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Abstract 

Preeclampsia is a severe hypertensive complication of pregnancy that poses significant 

maternal and fetal risk. Evidence suggests that preeclampsia is linked to later-life cardiovascular 

disease development in both mother and offspring. However, the mechanisms responsible for 

this phenomenon have not been determined, nor how they can be ameliorated. Non-invasive 

vascular assessment allows for the evaluation of subclinical indicators of cardiovascular risk. 

Herein we describe a series of studies which were undertaken to measure postpartum and 

offspring vascular functional alterations associated with preeclampsia in pregnancy and to 

improve the accuracy and clinical applicability of laser perfusion imaging. Our studies of 

postpartum women reveal that those with prior severe preeclampsia display heightened 

microvascular endothelium-dependent and -independent vasodilation and exhibit higher carotid 

stiffness compared to women with mild or no disease. In a small trial of offspring born to 

preeclamptic pregnancies, microvascular function does not appear to differ from uncomplicated 

counterparts, though recovery of perfusion after occlusion appears to occur faster. Finally, we 

describe the novel application of a computer vision modality to enable frame-by-frame 

segmentation of participant movement during a trial. Importantly, we demonstrate that a 

computer vision modality makes similar predictions to an experienced human rater in a fraction 

of the time. 

 In short, the present data add to the growing understanding of postpartum mechanisms 

associated with preeclampsia which may predispose women to future disease, and the broad 

applications of perfusion imaging as a tool for measurement and disease surveillance. 
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Chapter 1 

General Introduction 

Maternal Cardiovascular Function Following a Pregnancy Complicated by Pre-eclampsia 
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Smith, G. N. (2020). Maternal Cardiovascular Function following a Pregnancy Complicated by 

Preeclampsia. American journal of perinatology. 



2 

 

1.1 Abstract 

Preeclampsia is a hypertensive pregnancy complication with an unknown etiology and high 

maternal burden worldwide. Burgeoning research has linked preeclampsia to adverse maternal health 

outcomes remote from pregnancy; however, the intermediary mechanisms responsible for this association 

have not been sufficiently established. In the present narrative review, we summarize leading evidence of 

structural and functional cardiovascular changes associated with prior preeclampsia and how these 

changes may be linked to future maternal disease.  

1.2 Introduction 

Preeclampsia (PE) is a pregnancy complication characterized by new-onset hypertension and 

other end-organ involvement typically in the latter stages of gestation. While its pathogenesis is not 

entirely understood, PE is linked to inadequate placentation in early pregnancy (331). Worldwide, PE 

remains a leading cause of maternal-fetal morbidity and mortality, complicating approximately 3 percent 

of all pregnancies (233, 422).   

 Epidemiological evidence has demonstrated that the development of PE is associated with an 

increased risk of cardiovascular disease remote from the affected pregnancy. One review on the subject 

identified an increased risk of lifetime hypertension in mothers by a factor of 3.7, stroke by a factor of 

1.81, and ischemic heart disease by a factor of 2.16 (34). Whether PE contributes to the effect, or is 

merely a harbinger of increased risk is uncertain.  

 Modern preventative medical paradigms have been criticized as broadly undervaluing the unique 

presentation of cardiovascular disease in women (282). The same holds for PE. While a link between PE 

and cardiovascular disease risk was first identified in the 1970s, only relatively recently have clinical 

follow-up strategies after PE been undertaken (79).  
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PE is termed the “disease of theories” due to extant debate regarding its heterogeneous clinical 

presentation. Classification of PE is made based on gestational age at delivery (early- vs. late-onset), the 

presence or absence of fetal growth restriction, or the presence or absence of severe features (i.e., end-

organ involvement, visual disturbances, degree of hypertension or proteinuria, among others) (299, 312, 

332). Limitations to study design and recruitment size have made it difficult to formally assess the 

frequency of PE development by subtype. However, the frequency of late-onset disease is typically higher 

than early-onset. A large-scale assessment of nearly 500,000 women in Washington State placed PE 

prevalence at 3.11/100 singleton deliveries, with early-onset (less than 34 weeks) disease at 0.38/100    

and late-onset (34 weeks or later) disease at 2.72/100 (234). This is an important distinction, as maternal 

and neonatal prognoses differ by PE subtype (37).  

PE is now widely presumed to be the maternal manifestation of several converging etiologies 

(145). Placental dysfunction is a factor in some, but not all cases of PE and histopathological findings are 

more likely in early-onset disease (299). Fetal growth restriction may also occur as a result  (37, 117). 

Conversely, late-onset PE is more often associated with normal fetal weight (298). While the precise 

reason for these subtypes is elusive, placental gene clustering analysis points to maternal immune factors, 

placental hypoxia, and genetic abnormalities as potential independent causes of PE (37). 

Major working groups such as the National High Blood Pressure Education Program, 

International Society for Study of Hypertension during Pregnancy (ISSHP), and Canadian Hypertensive 

Disorders of Pregnancy Working Group (HDPWG) have published clinical practice guidelines for 

diagnosis and treatment of PE for use by practitioners (63, 159, 245). Many have been adopted by 

national health agencies, including the American College of Obstetricians and Gynecologists. However, 

uniform clinical practice guidelines for diagnosing and managing of PE cannot occur while the 

understanding of PE subtypes remains incomplete. Gillon surveyed 13 clinical practice guidelines on the 

diagnosis of preeclampsia, finding critical differences in how severe PE was defined between 
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organizations (147). Keeping this in mind, we will endeavor in the present review to clarify the PE 

subtype and disease definition in study populations when reviewing evidence.  

 PE is associated with postpartum subclinical cardiovascular dysfunction. While changes to 

conduit artery function or structure following PE have been identified, a systemic, mechanistic account of 

these changes has yet to be established (120, 154). A focused approach on the mechanistic changes 

following PE may identify avenues for further research or therapeutic intervention. 

 We aim to summarize the body of evidence concerning mechanistic cardiovascular alterations 

following PE. An enhanced understanding of these changes and how they may contribute to downstream 

cardiovascular disease should identify research needs and lead to strategies to improve screening and or 

treatment for vascular dysfunction following PE.   

1.3 Postpartum cardiac alterations following preeclampsia 

Pregnancy introduces physiological stress and, accordingly, the human body adapts. Following a 

healthy pregnancy, physiological function returns to baseline in the postpartum period without long-term 

implications on maternal health (120). Specifically, the heart must work harder during pregnancy, 

resulting in adaptive changes in structure and function. Studies have shown that cardiac adaptation to 

pregnancy differs in women with PE and may have long-term implications for cardiovascular health. 

Clinicians must be cognizant of cardiovascular sequelae following PE to better inform follow-up and 

care.  

1.3.1 Cardiac remodeling 

Left ventricular eccentric remodeling is an expected adjustment to pregnancy as a compensatory 

mechanism for increased volume load. However, in women with PE, there is a tendency towards aberrant 

left ventricular concentric remodeling (144, 267, 301, 433). Concentric remodeling during PE can be 

understood as a compensatory mechanism to increased ventricular pressure during hypertensive 
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pregnancy but has been shown to persist in women with PE postpartum. R. Orabona et al. investigated 

left ventricular concentric remodeling in women with previous PE (as defined by ISSHP guidelines) 6 

months and 4 years after delivery, finding a 46.7% increase in concentric remodeling as compared to 

healthy controls (301). Another study by Ghossein-Doha et al. found that over half of women with 

previous PE (HDPWG guidelines) have persistent concentric remodeling up to 10 years postpartum, 

which is associated with a 3.5-fold higher prevalence of asymptomatic heart failure (144). Left ventricular 

concentric remodeling has also been seen in recurrent PE during the second pregnancy in conjunction 

with low cardiac output, high total vascular resistance, and increased left ventricular wall thickness and 

mass index (433). Overall, left ventricular concentric remodeling is seen in pregnancy with PE. It persists 

in 40% of these women during the postpartum period, and in some, may persist over a decade after 

delivery, possibly contributing to the later seen cardiovascular disease outcomes due to associated 

myocardial stiffness. A previous history of PE should be considered during cardiovascular disease risk 

assessment, with particular attention paid to outcomes related to cardiac remodeling (144, 267).   

1.3.2 Cardiac mechanical changes 

Left ventricular hypertrophy is thought to occur during PE as an adaptation to cardiac strain 

associated with sudden onset hypertension. Melchiorre et al. investigated left ventricular function 1 and 2 

years postpartum in previously PE women (as defined by ISSHP guidelines), finding a significant 

increase in residual abnormal geometry and sustained hypertrophy as compared to matched controls (14% 

vs. 8%; P values <0.001) (267). Right ventricular dysfunction and hypertrophy were also seen in a subset 

of the PE group where advanced left ventricular dysfunction was seen, likely due to increased pulmonary 

resistance (267). These findings are consistent with other shorter studies (follow-up less than a year 

postpartum) reporting left ventricular dysfunction following PE (322, 407). However, conflicting studies 

have found that left ventricular hypertrophy in PE resolved itself within a year postpartum (301, 407, 

432). Differences could be due to the severity of PE, whether women with preterm PE were included, the 

control population used, and differences in the size of the study cohort. 
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Increases in left ventricular mass (LVM) and left ventricular mass index (LVMi) are used as 

predictors of adverse cardiovascular outcomes and early death (108). Accordingly, LVM and LVMi have 

been investigated as possible markers for cardiovascular disease in women with previous PE. In a study 

examining echocardiograms of 349 previously PE women (as defined by ISSHP guidelines) 6-19 months 

and 6 years postpartum, 8% of women developed chronic hypertension at 6-year follow-up. Women who 

had developed hypertension had a significantly higher LVMi at initial postpartum screening than controls 

and women with previous PE who did not develop hypertension (142). These findings are consistent with 

results seen in transthoracic echo studies of women in the year following PE (140, 322). In contrast, a 

study investigating 19 women with PE during pregnancy (HDPWG definition) and three months 

postpartum found that LV mass was only elevated during the pregnancy period in PE women, suggesting 

that left ventricular function normalizes after pregnancy in PE. Although, the sample size was a limitation 

in this group (432). To better characterize the predictive value of LVMi for cardiovascular risk factors, 

there is a need for additional studies looking at the mechanism and prevalence of prolonged LVM 

increase in PE. Persistent reduction in myocardial contractility has been observed in the postpartum 

period following PE (as defined by the American College of Obstetricians and Gynecologists). Of note, 

significantly increased end-systolic volume and decreased mean velocity of circumferential fiber 

shortening have been observed. Duration of these effects has been directly correlated with the severity of 

PE, seen up to 6 months postpartum in severe PE (423). Similarly, significant impairment in left 

ventricular contractility has been seen in women with PE (as defined by the American College of 

Obstetricians and Gynecologists) up to a year after delivery via transthoracic echo. These findings were 

accompanied by an increase in absolute values of systolic, diastolic, and mean blood pressures (140). 

Decreased myocardial contractility is a risk factor for asymptomatic heart failure, which is seen to be 

increased in the postpartum period of PE women and should be monitored (144). 

