort would have been of great value. 

The women with PTL who were included in the study were all assessed as being in need 

of hospitalisation due to an imminent risk of PTB. Except for regular contractions, the 

major determinant for the decision of hospitalisation was the cervical status of the 

women. CL <25 mm was the most common basis of the decision, but not a strict criterion 

for entry to the study. In three cases the clinician on duty made an overall assessment of 

the woman being at high risk of PTB, based on other factors than CL length exclusively, 

such as the beginning of cervical dilation despite CL >25 mm. This approach may differ 
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from other studies and may complicate comparisons. However, when the women with 

CL >25 mm were excluded from the statistical analyses, the results did not change.  

Another important aspect of studies regarding prediction models for PTB is which 

outcome is studied, i.e. which gestational age or time interval from hospital admission 

to delivery is used as a cut-off. As described in a previous section, this differs between 

previous studies, which is another factor that makes comparisons between studies 

difficult. In our study we focused on two outcomes: PTB <34 weeks of gestation and 

delivery within 48 hours of hospital admission. Other potential outcomes might have 

been PTB <32 weeks of gestation or delivery within seven days. Given that PTB <32 

weeks is the definition of very PTB (and <28 weeks extremely PTB) that might have 

been an appealing cut-off point; however, as the rate of this outcome is considerably 

lower than PTB <34 weeks, substantially more women with PTL would have to be 

included in order to establish significant differences between groups. We decided to use 

PTB <34 weeks of gestation as the outcome, due to its known associations with neonatal 

complications, mainly respiratory distress10,15,16, and because, according to guidelines, 

antenatal administration of corticosteroids should be offered to women at risk for PTB 

<34 weeks of gestation59. The outcome of delivery within 48 hours of hospital admission 

was decided because it is generally considered that it takes 48 hours for corticosteroids 

to exert their full effect. It is notable, that of the 21 women with PTL who delivered at 

<34 weeks of gestation in this study, 14 delivered within 48 hours of admission. Of the 

remaining seven women, six delivered within seven days and one woman after nine 

days. Hence, in our study the outcome of PTB <34 weeks was virtually equivalent to 

delivery within seven days, with the exception of just one woman.  

Concerning the investigated immunological parameters, those included a panel of 

chemokines and cytokines as well as a panel of oxylipins, both types of compounds 

generally measurable in plasma, although in many cases in the lower range of 

detectability. Moreover, a screening of 92 proteins with high sensitivity and specificity 

was performed. Altogether, this provided a wide-ranging assessment of inflammation-

associated plasma compounds. Although the techniques of ELISA, multiplex bead 

assay, and PEA are all indirect detection methods, in contrast to HPLC-MS/MS, they 

are generally regarded as specific. It is notable that all of the four proteins (IL-6, IL-

17C, IL-10RB, and FGF-23) included in the prediction models were measured by PEA, 

which has been shown to have a very high sensitivity and specificity, and also provided 

the opportunity of measuring a large number of analytes in a small sample volume of 

one µl235. None of the chemokines and cytokines analysed with multiplex bead assay 

showed enough discriminative ability to be included in the prediction models, despite 

that IL-6, which showed a strong predictive value with PEA, was analysed with both 

assays. This points to the importance of having the most appropriate analysis method 

when investigating low-abundant proteins in plasma.  
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Despite the fact that HPLC/MS-MS is generally regarded as an optimal method for 

detecting oxylipins183,236 the detection frequency of PGs was unfortunately very low, in 

most cases the concentrations were below the limit of detection (Figure 12), which 

prohibited their inclusion in the statistical analyses. It would have been interesting to 

evaluate plasma levels of PGs in PTL, as amniotic fluid levels of PGs are highly 

associated with labour initiation, intraamniotic inflammation in PTL, and delivery after 

PPROM149-151. This might be explained either by PGs eluting too early from the column 

to be detected, or by the fact that ex vivo formation and degradation processes occur 

when blood samples are kept too long at room temperature prior to centrifugation. These 

circumstances are more likely to have affected some of the more unstable oxylipins than 

the proteins.  

