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Abstract

:

Objectives—To conduct a secondary analysis of prediction accuracy of biophysical markers for suspected Preeclampsia (PE), Fetal Growth Restriction (FGR) and the two combined near delivery in a Slovenian cohort. Methods—This was a secondary analysis of a database of a total 125 Slovenian pregnant women attending a high-risk pregnancy clinic due to suspected PE (n = 31), FGR (n = 16) and PE + FGR (n = 42) from 28–39 weeks gestation and their corresponding term (n = 21) and preterm (PTD, n = 15) controls. Data for Mean Arterial blood Pressure (MAP) and Uterine artery pulsatility index (UtA PI) estimated by Doppler sonography were extracted from the database of patients who were tested at admission to the high-risk clinic with the suspected complications. The reactive hyperemia index (RHI), and the Augmentation Index (AIX%) were extracted from the patient database using measured values obtained with the assistance of the Endo PAT, a device set to measure the signal of the peripheral arterial tone (PAT) from the blood vessels endothelium. Linear regression coefficients, Box and Whisker plots, Area under the Curve (AUC) of receiver Operation Characteristic (ROC) curves, and multiple regression were used to assess the marker accuracy using detection rate (DR) and false-positive rate (FPR) and previously reported cut-offs for estimating the positive and negative predictive value (NPV and PPV). The SPSS non-parametric statistics (Kruskal Wallis and Mann–Whitney) and Spearman’s regression coefficient were used to assess marker accuracy; p < 0.05 was considered significant. Results—MAP values reached diagnostic accuracy (AUC = 1.00, DR = 100%) for early PE cases delivered < 34, whereas UtA Doppler PI values yielded such results for early FGR < 34 weeks and the two combined reached such accuracy for PE + FGR. To reach diagnostic accuracy for all cases of the complications, the Endo PAT markers with values for MAP and UtA Doppler PI were required for cases near delivery. Multiple regression analyses showed added value for advanced maternal age and gestational week in risk assessment for all cases of PE, FGR, and PE + FGR. Spearman’s regression coefficient yielded r > 0.6 for UtA Doppler PI over GA for PE and FGR, whereas for RHI over BMI, the regression coefficient was r > 0.5 (p < 0.001 for each). Very high correlations were also found between UtA Doppler PI and sFlt-1/PlGF or PlGF (r = −0.495, p < 0.001), especially in cases of FGR. Conclusion—The classical biophysical markers MAP and UtA Doppler PI provided diagnostic accuracy for PE and FGR < 34 wks gestation. A multiple biophysical marker analysis was required to reach diagnostic accuracy for all cases of these complications. The UtA Doppler PI and maternal serum sFlt-1/PlGF or PlGF were equally accurate for early cases to enable the choice of the markers for the clinical use according to the more accessible method.
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1. Introduction


In the last two decades, challenges have been made to the classical use of blood pressure measurements in the diagnosis of preeclampsia (PE), and it was suggested that near delivery (birth), the diagnosis can reach higher accuracy by adding certain biomarkers, particularly the pro- and anti-angiogenic markers placental growth factor (PLGF) and soluble forms, like tyrosine kinase-1 (sFlt-1) [1,2,3,4,5,6]. Preeclampsia is a leading cause of maternal and neonatal morbidity and mortality worldwide [7,8,9,10]. The International Society for the Study of Hypertension in Pregnancy (ISSHP) [8] recommended adding the measurements of angiogenic markers in the diagnosis of PE near delivery [8]. The American College of Obstetricians and Gynecologists (ACOG) [9], and the National Institute of Clinical Excellence (NICE) [10] included recommendations to use various biochemical and biophysical markers to improve the accurate diagnosis and prediction of PE near delivery.



In a previous set of publications [11,12,13,14], our team examined the accuracy of levels of maternal blood biochemical pro- and angiogenic markers in the prediction and diagnosis of PE using a Slovenian cohort of women attending the high-risk pregnancy clinic with the suspected complication. Indeed, we were able to show, like many previous studies [1,2,15,16,17,18,19,20], that near delivery, PlGF and the ratio of sFlt-1/PlGF reached high accuracy in the prediction and diagnosis of early PE, where delivery would be required before 34 weeks (<34 wks gestation), but were less accurate in predicting late cases of PE [13]. In addition, we showed the added accuracy offered when we combined the levels of the said biomarkers with the level of maternal serum Inhibin A, especially in the diagnosis of PE developed around term [14]. The accuracy was estimated using the area under the curve (AUC) of the receiver operating characteristic (ROC) curves, from which we extracted the detection rates (DR) and false positive rates (FPR) using continuous and cut-off models [1,15,19].



Prior cardiovascular disorders (CVD) were found to contribute to the development of PE [21]. Although the etiology of PE remained an enigma, impaired placentation and inappropriate remodeling and expansion of the uterine arteries are considered as important causality as they are accompanied by reduced supply of nutrients and oxygen to the placenta especially in early cases of the disorder [22,23]. One measure for the narrower arteries supplying blood to the pregnancy is the increased uterine arteries pulsatility index (UtA PI) for the blood flow through the uterine arteries that is measured by abdominal Doppler sonography [24,25]. Other features of blood vessel changes include increased blood vessel stiffness [26] and insufficiency of the endothelium layer [27], that are contributing to reduced oxygen and nutrient supply to the pregnancy.



Fetal growth restriction (FGR) is often accompanied by PE, creating a combined complication (PE + FGR). The FGR can also be developed without PE symptoms. Typical features of FGR combined with PE are reduced blood circulation to the fetus without hypertension, that can be assessed as a reduced impedance of the fetal middle cerebral artery (MCA), increased umbilical cord artery’s PI, and reduced fetal biometry as the fetus does not grow to its expected biological potential in utero [28]. The newborn has fetal distress, low birthweight, and an un-optimized APGAR score at delivery. The FGR could also be developed due to genetic abnormalities alone or in conjunction with placental insufficiency [28,29,30]. Pure FGR as well as FGR coupled with PE, especially the early cases, are often correlated with impaired cognitive and motor disabilities of the newborn, and long-term developmental disorders [30].



The distrust in using blood pressure measurements for PE prediction and diagnosis is probably derived from using old manometers or uncalibrated automated devices [1,2,3,4,5]. Subsequently, the Fetal Medicine Foundation (FMF) has introduced rigorous guidelines for blood pressure measurements based on the use of arm adjusted cuffs placed on both arms and the double measurements from both arms, 20 min apart, after pre-calibrating the measuring devices. These are followed by calculating the mean arterial blood pressure as a better measure than the use of diastolic and/or systolic values [31]. The values of MAP and uterine artery PI (UtA PI, also measured according to the FMF guidelines [24,25]) are widely used in the prediction and diagnosis of PE, FGR, and PE + FGR.



Endo PAT is an additional tool to evaluate biophysical features [32]. We and others have previously showed the efficacy of using this device in evaluating the risk to develop hypertension disorders in pregnancy, as was previously applied to monitoring cardiovascular diseases (CVDs). The device enables the evaluation of the peripheral arteries’ tone (PAT) [33,34,35,36,37], and the assessment of the impaired function of the endothelial layer of the blood vessels. Measures involve the determination of fingertips hyperemia index (RHI) elicited by arterial pulse after a short occlusion of the brachial artery, and the comparison of responses between the occluded and free arms. Arterial stiffness is measured from the response to PAT signal that augment the blood pressure over the peripheral vessels walls and enables calculation of the augmentation index (AIX) of peripheral vascular resistance [37].



Our aim in this study was to evaluate the accuracy of each biophysical marker on its own and in combination for the prediction of PE, FGR and PE + FGR near delivery to direct clinical decision making in managing the patients admitting to the hospital delivery clinic near labor with the suspected complication.



While such studies have already been performed for large cohorts and medical centers, here we conducted the study and analysis in a relatively small medical center with restricted staff time and resources. Our study aimed to evaluate how the biophysical markers could be best utilized to assist in reaching clinical excellence despite limited resources and personnel.



The biophysical markers used were divided into two groups: those we routinely use, including mean arterial blood pressure (MAP) and uterine artery pulsatility index (PI), and two additional markers generated using a relatively new tool, the Endo PA, the AIX (%) and RHI. This analysis could help verify the added value of the new tools compared to the routinely available ones.



The performance of each of these markers on its own was evaluated using standard tools such as Box and Whisker plots to identify means, medians, and interquartile distribution, and Receiver Operation Characteristic (ROC) curve analysis to assess the detection rate (DR) and false positive rate (FPR), as well as to extract the positive (PPV) and negative (NPV) predictive value for each complication group.