1.3.3 Cardiac functional changes 
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A significantly reduced E/A ratio, Doppler E1, and A-1 peak velocity, E1/A-1 ratio, and significant 

increment in E/E’ ratio have also been seen in previously PE women in the postpartum period. These 

parameters are often compromised in early cardiovascular disease as they are markers of impaired left 

ventricular myocardial relaxation and diastolic dysfunction (140). Notably, in early-onset and severe PE a 

higher E/E’ ratio has been observed in conjunction with abnormal Diffusion Tensor Imaging indices in 

the postpartum period. Higher E/E’ ratio in postpartum PE women (as defined by ISSHP guidelines) has 

been recorded as higher at the lateral and septal margin of the mitral annulus, an indicator of pressure 

overload consistent with new-onset hypertension (322). These variables are used in the general population 

as non-invasive indicators of increased left ventricular filling pressure and left ventricular diastolic 

dysfunction, as is expected in hypertensive diseases such as PE (135). Additionally, electrocardiogram 

(EKG) assessment of cardiac rhythm is often used to assess underlying risk of cardiovascular events as 

well as general cardiovascular health, increasingly in conjunction with heart rate variability. EKG is being 

investigated as a means for determining cardiovascular disease (CVD) risk following PE. It has been 

observed that women in the first year postpartum (6-8 months) following PE (as defined by the HDP 

Working Group) display QRS complex duration abnormalities as well as reduced time domain parameters 

of HRV (284). QRS conduction delay is associated with structural atrial remodeling and has been 

identified as a risk factor for arrhythmias, which women with previous PE are already at higher risk of 

developing (328). In contrast, Hoogsteder et al. looked at 658 women with PE (as defined by ISSHP 

guidelines) at least 6 months postpartum and found that EKG has negligible value in identifying and 

predicting cardiovascular disorders (178). The study population had no difference in the prevalence of 

EKG abnormalities than a large (n= 12,637) control population. Although, the control population was not 

composed of healthy parous women but rather an external unselected reference group. It is important that 

future studies are conducted to measure the efficacy of using screening techniques like echocardiography 

and EKG to detect cardiac risk factors in PE women in the postpartum period to decrease morbidity and 

mortality. 
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1.4 Vascular alterations following preeclampsia 

Upstream from the microcirculation, muscular conduit and resistance arteries conduct blood flow 

from elastic central vessels. Conduit arteries and associated resistance vessels contain higher amounts of 

smooth muscle responsive to physiologic stimuli. Conduit and resistance artery function are affected in 

the maternal syndrome of PE. Vascular remodeling is initiated by persistent endothelial damage or 

prolonged hypertension. Recent work has sought to understand the extent to which vascular remodeling is 

evident following PE, and its relevance to future disease. 

1.4.1 Conduit artery endothelial function after preeclampsia 

Conduit artery endothelial dysfunction leads to blunted blood pressure control through persistent 

vasoconstriction, inflammation, and increased vascular stiffness (54). In vivo vascular assessments after 

PE have identified endothelial functional change occurring in larger conduit arteries after the disease. 

Arterial cuff occlusion protocols allow measurement of flow-mediated dilation (FMD), a 

surrogate measure of conduit endothelial function (Table 1). Reductions in FMD, interpreted as reduced 

vasodilatory capacity, are predictive of future cardiovascular disease (326). Brachial FMD assessments 

identify conduit artery endothelial dysfunction after PE (6, 33, 75, 122, 162, 474). Hamad et al. found 

serum pentraxin-3, a maternal inflammatory mediator, was inversely correlated to flow-mediated dilation, 

which was lower in PE women versus controls 3-6 months after delivery (162). Those with early-onset 

PE had a more significant reduction in FMD. Agatisa et al. induced endothelium-mediated vasodilation in 

their study of formerly PE women and normotensive controls, 10 months postpartum on average, by 

administering the Stroop test. This verbal word-colour association test which heightens mental stress and 

cholinergic nitric oxide release (107). Among women meeting criteria for prior PE, they identified lower 

endothelium-dependent vasodilatory responses in response to a venous occlusion plethysmography 

protocol(6). These results were echoed in a similar study conducted instead between 6 months and 3 years 

postpartum, which expanded their definition of PE to include gestational hyperuricemia (122). Chambers 
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Name Description of modality 

Conduit/Resistance vessel 

measurements 
 

Flow-mediated dilatation (FMD) 

Release of suprasystolic occlusion of a conduit artery results in a compensatory increase in blood flow, 

initiating endothelial mechanotransduction (99). Resultant vasodilation can then be visualized by measuring 

vascular luminal diameter and blood velocity with an ultrasound probe. 

Pulse-wave velocity (PWV) 

PWV is the velocity of the systolic pulse wave between two vascular landmarks of a known distance apart 

(typically the carotid and femoral arteries) (317). An increased PWV is indicative of decreased transverse 

force transmission through the arteries, and increased stiffness (221). Typically measured with a 

mechanosensitive recording device. 

Augmentation index (AIx) 

During systole, each pulse wave creates a secondary reflection off of arterial branches back towards the 

aorta. Constructive interference of the reflected wave and the pulsatile wave can create a second systolic 

peak, which moves closer to the first systolic peak with increased vessel stiffness (297). AIx is an expression 

of the difference between these two peaks and can be measured non-invasively through applanation 

tonometry. 

Microcirculatory measurements  

Dermal iontophoresis 

Iontophoresis is the delivery of vasoactive solutions to the dermal microvasculature under the influence of 

an applied current. Drug solutions delivered using iontophoresis are selected to elicit a particular vascular or 

endothelial response. Vascular responses can be measured with a perfusion imaging modality such as laser 

speckle contrast imaging or laser Doppler flowmetry.   

 

Retinal flicker response 

The retinal flicker response is a neurovascular phenomenon elicited by flickering light. Proximal hyperemia 

to the light stimulus causes retinal flow-mediated vasodilation and a characteristic vasoconstrictive response 

in downstream retinal microvessels. The retinal flicker mechanism is believed to be endothelium and nitric 

oxide-dependent,  and is reduced in hypertension and diabetes (66). 

Cardiac measurements  

Echocardiogram 

Echocardiography is a non-invasive diagnostic imaging tool used routinely to assess the heart and 

vasculature. It is commonly used to evaluate valvular and left ventricular function, both in the context of 

acute and chronic cardiovascular disease (21).  

Diffusion Tensor Imaging  

Diffusion magnetic resonance imaging can be used to evaluate the three-dimensional microstructure of 

cardiovascular tissue. It has been utilized to identify cardiac disease states and the extent of associated 

damage, along with mechanical tissue characteristics of individual patients (416).  

Table 1. Relevant cardiovascular structural/functional measurements, summarized. 
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et al. demonstrated reduced endothelium-dependent FMD in formerly PE women at 3 years postpartum, 

identifying oxidative stress as a potential mechanism because intravenous ascorbic acid reversed the 

effect (75). Similarly, Yinon et al. and Goynumer et al. independently demonstrated reduced post-

occlusive brachial vasodilation with vascular ultrasound in women with prior early-onset PE, but not late-

onset PE, compared to controls between 6 - 24 months postpartum, and 12 – 24 months postpartum, 

respectively (474),(152). While women with prior PE had decreased FMD, Barry et al. did not identify 

functional differences between prior mild and severe PE (according to American College of Obstetricians 

and Gynecologists criteria) at 8 months postpartum (33). 

While the studies above demonstrate altered conduit artery function after PE, they have all been 

performed at or before 3 years postpartum. Other assessments performed more remotely from the index 

pregnancy do not find a difference in endothelial FMD between PE and controls. Two assessments of 

brachial post-occlusive FMD performed 10 years postpartum after severe PE, and PE of any subtype, 

failed to find any difference compared to controls (304, 361) 

Transient alterations in conduit artery endothelial function after PE may be amenable to lifestyle 

or clinical intervention. Postpartum exercise may hasten functional recovery after PE, given its positive 

effects on nitric oxide-dependent signaling and vascular remodeling (367). Scholten et al. conducted a 12-

week aerobic cycling program in formerly PE women and matched controls between 6 and 12 months 

postpartum. Exercise sessions included 2-3 40-minute bouts weekly at 70-80% heart rate reserve, and 

vascular recovery was assessed with ultrasonographic FMD tests in the brachial and femoral arteries. 

Exercise training improved insulin sensitivity and blood pressure in case subjects, which was higher than 

controls at the beginning of the study. Brachial and femoral FMD responses, which were lower than 

controls at the outset, were improved but not normalized in case participants after the intervention. These 

results suggest that cardiometabolic factors after PE may be amenable to exercise training, but other 

vascular adaptations due to PE are independent of the benefit offered by exercise (367). 
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Evidence has implicated retrograde shear stress- the reversal of arterial blood flow during 

diastole- in cardiovascular disease development. Retrograde shear stress reduces brachial artery FMD 

responses in a dose-dependent fashion (420) and increases vascular endothelin-1 and vascular cell 

adhesion molecule 1 expression (216). The previously-mentioned postpartum aerobic exercise program 

identified reduced retrograde shear rate in PE women following a 12-week aerobic exercise training 

program (366). Furthermore, retrograde shear stress improvement correlated with parallel FMD and 

sympathetic outflow measurements, suggesting that retrograde shear flow correlates with endothelial 

dysfunction after PE. 

Taken together, these data suggest that reduced endothelium-dependent conduit artery 

vasodilatory function is evident immediately following PE in pregnancy. However, these effects appear to 

diminish at an undefined point many years post-delivery. Therefore, conduit artery functional alterations 

do not appear to be permanent and may simply reflect a delayed recovery from the disease. It remains to 

be determined if short-term functional alterations may permanently alter long-term disease risk. 

Longitudinal studies of vascular function after PE would clarify the time course of these changes and 

whether they contribute to nascent disease processes. While clinically feasible treatments may not exist at 

present, clinicians caring for mothers after PE should approach the postpartum as an opportunity for 

disease surveillance and opening a dialogue with the patient about future risks associated with PE. Future 

study should also explore the potential for therapeutic targets that may aid in vascular recovery, thus 

giving clinicians another opportunity for preventative care after PE.  

1.4.2 Arterial remodeling following preeclampsia 

Prolonged hypertension and endothelial damage lead to conduit vessel remodeling, which reduces 

vasodilatory function, heightens oxidative stress and inflammation, and leads to increased arterial 

stiffness. In addition to the functional assessments above, several investigators have sought to 

characterize the structural vascular modifications which result from PE. 
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Carotid intima-media thickness (CIMT) is a marker of sub-endothelial atherosclerotic processes 

considered a risk factor for cardiovascular events (434). Multiple modes of CIMT measurement, different 

clinical presentations of PE and time at follow-up, and the myriad influences of lifestyle and metabolic 

factors on CIMT lead to poor inter-study generalizability in existing research after PE. Nevertheless, 

increased CIMT is evident in women with PE as early as 6 months postpartum, with significant 

differences observed regardless of subtype (7, 8, 24, 45, 138, 152). CIMT changes after PE appear to be 

independent of age, BMI, and dyslipidemia (138). Blaauw et al. identified increases in carotid and 

femoral intima-media thickness in early-onset PE women compared to controls at 3 months postpartum 

(45). Aykas et al. observed heightened CIMT at five years postpartum after PE correlated with serum uric 

acid levels, which they proposed may contribute to health risk in later life (24). 

However, others have failed to identify CIMT changes after PE among postpartum women (9, 44, 

80, 361). It has been proposed that CIMT changes are only transient in response to hypertension in PE, 

and further from delivery does not become a permanent alteration. For example, in a follow-up study 5 

years after their first, which was conducted at one year postpartum, Blaauw identified an improvement in 

PE-CIMT such that it matched that of normotensive controls (44).  

