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Hypertensive disorders of pregnancy (HDP) are a leading cause of maternal and fetal morbidity and mortality. One of the more severe HDP diagnoses is preeclampsia, which is recognized as a sex-specific cardiovascular risk enhancer with long-term implications for women's health, increasing lifetime risk of ischemic heart disease, stroke, and heart failure. Though the mechanisms accounting for the increased risk of cardiovascular disease following HDP are not yet well understood, vascular dysfunction has been implicated. In this perspective piece, we summarize the existing evidence for vascular dysfunction in HDP with a focus on non-invasive assessments, highlight advances in the field, and suggest future directions for improving risk stratification of women with HDP.
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Introduction

Hypertensive disorders of pregnancy (HDP) are a heterogenous group of diagnoses which include chronic hypertension, gestational hypertension, and preeclampsia with and without severe features (1). HDP have become more common over the past 3 decades, affecting approximately 15% of women during their reproductive years and are a leading cause of maternal and fetal morbidity and mortality (2–5). Delivery hospitalization data for 2017–2019 analyzed from the National Inpatient Sample, a nationally representative sample of all U.S. hospital discharges, showed that among maternal deaths during the index (delivery) hospitalization, 31.6% had any HDP (6).

One of the more severe HDP diagnoses is preeclampsia. Preeclampsia is a multisystem progressive disorder characterized by the new onset of hypertension and proteinuria or the new onset of hypertension plus significant end-organ dysfunction with or without proteinuria, presenting after 20 weeks of gestation or postpartum (1). Preeclampsia is a sex-specific cardiovascular risk enhancer with long-term implications for women's health, with an associated increase in lifetime risk of ischemic heart disease, stroke, and heart failure, often early in onset (7). Data from a national registry in Denmark linked preeclampsia to a 4-fold increased risk of heart attack and 3-fold increased risk of stroke within the first decade after delivery compared to women without a history of preeclampsia (8). Cardiovascular risk further increases with severity of preeclampsia symptoms, preeclampsia onset at earlier gestational age, and with increasing number of pregnancies complicated by preeclampsia (9). However, other than screening for and managing traditional cardiovascular disease (CVD) risk factors, little guidance exists on how to appropriately risk-stratify and treat women with a prior history of preeclampsia.

The mechanisms that account for increased risk of CVD following HDP are not yet well understood but could be related to vascular dysfunction (10). Endothelial dysfunction is thought to have a critical role in preeclampsia and may represent a mechanistic link to future CVD. Vessels obtained from the soft tissue of women with preeclampsia show compromised endothelium-dependent dilation while maintaining endothelium-independent dilation (11). Furthermore, vascular dysfunction persists for years after a hypertensive pregnancy with studies showing lower flow-mediated dilation and higher arterial stiffness in those with HDP compared to controls (12, 13). In this perspective piece, we will summarize the existing evidence for vascular dysfunction in HDP with a focus on non-invasive assessments, highlight advances in the field, and suggest future research directions for improving risk stratification of women with HDP.



Brachial artery flow-mediated dilation (BA-FMD)

Flow-mediated dilation of the brachial artery (BA-FMD) has become the most widely used technique to measure endothelial function, using the forearm circulation as a surrogate for coronary arteries (14). It is a non-invasive measurement of conduit vessel vascular endothelial function, measured as the change in brachial artery diameter after a hyperemic flow stimulus. The technique measures the ability of the arteries to respond with endothelial nitric oxide (NO) release during reactive hyperemia. BA-FMD is a strong predictor of future cardiovascular health and has been shown to be abnormal in HDP. BA-FMD is a well-established method of evaluating future cardiovascular disease risk in research settings though not in the clinical setting. BA-FMD predicts cardiovascular events in healthy populations and in patients with established CVD whereby a 1% increase in BA-FMD indicates a significant 8%–13% lower risk of cardiovascular events (15, 16).