These standard tools provide accuracy to the use of markers to direct clinical work as has been shown elsewhere [15,19]. These were calculated for each clinical group as a whole and for early cases before 34 wks gestation, to separate their future necessity for clinical management.



Markers were evaluated either singly, or in combined analyses of two, three and four markers, in the context of early and all cases. This way we could verify whether such combined analysis was adding accuracy to the clinical work up.



A multiple regression model was subsequently developed to evaluate the Odds Ratio of the prediction accuracy to create a tool to support differential diagnosis.



Finally, the performance of the biophysical markers was compared to the performance of the angiogenic markers as previously published by us (11–14) for this cohort. We did this to assess the apparent advantages for a relatively small clinical setting like ours, and to help clinical sites like ours to choose the most suitable methods of testing (according to available resource and staff expertise) to reach clinical decision, and whether one should prefer biophysical vs. biochemical tests to maintain high standards of clinical care.




2. Sample and Methods


2.1. Sample


Our dataset for the secondary analysis was previously described elsewhere [11,12,13,14] based on data collected between 2012 and 2015 as ethically approved (No. 104/04/12) by the National Medical Ethics Committee of the Republic of Slovenia. The dataset included patient medical records from the outpatient high-risk clinics at the Department of Perinatology of the University Medical Centre of Ljubljana, Slovenia. Women with the suspected PE, FGR and PE + FGR complications, or with a history of these complications, were enrolled after signing off their informed consent. No patient was in labor at the time of enrolment. Included, were women aged 18 years and above who were pregnant with a singleton fetus for at least 24 weeks. Women who had a twin demise to a singleton, major fetal anomalies, pre-existing renal, hematological, autoimmune conditions, or chorioamnionitis, were excluded along with those with mental disorders jeopardizing the reliability of their informed consent.



Data extracted included maternal age, weight and height, parity, years of education, medical and pregnancy history, and mode of conception. All patients were Caucasian. The biochemical and biophysical markers were recorded at enrolment as detailed below and a full dataset was obtained for each patient as was previously described [11,12,13,14].



What was known and what is new in the approach taken in this study?



This is a secondary analysis of the dataset of a cohort that has been partially used before [11,12,13,14]. Same patients were previously analyzed, and their basic characteristic were similar. However, the purpose of that study was different. In reference [12] the same patients were used but we extracted the values of their means, medians, and inter-quartiles to establish the values of nine different biochemical and biophysical markers, each found to provide different accuracy. The aim of that study was to establish a differential marker profile to assist in the clinical management of PE, FGR, PE + FGR, and PTD. Among other things, the study showed that it was hard to differentiate between PE, FGR, and PE + FGR according to the angiogenic markers alone, and that the Endo-PAT markers were important for separating PE from pure FGR cases. It indicated the importance of the Endo-PAT markers in developing a differential diagnosis of PE and FGR and of the early PE and FGR versus unrelated cases of PTD.



Reference [13] analyzed in depth the pro- and anti-angiogenic markers. In addition to Box and Whisker plots, it also included ROC curves of each marker and their combination for the prediction of PE, FGR and PE + FGR. The study indicated that out of all the pro- and anti-angiogenic markers (PlGF, sFlt-1, their ratio, and sEndoglin), PlGF was the best marker for FGR, and reached diagnostic accuracy for the cases developed before 34 weeks of gestation, whereas the ratio of sFlt-1/PlGF reached this accuracy for the PE cases.



Reference [14] focused on the assessment of the add value of Inhibin-A, and how it could add to the accuracy of prediction by the pro-and-anti-angiogenesis markers. It showed that when inhibin-A was combined with PlGF, it offered a similar accuracy to the prediction obtained combining PlGF with the ratio of sFlt-1/PlGF.



Reference [11] was an earlier study, and not all cases that are now available in the cohort were included. Among all markers that are now available in the cohort, it analyzed the pro- and anti-angiogenesis markers and the Endo PAT markers. And showed their value in the prediction of all cases of PE.



Here we performed an in-depth analysis of the biophysical markers, and in certain points we draw comparison to the performance of the pro- and anti-angiogenesis markers.




2.2. Immunodiagnostic Test of Angiogenic Markers


Details of the measurement of placental growth factor (PlGF) and soluble FMS-Like tyrosine kinase (sFlt-1) have been provided before and the same dataset was used here [11,12,13,14].




2.3. Biophysical Markers


Data for all biophysical markers were extracted from the database.



2.3.1. Blood Pressure


Blood pressure was measured according to the guidelines of the Fetal Medicine Foundation (FMF) from both arms with arm adjusted cuffs, using pre-calibrated automated device (OMRON M6 Comfort, Omron Healthcare Co., Ltd., Kyoto, Japan). We measured the diastolic and systolic blood pressure twice, 20 min apart, and calculated the mean arterial blood pressure (MAP), according to (systolic + diastolic * 2)/3 [31].




2.3.2. Endo PAT


Measurements by the Endo PAT 2000 device (Itamar Medical, Caesarea, Israel) were conducted at enrolment according to the manufacturer’s instructions. In a supine position in a quiet, temperature-controlled room (21–24 °C), the measurements were made after a 15-min rest to ensure a steady state of a relaxed cardiovascular function. Patients with untangled legs were asked to remove jewelry and remain still and silent throughout the test.



Measuring the hyperemia index (RHI)—A plethysmography probe was placed on the index finger of each hand., and after brachial artery occlusion, blood pressure was measured following a 5-min pause and the value was corrected for the systemic changes in the vascular tone measured simultaneously from the un-occluded arm. After 10 min, measurement of RHI was made, after which the cuff was inflated 60 mmHg above systolic blood pressure and no less than 200 mm Hg, and a transient ischemia was provoked by up to 300 mmHg for exactly 5 min. The release of the cuff led to increased blood flow that caused an endothelium-dependent dilation of the vascular bed recorded continuously for 5–10 min [37]. The ratio of the post-(O21) to pre-(O11) occlusion PAT amplitude of the tested arm divided by the post (O22) to pre-occlusion (O12) ratio of the control arm was used to calculate the RHI. Values were issued by the Endo PAT software.



Measuring the augmentation index (AIX (%))—The peripheral vascular resistance was estimated using the AIX % of arterial stiffness. A pulse-waveform was expressed as a percentage of the relative value of the difference between the late systolic peaks of the waveform (P2) and the early value (P1) divided by the early pick (P1). The Endo PAT software used values below 2, which were defined as increased arterial stiffness between −10% and 10% [38].




2.3.3. Ultrasound


For ultrasound analysis, we used a GE Voluson U6 and GE Voluson 8Expert with 2–7 MHz GE RAB6-D probe (GE Healthcare GmbH, Solingen, Germany). Pregnancy dating was included in the first trimester records extracted for each patient from which gestational age was determined according to the last menstrual period and the sonographic measurements of the fetal crown rump length [39]. Fetal biometry was determined at admission according to the femur length and the fetal head and abdominal circumference (guidelines of the International Society of Ultrasound in Obstetrics and Gynecology, ISUOG, [28]). Hadlock’s formula was used to estimate fetal weight (EFW) [40].



A Doppler transducer placed on the mother’s abdomen was used to measure the uterine artery pulsatility index (UtA Doppler PI) at a sagittal cervical section view. The transducer was tilted from side to side to identify the uterine arteries at the level of the internal os. The A pulsed Doppler sampling gate of 2 mm was used to cover each vessel, and an angle of insonation < 30 with peak systolic velocity of >60 cm/s was used to obtain the necessary waveforms before calculating the average of the pulsatility index in the left and right uterine arteries [24,25,28].





2.4. Clinical Definition of the Study Groups


Preeclampsia (PE)—In this paper we used the updated criteria for the definition of preeclampsia as published by the ACOG [9]. Preeclampsia was defined as systolic blood pressure of 140 mm Hg or more or diastolic blood pressure of 90 mm Hg or more on two occasions at least 4 h apart after 20 weeks of gestation in a woman with a previously normal blood pressure. Severe PE was defined according to systolic blood pressure of 160 mm Hg or more or diastolic blood pressure of 110 mm Hg or more. For the latter, the blood pressure was confirmed within a shorter interval (minute) to facilitate timely management. The new onset proteinuria was defined as 300 mg or more per 24 h urine collection (or this amount extrapolated from a timed collection) or protein/creatinine ratio of 0.3 mg/dL or more or dipstick reading of 2+ (used only if other quantitative methods was not available). In the absence of proteinuria, the definition included new-onset hypertension with any of the following: (a) thrombocytopenia defined as platelet count less than 100 × 109/L; (b) renal insufficiency determined as serum creatinine concentrations greater than 1.1 mg/dL or (c) a doubling of the serum creatinine concentration in the absence of other renal disease, (d) an impaired liver function: defined as elevated blood concentrations of liver transaminases to twice normal concentration. Other symptoms included pulmonary edema, new-onset headache unresponsive to medication and not accounted for by alternative diagnoses or visual symptoms [7,8,9,10].