Pulse-wave velocity (PWV) is an inferential measure of large-vessel stiffness which expresses the 

speed of systolic transmission through an arterial lumen (Table 1). Research examining arterial PWV 

change after PE is limited and inconsistent. Postpartum brachial PWV may be increased after early-onset 

PE (ACOG definition) (131). However, others have not observed altered postpartum PWV values in the 

carotid, aortic, brachial, and femoral arteries compared to normotensive controls (80, 122, 290, 304, 306, 

435). Overall, the evidence suggests that PWV changes, if any, may only occur following early-onset PE, 

with no noticeable changes following mild or late-onset PE. 

Augmentation index (AIx) is another pulse-wave variable that infers arterial stiffness (Table 1). 

Increased AIx is thought to be a sign of increased left ventricular work and aortic stiffening (131). 
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Increased AIx after PE has been identified in late-onset disease at birth but only persisting at 3-24 months 

postpartum after early-onset disease (131, 306, 474). However, others have not found any postpartum 

alterations to AIx (304, 347). One test-retest study of postpartum PE women and controls accounted for 

dietary confounds with vascular testing alongside low- and high-sodium diets (435). In control 

participants, AIx was elevated in high-sodium dietary conditions. However, AIx failed to change between 

dietary conditions for formerly PE women. Investigators suggested that this was indicative of a reduced 

adaptive capacity for vascular stiffness (435). Heterogeneity of the findings above is likely due to the 

variability of time postpartum, PE subtype, and background cardiovascular risk between studies. A 

longitudinal study of arterial stiffness indices following early-onset PE, late-onset PE, and matched 

controls may help to account for this heterogeneity and clarify AIx changes, if any, that occur remote 

from pregnancy. 

1.5 Postpartum microvascular alterations following preeclampsia 

The peripheral microcirculation includes all vessel beds with diameters less than 150 

micrometers. This tremendous surface area encompasses the smallest arteries and arterioles, down to 

segmental capillaries comprised of single endothelial cells (4-12 micrometers) (124). Thin, fenestrated 

capillary membranes and relatively low pressure at this level allow for the microcirculation to carry out 

numerous essential tissue-level functions such as gas exchange and metabolite transfer. Microcirculatory 

changes occur in cardiovascular disease. Changes in local microvascular pressure initiate eutrophic 

inward remodeling and reduced endothelial function (124). Microvascular structural rarefaction- 

decreased total density of microvessels in a given surface area- occurs in patients with hypertension due 

to sustained microvascular damage or reduced angiogenic capacity (124). Additionally, oxidative stress 

that increases in atherosclerotic processes may impair endothelial function. The dermal microvasculature 

is highly accessible for clinical surveillance or experimental perturbation, and its role as a harbinger of 

clinically significant cardiovascular dysfunction should be further explored. 
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Microcirculatory outcomes after PE reflect the maternal signs associated with the disorder, such 

as endothelial dysfunction, generalized inflammation, and hypercoagulability. Women with active PE 

have decreased functional concentrations of vascular endothelial growth factor and display elevated 

profiles of circulating inflammatory cytokines and markers of endothelial damage, including endothelin, 

von Willebrand factor, and fibronectin, among others (259). Generalized vasodilation associated with 

uncomplicated pregnancy disappears following delivery. However, PE may initiate persistent vascular 

functional changes, which contribute to long-term disease risk remote from pregnancy. 

1.5.1 Microvascular functional alterations after preeclampsia 

Microvasodilation is accomplished by nitric oxide, endothelium-derived hyperpolarizing factors, 

and prostanoids. Reduced vasodilatory function in endothelial cells is a hallmark of cardiovascular 

disease (371). Microvascular function after PE may be assessed with a combination of non-invasive 

imaging modalities such as laser Doppler flowmetry or laser speckle imaging (LSCI), alongside a 

perturbation such as temperature or vasoactive substances (46). While dermal microvascular 

investigations pertinent to PE are the most common, retinal and nailfold investigations are also carried out 

with fundal photography or video capillaroscopy. Non-invasive, low-risk studies of the microvasculature 

are attractive for clinical applications, though their long-term predictive value is currently unknown.  

Dermal microvascular functional assessments have identified changes associated with a history of 

PE in pregnancy. Two investigators conducted iontophoretic administration (Table 1) of acetylcholine 

(ACH), which increases endogenous nitric oxide production, and sodium nitroprusside (SNP), a nitric 

oxide donor, to visualize hyperemic changes using Laser Doppler (279). Blaauw et al. studied women 

between 3 and 11 months after early-onset PE or normotensive pregnancy, while Murphy et al. studied 

women between 2 and 6 months postpartum following either PE or normal pregnancy. Both investigators 

identified increased vasodilation in response to ACH only, a result which conflicted with decreased 

endothelial responsiveness typical of hypertension (43, 286). In addition, PE women in both studies had 



15 

 

higher blood pressure than controls. Blaauw et al. proposed persistent sympathetic hyperactivation as a 

potential mechanism (43). Response to induced blood flow has been tested by Spaan et al., who measured 

vasodilation in PE and controls at 23 years postpartum following the release of supra-systolic cuff 

occlusion (394). In this investigation, there were no differences between formerly PE and normotensive 

participants, though the microvascular area under the curve responses correlated to insulin resistance and 

fasting insulin levels, which were higher in the case group. The investigators suggested that the 

mechanical stimulus failed to elicit a differential response because of the combination of endothelium-

dependent and -independent pathways involved in post-occlusive reactive hyperemia (394). 

Postpartum alterations to less-accessible visceral microvascular beds after PE have been studied. 

Coronary microcirculatory echocardiography identified decreased coronary flow reserve (a measure of 

maximal coronary dilatory capacity) and increased intima-media thickness (a subclinical marker of 

atherosclerosis) five years after mild PE (82). These results correlated to high sensitivity serum c-reactive 

peptide suggesting a possible inflammatory link to prior PE and microvasodilatory function. Another 

study in women on average 24 years postpartum identified a greater incidence of clinically significant 

coronary artery calcification, an independent cardiovascular risk factor, in coronary blood vessels after PE 

(461). 

1.5.2 Retinal microvascular function after preeclampsia 

The retinal microcirculation is visible by non-invasive means and provides structural information 

about vascular adaptations following PE. Retinal arteriolar diameter increases in early uncomplicated 

pregnancy in response to decreased mean arterial pressure, decreasing steadily until normalizing at 

delivery (35). However, retinal arteriolar diameter in PE meeting the ISSHP definition decreases in 

response to endothelial damage and vascular remodeling, remaining persistently narrowed up to 6.2 years 

beyond delivery (35). This phenotype is associated with increased cardiovascular risk. Benschop et al. 

demonstrated smaller retinal arteriolar calibers among PE- and gestational hypertension-affected women 
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than controls 6.2 years after the affected pregnancy (35). However, the increased retinal venular caliber in 

gestational hypertension compared to controls was deemed indicative of higher pre-pregnancy blood 

pressure and BMI, as venular caliber in PE participants did not vary between groups. A similar study by 

Brückmann et al. did not find any differences in retinal arteriolar diameter between PE and controls 

during pregnancy and at 10 weeks postpartum (66).  

Alterations following PE in the endothelium-dependent retinal flicker response (Table 1) have 

also been documented. Brückmann et al. found that baseline diameter and maximal dilatory response did 

not differ between formerly PE women and controls (66). However, maximal arteriolar constrictive 

responses, and therefore arteriolar amplitude, were lower following PE. Brückmann et al. proposed a 

functional compensatory mechanism that preserved hemodynamic function for dilatory processes, and 

that increased vascular permeability secondary to PE interfered with vasoconstriction (66). 

1.5.3 Potential mechanisms of altered microvascular function after preeclampsia 

Few in vivo studies have examined microvascular functional alterations after PE. The renin-

angiotensin-aldosterone system is dysregulated in chronic hypertension and has also been implicated in 

PE development. In pregnancy, a blunted sensitivity to angiotensin II (Ang II) occurs in late gestation to 

accommodate the metabolism of the fetoplacental unit (189). In PE, increased sensitivity to Ang II occurs 

during this stage (189). Circulating agonistic autoantibodies to the Ang II type 1 receptor (AT1-AA) in 

PE increase Ang II-mediated signaling, heightening vascular resistance and blood pressure (451). 

Stanhewicz et al. have executed an elegant series of in vivo experiments in postpartum women suggesting 

this phenomenon leads to postpartum vascular dysfunction (397, 401, 403). Their first study tested 

endothelial responsiveness with microdialysis of endothelium-dependent vasodilators and inhibitors of 

endothelial nitric oxide synthase (eNOS) and AT1 in formerly PE and normotensive women (403). They 

identified diminished eNOS-mediated vasodilation and perfusion changes to local heating in formerly PE 

women, which was abolished upon co-administration of an eNOS inhibitor, suggestive of NO-dependent 
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dysfunction. NO-mediated vasodilation was rescued upon AT1 blockade, suggesting the dysfunction was 

mediated by AAT1-AAs. Revisiting this idea in 2019, they identified the angiotensin 1-7/Mas receptor 

axis, an inhibitor of the presumably hyperactive Ang II pathway, as a potential therapeutic target for 

microvascular functional recovery following PE (399). 

Stanhewicz et al. also explored the role of endothelin-1 in mediating microvascular endothelial 

dysfunction after PE (401). Endothelin-1 mediates vasoconstriction via the endothelin-1 A and B 

receptors (ETAR/ETBR) in smooth muscle cells and vasodilation via the ETBR in endothelial cells. The 

relative population of ETAR and ETBR determines the overall vasoactive effect of bound endothelin-1. 

Through a series of experiments, investigators identified exaggerated vasoconstriction in response to 

endothelin-1 in women with prior PE, mediated through increased expression of smooth muscle ETBR. 

1.6 Clinical considerations 

An improved understanding of the mechanisms contributing to the increased burden of 

cardiovascular disease in women with a history of PE will allow for better screening and prevention. 

Echocardiography should be considered a mandatory aspect of follow-up for women with PE in the 

postpartum period to better screen for and prevent cardiovascular complications. Women with PE are at 

significantly higher risk of developing asymptomatic heart failure, correlating with long-term cardiac 

changes in the postpartum period (56, 140, 267). Echocardiography follow-up would help detect impaired 

contractility of the myocardium and increased peripheral resistance was seen in the postpartum of women 

with PE, especially in severe cases (423). Cardiac screening postpartum is essential because women with 

previous PE have been shown to be asymptomatic despite having impaired myocardial performance 

index, used to evaluate systolic and diastolic left ventricular function (407). Echocardiography may also 

have a role in predicting recurrent PE, as it has been observed that 12 to 18 months postpartum women 

with recurrent PE are more likely to have a lower stroke volume, cardiac output, and increased total 

vascular resistance values as compared to controls and women who only experience PE in their first 
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pregnancy (143, 433). Preterm PE patients represent a particularly vulnerable population that would 

benefit from echocardiographic screening. It has been demonstrated that over half of women with preterm 

PE will develop stage B asymptomatic heart failure postpartum, and 40% will develop hypertension in the 

24 months following pregnancy (267). Women with term PE are also at higher risk, with an increased 

prevalence of chronic hypertension 6 years postpartum (38). A prospective study should be considered to 

aid in developing echocardiography screening guidelines following PE. 