Another important aspect regarding the oxylipins is the use of pneumatic tube transport 

of blood samples at two of the three study hospitals. Since pneumatic tube transport has 

been reported to influence a subset of oxylipins237, we investigated the potential impact 

of these factors on our data set. In the univariate logistic regression analysis there was a 

tendency for a statistically significant association between not using pneumatic tube 

transport and the association of oxylipins with delivery before 34 weeks (p=0.053); 

however, in the multivariate analysis an association was not verified (p=0.127) (Table 

2, Paper III). Regarding delivery within 48 hours, the use of pneumatic tube transport 

had no impact on the oxylipin results (Table 3, Paper III). 

Regarding the prediction models built on combinations of plasma proteins, a high NPV 

was prioritised over a high PPV for secure prediction of who would not deliver preterm, 

an approach we considered to be most useful in a clinical perspective. Thereby, 

hospitalisation and unnecessary treatments could be avoided. With the chosen cut-off of 

an NPV at 100% for delivery within 48 hours of hospital admission, 60% of the women 

in our study cohort would have been exempt from unnecessary treatment, while all 

women who delivered within 48 hours would have received treatment in a correct way.  

 

In Study IV, we were a little surprised to find that the proportion of sPTB <34 weeks of 

gestation, was lower than expected (46/108; 43%) as compared with medically indicated 

PTB. Generally, about two thirds of PTBs are spontaneous4,6,7. However, the total 

incidence of PTB <34 weeks in the pregnancy biobank (1.5%) was comparable to the 

incidence in the Swedish population in 2019238. The studied cohort might be considered 

relatively small (sPTB; n=46, controls; n=46), but was considered sufficient according 

to the sample size calculation. Furthermore, data on ethnicity is not available in the 

medical records. However, the vast majority of the participants in the pregnancy biobank 

is Caucasian. It would have been appropriate, however, to adjust for this factor when 

constructing a prediction model. The same problem is present also in Studies II and III. 
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Another possible limitation of Study IV is that PTL and PPROM were regarded as one 

clinical entity of PTB, although they are phenotypically different and at least in part 

result from different underlying mechanisms. However, the aim was to evaluate whether 

prediction of sPTB prior to 34 weeks of gestation was possible, regardless of the 

underlying pathology. Furthermore, concerns might be raised regarding the control 

group, in which only healthy non-smoking women with BMI <30 and previous and 

present normal pregnancies were included. The only variables that were used to match 

the case group were parity and time of the year at sampling. In this way, our control 

group might consist of women with fewer health problems than the general population. 

Therefore, this might result in a lower grade of pro-inflammatory markers and thus 

augment differences between cases and controls. However, regarding factors such as 

age, BMI, and frequency of smoking there were no major differences between the 

groups (Table 1, Paper IV), implying that they are comparable. 
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Conclusions 
 

Based on the studies in this thesis, the following conclusions are drawn: 

 In the southeast region of Sweden, risk factors for Apgar score<7 at five minutes 

of age are PTB, low gestational age, maternal short stature, non-normal 

admission CTG, previous caesarean section, nulli-parity, multiple gestation, as 

well as overweight and obesity (Study I). 

 

 There was a higher rate of PTB at the tertiary level of care hospital than at the 

secondary level. However, adjusted for a spectrum of other diagnoses, AS5min<7 

was not associated with the tertiary level of care (Study I).  

 

 Risk factors for PTB <32 weeks of gestation are multiple gestation, preeclampsia, 

epilepsy, thyroid disease, smoking, and nulli-parity (Study I). 

 

 A combination of PEA-measured inflammation-associated proteins and CL 

predicted PTB <34 weeks of gestation (IL-6, IL-17C, IL-10RB, and FGF-23) and 

within 48 hours of hospital admission (IL-6 and IL-17C) at high accuracy in 

women presenting with PTL<34 weeks (Study II). 

 

 PTL and labour at term are associated with a more complex type of inflammation 

than previously thought, involving Th17- (CXCL1) and Th2- (CCL17) 

associated immunity. While there is no significant difference between PTL and 

PPROM, both these conditions show higher inflammatory activity than antenatal 

controls (Study II).  

 

 In women with PTL, PTB <34 weeks is associated with lower concentrations of 

the oxylipin 9,10-DiHODE, and higher concentrations of 11,12-DiHETrE, while 

delivery within 48 hours of hospital admission is associated with lower 

concentrations of 9,10-DiHODE and higher concentrations of 8-HETE (Study 

III).  