We now have longitudinal data on maternal vascular endothelial function from early pregnancy to delivery and postpartum. A meta-analysis including 37 studies examined BA-FMD before, during, or after preeclampsia (13). When compared with women who did not have preeclampsia, women who had preeclampsia had lower FMD before the development of preeclampsia, around 20–29 weeks gestation, with overall standardized mean difference in FMD of −0.84 (−1.19, −0.50); at the time of preeclampsia [−1.41 (−2.00, −0.83)], and for up to three years postpartum [−0.90 (−1.26, −0.54)] (13). Similar results were observed even after exclusion of women with chronic hypertension and/or smokers. A history of preeclampsia did not have a significant effect on FMD when assessed approximately 10 years postpartum, although this analysis should be interpreted with caution, as it was limited to only four cross-sectional studies with moderate heterogeneity (13). These results support the concept that vascular dysfunction precedes the onset of preeclampsia and may contribute to its pathophysiology. Whether persistent vascular dysfunction is related to risk factors pre-dating pregnancy or is a direct result of lasting damage to the heart and vasculature remains unclear. Perhaps persistent vascular dysfunction could identify those women who might be more suitable for more intensive or newer therapeutic approaches to mitigate future CV risk.



Peripheral arterial tonometry (PAT)

The different physiological roles of conduit and resistance arteries should be considered. Whereas reduced NO release to stimuli underlies endothelial dysfunction in the conduit arteries (BA-FMD), NO in the microcirculation may primarily modulate tissue metabolism (17). Digital peripheral arterial tonometry (PAT) is a non-invasive method to assess microvascular endothelial function, using arterial pulsatile volume changes at the fingertip, in response to a hyperemic flow stimulus, commonly expressed as the reactive hyperemia index (RHI). It reflects changes in flow, as well as in digital microvessel dilatation and is only partly dependent on NO (18). Vascular dysfunction is defined as an RHI ≤ 1.67. PAT response has been associated with the presence of obstructive and nonobstructive coronary artery disease (19, 20) and correlates with coronary microvascular function (21). Interestingly, BA-FMD may be particularly sensitive to impairment by traditional risk factors (e.g., age, hypertension), whereas the PAT reactive hyperemia index (RHI) of the microvasculature may be more sensitive to metabolic risk factors, such as body mass index and diabetes mellitus (17). Furthermore, PAT associates only modestly with BA-FMD, thus likely measuring different aspects of vascular biology. As such, it is suggested that both BA-FMD and PAT should both be evaluated whenever possible.

Fewer investigators have used PAT as an assessment of endothelial dysfunction in studies of preeclampsia. One such study enrolled 180 women with at least two risk factors for preeclampsia at gestational weeks 16 and 28, of which 24 women developed preeclampsia or pregnancy-induced hypertension. There was no difference in RHI between cases and controls at either week 16 or 28 or at 6–9 months postnatally (22). These investigators questioned the reliability of PAT measurements later in pregnancy, when women are more vasodilated. In a separate study by Orabona, et al., RHI was examined between 6 months and 4 years after delivery in women without previous preeclampsia (n = 30) or with early-onset (n = 30) or late-onset (n = 30) preeclampsia. RHI was only impaired in those women with the early-onset preeclampsia [37% of women with abnormal RHI ≤ 1.67 (mean RHI 1.70 ± 0.42)]. RHI was within normal range in late-onset preeclampsia though was significantly lower compared to controls (mean RHI 2.51 ± 0.49 v. 2.89 ± 0.35, p < 0.05) (23). All included women were free of traditional CV risk factors and drugs at the time of exam. Additionally, all women with any preeclampsia exhibited increased arterial stiffness (see the next section). Given the paucity of studies evaluating PAT in women with HDP, we do not currently recommend routine use of PAT for identification of these high-risk women during pregnancy.



Arterial stiffness and augmentation

Studies demonstrated that arterial stiffness and augmentation are significantly higher in HDP compared to normotensive pregnancy (12, 24, 25). Pulse wave velocity (PWV), a measure of arterial stiffness, is calculated as the distance traveled by the pulse wave divided by the time taken to travel the distance. PWV can be measured in any arterial segment between two pulse-wave palpable regions, such as between the carotid and femoral arteries. Increases in the propagation speed of the pulse indicate increases in arterial stiffness. A meta-analysis of 17 longitudinal studies including 15,877 subjects demonstrated that an increase of carotid-femoral PWV by 1 m/s corresponds to an adjusted risk increase of 14% in total vascular events after mean follow-up of 7.7 years (26).