References [9,10] included an updated definition of PE by the ACOG [9] and by the International Society for the Study of Hypertension Disorders in Pregnancy (ISSHP) [10] that were published after all patients had delivered, and thus, each patient was re-evaluated according to these guidelines [9] to confirm the clinical definitions, and luckily no discrepancy was determined compared to the former hospital guidelines.



Fetal growth restriction (FGR) was defined according to the ISUOG criteria as fetal weight estimated by biometric evaluation with ultrasound to be at the 10-precentile lower growth scale and abnormal blood flow patterns demonstrated by Doppler ultrasound in the uterine, umbilical, or middle cerebral arteries [28].



Preterm delivery (PTD)—was defined as delivery < 37 weeks gestation due to short cervix, after spontaneous onset of contraction, spontaneous preterm pre labor rupture of membranes (PPROM) but not due to any of PE, FGR or PE + FGR, fetal abnormalities or chorioamnionitis [41,42].




2.5. Statistical Analyses


Comparison between the outcome groups was performed by Mann–Whitney non-parametric U test for continuous variables presented as median with 95% Confidence Interval (95% CI). Values of each group were compared to the unaffected term delivery control group (all cases) and the early complication cases (<34 weeks) were compared to the group who delivered <34 not due to PE, FGR or PE + FGR. A Kruskal–Wallis analysis was performed for multiple groups following Bonferroni post hoc corrections for multiple comparisons, and Mann–Whitney comparisons were made for group pairs. Chi-square tests were used for categorical values presented as n (%).



Box and Whisker plots were depicted for the marker medians and quartile distributions. The areas under the curve (AUC) were calculated under the receiver operating characteristic (ROC) curves with 95% CI prepared from the detection rate (DR) at 10% false positive rate (10%FPR). True cases were subdivided by all cases to obtain the positive predictive value PPV. All true negative cases were divided by all cases to calculate the negative predictive value (NPV). Combined analysis was performed by combining percentiles of individual marker values for each FPR.



Multiple regression was calculated with this function as it incorporated in the SPSS software. The non-parametric Spearman’s rank correlation coefficient or Pearson correlation were used to evaluate statistical dependence between the rankings of two variables, depending on whether regressions were linear (Pearson) or non-linear (Spearman’s).



All the calculation and the analysis were performed using the SPSS software, version 28.0 (IBM) with a statistical significance threshold of p < 0.05.





3. Results


3.1. Cohort Characteristics


As our previous secondary analysis showed, our dataset included 125 patients: 31 PE cases (10 < 34 wks of gestation), 16 FGR (12 < 34 wks of gestation), 42 PE + FGR (28 < 34 wks of gestation), and 15 PTD < 37 wks of gestation (6 < 34 wks of gestation).



Patients were enrolled as they attended the delivery and high-risk clinics. Among singleton pregnancies, in Slovenia, PE (with and without FGR) has higher prevalence than FGR, and accounts for 2–3% of all patients, whereas FGR is less common and accounts for 0.7–1.2% of the deliveries, predicting a ratio of 1:3–1:4.3 in the number of anticipated cases. Thus, it was not surprising that we had 16 FGR cases compared to 73 PE (with and without FGR, 42 + 31), a ratio of 1:4.5. In this respect, the study represented a population of 2400–3650 patients (approximately 20% of all deliveries in Slovenia).



In terms of basic characteristics, most of the women were in their early thirties, they conceived spontaneously, parity was ~1.5 across all groups, and the median gestational age at enrolment was 31–32 weeks. The BMI was higher in the PE and PE + FGR groups. The gestational week at delivery (GA) for all cases was three weeks earlier for the complication groups vs. the unaffected one. In the early groups delivered <34 wks of gestation, no difference in gestational week at delivery was found. Delivery by cesarean section was significantly different in the PE, FGR and PE + FGR groups (Table 1, Delivery results). Significant reduction in baby birth weights were also recorded for the FGR and the FGR + PE groups (Table 1).




3.2. Biophysical Marker, Medians and Inter Quartiles for the Outcome Groups


A Box and Whisker plot was used to display the data to evaluate the performance of the biophysical markers in predicting the risk to develop PE, FGR and PE + FGR. A cut-off of UTPI = 0.85, MAP = 98, RHI = 1.6 and AIX = 4.0 was derived from ours and other publications as an initial tool to estimate marker accuracy in the prediction (Figure 1).



Figure 1 shows that for the marker UtA Doppler PI, the cut-off separates cases of FGR and PE + FGR from the control. Also, MAP on its own works quite well for PE, while AIX appears useful for PE and less for PE + FGR but not to FGR, and RHI was good for characterizing any of PE, FGR and PE + FGR. Yet, for each complication group, there were many values that were beyond the cut-off and for each complication group, a single marker was insufficient to generate an accurate prediction (Figure 1, Table 1). Accurate prediction of any of the complication required data of all four biomarkers (UtA Doppler PI, MAP, vascular stiffness (AIX), and endothelial insufficiency (RHI).



Mean Arterial blood pressure (MAP) was significantly higher for the group of All PE (106 [95% CI 102–110]) and the group of all PE + FGR (102 [95% CI 95–108]) compared to the term control (85 [80–90], p ≤ 0.05) (Table 1). At the MAP cut-off = 98, 95% of cases that delivered at term without complications, and 90% of PTD < 37 weeks of gestation had MAP < 90 mm Hg, whereas all the PE cases, and most of the cases of PE + FGR were above the cut-off, providing very good separation between the cases and the control (Figure 1).



The UtA Doppler PI values were significantly higher (p < 0.01) in the FGR (1.35 [1.05–1.66]) and FGR + PE groups (1.42 [1.25–1.56]) compared to term delivery (0.68 [0.66–0.70]). At a UtA Doppler PI cut-off = 0.85, all cases of unaffected term delivery control and PTD < 37 weeks were below the cut-off, whereas >95% of all cases of FGR and of PE + FGR were above it (Figure 1)



For the Endo PAT markers, the arterial stiffness (AIX) was significantly higher for PE and PE + FGR, while the endothelial dysfunction marker RHI was significantly higher in FGR and FGR + PE (Table 1). The cut-off for the stiffness marker (AIX) was 4.0 and all cases of PE were above it, while for the groups of FGR and PE + FGR, the division of cases above and below it was less significant. The value of RHI = 1.6 places >90% of the cases in all three groups above the cut-off (Figure 1).



The sub-groups of PE +FGR who delivered <34 wks of gestation had values of UtA Doppler PI > 1.35 and MAP > 100 mm Hg corresponding to the upper scale of values (lower part of Table 1), indicating a derivation of placental insufficiency and reduced blood supply to the uterus, and the pregnancy linked to hypertension. Late cases may be derived of other causes.




3.3. Spearman’s Coefficient of the Biophysical Markers against Gestational Week and Body Mass Index


Biophysical markers are often standardized against various confounders, mainly the gestational week (GA) and body mass index (BMI) and values ae often converted to multiple of the medians (MoM). Our cohort was not large enough for obtaining such conversion, but we used Spearman’s coefficient analysis to evaluate the impact of these confounders on the biophysical markers, comparing the correlation of each clinical group with the unaffected control combined with the PTD group.



3.3.1. Gestational Week (GA)


The UtA Doppler PI—The analysis revealed that when all cases in each of the clinical complication groups were analyzed, values of this marker decrease with GA, indicating that for the earlier occurring complications, UtA Doppler PI is a better predictor (Table 2, Figure 2). The marker is particularly efficient with FGR (r = −0.811, p < 0.001), and with FGR + PE (r = −0.41, p < 0.05).



The MAP—In the case of this marker, it was poorly correlated with gestational week (Table 2, Figure 2).



Endo-PAT Markers- Arterial Stiffness (AIX) was increased with GA in the group of All PE (r = 0.485, p < 0.05) and All FGR (r = 0.305, p < 0.05) groups, indicating it was a better marker for the late cases of these groups. AIX had negligible correlation with GA for the group of All PE + FGR. Endothelial insufficiency (RHI) had poor correlation with GA.




3.3.2. Body Mass Index (BMI)


The UtA Doppler PI—This marker was poorly correlated with BMI for the groups of All FGR and FGR + PE, but significantly increased with BMI (r = 0.367, p < 0.01).