 

 A combination of PEA-measured plasma proteins from the first and second 

trimesters of pregnancy in a low-risk population was able to predict PTB with 

high accuracy. However, the predictive accuracy of combinations of first 

trimester plasma proteins was only moderate (Study IV).  

 

 Although the predictors for sPTB identified in this thesis are promising, further 

studies are needed for confirmation before they can be used in clinical practise. 
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Concluding Remarks and Future Perspectives 
 

Study I verified some previous known risk factors for AS5min<7 and for PTB <32 weeks 

of gestation, and also provided valuable information for the continuous work with 

preventive strategies in the southeast region of Sweden, such as the cessation of 

smoking, which might reduce the numbers of PTB. It has been shown that, compared to 

usual care, counselling during pregnancy increases the rate of smoking cessation, and 

that this results in a smaller proportion of infants born with low birthweight, although 

there is no clear impact on PTB rates239. As guidelines now favour the use of aspirin as 

a prophylactic agent against preeclampsia, this might reduce not only the incidence of 

preeclampsia, but also PTB rates240. Furthermore, the continuous efforts to reduce 

pregnancy complications, including low Apgar scores, must focus on obesity. 

Fortunately, an intervention study has shown positive results in weight gain restriction 

for obese pregnant women241.  Moreover, the association between short stature and 

AS5min<7 would be interesting to investigate further to find out if changes in clinical 

management could improve the situation. 

Studies II and III revealed a more complex immune pattern represented in PTL, 

PPROM, and different stages of normal pregnancy than previously thought. Thus, 

further investigation is needed to better understand the mechanisms behind PTL and 

PPROM. Moreover, novel and interesting associations between certain oxylipins and 

PTB were found, indicating that oxylipins might have both protective and harmful 

effects on the risk of PTB. These findings need to be verified in larger studies, before a 

thorough evaluation of oxylipins as predictors of PTB can be done. In recent years, 

omics-based global approaches, evaluating gene expression (RNA), proteins and 

cellular phenotypes, have demonstrated precise and timely immune adaptations during 

pregnancy154-158. It would be of interest to apply some of these tools to increase our 

understanding of mechanisms in labour and possible deviations in PTL, PPROM and 

PTB.    

 

The proposed prediction models for PTB <34 weeks of gestation and for delivery within 

48 hours of hospital admission due to PTL, composed of combinations of PEA-based 

inflammation-associated proteins, appear very promising. However, these findings also 

need validation in other and larger cohorts. Furthermore, different cut-off levels of the 

included proteins to predict PTB would also need to be established. Moreover, a pre-

requisite for clinical utility in the context of PTL is the availability of a bedside test. 

Since the PEA technique is PCR-based this would be achievable and could involve a 

bedside filter paper test242. Also, to improve predictive accuracy, other biomarkers could 

be added to our candidate molecules, such as foetus-derived molecules77,78,99,243.  
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A very important aspect of the studies of PTB subsequent to PTL is the effect of 

tocolytics treatment. In our study, all women with PTL were assessed as having a high 

risk of PTB and hence were treated with tocolytics. Therefore, there is no way of 

knowing what withholding of tocolytics from these women would have resulted in. In 

the search for prediction models for PTB after PTL the effect of tocolytics must be taken 

into consideration. After a positive evaluation in validation cohorts of predictive 

biomarkers, the next step would be to evaluate how the withholding of tocolytics would 

affect the outcome in women assessed to be at lower risk for PTB after being tested with 

biomarkers. To test this, randomised trials would be necessary. However, this raises 

important and difficult ethical concerns.  