Similarly, arterial pulse waveforms in peripheral arteries, such as the radial artery, can be measured non-invasively by applanation tonometry to generate an augmentation index (AIx). Radial AIx has been reported to show a close correlation with aortic AIx (r = 0.81–0.96), suggesting a similar physiological significance between aortic and radial AIx (27). Since this parameter is influenced by heart rate, it is often standardized (ex. per 75 bpm shown as AIx75). A growing body of evidence has indicated that arterial stiffness is more closely or independently correlated with future cardiovascular events than is brachial blood pressure (28, 29). Vascular compliance is known to improve during normal healthy pregnancies. Augmentation index declines during pregnancy, reaches its nadir in mid-pregnancy and then rises towards term (27). In the previously mentioned study by Orabona, et al., peripheral AIx75 was increased in both early-onset and late-onset preeclampsia, though more so in the former, compared to controls (17 ± 9% v. 6 ± 13% v. −2 ± 6%; intergroup ANOVA < 0.001) (23), suggesting reduced arterial compliance. A consistent finding of 14 studies of women with HDP was an increase in cfPWV and AIx prior to disease onset, during and up to 2–3 years postpartum (30). This supports the concept that arterial stiffness precedes the development of preeclampsia. Therefore, these measurements may enable earlier identification of high-risk HDP populations that would benefit from earlier CVD risk factor management.



Carotid intima-media thickness (CIMT)

Ultrasound measurement of the combined thickness of the intima and media layers of the carotid artery (CIMT) in the neck has been used as a tool to detect early stages of atherosclerosis prior to a clinical cardiovascular event. Several large, research-based cohort studies have clearly indicated a relationship between CIMT and CVD events (31–33). CIMT values over 0.9 mm (European Society of Cardiology) (34) or over the 75th percentile (American Society of Echocardiography) (32) are considered abnormal.

A 2017 systematic review and meta-analysis by Milic, et al., included 14 studies in women with preeclampsia (35). Seven studies were conducted during pregnancy complicated by preeclampsia and 10 studies were carried out up to 10 years postpartum (3 studies included measurements both during and after the pregnancy) (35). Women with preeclampsia had significantly higher CIMT than did those who did not have preeclampsia, both at time of diagnosis [standardized mean difference (SMD), 1.10 (95% CI, 0.73–1.48; p < 0.001)] and in the first decade postpartum [SMD, 0.58 (95% CI, 0.36–0.79); p < 0.001]. The effect remained significant in a sensitivity analysis that excluded women with chronic hypertension at the time of their pregnancies. There were not enough studies to determine whether women who develop preeclampsia have higher CIMT values prior to preeclampsia diagnosis.

More recently (2020), in a study of 220 pregnant women with CIMT measured every 3 months during pregnancy, CIMT values were significantly higher in patients who developed preeclampsia (36). Using a cut-off value of 0.51 mm, CIMT had a specificity of 77.9% and sensitivity of 81% in the diagnosis of preeclampsia. With CIMT ≥0.6 mm, the probability of a patient developing preeclampsia was 44.4%; with CIMT >0.42 mm, the probability was only 4.2% (36). Therefore, CIMT could potentially be useful in the identification of high-risk women during pregnancy.

Current guidelines do not support routine measurement of CIMT in CVD risk assessment for the general population (37). This recommendation is based on evidence provided by Den Ruijter et al, that the addition of CIMT measurements to the Framingham Risk Score was associated with a small and clinically non-significant improvement in 10-year prediction of the first atherosclerotic CVD event (38). Additional rationale for the recommendation included concerns about measurement quality in addition to different consensuses for measurement of CIMT. However, as the interest in risk prediction is currently shifting from a 10-year risk to lifetime risk, the added value of a CIMT measurement using a horizon of 20–30 years may warrant additional exploration (38), especially in highly selected and younger patient sub-groups, such as women with HDP.