The MAP—This marker was highly correlated with BMI for the groups PE (r = −0.487, p < 0.05) and FGR (r = −0.392, p < 0.05), indicating that the severity was a better predictor among non-obese women (Table 2, Figure 3).



The Endo PAT markers were poorly correlated with BMI (Table 2, Figure 3).




3.3.3. Angiogenic Markers


For the groups of All PE, All FGR and All PE + FGR, the correlations of UtA Doppler PI with PlGF had Spearman’s coefficients of r = −0.354, 0.317, and −0.484, respectively (p < 0.05 for each), indicating that the values of UtA Doppler PI increase with PlGF for the group of All FGR and decrease for the other two.



A similar analysis for the Sperman’s correlation of UtA Doppler PI with the ratio of sFlt-1/PlGF generated r = −0.367 and r = 0.550 (p < 0.01, for each) for the group of All GFR and All FGR + PE, respectively, indicating that the ratio decreased against UtA Doppler PI for the first and increased for the other (Table 2).



Figure 4 and Table 2 shows that for the subgroups delivered < 34 wks gestation, if all cases are combined, the values of UtA Doppler PI decreased with PlGF, with a Sperman’s correlation r = −0.328 indicated that the larger the value of UtA Doppler PI, the lower was that of PlGF.



For the same analysis of the early cases, the ratio of sFlt-1/PlGF increased with increased values of UtA Doppler PI, both considered indications of the severity of the complication. The calculated Spearman’s correlation for this ratio was −0.497 (p < 0.001).



The correlations between the angiogenic markers and all the other biophysical markers were negligible.





3.4. AUC Analysis


We evaluated the accuracy of each biophysical marker using the area under the curve (AUCs) for the receiver operation characteristic (ROC) curves. The detection rate (DR, Sensitivity) over the False Positive rate (FPR, Specificity) were depicted for each biophysical marker evaluating a value of FPR = 10% to estimate the accuracy.



As shown in Table 3 and in Figure 5, very poor accuracy was found for any of the individual markers when evaluated for the groups of All cases. The exceptions were for MAP and PI that performed well in the group of All PE, and for UtA Doppler PI concerning the groups of All FGR and All PE + FGR. It was found that the AUCs were >0.9 and the DRs for 10% FPR were >80% (Figure 5, Table 3). All other markers performed less accurately when examined individually against all cases in each of the complication groups, except the Endo PAT marker RHI, that reached a DR = 80% at 15% FPR for All PE cases.



Results of a detailed ROC analysis are depicted in Table 3, where we compared the results with the continuous model versus the cut-off models for each individual marker. It appears that usually the continuous model yielded a little higher DR for a 10% FPR although the differences were not large (Table 3).



For the early cases (before gestational week 34), elevated values of MAP and of UtA Doppler PI provided a diagnostic accuracy for PE and FGR, respectively (AUC = 1.00, DR = 100%) (Table 3).



When the positive and the negative predicted values (PPV and NPV) were evaluated according to the cut-off model (Table 3), for all cases of any of the complications, very high NPV was found, and these values were consistent with those currently used in Germany and other places to send patients with the suspected pathology home for subsequent ambulatory evaluation, as the complications were unlikely to require delivery in the next few days [2,11].



For the early cases (before 34 weeks of gestations), the UtA Doppler PI yielded a detection rate of 100% and AUCs were near 1.0. In addition, the PPV were also 1.0, corresponding with the diagnostic accuracy yielded by this marker.



Combined Biophysical Marker Analysis


We also conducted a combined analysis as shown in Table 4 and Figure 6. For the group of all cases of PE + FGR, diagnostic accuracy (AUC = 1.00 and DR = 100%) was reached when the MAP and UtA Doppler PI were combined, and the other markers added no additional effect (Table 4).



For each of the groups of All cases of PE and FGR, there was a need to combine all four markers to reach near diagnostic accuracy (Table 4, Figure 6). For the group of All PE + FGR, elevated values of MAP and UtA Doppler PI already reached AUC = 0.98 (Table 4) but it was necessary to combine all markers to reach a DR = 95% (Table 4, Figure 6).



For the group of All PE (Figure 6 left), the serial combined analysis was made of mean arterial blood pressure (MAP), MAP combined with UtA Doppler PI (PI in the figures for the sake of keeping the index short), the two combined with RHI, and the three combined with AIX. For the group of All FGR (Figure 6 middle), the combination was made from UtA Doppler PI alone, UtA Doppler PI combined with RHI, the two combined with MAP, and the three combined with AIX. For group of All PE + FGR (Figure 6 right), the analysis was built of UtA Doppler PI alone, UtA Doppler PI + MAP, the two combined with AIX, and the three combined with RHI. For each complication, the order of marker combination depicted in Figure 6 presented the best fit. The dark line from DR and FPR = 0 to DR and FPR = 100, is the arbitrary line of AUC = 0.5. There were 31 cases of PE, 16 FGR cases and 42 cases of PE + FGR.





3.5. Multiple Regression


Multiple regression analysis was conducted with the biophysical parameters for all cases of the complications (tope part of Table 5) and also for the early cases alone (lower part of Table 5).



3.5.1. All Cases


The equations for each marker made using all participants versus PE, FGR and PE + FGR were as follows:




	
MAP = 92.82 − 0.41 × MA + 0.20 × GA + 19.31 × PE + 12.63 × FGR +17.33 × (FGR + PE)



	
UtA PI = 2.42 + 0.01 × MA − 0.05 × GA + 0.17 × PE + 0.47 × FGR + 0.44 × (FGR + PE)



	
RHI = 1.51 + 0.01 × MA − 0.01 × GA + 0.19 × PE + 0.19 × FGR + 0.05 × (FGR + PE)



	
AIX = 2.36 − 0.19 × MA + 0.01 × GA + 11.58 × PE + 8.71 × FGR + 12.19 × (FGR + PE)








The upper part of Table 5 shows the values of the multiple regression for each biophysical marker for the groups of All cases.



MAP were R2 = 0.36, F(6,63) = 7.19 (p < 0.001), and standardized coefficients (β) of 0.53, 0.35 and 0.55 for any of PE, FGR and PE + FGR, respectively, p < 0.001 for each.



For UtA Doppler PI (UtA PI), the values were R2 = 0.57, F= 24.74 p < 0.001, and β’s of 0.16 (p < 0.05) for PE, and 0.33 and 0.44 (p < 0.001) for FGR and FGR + PE, respectively.



For AIX, R2 was 0.17, F = 2.53 and p < 005, and the values of the β’s were 0.32 and 0.39 (p < 0.001) for PE and PE + FGR, respectively but insignificant for FGR alone.



The results for RHI were poor: R2 = 0.03 and F = 0.39 with all β’s non-significant for any of the complications. (Bottom of all cases, Table 5).




3.5.2. Early Cases (<34 wks of Gestation) (Equations Not Shown)


The lower part of Table 5 shows the multiple regression statistics for the early cases as follows:




	
MAP: R2 = 0.46, F(6,63)= 6.16 (p < 0.001), β’s = 0.49, 0.29 and 0.38 for PE, FGR and PE + FGR, respectively, p < 0.001 for any.



	
UtA Doppler PI: R2 = 0.45, F = 7.29, p < 0.001, β’s = 0.62 for PE + FGR, and non-significant for other complications. (p < 0.001).



	
AIX: R2 = 0.27, F = 2.63 and p < 0.05, and β = 0.38 and 0.35 for PE and PE + FGR (p < 0.001) but insignificant for FGR alone.



	
RHI: R2 = 0.1703, F = 1.52 and all β’s were non-significant for any of the complications.











4. Discussion


The aims of this study were to conduct a secondary analysis of our cohort data to evaluate a set of biophysical markers measured at the time of suspected complications and evaluate how accurately they were in the prediction and the diagnosis of PE, FGR and PE + FGR near delivery. If such were to be successful, it may assist in directing clinical management. In previous studies [13,14], such evaluation involved mainly biochemical markers. We have estimated that having data for both types of markers could help in establishing our internal guidelines for clinical management of PE and FGR according to test availability and accuracy.



Our main findings were as follows: (a) In cases that required delivery < 34 weeks, high values of MAP and of UtA Doppler PI appeared each extremely accurate in the diagnosis of PE (MAP > 110) or FGR (UtA Doppler PI > 1.35), respectively, with AUC = 1.00 and DR = 100% at 10% FPR (for each). (b) In each of these cases the high values of MAP and UtA Doppler PI provided results that were near diagnostic accuracy for the group of PE + FGR developed before 34 wks gestation and reached diagnostic accuracy when they were combined. The underlying pathology was most likely placental insufficiency and reduced blood supply to the placenta and the fetus, leading to shortage of oxygen, and those should be managed according to the protocol for PE or FGR or both [23,24,27]. (c) To reach high accuracy in clinical diagnosis (and management) of late complications, it was necessary to have data for multiple markers, reflecting the potential involvement of different parameters such as systemic arterial stiffness and endothelial insufficiency that in this study were provided using the Endo PAT.