In Study IV we presented prediction models for PTB <34 weeks of pregnancy based on 

levels of plasma proteins in the first and second trimesters. Although the combined 

model including protein findings from both trimesters indicated predictive accuracy, we 

propose that a prediction model built on plasma proteins exclusively from the first 

trimester would offer better clinical value, as this would give women assessed as being 

at risk for PTB the opportunity to have preventive treatment. Hence, to begin with, the 

evaluation of further inflammation-associated first trimester plasma proteins would need 

evaluation and validation in another cohort. With this achieved, the utility of a test in 

relation to a certain preventive strategy or prophylactic treatment would need 

investigation. It is imaginable that different sub-groups of women, based on for example 

ethnicity or obesity, would benefit differently from different interventions, which also 

needs investigation. Therefore, in parallel with the search for biomarkers, future 

research must also include development of prophylactic treatments, otherwise 

identifying a woman at risk for PTB without having an effective risk-decreasing 

intervention to offer would again raise ethical concerns. However, the composition of 

inflammatory biomarkers might provide some clues to the underlying mechanisms of 

PTB, which might facilitate the development of preventive treatments. 

Furthermore, for the comparison of studies regarding interventions to prevent PTB an 

evaluation core outcome set has been proposed244. Also for studies regarding prediction 

models, whether biomarkers are included or not, a similar future approach would be 

beneficial.   
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Appendices 
 

Appendix 1.  
Inflammation-associated proteins analysed by proximity extension assay (Studies II 

and IV) and their corresponding UniprotIDs in the Olink-panel.  

Protein Uniprot ID 
 

Protein Uniprot ID 
 

Protein Uniprot ID 

4E-BP1 Q13541  CXCL10 P02778  IL-20RA Q9UHF4 

ADA P00813  CXCL11 O14625  IL-22RA1 Q8N6P7 

ARTN Q5T4W7  DNER Q8NFT8  KITLG P21583 

AXIN-1 O15169  FGF-5 P12034  LAP TGF-β-1 P01137 

Beta-NGF P01138  FGF-19 O95750  LIF P15018 

CASP-8 Q14790  FGF-21 Q9NSA1  LIF-R P42702 

CCL2 P13500  FGF-23 Q9GZV9  LT-α P01374 

CCL3 P10147  Flt3L P49771  M-CSF P09603 

CCL4 P13236  GDNF P39905  MMP-1 P03956 

CCL7 P80098  HGF P14210  MMP-10 P09238 

CCL8 P80075  IFN-γ P01579  NRTN Q99748 

CCL11 P51671  IL-1 α P01583  NT-3 P20783 

CCL13 Q99616  IL-2 P60568  OPG O00300 

CCL19 Q99731  IL-4 P05112  OSM P13725 

CCL20 P78556  IL-5 P05113  PD-L1 Q9NZQ7 

CCL23 P55773  IL-6 P05231  S100A12 P80511 

CCL25 O15444  IL-7 P13232  SIRT2 Q8IXJ6 

CCL28 Q9NRJ3  IL-10 P22301  SLAMF1 Q13291 

CD5 P06127  IL-12B P29460  ST1A1 P50225 

CD6 P30203  IL-13 P35225  STAMBP O95630 

CD8A P01732  IL-17A Q16552  TGF-α P01135 

CD40 P25942  IL-17C Q9P0M4  TNF P01375 

CD244 Q9BZW8  IL-18 Q14116  TNFRSF9 Q07011 

CDCP1 Q9H5V8  IL-20 Q9NYY1  TNFSF14 O43557 

CST5 P28325  IL-24 Q13007  TRAIL P50591 

CX3CL1 P78423  IL-33 O95760  TRANCE O14788 

CXCL1 P09341  IL-2RB P14784  TSLP Q969D9 

CXCL5 P42830  IL-10RA Q13651  TWEAK O43508 

CXCL6 P80162  IL-10RB Q08334  uPA P00749 

CXCL8 P10145  IL-15RA Q13261  VEGF-A P15692 

CXCL9 Q07325  IL-18R1 Q13478     
 

 
 

  



110 
 

Appendix 2.  
Abbreviation list of the oxylipin compounds analysed in Study III. 