Electrocardiography has been investigated in its role for predicting long-term cardiovascular risk 

in women with previous PE. P-wave and QRS complex durations during the first 6 to 8 months 

postpartum in women with PE suggest delayed myocardial conduction and an increase in sympathetic 

activity, associated with risk of developing an arrhythmia (284).  Although, a study looking at 658 

formerly PE women at least 6 months after pregnancy did not see a significant difference in EKGs 

compared to a large reference population of women the same age. While the study suggested low efficacy 

of EKG in predicting cardiovascular disease in previously PE women, they did not include a control 

group of women with a previous healthy pregnancy (178). Additional studies should be considered to 

explore the value of EKG in predicting cardiovascular disease outcomes in women with previous PE. 

In addition to cardiac screening following PE, there are several considerations that clinicians are 

invited to consider lessening the risk of postpartum disease burden from a vascular standpoint. In the 

absence of proven therapies for vascular functional recovery after PE, improved knowledge translation to 

patients regarding their lifetime cardiovascular risk may prompt lifestyle change. A patient’s perception 

of risk is a powerful predictor of behavior (59). Postpartum follow-up clinics for women after PE also 

represent an opportunity for knowledge translation by the specialist, disease screening, and counselling 

about future pregnancies (388). The use of one or several biomarkers, including C-reactive protein, 

endothelial-dependent vasodilation (conduit or microvascular), albumin-creatinine ratio, CIMT, etc., to 

assess vascular risk factors after PE at follow-up could allow for enhanced clinical decision-making. 
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Additionally, we strongly advocate for increased study of vascular function associated with PE to enhance 

the clinical understanding of microvascular function associated with greater downstream risk. Increased 

participation in postpartum care after PE by cardiologists could also aid in developing a risk assessment 

paradigm for cardiovascular disease risk after PE based on cardiac and large-vessel function. 

Finally, aerobic exercise is an extremely promising mechanism to restore nitric oxide-dependent 

endothelial function, deserving further investigation and employment by primary healthcare professionals 

(212). When appropriate, a conversation with patients should always be facilitated about the return to 

exercise, the modalities that are appropriate for life with a newborn, and the habits that will foster 

sustained behavior change. 

1.7 Conclusion 

Continued study of cardiovascular alterations after PE is essential for improving clinical follow-

up strategies that benefit maternal health (Figure 1). Further research efforts must profile cardiovascular 

alterations after PE throughout the lifespan; identify the degree to which PE is independently responsible 

for these changes; and investigate potential clinical targets which may reverse or improve functional 

changes after this condition.  
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Figure 1. Cardiac vascular and functional changes following preeclampsia. 
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1.8 Thesis rationale, knowledge gap and general hypothesis 

Researchers in contemporary medicine have identified that the development and presentation of 

cardiovascular disease differ significantly in women (29, 137, 185, 196, 379). Research examining the 

cardiovascular effects of sex-specific events, including menopause and pregnancy, is burgeoning but still 

insufficient (185). Pregnancy, in particular, remains a clinical opportunity for cardiovascular risk 

reduction (390). Traditionally speaking, research involving PE has been previously concerned with 

investigating the causes and treatment of the disease. Despite burgeoning evidence summarized above 

that PE can negatively modulate long-term risk factors for cardiovascular disease (Figure 1), the nature of 

short-term vascular alterations that eventually lead to disease has not been clarified. Continued work in 

this area is critical for reducing the future burden of PE. Profiling of mechanistic changes which persist in 

women with prior PE could allow for the development of clinical disease surveillance protocols, or for 

therapies which target the cause of dysfunction before it leads to clinically significant disease. 

Compounding this gap in knowledge, however, is the fact that existing mechanistic studies are extremely 

heterogeneous, differing significantly in the patient population, time postpartum, model for cardiovascular 

function, and locus of cardiovascular control being studied. While the integrative knowledge changes to 

cardiovascular function after PE remains incomplete, there is a significant deficit to continuing care of 

mothers throughout the lifespan after the condition. 

A major gap in understanding maternal physiology after PE is the changes to the maternal 

microcirculation which may be attributable to the disease. Existing accounts in the literature profile 

microvascular function after PE using iontophoresis, microcannulization, or retinal flicker analysis (43, 

66, 283, 397, 399). While many are suggestive of functional changes attributable to the disorder, others 

fail to observe a difference between study groups (43, 394). Study heterogeneity might be due to the 

measurement tools used. Dermal investigations in this realm employ more dated laser imaging modalities, 

and could benefit from a renewed examination with next-generation imaging such as laser speckle 

contrast imaging (273, 351). The time postpartum might also be a factor. No investigations exist to our 
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knowledge which measure dermal microvascular function in women beyond the initial period of vascular 

recovery from pregnancy, but before a time point which might be considered truly remote from the 

affected pregnancy.  

 In addition to microvascular functional assessments, there is also significant heterogeneity among 

macrovascular functional investigations after PE. While some studies exist which assess pulse-wave 

velocity and augmentation index after PE, discordance in the design and findings of these studies obscure 

any definitive link between PE, its specific attribution to these changes, and disease occurrence (122, 131, 

190, 347). Finally, there have not been any investigations to our knowledge which assess micro- and 

macrovascular functional correlations within the same study population. Findings from such an 

investigation could clarify the degree to which pathognomonic vascular changes may occur “globally”, 

across vascular domains, and whether certain individuals display concordant functional changes between 

vessel beds after PE exposure. 

 Another knowledge gap that should be addressed with further research is the impact of PE on the 

cardiovascular function of the offspring. The intrauterine environment is a powerful stimulus for 

epigenetic and developmental changes which may increase the risk for future disease. As discussed in 

Chapter 4, offspring born to PE have modestly increased risks of cerebrovascular disease and 

hypertension which are independent of prematurity (203, 319, 336). Progressive microvascular functional 

changes (which are antecedents to adult cardiovascular disease) could represent an intrauterine adaptation 

by offspring to maternal PE, however, an investigation of this kind has never been conducted (275, 321). 

Assessing dermal microvascular function in PE offspring in adolescence would provide important 

information about the nature, and perhaps the origin of, this dysfunction. 

 A final knowledge gap relevant to those who study microvascular function is the reliability of 

bedside microvascular measurements. While laser speckle contrast imaging is lauded for producing valid, 

high-resolution images with good intra-day and intra-user reproducibility, it is consistently criticized for 

being vulnerable to motion artefact (61, 249, 351). While a time-effective, user-friendly approach for 
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isolating laser speckle signals in motile, noisy protocols does not exist, the advantages of laser speckle 

imaging for measuring microperfusion cannot be fully realized. An automated system that improves laser 

imaging of subjects in real-world, bedside environments could benefit not only the state of the science, 

but the projects undertaken in this thesis itself.  

With this in mind, the following research represents an effort to address the literature gap outlined 

above. The overarching hypothesis of the present thesis is that a history of preeclampsia is associated 

with detectable differences in vascular function remote from pregnancy. Secondary hypotheses have also 

been generated from the literature review which follow below: 

Sub-hypothesis 1: Maternal preeclampsia leads to measurable changes in endothelium-dependent 

microvascular function in the postpartum, which are detectable with laser speckle perfusion imaging.  

Sub-hypothesis 2: Changes to large-vessel function are already observable in the same women, in 

the same time postpartum, which reflects PE’s robust association with cardiovascular disease in later life. 

Sub-hypothesis 3: Since the intrauterine environment is a source of pathognomonic 

cardiovascular alterations, dermal microvascular endothelium-dependent alterations are observable in 

offspring born to PE in pregnancy. 

Sub-hypothesis 4: Automated isolation of laser perfusion data with machine learning results in 

superior accuracy and efficiency in this process, when compared to a human rater. 

 

Four original studies were undertaken and completed in an attempt to test each hypothesis within the 

corresponding research gaps outlined above.   
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Chapter 2  

Postpartum microvascular functional alterations following severe 

preeclampsia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been modified from its original published version: Barr, L. C., Pudwell, J., & Smith, G. 

N. (2021). Postpartum microvascular functional alterations following severe preeclampsia. American 

Journal of Physiology-Heart and Circulatory Physiology, 320(4), H1393-H1402. 
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2.1 Abstract 

Background 

 Preeclampsia is associated with adverse maternal health outcomes later in life. Vascular 

endothelial dysfunction has been previously described following preeclampsia. We hypothesized that 

microvascular endothelial dysfunction associated with preeclampsia persists postpartum and may identify 

those at greatest risk of future cardiovascular disease. 

 The objective of this study was to examine postpartum microvascular endothelial function in 

women after a pregnancy complicated by preeclampsia. 

Methods 

Women with previous preeclampsia (n=30) and normotensive controls (n=30) between 6 months 

and 5 years postpartum were recruited. Severity of preeclampsia (severe (n=16) and mild (n=14)) was 

determined by standardized chart review. Microvascular reactivity in the forearm was measured with laser 

speckle contrast imaging, coupled with iontophoresis; endothelium-dependent and -independent 

vasodilation was induced with 1% acetylcholine and sodium nitroprusside solutions, respectively. A post-

occlusive reactive hyperemia test assessed vasodilatory response following three minutes of suprasystolic 

(200 mmHg) occlusion with a mechanized cuff.  

Results 

Women with prior severe preeclampsia exhibited significantly higher vasodilation to 

acetylcholine and sodium nitroprusside compared to controls (P<0.01; P=0.03) and prior mild 

preeclampsia (P=0.03; P<0.01).  Neither the degree of post-occlusive reactive hyperemia (P=0.98), nor 

time to return halfway to baseline (OR=1.026 (0.612, 1.72); P=0.92), differed between preeclampsia and 

controls.  

Conclusion  

In conclusion, severe preeclampsia is associated with heightened postpartum microvascular 

endothelium-dependent and -independent vasoreactivity. These changes, or a common antecedent, may be 
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linked to postpartum alterations in vascular function that predispose women to disease after preeclampsia. 

Further investigation should identify the contributing mechanism and the degree to which it could be 

amenable to medical intervention. 

2.2 Introduction 

Preeclampsia (PE) is an obstetrical complication characterized by new-onset hypertension and 

proteinuria occurring in up to 6.0% of all pregnancies (194). The maternal syndrome of PE occurs in 

response to aberrant placentation and inadequate utero-placental perfusion (334). In leading theories of 

PE, the release of anti-angiogenic, pro-inflammatory factors causes vascular dysfunction and the 

associated maternal signs and symptoms of the disease (352, 436, 443).  

The maternal syndrome of PE is secondary to generalized endothelial dysfunction. In vivo 

functional assessments of actively preeclamptic women have identified reduced endothelium- and flow-

mediated vasodilation in both peripheral and conduit vessels (5, 73, 101, 207, 473).  

Preeclampsia is also associated with longer-term adverse maternal health outcomes. Women with 

prior PE are at greater risk for cardiovascular and cerebrovascular disease, hypertension, diabetes, and 

renal injury (164, 390, 446, 458, 462). The precise mechanisms contributing to these effects are uncertain.  

We hypothesize that endothelial damage to the microvasculature- terminal arterioles with 

diameters less than 100 micrometers- predates maternal cardiovascular disease remote from PE in 

pregnancy (324). Sub-clinical changes in microvascular homeostasis precipitate hypertension, renal 

failure, and atherosclerosis (14, 275, 321). Aberrant endothelium-mediated microvasodilatory function 

has been observed after PE in pregnancy, however these reports are conflicting and warrant further study 

(42, 287, 325, 395, 463).  