One needs to keep in mind that we were dealing with multi-factorial syndromes, with many unknowns in their etiology. A recent publication by Erez et al. [43] reviewed the broad additional pathways underlying the risk to develop PE with and without FGR. Factors like poor nutrition, obesity, inappropriate diet composition (such as shortage of calcium or anti-oxidants), genetics, cardio-vascular disorders or other confounders were listed along additional contributors [43]. Practically, it imposed the use of complicated testing protocols for reaching accurate prediction and diagnosis when late complications, which are most of the cases, are to be evaluated [1,2,3,4,5,6,7,8,9,10,15,16,17,18,19,20,21].



The MAP—The accuracy of blood pressure measurement (systolic, diastolic, or MAP) as a diagnosis measure of PE has been challenged frequently [1,2,3,4,5,44]. Difficulties in obtaining correct blood pressure values may have been derived from using devices that were not properly calibrated, the lack of cuff size adjustment to arm size, or other low precision steps while handling the measurements [31,44]. Here, where we adhered to a strict application of the FMF guidelines for blood pressure measurements, the problem was diminished and provided us with the good prediction accuracy in the cases of PE and PE + FGR requiring delivery <34 wks gestation. The MAP was found in our study to be a very good marker for predicting hypertension disorders. In the ASPRE and SPREE studies, members of our team have found that such early hypertension disorders of pregnancy associated with preterm delivery can be used to screen for and prevent the development of PE by the daily use of aspirin, starting from gestational week 12 and lasting until 36 weeks [45,46]. Aspirin causes reversible endothelium-dependent vasodilation of resistance arteries in pregnancy [47], and thus the repeated daily administration of aspirin may be required to renew the daily expansion of the uterine arteries [45,46,47]. The selection of cases to be treated with aspirin to prevent PE is based on the introduction of first trimester screening to identify patients at high risk of developing PE [45,46,48,49,50]. If aspirin treatment is not introduced and in the cases that the prophylactic use of aspirin is ineffective, additional frontier of risk assessment near delivery is offered by the use of pro-and anti-angiogenic markers as others have already demonstrated [1,2,3,4,5,6,7,15,16,17,18,19], and we have confirmed in this cohort [11,12,13,14]. The near-delivery assessment of cases with suspected complications enabled improved management of PE and of FGR, and offered the proper selection for the time of delivery.



In this study, we found that for All cases of PE, measuring MAP alone was indeed an insufficient measure, and multiple markers (MAP, UtA Doppler PI, RHI and AIX) were required to reach accuracy. The latter two markers indicate that systemic complications, such as endothelial insufficiency and arterial stiffness [37,38], must be taken into consideration when choosing the clinical management. We have previously found that there was an increased accuracy in the differential diagnosis of PE combining peripheral arterial tonometry with MAP (and with angiogenic markers [11]). Interestingly, tonometry and endothelial dysfunction (AIX and RHI) are also known to predict later development of cardiovascular disorders [35,36,37]. Having PE in pregnancy was identified as a major risk factor for developing cardiovascular disorder ten years later [50,51,52]. Hence, the American College of Cardiology has recommended to conduct periodic post pregnancy testing of cardiac function among women with a history of PE for evaluating their risk for developing cardiovascular disorders, given the finding that PE in pregnancy is a major risk for morbidity and mortality from cardiovascular disorder and 10-years of shortening of life expectancy [27,53,54]. Here, we found that the impaired values of these markers are present not only in the early PE cases but also in the late and term cases. Accordingly, it may be important to include all women who have developed PE in pregnancy and not only the early and preterm cases in the high-risk groups, as recommended by the American College of Cariology.



The uterine artery pulsatility Index (UtA PI) is certainly shown to be a powerful way to predict the risk and to diagnose FGR, particularly in cases of early FGR (<34 wks of gestation), who are in the top 20-percentile of values of UtA Doppler PI [28,29,30]. In these cases, our analysis showed that values of UtA Doppler PI > 1.35 have a diagnostic accuracy (ROC = 1.00, DR = 100%, and PPV and NPV = 100%). The UtA Doppler PIs have also provided us with high accuracy for the prediction of combined PE + FGR pathology, but not for the groups of All cases of PE without FGR, or for the FGR group without PE, mainly for cases near term delivery. In the latter, approximately 20% of the cases have normal values of UtA Doppler PI. For these near-term cases, a bimodal distribution of newborn birth weight was found here, with some cases in the higher range whereas others were in the lower range of the growth scale. This is consistent with findings of others [50,53]. This may explain the poor performance of UtA Doppler PI and of MAP in the prediction of these complications in the groups of All PE and All FGR, that include many near term cases. Our study showed that reaching accurate prediction in these cases necessitates the use of multiple biophysical markers and with an important impact for RHI and AIX.



Reduced PlGF has been broadly found as a useful marker to predict PE in the first and third trimester and near delivery [1,2,3,4,5,6,7,8,9,10,15,16,17,18,19, 45]. In previous publications, we have already shown the accuracy of reduced PlGF in the near delivery diagnosis of early but also of all cases of FGR in this cohort [13,14]. Hence, we now have two very good markers for the accurate prediction of FGR—UtA Doppler PI > 1.35 and PlGF < 150 pg/mL. Each of these two could individually provide accurate diagnosis of early FGR. In this regard, it is remarkably interesting to report that our Spearman’s regression coefficient of UtA Doppler PI over PlGF (r > −0.497, p < 0.001), or over the ratio of sFlt-1/PlGF (r = 0.327, p < 0.05), provided very high correlations. Similar results were reported by Schlembach et al. [55]. These findings highlighted the markers included in the toolbox for FGR prediction and diagnosis. Professionals could now use either UtA Doppler PI or PlGF for their clinical work and choose the marker that is most suitable for their setting according to local availabilities, resources, and professional expertise.



Endothelial insufficiency—The endothelium is estimated to be the larger organ in our body, covering the internal layers of all our blood vessels [56]. It is the source of vascular endothelial growth factors (VEGF), and of placental growth factor (PlGF) [55,57], although there are other tissues (the placenta, the kidney, etc.) that also generate these factors. Here RHI on its own was not a good biophysical marker for predicting the complication of All cases, or even of early PE, or early FGR, or the two combined. However, when added to UtA Doppler PI, the pair offered near diagnostic accuracy for the prediction of these complications.



Arterial Stiffness assessed by AIX—On its own, AIX is mainly higher in the cases requiring delivery <34 wks of gestation. Yet, among the early cases, there were alternative markers as the MAP and UtA PI provided accurate prediction and they are also more routinely used. However, when AIX was used to predict and diagnose all cases of PE, mainly when a large proportion of late cases are included, especially for the groups of PE + FGR near term, it helped improve the accuracy to diagnostic levels, especially in advanced maternal age and in obese women. Perry et al. [26] conducted a longitudinal analysis of arterial stiffness measured from the aorta and showed its increase throughout pregnancy in cases of hypertensive disorders. Our measurements near delivery reflect the worsening of arterial stiffness in cases developed near term. The high AIX was associated with a faster pulse wave that moves away from the heart and then returns earlier [58,59] especially in cases developed at advanced maternal age as we found here. Indeed, high AIX and MAP and a faster heart rate are all indicators of PE, and are linked to an increased vascular resistance, and the findings that a history of PE and high AIX are both risk factors for CVDs later in life show the importance of frequent life monitoring for women with a history of any PE [59].




5. Limitations of the Study


This study had several limitations. The first was the small sample size. It limited the conversion of the markers into MoMs. Yet, we conducted regression analysis of the biophysical markers against gestational age and BMI that may have partially corrected for both the lack of conversion to MoM, and for the fact that we measured marker values at enrolment as they appeared in the clinic, and not in a fixed gestational week. Indeed, we found much larger differences in the marker values between the unaffected and the complication groups in the early cases who delivered <34 weeks gestation and were all enrolled at about the same gestational age than in the cases developed around term, where the range of gestational weeks at measurements were larger. Another limitation was the lack of repeated testing, that in principle helps increase the accuracy of a marker.