 

9,10,13-TriHOME 9,10,13-trihydroxy-octadecenoic acid 9-HETE 9-hydroxy-eicosatetraenoic acid

9,12,13-TriHOME 9,12,13-trihydroxy-octadecenoic acid 11-HETE 11-hydroxy-eicosatetraenoic acid

PGF2a Prostaglandin F2a 12-HETE 12-hydroxy-eicosatetraenoic acid

Resolvin D1 7,8,17-trihydroxy-docosahexaenoic acid 15-HETE 15-hydroxy-eicosatetraenoic acid

Resolvin D2 7,16,17-trihydroxy-docosahexaenoic acid 20-HETE 20-hydroxy-eicosatetraenoic acid

TXB2 Thromboxane B2 5-HEPE 5-hydroxy-eicosapentaenoic acid

LTB4 Leukotriene B4 12-HEPE 12,13-dihydroxy-octadecenoic acid

PGD2 Prostaglandin D2 15-HEPE 15-hydroxy-eicosapentaenoic acid

PGE2 Prostaglandin E2 17-HDoHE 17-hydroxy-docosahexaenoic acid

9,10-DiHOME 9,10-dihydroxy-octadecenoic acid 15-HETrE 15-hydroxy-eicosatrienoic acid

12,13-DiHOME 12-hydroxy-eicosapentaenoic acid 5-oxo-ETE 5-oxo-eicosatetraenoic acid

9,10-DiHODE 9,10-dihydroxy-octadecadienoic acid 12-oxo-ETE 12-oxo-eicosatetraenoic acid

12,13-DiHODE 12,13-dihydroxy-octadecadienoic acid 15-oxo-ETE 15-oxo-eicosatetraenoic acid

15,16-DiHODE 15,16-dihydroxy-octadecadienoic acid 9-oxo-ODE 9-oxo-10,12-octadecadienoic acid

5,6-DiHETrE 5,6-dihydroxy-eicosatrienoic acid 13-oxo-ODE 13-oxo-octadecadienoic acid

8,9-DiHETrE 8,9-dihydroxy-eicosatrienoic acid 9(10)-EpOME 9(10)-epoxy-octadecenoic acid

11,12-DiHETrE 11,12-dihydroxy-eicosatrienoic acid 12(13)-EpOME 12(13)-epoxy-octadecenoic acid

14,15-DiHETrE 14,15-dihydroxy-eicosatrienoic acid EKODE 12(13)-epoxy-9-keto-octadecenoic acid

8,9-DiHETE 8,9-dihydroxy-eicosatetraenoic acid 9(10)-EpODE 9(10)-epoxy-octadecadienoic acid

11,12-DiHETE 11,12-dihydroxy-eicosatetraenoic acid 12(13)-EpODE 12(13)-epoxy-octadecadienoic acid

14,15-DiHETE 14,15-dihydroxy-eicosatetraenoic acid 15(16)-EpODE 15(16)-epoxy-octadecadienoic acid

17,18-DiHETE 17,18-dihydroxy-eicosatetraenoic acid 8(9)-EpETrE 8(9)-epoxy-eicosatrienoic acid

7,8-DiHDPE 7,8-dihydroxy-docosapentaenoic acid 11(12)-EpETrE 11(12)-epoxy-eicosatrienoic acid

10,11-DiHDPE 10,11-dihydroxy-docosapentaenoic acid 14(15)-EpETrE 14(15)-epoxy-eicosatrienoic acid

13,14-DiHDPE 13,14-dihydroxy-docosapentaenoic acid 8(9)-EpETE 8(9)-epoxy-eicosatetraenoic acid

16,17-DiHDPE 16,17-dihydroxy-docosapentaenoic acid 11(12)-EpETE 11(12)-epoxy-eicosatetraenoic acid

19,20-DiHDPE 19,20-dihydroxy-docosapentaenoic acid 14(15)-EpETE 14(15)-epoxy-eicosatetraenoic acid

9-HODE 9-hydroxy-octadecadienoic acid 17(18)-EpETE 17(18)-epoxy-eicosatetraenoic acid

13-HODE 13-hydroxy-octadecadienoic acid 7(8)-EpDPE 7(8)-epoxy docosapentaenoic acid

9-HOTrE 9S-hydroxy-octadecatrienoic acid 10(11)-EpDPE 10(11)-epoxy docosapentaenoic acid

13-HOTrE 13-hydroxy-octadecatrienoic acid 13(14)-EpDPE 13(14)-epoxy docosapentaenoic acid

5-HETE 5-hydroxy-eicosatetraenoic acid 16(17)-EpDPE 16(17)-epoxy docosapentaenoic acid

8-HETE 8-hydroxy-eicosatetraenoic acid 19(20)-EpDPE 19(20)-epoxy docosapentaenoic acid
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