The objective of this study was to assess microvascular vasodilatory function following PE and 

uncomplicated pregnancies. Study of peripheral vascular alterations after PE may help to explain the 

disease’s association with long-term maternal cardiovascular complications. Improved understanding of 
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the maternal vascular milieu after PE may identify therapeutic targets and create an opportunity for 

clinical intervention to reduce the risk of future disease.  

2.3 Materials and Methods 

This study was approved by the Queen’s University Health Sciences and Affiliated Teaching 

Hospitals Research Ethics Board (OBGY281-15). Written informed consent was obtained from all 

participants. Women who either experienced no complications in any pregnancy or PE in their most 

recent pregnancy were recruited. Eligible participants were between the ages of 18 and 40 years, had had 

a singleton in their most recent pregnancy, were not currently on anti-hypertensive medications, and had 

no history of chronic disease. Participants who experienced PE in their most recent pregnancy were 

identified during a clinical visit at the Maternal Health Clinic at the Kingston Health Science Center 

(KHSC) (388). After confirmation of PE by chart review, PE severity was identified through a 

standardized chart review as “mild” or “severe” using the current American College of Obstetrics & 

Gynecology definition for preeclampsia with severe features(3). Control participants were identified 

through convenience sampling in the community with posters and pamphlets or contacted with consent 

based on prior participation in research.  

2.3.1 Biophysical assessment 

The study was conducted during a single appointment at KHSC. Participants were instructed not 

to have any caffeine the day of participation. A clinical questionnaire was administered which collected 

personal and family health information. Next, a physical examination measured blood pressure, height, 

weight, and waist circumference. Blood pressure was averaged across 6 consecutive readings (BPTRU-

BPM200, BPTru, Canada). Additionally, participants were given a requisition for fasted bloodwork at a 

community lab, which included fasting glucose, lipids, high sensitivity C-reactive protein, and a complete 

blood count. Urine was obtained for microalbumin:creatinine ratio determination. 
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2.3.2 Iontophoresis protocol 

Participants were placed in a semi-supine position with their right forearm extended and 

supinated on a black backdrop. Temperature and light in the room were controlled, and participants were 

allowed to acclimate for at least ten minutes before beginning the protocol. Microvascular reactivity was 

assessed in the skin of the right volar forearm using iontophoresis, the technique of delivering dilute drug 

solutions below the stratum corneum using application of a controlled current. 1% solutions of 

acetylcholine (ACH) (Miochol-E, Bausch and Lomb, Canada) and sodium nitroprusside (SNP) (Nipride, 

Pfizer, Canada) were used in anodal and cathodal leads respectively. ACH and SNP are well-validated 

iontophoretic agents which elicit endothelium-dependent and –independent vasodilation, respectively, 

through mechanisms which have been previously described (Figure 2) (280).  

Equidistant from the midpoint of the participant’s forearm, two Perspex iontophoresis chambers 

(moorION-2, Moor Instruments Inc, Axminster, UK) were affixed to the forearm, avoiding areas with 

broken skin, hair and superficial veins. The chambers were connected to an iontophoresis controller 

(moorION-2, Moor Instruments Inc, Axminster, UK). Microvascular reactivity was captured using a 

Moor Full-field Laser Perfusion Imager 2 (FLPI-2), a non-invasive laser speckle contrast imaging 

modality (moorFLPI-2, Moor Instruments Inc, Axminster, UK). A ten-minute baseline recording 

established ambient resting blood flow in the chambers.  

The iontophoretic and occlusion protocols are depicted in Figure 3. Delivery of ACH and SNP 

solutions was performed by an iontophoresis controller (MIC-2, Moor Instruments Inc, Axminster, UK) 

using stepwise increases in current: 20 μA, 50 μA, and two consecutive applications each of 100 μA and 

120 μA (110, 287). Each current was applied for 10 seconds, immediately followed by a 2-minute 

recording period. A total of 5.1mC of charge was delivered over the course of 22 minutes. The resulting 

change in cutaneous perfusion was recorded by a charge-coupled device camera housed in the FLPI-2 

unit and stored on personal computer software (moorFLPI-2, Moor Instruments Inc, Axminster, UK) in  
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Acetylcholine initiates micro-vasodilation through calcium-mediated activation of endothelial nitric oxide 

synthase, leading to nitric oxide production. Sodium nitroprusside dissociates upon contact with humoral 

sulfhydryl groups to produce free nitric oxide. Nitric oxide of both origins enter vascular smooth muscle 

cells to facilitate cGMP-mediated vessel relaxation. IP3; inositol trisphosphate; PLC, phospholipase C; 

eNOS, endothelial nitric oxide synthase; NO, nitric oxide; sGC, soluble guanylyl cyclase; cGMP, cyclic 

guanosine monophosphate; PKG, protein kinase G. Figure produced with www.biorender.com. 

 

Figure 2. Simplified mechanisms of acetylcholine and sodium nitroprusside-mediated vasodilation.  
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Iontophoresis consisted of simultaneous administration of acetylcholine and sodium nitroprusside with 20 μA, 50 μA, and two consecutive 

applications each of 100 μA and 120 μA. Current applied for ten seconds each, with a total protocol time of 22 minutes. Post-occlusive reactive 

hyperemia was measured following 200 mmHg of occlusion for 3 minutes. 

 

Figure 3. Microvascular reactivity assessment by iontophoresis and post-occlusive reactive hyperemia.  



31 

 

arbitrary perfusion units. Mean vasodilation due to ACH (vACH) or SNP (vSNP) was obtained by 

dividing the mean observed perfusion by the baseline response.  

2.3.3 Post-occlusive reactive hyperemia protocol 

After a ten-minute return to baseline, a post-occlusive reactive hyperemia (PORH) protocol was 

initiated with an automated pressure cuff (moorVMS-PRES, Moor Instruments Inc, Axminster, UK) 

attached to the right bicep. Following a baseline measuring period of 3 minutes, the cuff applied a 

suprasystolic pressure (200 mmHg) for three minutes before immediate release. Following cuff release, 

changes in microcirculation (also measured in arbitrary perfusion units) in the right volar forearm were 

recorded using dedicated software. Recording of the hyperemic response continued until the participant’s 

blood flow returned to baseline levels. Peak flux and time to half recovery were calculated. 

2.3.4 Data management and analysis 

All microvascular perfusion data were analyzed by a rater blinded to pregnancy outcome data. 

Descriptive statistics are reported as mean +/- standard deviation, or median (interquartile range). A one-

way ANOVA was used to test for overall differences in normally distributed continuous clinical variables 

and PORH response between control participants, mild PE, and severe PE.  A Kruskall-Wallis test was 

used to compare group differences in continuous variables that did not follow a normal distribution. A 

post-hoc test with Dunnett’s multiple comparison correction compared individual groups for variables 

which showed an overall difference. Mixed-effects analysis with Dunnett’s correction compared 

vasodilatory responses to ACH and SNP between subject groups at each iontophoretic dose. Time to half 

recovery measurements from PORH tests was compared using the Kaplan Meier Log-Rank test and was 

modelled using the Cox Proportional Hazard model to control for confounding factors such as age (years) 

and mean arterial pressure (MAP; mmHg). To assess the impact of MAP, age, and BMI as covariates on 

iontophoretic responses between disease subtypes or those taking hormonal contraceptives, a 3 

(Control/Mild PE/Severe PE) by 6 (vasodilation following doses 1 through 6) multivariate analysis of 
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covariance (MANCOVA) was conducted. A p-value <0.05 was deemed statistically significant. Graph 

Pad Prism 8.2.1 for Mac OS X (GraphPad Software, San Diego, California USA, www.graphpad.com) 

and SPSS (IBM Corp. Released 2017. IBM SPSS Statistics for MacIntosh, Version 25.0. Armonk, NY: 

IBM Corp.) were used for analyses.  

2.4 Results 

 A total of 158 potential participants with a history of preeclampsia were identified from chart 

review at the clinic. After exclusion for age, obstetrical comorbidities, and pre-existing conditions, 70 

individuals were eligible for recruitment. Of all patients contacted, 47 indicated interest in the study and 

were emailed information. In total, n=30 women with prior PE were available for a clinic visit and enrolled 

into the study. Standardized chart review identified those with prior mild (n=14) and severe (n=16) 

diagnoses. Healthy control participants (n=30) were enrolled into the study through a combination of 

community postings, online advertisement and word of mouth. The study population predominately self-

identified as Caucasian (93.33%), with some identifying as either Asian (Southeast and Pacific Islander) 

(3.33%), or other (3.33%).  

Participant characteristics and group differences are displayed in Table 2. Participants were 33.2 

± 3.9 years old on average and were seen at an average of 1.88 ± 1.4 years postpartum. There was no 

difference between subject groups for the time postpartum (in weeks) they were seen (Severe PE: 104.0 ± 

80.7 weeks; Mild PE: 76.3 ± 55.8 weeks; Control: 121.1 ± 69.2 weeks; P=0.17), nor their age (Severe PE: 

32.0 ± 3.7years; Mild PE: 32.2 ± 4.2 years; Control: 34.3 ± 3.6 years; P=0.07). Parity between groups was 

not significantly different (Severe PE: 1(1); Mild PE: 1(1); Control: 2(1); P=0.067). Pregnancies in the PE 

group were delivered earlier than controls (Severe PE: 35.3 ± 2.9 weeks; Mild PE: 37.6 ± 2.1 weeks; 

Control: 39.6 ± 1.2 weeks; P=<0.0001). Four women with severe PE delivered earlier than 34 weeks’ 

gestation. Additionally, women with prior PE had higher diastolic blood pressure (Severe PE: P=0.0008; 

Mild PE: P=0.03) and systolic blood pressure (Severe PE: P=0.001; Mild PE: P=0.002) compared to 

controls. Participants with mild PE had a higher BMI than controls (Mild PE: 31.4 ± 7.9 kg/m2; Control:  

http://www.graphpad.com/
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Data presented as Mean ± Standard Deviation, or Median (inter-quartile range). Group differences 

assessed by one-way ANOVA or Kruskall-Wallis test and post-hoc Dunnett’s multiple comparisons test. 

*Significant difference (P<0.05) between Severe (n=16) and Control (n=30) groups. †Significant 

difference (P<0.05) between Mild (n=14) and Control groups. 

 

Variable Severe 

preeclampsia 

(n=16) 

Mild 

preeclampsia 

(n=14) 

Control 

(n=30) 

Overall P-

Value  

Age (years) 32.0 ± 3.7 32.2 ± 4.2 34.3 ± 3.6 .07 

Body Mass Index (kg/m2)  30.1 ± 7.8 31.4 ± 7.9 25.8 ± 4.9 .02† 

 

Systolic blood pressure (mmHg) 114.5 ± 10.5 112.6 ± 9.6 104.8 ± 7.6 .001*,† 

Diastolic blood pressure (mmHg) 78.2 ± 7.7 75.4 ± 8.2 69.5 ± 7.0 .0009*,† 

Mean arterial pressure (mmHg) 90.3 ± 8.0 87.8 ± 8.2 81.2 ± 6.8 .0005*,† 

 

Pregnancy history 

 
 

  

Parity at study visit 2(1) 1(1) 1(1) .067 

Time postpartum (weeks) 104.0 ± 80.7 76.3 ± 55.8 121.1 ± 69.2 .17 

Gestational age at delivery (weeks) 35.3 ± 2.9 37.6 ± 2.1 39.6 ± 1.2 <.0001*,† 

Table 2. Participant characteristics. 
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Blood and urine results across participants with prior severe preeclampsia (n=9), mild preeclampsia 

(n=11), and uncomplicated controls (n=15). Data presented as Mean ± Standard Deviation. Difference 

between participant groups assessed by one-way ANOVA or Kruskall-Wallis test, followed by a post-hoc 

Dunnett’s multiple comparisons test. *Significant difference (P<0.05) between Mild and Control groups. 