Our study was not a screening one, but given that the prevalence of PE in Slovenia (pure PE and PE + FGR combined) accounts for 2–3% of all deliveries, having a cohort of 73 cases of PE (combining 31 cases of only PE and 42 cases of PE + FGR) accounted for an approximate sample size of 2433–3650 pregnant women This corresponded to 15–20% of all deliveries in Slovenia, and around 40% of the deliveries in the medical center of Ljubljana. In this respect, our study had a power of 0.85–0.90. This appears reasonable, given we also included control groups of preterm delivery that were unrelated to PE and FGR (mainly PPROM and spontaneous preterm delivery cases), and had also a group of unaffected cases of term delivery who were used as an unaffected control. Of course, larger studies are warranted.




6. Conclusions


This study shows that for early cases delivering >34 weeks gestation, mean arterial blood pressure (MAP) provides a perfectly accurate measure to predict PE. The Doppler Pulsatility Index of the blood flow through the maternal uterine arteries (UtA-PI) was an excellent measure for predicting early FGR. Combining both markers enabled accurate prediction of PE + FGR. Any of these markers was much less accurate when the evaluated cases were developed near term. In these late cases, adding measures of tonometry and endothelial dysfunctions offered when using the Endo PAT were required for the accurate diagnosis and prediction.



Summarizing all four studies of our cohort [11,12,13,14], it now appears we have a rich toolbox containing biophysical and biochemical markers. The markers PlGF, sFlt-1 and the sFlt-1/PlGF ratio have equal accuracy for the diagnosis and prediction of the early complications [13,14] as was found here for the biophysical markers of UtA Doppler PI and for MAP. Inhibin-1 augments the accuracy of PlGF, and of sFlt-1/PlGF ratio for the late complications [14]. At the same time tonometry and endothelial dysfunction do this job when combined with UtA Doppler PI and MAP. If repeated in larger cohorts, the finding enables medical centers to choose from many tools those that are available and affordable. A different study will be required for comparing the accuracy of these markers against other diagnostic techniques, which was out of the scope of this study.
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	Mean arterial blood pressure
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	Middle cerebral artery



	MoM
	Multiples of the medians
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	National Institute of Clinical Excellence
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	Negative predictive value



	PE
	Preeclampsia



	UtA PI
	Uterine artery pulsatility index assessed by Doppler
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	Placental growth factor
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	sFlt-1
	Soluble FMS (oncogene for Feline McDonough Sarcoma) like tyrosine kinase 1
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Figure 1. Box and Whisker plots comparing values for the Biophysical Markers by case type. The figure shows median and interquartile spread of the biophysical markers across all cases in each complication group. (A) Uterine Artery Pulsatility Index (UTPI), (B) Mean Arterial Blood Pressure (MAP), (C) Reactive Hyperemia Index (RHI), (D) Percent Augmentation Index of tonometry (AIX). PE (n = 31), FGR (n = 16) and PE + FGR (n = 42). Cut-offs marked for each biophysical marker are placed as a horizontal line. 
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Figure 2. Evaluating the Correlation of Biophysical Markers over Gestational Age. (A,B) UtA PI—Uterine artery pulsatility index (Doppler PI in the figure) and MAP; (C,D) RHI and AIX. Blue—unaffected group, purple—PE, green—FGR, and black—PE + FGR. 
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Figure 3. Evaluating the correlation of biophysical markers over BMI. (A,B) Mean UtA Doppler PI (Doppler PI in the figure) and MAP; (C,D) RHI and AIX%. Blue—unaffected group, purple—PE, green—FGR, and black—PE + FGR. 
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Figure 4. Correlation of the UtA Doppler PI with the Angiogenic Marker. A Spearman’s correlation for between UTA Doppler PI (Doppler PI in the Figure) and (A) PlGF and (B) sFlt-1/PlGF ratio. Blue—unaffected group, purple—PE, green—FGR, and black—PE + FGR. 
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Figure 5. ROC for single biophysical markers for all patients in each complication groups. A continuous model was used to depict the ROC curves and evaluate the detection rate (DR) and the False Positive Rate (FPR). (Left)—All cases of preeclampsia (PE), (Middle)—All cases of Fetal Growth Restriction (FGR), (Right)—All cases of PE + FGR. Turquoise—UtA Doppler PI, Green—MAP, Purple—AIX (%), Green—RHI, Black—MAP. The area below the line crossing from the bottom left to the upper right corner for each ROC curve represent AUC = 0.5 of a randomized accuracy. 
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Figure 6. Receiver Operation Characteristic (ROC) curves. ROCs of the area under the curve (AUC) depicted from the detection rate (DR) and the False Positive False Positive Rate (FPR) for All cases of Preeclampsia (PE), FGR, and PE + FGR. (Left)—PE, (Middle)—FGR, (right) PE + FGR. 
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Table 1. Enrolment and delivery characteristics and biophysical Markers.
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Unaffected

	
PTD (<37 wks)

	
PE

	
FGR

	
FGR + PE

	
p






	
A. All Participants




	

	
(n = 21)

	
(n = 15)

	
(n = 31)

	
(n = 16)

	
(n = 42)

	




	
Enrollment

	

	

	

	

	

	




	
Gestational Age (wks)

	
34.0 [32.0–35.9]

	
31.2 [29.4–32.9] *

	
33.9 [32.3–35.6]

	
31.4 [29.1–33.6] *

	
31.8 [30.7–32.8] *

	
0.027




	
Maternal Age (years)

	
31.6 [29.5–33.8]

	
31.3 [29.7–32.9]

	
32.0 [29.9–34.1]

	
31.7 [29.7–33.7]

	
32.9 [31.1–34.7]

	
0.792




	
Body Mass Index

	
25.8 [23.7–27.9]

	
24.6 [22.9–26.4]

	
29.5 [26.5–32.6]

	
27.6 [24.2–31.0]

	
29.6 [26.9–32.4]

	
0.011




	
Previous PE (%)

	
4.8

	
6.7

	
6.5

	
6.3

	
9.5

	
0.965




	
Chronic Hypertension (%)

	
0

	
0

	
19.4 *

	
0

	
16.7 *

	
0.032




	
Diabetes (%)

	
0

	
0

	
3.2

	
0

	
4.8

	
0.787




	
Polycystic Ovary (%)

	
0

	
0

	
0

	
0

	
7.1 *

	
0.204




	
Parity

	
1.7 [1.3–2.0]

	
1.6 [1.2–2.1]

	
1.4 [1.0–1.8]

	
1.5 [1.1–1.9]

	
1.5 [1.2–1.8]

	
0.806




	
Conception by IVF (%)

	
4.8

	
0

	
6.5

	
0

	
11.9 *

	
0.361




	
Biophysical Markers

	

	

	

	

	

	




	
MAP

	
85 [80–90]

	
90 [82–98]

	
106 [102–110] *

	
98 [91–106]

	
102 [95–108] *

	
<0.001




	
PI

	
0.68 [0.66–0.70]

	
0.70 [0.64–0.61]

	
0.80 [0.60–1.17] *

	
1.35 [1.05–1.66] **

	
1.42 [1.25–1.56] **

	
<0.001




	
RHI

	
1.61 [1.59–1.65]

	
1.47 [1.44–1.62]

	
1.69 [1.67–1.97]

	
1.85 [1.81–2.07] *

	
1.82 [1.66–1.91] *

	
0.048




	
AIX(%)

	
−4.0 [(−8.0)−(5.0)]

	
−4.5 v[(−12.0)–(2.0)]

	
9.0 [(8.9)–(12.0)] *

	
−1.0 [(−7.0)–(10.0)

	
8.0 [(4.0)–(15.0)] *

	
0.035




	
Delivery

	

	

	

	

	

	




	
Gestational age (wks)

	
39.1 [38.5–39.7]

	
33.8 [32.1–35.5] *

	
34.2 [32.6–35.9] *

	
31.7 [29.4–34.0] **

	
32.0 [31.0–33.1] **

	
<0.001




	
Delivery by C-Section

	
23.8

	
30.8

	
54.8 **

	
60.0 *

	
83.4 **

	
<0.001




	
Baby’s birthweight(grams)

	
3330 [3133–3528]

	
2207 [1872–2542] *

	
2306 [1906–2705] *

	
2306 [1906–2705] *

	
1449 [1247–1651] **

	
<0.001




	
B. Early Cases (<34 wks)




	

	

	
(n = 6)

	
(n = 10)

	
(n = 12)

	
(n = 28)

	




	
Enrollment

	

	

	

	

	

	




	
Gestational Age (wks)

	

	
29.2 [26.8–31.6]

	
29.9 [27.5–32.3]

	
29.3 [27.7–30.8]

	
29.9 [28.9–30.9]