Uterine artery flow

The placenta is thought to have a significant role in the pathophysiology of preeclampsia. Spiral arteries are the maternal uterine arteries leading to the placenta. The acute atherosis that characterizes the spiral arteries during preeclampsia is similar to the early stages of atherosclerosis (39). The term “acute” refers to the fact that these lesions develop over a relatively short time period (during the pregnancy) and may also disappear rapidly after delivery (40). This acute atherosis is characterized by subendothelial lipid-filled foam cells, vascular (fibrinoid) necrosis, and perivascular lymphocyte infiltration (41). The inadequate maternal uterine spiral artery remodeling is thought to cause a dysfunctional uteroplacental circulation with oxidative stress and augmented generation of factors released into the maternal circulation, leading to an excessive maternal inflammatory response and endothelial dysfunction (42). The decreased uterine blood flow leads to placental ischemia. Uterine artery doppler ultrasound in the first trimester appears to be a highly specific test for the prediction of early preeclampsia with moderate sensitivity. A large meta-analysis studied the detection rate of abnormal uterine artery pulsatility index in the first trimester of low-risk women, showing a specificity of 92.1% and sensitivity of 47.8% for a false positive rate of 8% (43). In a study of sixty-two high-risk patients followed throughout gestation at a large, academic medical center, all underwent Doppler velocimetry of the uterine arteries. Ten of these pregnancies were complicated by early-onset preeclampsia, and these patients had a significantly higher pulsatility index of the uterine arteries between 16- and 19-weeks' gestation (prior to the diagnosis of preeclampsia), compared with the normotensive group (44). Because there is limited evidence that an accurate prediction of early-onset preeclampsia can be followed by interventions that improve maternal or fetal outcomes, the American College of Obstetricians recommends that use of uterine artery Doppler studies remain investigational at this time (as of 2020) (1).



Serum biomarkers in preeclampsia

Two placenta-derived angiogenic biomarkers, soluble fms-like tyrosine kinase 1 (sFlt-1) and placental growth factor (PIGF) have proved useful as diagnostic and prognostic tests for preeclampsia. sFlt-1 is secreted from placental trophoblast cells into maternal circulation. Circulating sFlt-1 adheres to the receptor-binding domains of vascular endothelial growth factor (VEGF) and PIGF (a VEGF homolog), preventing their interaction with endothelial cells, inducing endothelial dysfunction (45). In addition to endothelial dysfunction, high levels of sFlt-1 result in vasoconstriction and immune dysregulation, negatively impacting multiple maternal organ systems and the fetus (46). sFlt-1 mRNA is increased (and PIGF proportionately decreased) in placentas of individuals with preeclampsia, and serum sFlt-1 levels are almost five times higher in severe preeclampsia compared with normotensive pregnancies (47). This discovery was followed by a number of studies using the sFlt-1/PIGF ratio to diagnose preeclampsia, and then also to predict preeclampsia and adverse outcomes. In INSPIRE (Interventional Study Evaluating the Short-term Prediction of Preeclampsia/Eclampsia), a randomized trial of 370 women presenting with suspected preeclampsia, use of the test improved hospitalization to 100% of patients who developed preeclampsia within 7 days (compared to only 83% of those without the result revealed) (48). Cost savings were observed in all studies across multiple countries evaluating the economic impacts of implementing the sFlt-1/PIGF ratio test and were attributed to improved diagnostic accuracy and a reduction in unnecessary hospitalization (49). In May 2023, the U.S. Food and Drug Administration approved a biomarker screening test (sFlt-1/PIGF) at 24–34 weeks of gestation, shown to have a 94% sensitivity and 75% specificity, to identify patients at high risk of severe preeclampsia.

Levels of sFlt-1 rapidly decrease post-partum, confirming that it is almost entirely derived from the placenta. Unfortunately, measurement of sFlt-1, PGIF or their ratio measured during HDP was not found to be predictive of hypertension 1 year postpartum (50).



Discussion

Pregnancy complicated by preeclampsia is associated with systemic vascular dysfunction. A systematic review and meta-analysis pooling results from 72 studies in 8,702 women, demonstrated vascular dysfunction in women after HDP compared with women with prior normal pregnancy when measured by carotid-femoral pulse wave velocity [0.64 m/s (0.17–1.11)], carotid intima–media thickness [0.025 mm (0.004–0.045)], and augmentation index [5.48% (1.58–9.37)], as well as mean levels of soluble fms-like tyrosine kinase [6.12 pg/ml (1.91–10.33)] (12). Between group differences were more pronounced when assessments were performed in younger women (<40 years) or closer to the index pregnancy for almost all modalities. Pooled analyses were not conducted for PAT due to fewer than 3 available studies. The totality of evidence supports some persistent vascular dysfunction after HDP. With a modest mean difference of 12%, sFlt-1 was the only biomarker consistently higher in women with prior preeclampsia relative to women with recent normotensive pregnancy (12).