 

 

 

Table 3. Fasted blood and urine results. 

Variable 

Severe preeclampsia 

(n=9) 

Mild 

preeclampsia 

(n=11) 

Control  

(n=15) 

P-

Value 

Creatinine, serum (mg/dL) 67.4 ± 11.7 56.9 ± 22.8 68.5 ± 10.9 .36 

Estimated glomerular filtration rate 

(eGFR) (mL/min/1.73m2) 

101.9 ± 10.9 104.9 ± 10.9 99.3 ± 14.6 .66 

Microalbumin, urine (mg/mmol) 13.8 ± 10.5 10.96 ± 6.5 7.72 ± 5.9 .24 

Creatinine, urine (mg/dL) 14.6 ± 6.2 13.3 ± 7.4 13.9 ± 6.8 .91 

Total Cholesterol, (mg/dL) 4.4 ± 0.8 5.3 ± 0.9 4.3 ± 0.7 .006* 

Triglycerides, (md/dL) 1.1 ± 0.7 1.4 ± 0.9 0.9 ± 0.5 .42 

High-density lipoprotein, (mg/dL) 1.6 ± 0.5 1.6 ± 0.5 1.6 ± 0.4 .95 

Low-density lipoprotein, (mg/dL) 2.3 ± 0.5 3.1 ± 0.8 2.3 ± 0.5 .005* 

Glucose (mg/dL) 4.8 ± 0.4 4.7 ± 0.5 4.7 ± 0.4 .99 
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Clinical data across participants with prior severe preeclampsia (n=16), mild preeclampsia (n=14), and 

uncomplicated controls (n=30). Data presented in total counts (percentage of valid cases). Difference 

between participant groups assessed by Pearson’s Chi Square with Bonferroni’s correction for multiple 

comparisons. *Significant difference (P<0.05) between Mild and Control groups. 

 

 

 

 

 

Table 4. Clinical data of participants. 

 

Severe 

preeclampsia 

(n=16) 

Mild 

preeclampsia 

(n=14) 

Control 

(n=30) 

P-Value 

Prior smoking history 6 (37.5) 5 (35.7) 4 (13.3) .11 

Current alcohol use (>1 drinks/week) 8 (50.0) 8 (57.1) 20 (69.0) .43 

Physically active 14 (87.5) 12 (85.7) 21 (70.0) .29 

History of hyperthyroidism 3 (18.8) 1 (7.1) 1 (3.3) .19 

History of hypothyroidism 1 (6.3) 1 (14.3) 2 (6.7) .65 

Family history of hypertension 7 (43.8) 4 (28.6) 6 (20.7) .26 

Family history of cardiovascular disease 10 (62.5) 8 (57.1) 12 (41.4) .34 

Family history of diabetes 5 (31.3) 8 (57.1) 10 (34.5) .27 

Family history of PE 1 (6.3) 3 (21.4)a 0 (0) .03* 
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25.8 ± 4.9 kg/m2; P=0.02). Finally, four women in the case group (3 Mild, 1 Severe) had recurrent PE in 

previous pregnancies. 

Thirty-five participants (n=9 for Severe PE, n=11 for mild PE, n=15 for CTRL) completed 

bloodwork and urinalysis, shown in (Table 3). Women with prior mild PE had higher total cholesterol 

(Severe PE: 4.4 ± 0.8 mg/dL; Mild PE: 5.3 ± 0.9 mg/dL; Control: 4.3 ± 0.7 mg/dL; P=0.006) and low-

density lipoprotein cholesterol (Severe PE: 2.3 ± 0.5 mg/dL; Mild PE: 3.1 ± 0.8 mg/dL; Control: 2.3 ± 0.5 

mg/dL; P=0.005). All participants completed the standard health questionnaire (Table 4). Women with 

mild PE were more likely to have a family history of prior PE in pregnancy (Severe PE: 6.3%; Mild PE: 

21.4%; Control: 0%; P=0.03)   

Vasodilation increased with increasing dose for both ACH (P<0.01) and SNP (P<0.01) across 

subject groups. Women with severe PE exhibited significantly higher vACH (Figure 4) compared to 

control participants (P<0.01) and mild PE (P=0.03). When examining differences between subject groups 

by individual iontophoretic doses, the first dose of 100 μA of current elicited significantly greater ACH-

mediated vasodilation between control and severe participants (P = 0.03). There were no differences 

between control subjects and those with mild PE in vACH (P=0.93).  

Women with severe PE exhibited significantly higher vSNP Figure 5 compared to control 

participants (P=0.03, vSNP) and mild PE (P<0.01, vSNP) (Figure 5). When examining individual 

differences between subject groups by individual iontophoretic doses, both doses of 100 μA of current 

elicited significantly greater SNP-mediated vasodilation between control and severe participants (100 μA 

(I) P = 0.02; 100 μA (II) P = 0.04). There were no differences between control subjects and those with 

mild PE in vSNP (P=0.36).  

An initial MANCOVA was conducted to assess age, MAP, and BMI as covariates contributing to 

mean vACH and vSNP responses between CTRL, mild and severe PE (Table 5). We constructed the 

MANCOVA analyses to assess variations in the third and fourth doses of vasodilation only, given the  
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Figure 4. Endothelium-dependent vasodilation in response to increasing dose of 1% ACH, stratified 

by preeclampsia (PE) severity assessed by chart review. 

 

 

Data presented as vasodilation (average observed flux/average baseline flux) +/- standard deviation. Group 

differences assessed with mixed-effects analysis with Dunnett’s multiple comparison test. Vasodilation 

increased with increasing dose (P<0.01). Uncomplicated individuals (n=30) did not differ from those with mild 

PE (n=14; P=0.93). * indicates significant difference between curves for uncomplicated individuals and those 

with severe PE (n=16; P<0.01). °indicates significant difference between curves for mild PE and severe PE 

(P=0.03). 
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Figure 5. Endothelium-independent vasodilation in response to increasing dose of 1% SNP, 

stratified by preeclampsia (PE) severity assessed by chart review. 

 

 

Data presented as vasodilation (average observed flux/average baseline flux) +/- standard deviation. Group 

differences assessed with mixed-effects analysis with Dunnett’s multiple comparison test. Vasodilation 

increased with increasing dose (P<0.01). Uncomplicated individuals (n=30) did not differ from those with mild 

PE (n=14; P=0.31). * indicates significant difference between curves for uncomplicated individuals and those 

with severe PE (n=16; P=0.03). °indicates significant difference between curves for mild PE and severe PE 

(P<0.01). 
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Responses assessed to 100 μA (I) and 100 μA (II) among CTRL (n=30), mild PE (n=14), and severe PE 

(n=16) participants, controlling for age, mean arterial pressure, and body mass index. 

 

 

 

 

 

 

Table 5. Multivariate MANCOVA analysis for acetylcholine- and sodium nitroprusside-mediated 

vasodilation. 

Acetylcholine-mediated vasodilation    

Variable Wilk’s Lambda F-statistic P-value 

Age (years) 0.941 1.649 0.20 

Mean arterial pressure (mmHg) 0.979 0.563 0.57 

Body mass index (kg/m2) 0.955 1.239 0.30 

Condition (control, mild PE, severe PE) 0.877 1.804 0.13 

Sodium nitroprusside-mediated vasodilation    

Variable Wilk’s Lambda F-statistic P-value 

Age (years) 0.983 0.459 0.63 

Mean arterial pressure (mmHg) 0.987 0.354 0.70 

Body mass index (kg/m2) 0.918 2.354 0.11 

Condition (control, mild PE, severe PE) 0.890 1.594 0.18 
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Models presented in non-obese and obese strata, controlling for age and mean arterial pressure. 

*Significant effect (P<0.05) of covariate on difference between conditions for mean vasodilatory 

response. 

 

 

 

 

Table 6. Multivariate MANCOVA analysis for acetylcholine-mediated vasodilation to 100 μA (I) 

and 100 μA (II) among CTRL (n=30), mild PE (n=14), and severe PE (n=16) participants. 

Acetylcholine-mediated vasodilation   

Variable Wilk’s Lambda F-statistic P-value 

Non-obese (BMI < 30)    

Age (years) 0.931 1.231 0.31 

Mean arterial pressure (mmHg) 0.997 0.043 0.96 

Condition (control, mild PE, severe PE) 0.706 3.140 0.02* 

    

Obese (BMI > 30)    

Age (years) 0.636 4.288 0.03 

Mean arterial pressure (mmHg) 0.761 2.350 0.13 

Condition (control, mild PE, severe PE) 0.908 0.372 0.83 
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observations in our unadjusted ANOVA analyses. Neither age, MAP, nor BMI were significantly 

contributing covariates to average vACH or vSNP between participant groups. 

We then completed a subgroup analysis for non-obese (BMI < 30) and obese (BMI > 30) 

participants to understand the mean effect on vACH (Table 6) and vSNP (Table 7) of remaining 

covariates within strata of obesity. For vACH and vSNP in non-obese participants, there was a 

statistically significant difference between subject groups on the 100 μA (I) and 100 μA (II) doses after 

controlling for age and MAP. However, for vACH and vSNP in obese participants, there was no 

statistically significant difference between subject groups after applying the same controls. The results of 

subgroup analyses above suggest that in non-obese participants- but not obese participants, prior PE has a 

statistically significant impact on vACH and vSNP.  

Use of hormonal contraceptives may augment endothelial function. To rule out any significant 

role of hormonal contraceptives, we constructed a MANCOVA as above, for vACH and vSNP, within 

subgroups of participants either taking (CTRL, N=9; PE, N=7), or not (CTRL, N=18; PE, N=22) taking 

these drugs at the time of study. MAP, BMI and age were included in the model, and average vasodilation 

was assessed for 100 μA (I) and 100 μA (II) doses. There was no significant effect mediation in vACH or 

vSNP for participants who were and were not taking hormonal contraceptive at the time of study. Post-

occlusive reactive hyperemia (PORH) was not different between PE and CTRL participants (P=0.98). 

Following cuff release, time to half recovery was not different between PE and CTRL (OR=1.026 (0.612, 

1.72); P=0.92). After separation of PE by severity, there were not any differences between mild (OR=1.20 

(0.63, 2.28); P=0.58) or severe (OR=0.82 (0.43, 1.55); P=0.54) versus control participants. When using 

Cox regression to control for age (years) and MAP (mmHg), there were no differences in half-recovery 

time between mild PE and controls (OR=1.11 (0.54, 2.27); P=0.78), nor severe PE and controls (OR=0.77 

(0.38, 1.56); P=0.46).  
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Models presented in non-obese and obese strata, controlling for age and mean arterial pressure. 