	
0.805




	
Maternal age (years)

	

	
31.3 [27.8–34.8]

	
33.8 [33.0–37.7]

	
31.5 [29.2–33.8]

	
33.1 [30.7–35.5]

	
0.668




	
Body Mass Index (kg/m2)

	

	
24.7 [21.0–28.4]

	
30.7 [26.2–35.2]

	
26.3 [23.9–28.8]

	
29.7 [26.1–33.4]

	
0.123




	
Previous PE (%)

	

	
0

	
0

	
0

	
7.1

	
0.591




	
Chronic Hypertension (%)

	

	
0

	
7.7

	
0

	
21.4 *

	
0.146




	
Diabetes (%)

	

	
0

	
0

	
0

	
3.6

	
0.771




	
Polycystic Ovary (%)

	

	
0

	
0

	
0

	
3.6

	
0.771




	
Parity

	

	
1.8 [1.0–2.6]

	
1.5 [0.7–2.4]

	
1.3 [0.9–1.7]

	
1.6 [1.2–2.0]

	
0.807




	
Conception by IVF (%)

	

	
0

	
15.4 *

	
0

	
10.7

	
0.805




	
Biophysical Markers

	

	

	

	

	

	




	
MAP

	

	
87 [70–103]

	
110 [81–140] *

	
97 [89–105] *

	
102 [94–110] *

	
0.041




	
UTPI

	

	
0.69 [0.57–0.80]

	
1.20 [0.83–1.57] *

	
1.62 [1.35–1.90] **

	
1.43 [1.27–1.58] **

	
0.003




	
RHI

	

	
1.5 [1.4–1.6]

	
1.7 [1.6–1.7]

	
1.9 [1.8–2.1] *

	
1.7 [1.7–1.9]

	
0.047




	
AIX (%)

	

	
−3.0 [(−17.0)–(22.0)]

	
9.0 [8.9–9.1]

	
3.0 [(−12.0)–(32.0)]

	
6.0 [(−15.0)–(25.0)]

	
0.048




	
Delivery

	

	

	

	

	

	




	
GA at delivery (wks)

	

	
31.0 [28.0–34.0]

	
30.2 [27.8–32.6]

	
29.5 [28.0–31.1]

	
30.2 [29.2–31.2]

	
0.805




	
Delivery by C-Section (%)

	

	
20.0

	
77.9 *

	
72.7 *

	
92.6 **

	
0.003




	
Baby birthweight (grams)

	

	
1669 [1318–2020]

	
1276 [923–1628] *

	
874 [627–1121] **

	
1171 [995–1346] *

	
0.018








Median (95% CI) levels of biophysical markers for PE-preeclampsia, FGR–fetal growth restriction, and the two combined (PE + FGR) against unaffected control and preterm delivery (PTD) groups. p values between all groups were calculated with Kruskal–Wallis test. In addition, each complication group was compared by Mann–Whitney U test to term delivery in the upper part and to PTD < 34 weeks in the lower part. * p < 0.05, ** p < 0.01. MAP—Mean arterial blood pressure (mmHg), PI—average Uterine arteries pulsatility index, RHI–Reactive hyperemia index, AIX (%)–Augmentation index (percent).
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Table 2. Spearman’s correlation coefficient (r) between biophysical markers and patients.
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Unaffected + PTD

	
PE

	
FGR

	
FGR + PE

	
p




	

	
(n = 37)

	
(n = 31))

	
(n = 16)

	
(n = 42)

	




	
All Participants






	
Markers over GA

	

	

	

	

	




	
UtA Doppler PI

	
0.002

	
−0.350

	
−0.811 ***

	
−0.412 *

	
<0.001




	
MAP

	
−0.212

	
−0.162

	
0.108

	
−0.266

	
<0.05




	
RHI

	
0.136

	
0.027

	
0.164

	
−0.199

	
<0.05




	
AIX

	
−0.110

	
0.485 *

	
0.305

	
−0.130

	
<0.001




	
Markers over BMI

	

	

	

	

	




	
UtA Doppler PI

	
−0.038

	
0.367 *

	
−0.095

	
0.001

	
<0.05




	
MAP

	
0.288

	
−0.487 *

	
−0.392 *

	
−0.071

	
<0.05




	
RHI

	
−0.157

	
0.146

	
0.282

	
0.273

	
<0.05




	
AIX (%)

	
0.183

	
0.262

	
0.273

	
0.273

	
<0.05




	
UtA Doppler PI over Angiogenic Markers

	

	

	

	

	




	
sFlt-1/PlGF ratio

	
−0.116

	
0.09

	
−0.367 **

	
0.550 **

	
<0.001




	
PlGF

	
0.319

	
−0.354

	
0.317 *

	
−0.484 *

	
<0.005




	
GA < 34 wks




	
sFlt-1/PlGF ratio

	
0.327 *

	
0.05




	
PlGF

	
−0.497 ***

	
0.001








Non-parametric Spearman’s rank correlation coefficient (r) for statistical dependency of individual biophysical markers ranking against gestational age (GA), body mass index (BMI), or in relations to the biochemical markers of placental growth factor (PlGF), or the ratio of soluble Fms-like tyrosine kinase, were calculated for the complications groups of preeclampsia (PE), fetal growth restriction (FGR) and the two combined (PE + FGR). For cases <34 weeks cases (n = 40) were combined to allow any analysis. Significance is marked by * p < 0.05, ** p < 0.01, *** p ≤ 0.001.
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Table 3. Accuracy of Receiver Operation Characteristic Curves (ROC) for Single Markers in Each Complication Group.
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Continuous Model

	
Cut-Off Model

	
PPV (%)

	
NPV (%)




	
Complication

	
Marker

	
AUC (95% CI)

	
DR at 10% FPR

	
Cut-Off

	
AUC (95% CI)

	
DR at 10% FPR






	
A. All Cases




	
PE (n = 31)

	
MAP

	
0.94 [0.85–1.00)

	
82

	
98 mm Hg

	
0.81 [0.65–0.97)

	
35

	
58

	
83




	

	
UtAPI

	
0.68 [0.39–0.96)

	
85

	
0.85

	
0.80 [0.60–0.99)

	
50

	
87

	
71




	

	
RHI

	
0.69 [0.48–0.91)

	
27

	
1.6

	
0.62 [0.41–0.84)

	
15

	
65

	
85




	

	
AIX

	
0.76 [0.58–0.95)

	
46

	
4.0

	
0.77 [0.59–0.96)

	
35

	
56

	
92




	
FGR (n = 16)

	
MAP

	
0.68 [0.46–0.90]

	
36

	
0.85

	
0.49 [0.26–0.72]

	
15

	
33

	
37




	

	
UtAPI

	
0.95 [0.85–1.00]

	
83

	
0.85

	
0.90 [0.75–1.00]

	
84

	
83

	
94




	

	
RHI

	
0.76 [0.56–0.97]

	
46

	
1.6

	
0.66 [0.45–0.88]

	
17

	
63

	
89




	

	
AIX

	
0.61 [0.38–0.83]

	
18

	
4.0

	
0.57 [0.34–0.81]

	
42

	
80

	




	
PE + FGR (n = 41)

	
MAP

	
0.83 [0.66–0.99]

	
60

	
98 mm Hg

	
0.73 [0.54–0.91]

	
27

	
58

	
83




	

	
UtAPI

	
0.99 [0.96–1.00]

	
88

	
0.85

	
0.96 [0.90–1.00]

	
81

	
94

	
91




	

	
RHI

	
0.74 [0.58–0.93]

	
27

	
1.60

	
0.70 [0.52–0.88]

	
16

	
88

	
85




	

	
AIX

	
0.75 [0.59–0.90]

	
46

	
4.0

	
0.66 [0.46–0.86]

	
26

	
56

	
80




	
B. Early Cases < 34 weeks




	
PE (n = 10)

	
MAP

	
1.00 [1.00–1.00]

	
100

	
98 mm Hg

	
0.90 [0.65–1.00]

	
50

	
67

	
100




	

	
UtAPI

	
0.68 [0.43–0.93]

	
58

	
0.85

	
0.79 [0.59–1.00]

	
63

	
100

	
53




	

	
RHI

	
0.95 [0.78–1.00]

	
16

	
1.6

	
0.90 [0.65–1.00]

	
50

	
67

	
100




	

	
AIX

	
0.80 [0.45–1.00]

	
0

	
4.0

	
0.80 [0.47–1.00]

	
25

	
50

	
100




	
FGR (n = 12)

	
MAP

	
0.73 [0.45–1.00]

	
34

	
98 mm Hg

	
0.57 [0.25–0.89]