Vascular imaging with BA-FMD appears to be a useful tool to identify women with vascular dysfunction both early in pregnancy and in the postpartum period after HDP. In contrast, sFlt-1 can identify patients at high risk of severe preeclampsia during pregnancy but when measured after HDP, is not as sensitive in identifying underlying endothelial damage. Calculated 10-year CV risk assessments in these women, such as with the pooled cohort equation from the American Heart Association, are often falsely low due to young age and lack of integration of HDP history. Similarly, waiting for hard CV outcomes in pragmatic clinical trials of HDP would yield low event rates. Though traditionally used in the context of research, clinical use of vascular imaging modalities, such as BA-FMD, in the postpartum period might help further define an at-risk group to be targeted for more aggressive risk factor modification (12). Whether more aggressive blood pressure control early postpartum in HDP ameliorates vascular dysfunction, and thus CVD risk, is a provocative question that needs to be tested and could have important implications for the future cardiovascular care of these women.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Author contributions

AP: Writing – review & editing, Writing – original draft, Resources, Project administration, Investigation, Funding acquisition, Data curation. JK: Writing – review & editing, Writing – original draft, Supervision, Resources, Methodology, Investigation, Funding acquisition, Data curation, Conceptualization.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

This publication was supported by the National Heart, Lung, And Blood Institute of the National Institutes of Health under Award Numbers R34HL165013 and R01HL162888. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Gestational hypertension and preeclampsia: ACOG practice bulletin summary, number 222. Obstet Gynecol. (2020) 135(6):1492–5. doi: 10.1097/AOG.0000000000003892

2. Creanga AA, Syverson C, Seed K, Callaghan WM. Pregnancy-related mortality in the United States, 2011–2013. Obstet Gynecol. (2017) 130(2):366–73. doi: 10.1097/AOG.0000000000002114

3. Garovic VD, Dechend R, Easterling T, Karumanchi SA, McMurtry Baird S, Magee LA, et al. Hypertension in pregnancy: diagnosis, blood pressure goals, and pharmacotherapy: a scientific statement from the American heart association. Hypertension. (2022) 79(2):e21–41. doi: 10.1161/HYP.0000000000000208

4. MacDorman MF, Thoma M, Declcerq E, Howell EA. Racial and ethnic disparities in maternal mortality in the United States using enhanced vital records, 2016‒2017. Am J Public Health. (2021) 111(9):1673–81. doi: 10.2105/AJPH.2021.306375

5. Bruno AM, Allshouse AA, Metz TD, Theilen LH. Trends in hypertensive disorders of pregnancy in the United States from 1989–2020. Obstet Gynecol. (2022) 140(1):83–6. doi: 10.1097/AOG.0000000000004824

6. Ford ND, Cox S, Ko JY, Ouyang L, Romero L, Colarusso T, et al. Hypertensive disorders in pregnancy and mortality at delivery hospitalization—united States, 2017–2019. MMWR Morb Mortal Wkly Rep. (2022) 71(17):585–91. doi: 10.15585/mmwr.mm7117a1

7. Brown MC, Best KE, Pearce MS, Waugh J, Robson SC, Bell R. Cardiovascular disease risk in women with pre-eclampsia: systematic review and meta-analysis. Eur J Epidemiol. (2013) 28(1):1–19. doi: 10.1007/s10654-013-9762-6

8. Hallum S, Basit S, Kamper-Jorgensen M, Sehested TSG, Boyd HA. Risk and trajectory of premature ischaemic cardiovascular disease in women with a history of pre-eclampsia: a nationwide register-based study. Eur J Prev Cardiol. (2023):506–16. doi: 10.1093/eurjpc/zwad003. [Epub ahead of print]

9. Wikstrom AK, Haglund B, Olovsson M, Lindeberg SN. The risk of maternal ischaemic heart disease after gestational hypertensive disease. BJOG. (2005) 112(11):1486–91. doi: 10.1111/j.1471-0528.2005.00733.x