*Significant effect (P<0.05) of covariate on difference between conditions for mean vasodilatory 

response.  

  

 

 

 

Sodium nitroprusside-mediated vasodilation    

Variable Wilk’s Lambda F-statistic P-value 

Non-obese (BMI < 30)    

Age (years) 0.997 0.052 0.95 

Mean arterial pressure (mmHg) 0.966 0.586 0.56 

Condition (control, mild PE, severe PE) 0.737 2.715 0.04* 

    

Obese (BMI > 30)    

Age (years) 0.708 3.089 0.08 

Mean arterial pressure (mmHg) 0.962 0.297 0.75 

Condition (control, mild PE, severe PE) 0.911 0.359 0.84 

    

Table 7. Multivariate MANCOVA analysis for sodium nitroprusside-mediated vasodilation to 100 

μA (I) and 100 μA (II) among CTRL (n=30), mild PE (n=14), and severe PE (n=16) participants. 
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Table 8. Cox Proportional Hazard models of time to half recovery following post-occlusive reactive hyperemia (PORH). 

 

Model 1 by group, Model 2 by severity of PE. Unadjusted time to half recovery (seconds), unadjusted hazard ratios and hazard ratios adjusted for 

mean arterial pressure (MAP; mmHg) and age (years) are presented 

 

Model  

Time to Half Recovery 

(seconds) Mean (95% 

CI) 

Unadjusted Hazard 

Ratio (95% CI) 

P-Value  

Adjusted Hazard 

Ratio (95% CI) 

P-Value 

1 Preeclampsia (N=30) 26.4 (23.9, 28.8) 1.03 (0.61, 1.72) 0.92 Preeclampsia (N=30) 0.97 (0.55, 1.71) 0.91 

 Control (N=30) 27.3 (24.2, 30.4) Ref Ref Control (N=30) Ref Ref 

2 Severe preeclampsia (N=16) 27.7 (21.6, 33.8) 0.82 (0.43, 1.55) 0.54 Severe preeclampsia (N=16) 0.77 (0.38, 1.56) 0.46 

 Mild preeclampsia  (N=14)  26.7 (23.4 , 29.9) 1.20 (0.63, 2.28) 0.58 Mild preeclampsia  (N=14)  1.11 (0.54, 2.27) 0.78 

 Control (N=30) 27.6 (24.9 , 30.4) Ref Ref Control (N=30) Ref Ref 
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2.5 Discussion 

The present study compared microvascular function in women after PE to an uncomplicated 

control population. Though all participants in this study were healthy, case participants in our study 

tended to have higher blood pressure and BMI which are linked to prior PE (34, 72, 89, 357). However, 

women with mild PE had higher total cholesterol and low-density lipoprotein than controls and severe 

PE. We suspect this difference is related to the higher average BMI also seen in this group. However, this 

result also aligns with broader clinical evidence that suggests non-severe manifestations of PE are more 

often associated with maternal dyslipidemia (30, 112, 236). 

The peripheral microcirculation is a clinically accessible domain that provides insight into 

nascent disease processes, such as obesity and diabetes, that could affect microvascular function (133, 

179, 404, 449). Alterations in the microvascular response profile following PE may indicate functional 

changes associated with future disease (34). Microvascular responsiveness was assessed through 

iontophoresis of ACH/SNP and mechanical occlusion. ACH increases endothelial nitric oxide synthase 

(eNOS) activity, while SNP reacts with oxyhemoglobin to form free nitric oxide (280). Endothelial shear 

stress elicited with post-occlusive reactive hyperemia upregulates eNOS (241). Our results demonstrate 

heightened microvascular endothelial-dependent and – independent vasodilation associated with prior 

severe PE, compared to those with uncomplicated pregnancies and non-severe PE. The presence of 

vasodilatory alterations in those only with prior severe disease warrants discussion. The degree of 

cardiovascular perturbation in severe PE- producing the maternal syndrome of severe hypertension and 

proteinuria- would reasonably extend to a greater dysregulation of vascular function in the postpartum. 

Indeed, PE severity appears in other work to correlate with functional changes and health outcomes from 

both an epidemiological and experimental standpoint (34, 163, 263, 294). In addition to having the 

greatest degree of microvascular alteration, our severe PE group delivered earliest among the study 

population. This is congruent with existing investigations which identified aberrant vasodilation in early- 
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versus late-onset PE (163, 473). The elevation of ACH and SNP-mediated vasodilation is also in partial 

opposition to existing reports of postpartum microvascular function following PE. These reports suggest 

endothelium-dependent microvasodilation after PE may be elevated for up to one year postpartum, while 

others demonstrate decreased endothelial-dependent micro-vasodilation as early as five years’ postpartum 

(42, 287, 463),(214, 325). Microvascular functional alterations associated with PE may eventually 

transition to reduced vasodilatory function later in life (287). Studies performed during the first year 

postpartum have failed to observe any differences in endothelium-independent vasodilation (42, 287). In 

both studies, populations of formerly PE women were assessed with laser Doppler flowmetry and 

iontophoresis of ACH/SNP (42, 287). We hypothesize that our results may differ from these studies 

because of our imaging modality, which has higher spatial resolution than other Doppler-based, single-

point modalities (350). LSCI offers tremendous flexibility to the user for controlling movement and 

spatial artefact, which can obscure a perfusion signal.  

Microvascular function is related to underlying physiological factors including age, blood 

pressure, and BMI (12, 102, 373). Using MANCOVA modeling, we attempted to parse the effects of 

these covariates on the mean vasodilatory response. An initial MANCOVA analysis identified BMI as an 

effect modifier in the average microvascular response to ACH or SNP. After further stratification by 

obesity, we found that PE status did not appreciably change the microcirculatory response to 

iontophoresis in obese individuals, while remaining a significant predictor in non-obese participants. Our 

PE group had a higher average BMI compared to uncomplicated controls. We therefore hypothesize that 

in obese individuals, microcirculatory dysfunction due to pre-existing obesity masks condition-specific 

alterations in micro-vasodilation. Obesity alters the endothelial milieu through a sustained increase in 

adipokine secretion, immune cell hyperactivation, accelerated endothelial senescence, and 

hyperinsulinemia (22, 68, 378). While we cannot completely rule out an independent effect of PE, we 

suspect that endothelial dysregulation has already occurred prior to PE in participants who are obese. 

Indeed, PE is conceptualized as an indicator of latent maternal cardiovascular risk (89). Therefore, 



 46 

postpartum vasodilatory dysregulation in this population may be a consequence of obesity, which initially 

contributed to maternal risk for the disorder.  

While micro-vasodilation in obese participants does not appear to be directly affected by PE per 

se, there is a significant association of the condition with the average vasodilation of non-obese 

participants. PE is a constellation of maternal symptoms that may be caused by multiple etiologies, and 

multiple subtypes of PE have been postulated on clinical and histopathological bases (36, 342). While 

some subtypes of PE are linked to pre-existing cardiovascular risk, others have a closer association to 

inflammatory processes initiated in pregnancy (36, 186, 341). It stands to reason that the maternal 

syndrome of severe PE initiates adaptive microvascular functional changes that are reflected in the 

postpartum. This is what could be occurring in our non-obese group. This hypothesis is attractive, as it 

could explain the paradoxical co-occurrence of increased micro-vasodilation (indicating exaggerated NO-

mediated signaling) and increased MAP (typically indicative of reduced NO-mediated signaling) in 

severely preeclamptic women after the condition (176, 232). Additionally, it places more emphasis on the 

subtype of PE, as we have demonstrated a difference in unadjusted vasoreactivity following severe versus 

mild PE. In other words, in women are not obese, severe PE presents a powerful stimulus for postpartum 

microvascular adaptation. However, it remains that both obese and non-obese women can develop PE. 

Therefore, future investigations should have a priori design which may clarify the effects of the condition 

on vascular function across subgroups of obesity. 

Regardless of the precise origin, we observed an exaggerated vasodilatory response to controlled 

doses of acetylcholine or sodium nitroprusside following severe PE, but not mild PE. This phenomenon 

can be explained by a change in microvessel sensitivity to nitric oxide (increased absolute vasodilation), 

or by persistent baseline vasoconstriction (increased relative vasodilation). Microvascular vasodilation to 

ACH or SNP is accomplished in part by smooth muscle relaxation in response to nitric oxide release by 

adjacent endothelial cells. Given that our PORH results- which also involves endothelium-mediated 
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smooth muscle signal transduction- did not differ between groups, we reason that hypersensitivity to 

released nitric oxide alone is unlikely to be a culprit for our observed results.  

We therefore propose that the observed findings could be explained by an underlying baseline 

arteriolar vasoconstriction. PE is associated with increased vascular endothelial oxidative damage, 

reduced nitric oxide bioavailability, and reduced endothelin-1 receptor B-mediated vasodilation (23, 220, 

302, 430),(261, 401, 411). Severe early-onset PE causes a greater degree of endothelial dysregulation and 

oxidative stress than in milder cases (329, 457). In women who are the most vasoconstricted after severe 

PE, a supra-physiologic dose of ACH or SNP would therefore cause the greatest degree of vasodilation. 

In future studies, structural assessment of maternal microvessels after PE, including rarefaction, diameter, 

and blood flow velocity, could measure the degree of vasoconstriction following the complication and 

determine its contribution to vasoreactivity.  

While PE severity alone may account for differences in vasoreactivity, additional mediating 

cardiometabolic factors are worthy of discussion. Participants with mild PE have significantly elevated 

low-density lipoprotein cholesterol and were more likely to have a family history of PE. PE risk is 

thought to be conferred in some cases by a heritable factor which adversely affects the maternal 

adjustment to pregnancy (53, 156). Additionally, higher circulating levels of low-density lipoprotein may 

adversely affect endothelial function (90, 136). It stands to reason that elevation of low-density 

lipoprotein cholesterol, alongside a heritable risk factor, in women with mild PE may abrogate elevations 

in microvasodilation associated with the condition. Future studies that incorporate sub-group analyses by 

lipid profile may help to clarify this idea. 

Further, our PORH results suggest that a history of PE does not affect microvascular hyperemic 

recovery after controlling for MAP and age. Vasodilation in response to increased arterial flow or 

circumferential stretch is accomplished by myriad cellular pathways, including direct action upon eNOS 

via the integrin-protein kinase B axis (115). Other investigators have identified shear-stress-mediated 

functional alterations following PE, but these studies measured brachial flow-mediated dilation as 
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opposed to that in the microvascular bed (73, 122, 163). However, the degree to which these vascular 

beds correlate to one another remains to be determined.  

Preeclampsia is becoming increasingly recognized as an independent risk factor for future 

cardiovascular disease (34). Despite this knowledge, routine follow-up and intervention of women after 

PE is not widely performed. Vascular functional studies may help to identify which women are at greatest 

risk of future CVD or who might benefit from therapeutic intervention. We anticipate that with further 

research efforts, routine non-invasive vascular functional testing may represent a new dimension of 

disease surveillance that could improve patient outcomes. 

The present study has several strengths. We have ensured a homogeneous study population by 

limiting age, health status, and time postpartum of women studied. Blinded analysis of LSCI signals 

limited rater bias. ACH/SNP iontophoresis and PORH are all well-validated protocols for non-invasively 

measuring endothelial function (105, 418). LSCI allowed flexibility in vascular assessment and improved 

spatiotemporal resolution compared to other modalities (46, 61, 62). We have ruled out any potential 

endothelial effect of hormonal contraceptives with subgroup MANCOVA analyses. However, some 

potential weaknesses warrant discussion. First, our case group was significantly younger, with higher 

blood pressure and BMI compared to normotensive women. We have attempted to account for these 

differences with MANCOVA analyses, which can examine their contribution to vasodilatory function. 