	
17

	
75

	
40




	

	
UtA PI

	
1.00 [1.00–1.00]

	
100

	
0.85

	
1.00 [1.00–1.00]

	
100

	
100

	
100




	

	
RHI

	
0.87 [0.67–1.00]

	
78

	
1.6

	
0.79 [0.52–1.00]

	
38

	
88

	
89




	

	
AIX

	
0.64 [0.31–0.98]

	
23

	
4.0

	
0.47 [0.14–0.79]

	
8

	
40

	
33




	
PE + FGR (n = 28)

	
MAP

	
0.87 [0.70–1.00]

	
73

	
98 mm Hg

	
0.76 [0.50–1.00]

	
35

	
89

	
57




	

	
UtAPI

	
0.98 [0.92–1.00]

	
95

	
0.85

	
0.98 [0.92–1.00]

	
95

	
100

	
86




	

	
RHI

	
0.88 [0.70–1.00]

	
80

	
1.6

	
0.80 [0.54–1.00]

	
40

	
67

	
67




	

	
AIX

	
0.72 [0.43–1.00]

	
30

	
4.0

	
0.55 [0.23–0.87]

	
13

	
71

	
63








The receiver operation characteristic (ROC) curves of the area under the curve (AUC) prepared from the detection rate (DR) versus the false positive rate (FPR). A ROC was constructed for each of the complication groups. A. All cases of preeclampsia (PE), fetal growth restriction (FGR) and PE + FGR. B. The respective subgroups of cases < 34 weeks. MAP—Mean arterial blood pressure (mmHg), UtA PI—Uterine artery pulsatility index, RHI—Reactive hyperemia index, AIX (%)—Augmentation index (percent). ROCs were extracted from a continuous model or from a cut-off model according to MAP = 98, UtA Doppler PI = 0.85, RHI = 1.6, and AIX = 4. The detection rates (DRs) were extracted at 10% FPR. Positive predictive values (PPVs) were calculated from all true positive versus true and false positive values, and the negative predicted values (NPVs) were calculated as all true negative cases divided by the true and false negative cases.
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Table 4. Combined analyses of the biophysical markers.






Table 4. Combined analyses of the biophysical markers.












	Condition
	Marker
	AUC (95% CI)
	p
	DR at 10% FPR





	All PE (n = 31)
	MAP
	0.94 [0.85–1.00]
	<0.006
	82



	
	MAP + UtA PI
	0.95 [0.89–1.00]
	<0.002
	91



	
	MAP + PI + RHI
	0.97 [0.88–1.00]
	<0.001
	95



	
	MAP + UtA PI + RHI + AIX
	0.98 [0.91–1.00]
	<0.001
	100



	All FGR (n = 16)
	PI
	0.95 [0.88–1.00]
	<0.001
	83



	
	UtA PI + RHI
	0.98 [0.90–1.00]
	0.002
	93



	
	UtA UtA PI + RHI + MAP
	0.98 [0.92–1.00]
	<0.001
	93



	
	MAP + UtA PII + RHI + AIX
	0.99 [0.94–1.00]
	<0.001
	99



	All PE + FGR (n = 42)
	UtA PI
	0.94 [0.87–1.00]
	<0.001
	88



	
	UtA PI + MAP
	0.98 [0.91–0.99]
	<0.001
	90



	
	UtA PI + MAP + RHI
	0.98 [0.93–1.00]
	<0.001
	93







Improved diagnostic accuracy of all cases of preeclampsia (PE), fetal growth restriction (FGR), and PE + FGR and for the respective subgroups of early <34 wks of gestation) cases when using combined analysis with MAP—Mean arterial blood pressure (mm Hg), UtA PI—Uterine artery pulsatility index, RHI—Reactive hyperemia index, and AIX (%)—Augmentation index (percent). AUC—area under the receiver operation characteristics (ROC) curve depicted from the DR—Detection Rate versus the FPR—False positive rate.
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Table 5. Multiple regression model.






Table 5. Multiple regression model.





	

	
MAP

	
UtA PI

	
RHI

	
AIX






	
All Participants




	
Variables

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
β




	
MA (years)

	
−0.41

	
0.29

	
−0.15

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.08

	
−0.19

	
0.33

	
−0.07




	
GA (weeks))

	
0.20

	
0.39

	
0.06

	
−0.05

	
0.01

	
−0.46

	
−0.01

	
0.02

	
−0.01

	
0.01

	
0.45

	
0.00




	
PE (vs. unaffected)

	
19.31

	
3.90

	
0.53 ***

	
0.17

	
0.09

	
0.16 *

	
0.19

	
0.20

	
0.12

	
11.58

	
4.42

	
0.32 *




	
FGR (vs. unaffected)

	
12.63

	
4.52

	
0.35 **

	
0.47

	
0.12

	
0.33 ***

	
0.19

	
0.24

	
0.12

	
8.71

	
5.10

	
0.24




	
FGR + PE (vs. unaffected)

	
17.33

	
4.11

	
0.55 ***

	
0.44

	
0.09

	
0.44 ***

	
0.05

	
0.22

	
0.04

	
12.19

	
4.69

	
0.39 *




	
F

	
7.19 ***

	
24.74 ***

	
0.39

	
2.53 *




	
R2

	
0.36

	
0.57

	
0.03

	
0.17




	
Birth < 34 wks




	
Variables

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
β




	
MA (years)

	
−0.41

	
0.45

	
−0.18

	
0.00

	
0.01

	
−0.01

	
−0.03

	
0.01

	
−0.48 *

	
0.06

	
0.74

	
0.02




	
GA (weeks))

	
1.74

	
0.88

	
0.37

	
−0.08

	
0.02

	
−0.47 ***

	
−0.04

	
0.03

	
−0.28

	
0.73

	
1.41

	
0.12




	
PE (vs. unaffected)

	
23.06

	
10.22

	
0.49 *

	
0.44

	
0.17

	
0.40 *

	
0.63

	
0.28

	
0.47 *

	
10.03

	
16.06

	
0.17




	
FGR (vs. unaffected)

	
13.08

	
6.25

	
0.50 *

	
0.78

	
0.18

	
0.64 ***

	
0.45

	
0.17

	
0.60 *

	
9.29

	
9.67

	
0.28




	
FGR + PE (vs. unaffected)

	
18.72

	
6.32

	
0.74 **

	
0.66

	
0.16

	
0.69 ***

	
0.45

	
0.17

	
0.61 *

	
12.45

	
9.84

	
0.39




	
F

	
2.74 *

	
10.23 ***

	
3.57 *

	
0.40




	
R2

	
0.40

	
0.55

	
0.47

	
0.09




	
Birth > 34 wks




	
Variables

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
Β

	
B

	
S.E.

	
β




	
MA (years)

	
−0.71

	
0.39

	
−0.24

	
0.00

	
0.01

	
0.03

	
0.05

	
0.02

	
0.31

	
−0.46

	
0.38

	
−0.19




	
GA (weeks))

	
−1.13

	
0.96

	
−0.16

	
−0.03

	
0.02

	
−0.15

	
−0.09

	
0.06

	
−0.27

	
−0.63

	
0.93

	
−0.11




	
PE (vs. unaffected)

	
16.30

	
4.38

	
0.49 **

	
0.11

	
0.09

	
0.14

	
0.12

	
0.26

	
0.07

	
10.29

	
4.21

	
0.38 *




	
FGR (vs. unaffected)

	
18.60

	
7.94

	
0.29 *

	
0.13

	
0.16

	
0.10

	
0.33

	
0.48

	
0.11

	
9.88

	
7.64

	
0.19




	
FGR + PE (vs. unaffected)

	
15.76

	
5.87

	
0.38 *

	
0.50

	
0.11

	
0.62 ***

	
−0.33

	
0.35

	
−0.16

	
11.89

	
5.66

	
0.35 *




	
F

	
6.16 ***

	
7.29 ***

	
1.52

	
2.63 *




	
R2

	
0.46

	
0.45

	
0.17

	
0.27








A multiple regression model was used to assess whether gestational age (GA), maternal age, (MA), preeclampsia (PE), fetal growth restriction (FGR), and PE + FGR could predict mean arterial blood pressure (MAP), UtA Doppler PI—Doppler pulsatility Index of the maternal uterine arteries (PI), Reactive hyperemia index (RHI), and Augmentation index (percent) (AIX (%). B—unstandardized coefficients, S.E.—coefficients standard error, β—standardized coefficients, R2—Regression Coefficient, F(6,63)—F Test for six parameters and 63 degrees of freedom. * p < 0.05, ** p < 0.01, *** p < 0.001.
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