10. Powe CE, Levine RJ, Karumanchi SA. Preeclampsia, a disease of the maternal endothelium: the role of antiangiogenic factors and implications for later cardiovascular disease. Circulation. (2011) 123(24):2856–69. doi: 10.1161/CIRCULATIONAHA.109.853127

11. Ashworth JR, Warren AY, Baker PN, Johnson IR. Loss of endothelium-dependent relaxation in myometrial resistance arteries in pre-eclampsia. Br J Obstet Gynaecol. (1997) 104(10):1152–8. doi: 10.1111/j.1471-0528.1997.tb10939.x

12. Grand'Maison S, Pilote L, Okano M, Landry T, Dayan N. Markers of vascular dysfunction after hypertensive disorders of pregnancy: a systematic review and meta-analysis. Hypertension. (2016) 68(6):1447–58. doi: 10.1161/HYPERTENSIONAHA.116.07907

13. Weissgerber TL, Milic NM, Milin-Lazovic JS, Garovic VD. Impaired flow-mediated dilation before, during, and after preeclampsia: a systematic review and meta-analysis. Hypertension. (2016) 67(2):415–23. doi: 10.1161/HYPERTENSIONAHA.115.06554

14. Anderson TJ, Gerhard MD, Meredith IT, Charbonneau F, Delagrange D, Creager MA, et al. Systemic nature of endothelial dysfunction in atherosclerosis. Am J Cardiol. (1995) 75(6):71B–4B. doi: 10.1016/0002-9149(95)80017-M

15. Matsuzawa Y, Kwon TG, Lennon RJ, Lerman LO, Lerman A. Prognostic value of flow-mediated vasodilation in brachial artery and fingertip artery for cardiovascular events: a systematic review and meta-analysis. J Am Heart Assoc. (2015) 4(11):e002270. doi: 10.1161/JAHA.115.002270

16. Thijssen DHJ, Bruno RM, van Mil ACCM, Holder SM, Faita F, Greyling A, et al. Expert consensus and evidence-based recommendations for the assessment of flow-mediated dilation in humans. Eur Heart J. (2019) 40(30):2534–47. doi: 10.1093/eurheartj/ehz350

17. Flammer AJ, Anderson T, Celermajer DS, Creager MA, Deanfield J, Ganz P, et al. The assessment of endothelial function: from research into clinical practice. Circulation. (2012) 126(6):753–67. doi: 10.1161/CIRCULATIONAHA.112.093245

18. Nohria A, Gerhard-Herman M, Creager MA, Hurley S, Mitra D, Ganz P. Role of nitric oxide in the regulation of digital pulse volume amplitude in humans. J Appl Physiol. (2006) 101(2):545–8. doi: 10.1152/japplphysiol.01285.2005

19. Matsuzawa Y, Li J, Aoki T, Guddeti RR, Kwon TG, Cilluffo R, et al. Predictive value of endothelial function by noninvasive peripheral arterial tonometry for coronary artery disease. Coron Artery Dis. (2015) 26(3):231–8. doi: 10.1097/MCA.0000000000000208

20. Matsuzawa Y, Sugiyama S, Sugamura K, Nozaki T, Ohba K, Konishi M, et al. Digital assessment of endothelial function and ischemic heart disease in women. J Am Coll Cardiol. (2010) 55(16):1688–96. doi: 10.1016/j.jacc.2009.10.073

21. Bonetti PO, Pumper GM, Higano ST, Holmes DR, Kuvin JT, Lerman A. Noninvasive identification of patients with early coronary atherosclerosis by assessment of digital reactive hyperemia. J Am Coll Cardiol. (2004) 44(11):2137–41. doi: 10.1016/j.jacc.2004.08.062

22. Carty DM, Anderson LA, Duncan CN, Baird DP, Rooney LK, Dominiczak AF, et al. Peripheral arterial tone: assessment of microcirculatory function in pregnancy. J Hypertens. (2012) 30(1):117–23. doi: 10.1097/HJH.0b013e32834d76fb

23. Orabona R, Sciatti E, Vizzardi E, Bonadei I, Valcamonico A, Metra M, et al. Endothelial dysfunction and vascular stiffness in women with previous pregnancy complicated by early or late pre-eclampsia. Ultrasound Obstet Gynecol. (2017) 49(1):116–23. doi: 10.1002/uog.15893

24. Barr LC, Herr JE, Hetu MF, Smith GN, Johri AM. Increased carotid artery stiffness after preeclampsia in a cross-sectional study of postpartum women. Physiol Rep. (2022) 10(8):e15276. doi: 10.14814/phy2.15276

25. Torrado J, Farro I, Zócalo Y, Farro F, Sosa C, Scasso S, et al. Preeclampsia is associated with increased central aortic pressure, elastic arteries stiffness and wave reflections, and resting and recruitable endothelial dysfunction. Int J Hypertens. (2015) 2015:720683. doi: 10.1155/2015/720683

26. Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular events and all-cause mortality with arterial stiffness: a systematic review and meta-analysis. J Am Coll Cardiol. (2010) 55(13):1318–27. doi: 10.1016/j.jacc.2009.10.061

27. Fujime M, Tomimatsu T, Okaue Y, Koyama S, Kanagawa T, Taniguchi T, et al. Central aortic blood pressure and augmentation index during normal pregnancy. Hypertens Res. (2012) 35(6):633–8. doi: 10.1038/hr.2012.1

28. Boutouyrie P, Chowienczyk P, Humphrey JD, Mitchell GF. Arterial stiffness and cardiovascular risk in hypertension. Circ Res. (2021) 128(7):864–86. doi: 10.1161/CIRCRESAHA.121.318061

29. Mitchell GF, Hwang SJ, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, et al. Arterial stiffness and cardiovascular events: the framingham heart study. Circulation. (2010) 121(4):505–11. doi: 10.1161/CIRCULATIONAHA.109.886655

30. Kirollos S, Skilton M, Patel S, Arnott C. A systematic review of vascular structure and function in Pre-eclampsia: non-invasive assessment and mechanistic links. Front Cardiovasc Med. (2019) 6:166. doi: 10.3389/fcvm.2019.00166

31. Society of Atherosclerosis I, Prevention Developed in collaboration with the International Atherosclerosis S. Appropriate use criteria for carotid intima media thickness testing. Atherosclerosis. (2011) 214(1):43–6. doi: 10.1016/j.atherosclerosis.2010.10.045

32. Stein JH, Korcarz CE, Hurst RT, Lonn E, Kendall CB, Mohler ER, et al. Use of carotid ultrasound to identify subclinical vascular disease and evaluate cardiovascular disease risk: a consensus statement from the American society of echocardiography carotid intima-Media thickness task force. Endorsed by the society for vascular medicine. J Am Soc Echocardiogr. (2008) 21(2):93–111. doi: 10.1016/j.echo.2007.11.011

33. Willeit P, Tschiderer L, Allara E, Reuber K, Seekircher L, Gao L, et al. Carotid intima-media thickness progression as surrogate marker for cardiovascular risk: meta-analysis of 119 clinical trials involving 100 667 patients. Circulation. (2020) 142(7):621–42. doi: 10.1161/CIRCULATIONAHA.120.046361

34. Perk J, De Backer G, Gohlke H, Graham I, Reiner Z, Verschuren M, et al. European guidelines on cardiovascular disease prevention in clinical practice (version 2012). the fifth joint task force of the European society of cardiology and other societies on cardiovascular disease prevention in clinical practice (constituted by representatives of nine societies and by invited experts). Eur Heart J. (2012) 33(13):1635–701. doi: 10.1093/eurheartj/ehs092

35. Milic NM, Milin-Lazovic J, Weissgerber TL, Trajkovic G, White WM, Garovic VD. Preclinical atherosclerosis at the time of pre-eclamptic pregnancy and up to 10 years postpartum: systematic review and meta-analysis. Ultrasound Obstet Gynecol. (2017) 49(1):110–5. doi: 10.1002/uog.17367

36. Neto RM, Ramos JGL, Medjedovic E, Begic E. Increased of the carotid intima media thickness in preeclampsia. J Perinat Med. (2020) 48(8):787–91. doi: 10.1515/jpm-2020-0158

37. Goff Jr DC, Lloyd-Jones DM, Bennett G, Coady S, D'Agostino RB, Gibbons R, et al. 2013 ACC/AHA guideline on the assessment of cardiovascular risk: a report of the American college of cardiology/American heart association task force on practice guidelines. Circulation. (2014) 129(25 Suppl 2):S49–73. doi: 10.1161/01.cir.0000437741.48606.98. Erratum in: Circulation. (2014) 129(25 Suppl 2):S74–5.24222018

38. Den Ruijter HM, Peters SA, Anderson TJ, Britton AR, Dekker JM, Eijkemans MJ, et al. Common carotid intima-media thickness measurements in cardiovascular risk prediction: a meta-analysis. Jama. (2012) 308(8):796–803. doi: 10.1001/jama.2012.9630

39. Staff AC, Dechend R, Pijnenborg R. Learning from the placenta: acute atherosis and vascular remodeling in preeclampsia-novel aspects for atherosclerosis and future cardiovascular health. Hypertension. (2010) 56(6):1026–34. doi: 10.1161/HYPERTENSIONAHA.110.157743

40. Zeek PM, Assali NS. Vascular changes in the decidua associated with eclamptogenic toxemia of pregnancy. Am J Clin Pathol. (1950) 20(12):1099–109. doi: 10.1093/ajcp/20.12.1099

41. Labarrere CA. Acute atherosis. A histopathological hallmark of immune aggression? Placenta. (1988) 9(1):95–108. doi: 10.1016/0143-4004(88)90076-8

42. Redman CW, Sargent IL. Latest advances in understanding preeclampsia. Science. (2005) 308(5728):1592–4. doi: 10.1126/science.1111726

43. Velauthar L, Plana MN, Kalidindi M, Zamora J, Thilaganathan B, Illanes SE, et al. First-trimester uterine artery Doppler and adverse pregnancy outcome: a meta-analysis involving 55,974 women. Ultrasound Obstet Gynecol. (2014) 43(5):500–7. doi: 10.1002/uog.13275

44. Porto LB, Brandao AHF, Leite HV, Cabral ACV. Longitudinal evaluation of uterine perfusion, endothelial function and central blood flow in early onset pre-eclampsia. Pregnancy Hypertens. (2017) 10:161–4. doi: 10.1016/j.preghy.2017.08.005

45. Clark DE, Charnock-Jones DS. Placental angiogenesis: the role of the VEGF family of proteins. Angiogenesis. (1998) 2(4):309–18. doi: 10.1023/A:1009200824934

46. Ives CW, Sinkey R, Rajapreyar I, Tita ATN, Oparil S. Preeclampsia-pathophysiology and clinical presentations: JACC state-of-the-art review. J Am Coll Cardiol. (2020) 76(14):1690–702. doi: 10.1016/j.jacc.2020.08.014

47. Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S, et al. Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction, hypertension, and proteinuria in preeclampsia. J Clin Invest. (2003) 111(5):649–58. doi: 10.1172/JCI17189

48. Cerdeira AS, O'Sullivan J, Ohuma EO, Harrington D, Szafranski P, Black R, et al. Randomized interventional study on prediction of preeclampsia/eclampsia in women with suspected preeclampsia: INSPIRE. Hypertension. (2019) 74(4):983–90. doi: 10.1161/HYPERTENSIONAHA.119.12739

49. Burwick RM, Rodriguez MH. Angiogenic biomarkers in preeclampsia. Obstet Gynecol. (2024) 143(4):515–23. doi: 10.1097/AOG.0000000000005532

50. Neuman RI, Figaroa AMJ, Nieboer D, Saleh L, Verdonk K, Jan Danser AH, et al. Angiogenic markers during preeclampsia: are they associated with hypertension 1 year postpartum? Pregnancy Hypertens. (2021) 23:116–22. doi: 10.1016/j.preghy.2020.11.011







OPS/images/crossmark.jpg
(®) Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hypertensive disorders of pregnancy & vascular dysfunction

		Introduction



		Brachial artery flow-mediated dilation (BA-FMD)



		Peripheral arterial tonometry (PAT)



		Arterial stiffness and augmentation



		Carotid intima-media thickness (CIMT)



		Uterine artery flow



		Serum biomarkers in preeclampsia



		Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Cardiovascular Medicine






OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