While initial results suggesting microvascular function in non-obese participants is affected by severe PE 

are intriguing, future investigations should be conducted with a matched design by BMI and increased 

recruitment to allow for well-powered multiple comparisons. Additionally, LSCI infers microvascular 

endothelial function based on perfusion changes, and therefore we cannot make precise conclusions on 

potential mechanisms underlying these differences. We have also attempted through experimental design 

and post-processing to mitigate movement artefact (247). Additionally, higher iontophoretic currents may 

induce a small proportion of non-specific vasodilation (111). We have attempted to control for this with 

short intervals of current and comparing perfusion ratios as opposed to absolute values. Finally, while 



 49 

basic cardiometabolic factors were assessed in the present study, our interpretation of iontophoretic 

findings could have been augmented with pregnancy and/or postpartum measurement of relevant 

angiogenic (such as vascular endothelial growth factor or placental growth factor) and anti-angiogenic 

factors (such as soluble fms-like tyrosine kinase or soluble endoglin) that are common to PE 

pathophysiology and vascular function (58, 259, 260, 445).  

 In conclusion, severe PE is associated with an increase in postpartum microvascular endothelial-

dependent and –independent vasodilation. We hypothesize that underlying arteriolar vasoconstriction is 

responsible. Future research efforts should be directed to identifying the mechanism responsible; the 

potential effect of obesity on obscuring this effect, and clinical strategies to reduce the maternal health 

burden from this serious condition.   
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Chapter 3 

Increased carotid artery stiffness in postpartum women who had a pregnancy complicated by 

preeclampsia 
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3.1 Abstract 

 Preeclampsia is a hypertensive obstetrical complication associated with increased cardiovascular 

disease risk. Carotid artery functional assessments allow for identification of subclinical vascular 

dysfunction. This study measured carotid artery functional indices in healthy women with a recent 

pregnancy complicated by PE, versus women with a prior uncomplicated pregnancy. Women with a history 

of preeclampsia (N=30) or an uncomplicated pregnancy (N=30), were recruited between 6 months and 5 

years postpartum. Left and right carotid artery ultrasound measured carotid intima media thickness, plaque 

burden, peak systolic velocity, end diastolic flow velocity and carotid far-wall circumferential strain 

(FWCS). Carotid FWCS is inversely related to vessel stiffness, where a decrease in FWCS indicates 

increased vessel stiffness. Left carotid artery FWCS was lower in formerly preeclamptic women after 

adjustment for diameter, pulse pressure, and heart rate compared to women following an uncomplicated 

pregnancy (3.35 ± 1.08 x 10-3 vs. 4.46 ± 1.40 x 10-3; P=0.003). Those with prior severe PE had the greatest 

decrease in FWCS adjusted to diameter, pulse pressure and heart rate compared to healthy controls 

(P=0.02). Adjusted FWCS and total serum cholesterol were independent indicators of preeclampsia history 

when present in a logistic regression model with confounding variables including age, body mass index, 

and resting blood pressure. Further investigation is needed to elucidate if FWCS can be used as a risk 

stratification tool for future cardiovascular disease following a pregnancy complicated by PE. A history of 

preeclampsia is associated with decreased left FWCS (increased left carotid artery stiffness). 
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3.2 Introduction 

Preeclampsia (PE) is amongst the most serious and poorly understood risks to maternal health in pregnancy. 

It is a multi-factorial condition which may arise from defective placentation, maternal immune 

hyperreactivity, or pre-existing cardiometabolic risk (333). PE is characterized by new-onset hypertension, 

proteinuria, and other end organ effects in the late stages of gestation. Current therapeutic strategies for PE 

are limited to blood pressure management, seizure prevention, and delivery of the fetoplacental unit, with 

ongoing research about prophylaxis with low-dose aspirin (447). Women with a history of PE are at a higher 

risk for future hypertension, diabetes, and cardiovascular disease (390).  

Maternal vascular aberrations, thought to be secondary to oxidative stress, immune activation, and 

placental dysregulation are all hallmarks of PE. Cardiovascular dysfunction during PE has been observed 

in the retinal microcirculation, conduit vasculature and in large elastic vessels such as the aorta and carotid 

arteries (65, 339, 415, 424). Therefore, vascular dysfunction associated with PE in pregnancy may serve as 

a catalyst for future maternal cardiovascular risks. However, accounts of vascular dysfunction following 

PE are sparse and inconsistent (214, 215, 287).  

Changes in arterial functional risk indicators such as vessel stiffness, plaque area and height, and 

pulse wave velocity are harbingers of incipient cardiovascular disease (CVD). Assessment of large vessels, 

such as the carotid artery, allows clinicians to observe pre-clinical vascular dysfunction, providing an early 

opportunity for medical intervention before onset of disease. Carotid artery systolic and end diastolic 

velocimetry provide an index of internal carotid artery stenosis (11, 87). Intima-media thickening is a 

surrogate measure of vascular remodeling to hypertensive stress or incipient atherosclerotic processes (50). 

Carotid artery stiffness reflects a loss of vessel elasticity that may stem from endothelial adaptation to 

cardiovascular risk factors (50). Carotid artery stiffening may increase pulsatility and central blood 

pressure, which is thought to increase the risk of cerebrovascular events (439). Speckle tracking of 

circumferential deformation in the common carotid artery (far-wall circumferential strain) is a novel, 

reliable method of measuring carotid artery stiffness (314, 470)  
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Assessment of vascular alterations following PE may help to clarify downstream cardiovascular 

risk associated with the condition and may aid in the development of risk stratification tools that could 

identify women at risk of developing CVD.  Additionally, profiling of vascular functional changes after PE 

may pinpoint therapeutic targets that could eventually give rise to clinical interventions. Therefore, we 

undertook an exploratory study in postpartum women to test our hypothesis that carotid arterial intima-

media thickness, plaque burden, blood velocity, and strain are altered in women with a history of PE 

compared to women following uncomplicated pregnancies. 

3.3 Materials and methods 

 This was a cross-sectional study conducted in the Kingston, Ontario area region between 2017 and 

2019. This study was approved by the Queen’s University Health Sciences and Affiliated Teaching 

Hospitals Research Ethics Board (#6016991). All participants provided written informed consent for this 

study. All components of the investigation conformed to the principles outlined in the Declaration of 

Helsinki. For reasons concerning patient privacy and confidentiality, study data is unavailable. The authors 

will make every effort to aid those who write with inquiries about the study. 

3.3.1 Recruitment 

Women were recruited by convenience sampling who had received a postpartum clinic visit for 

cardiovascular risk screening at the Maternal Health Clinic at the Kingston Health Sciences Center (388) 

within the past 5 years. The basis of the initial visit was for a confirmed diagnosis of PE by American 

College of Obstetricians and Gynecologists criteria, but PE status was confirmed with a physician prior to 

enrolment (4). PE was additionally classified as “severe” based on preterm gestational age at delivery <37 

weeks; >2 significant dipstick diagnoses of proteinuria, and blood pressure >160/100 mmHg (427). All 

eligible case participants developed PE in their most recent pregnancy. Inclusion criteria included: maternal 

age 18-40 years, between 6 months and 5 years postpartum, and prior singleton index pregnancy. Exclusion 

criteria included: history of cardiovascular or autoimmune disease prior to pregnancy, or a current course 

of antihypertensive, anti-platelet, or cholesterol-lowering medications. Uncomplicated participants 



 54 

followed the same inclusion criteria and were recruited by convenience sampling through a combination of 

community postings, advertisements at Kingston Health Sciences Center and prior research participation. 

3.3.2 Clinical visit 

Participants were instructed to abstain from caffeine on the day of their appointment, but to 

otherwise follow their normal diet and fluid intake. Demographic and health history information, followed 

by height, weight, and waist circumference were collected.  Blood pressure was obtained as an average of 

5 automated measurements (BPTRU-BPM200, BPTru, Canada). To assess the effect of modifiable risk 

factors on cardiovascular function, participants’ 30-year full Framingham risk for cardiovascular disease 

was calculated (316). This also yields an optimal score for each participant. The difference between a 

participant’s optimal and actual score was used to classify their 30-year risk level as either suboptimal or 

optimal. Additionally, participants were given a requisition for fasted bloodwork at a later date which 

assessed factors such as fasting glucose, lipids, and high sensitivity C-reactive protein. Urine was obtained 

for microalbumin:creatinine ratio determination. In the final dataset, comparisons were drawn between PE 

and CTRL participants for all demographic, anthropometric, and cardiometabolic factors.  

3.3.3 Carotid ultrasound 

 Carotid ultrasound was performed using a Vivid E9 echocardiography system (GE Healthcare, 

Mississauga, Canada), equipped with a 9L linear transducer and electrocardiogram and ECG leads. Scans 

were done on both the left and right carotid arteries. All scans were performed by trained research staff, 

blinded to participants’ prior obstetrical history. Variables assessed via ultrasound included carotid intima 

media thickness (CIMT), plaque burden (plaque height and area), blood flow velocity and carotid strain. 

Measurement of CIMT, an established marker of future cardiovascular risk, was conducted in the distal 

common carotid artery. Plaque burden was measured as the maximum plaque height and the total plaque 

area of both sides (sum of all apparent carotid plaque) in the carotid bulb and internal carotid artery (199). 

Plaque was defined using the Mannheim plaque consensus, as a focal structure protruding into the arterial 

lumen by at least 50% of the surrounding intima-media thickness or measuring ≥1.5 mm in thickness from 
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the vessel wall (425). Doppler assessment of peak systolic blood flow velocity and end diastolic velocity 

was performed in both the common and internal carotid arteries (Figure 6).   

Carotid circumferential strain, a novel biomarker inversely related to vessel stiffness, was measured 

by speckle tracking in the short axis of the common carotid artery (314, 470). Far wall circumferential strain 

(FWCS) was measured for 3 consecutive cardiac cycles for each side and the mean FWCS calculated using 

GE software (GE EchoPAC v201; GE Vingmed Ultrasound, Norway). The FWCS was indexed for 

diameter, pulse pressure (PP = systolic - diastolic), and heart rate (HR) [(mean FWCS/diameter)/(PP*HR)]. 

In arterial assessment, a lower positive value of strain (reduction) corresponds to increased stiffness (470).  

3.3.4 Data management and analysis 

 Statistical analyses were conducted using JMP®12.0.1 software (SAS Institute Inc., Cary, NC, 

USA). The Fisher’s exact test was used to compare nominal variables, and the Wilcoxon-Mann-Whitney 

two-sample test was used for continuous variables. Comparisons between groups were drawn for each 

health variable obtained in the demographic, health history, and ultrasound component of the study visit. A 

Steel-Dwass all pairs test for nonparametric data was used to assess differences between uncomplicated 

controls and those with prior mild or severe PE, corrected for three comparisons between groups. We used 

logistic regression model with a backward selection criterion of P <0.25 to select for independent factors 

associated with PE. The model included age (years), Body Mass Index (kg/m2), waist circumference (cm), 

systolic blood pressure (mmHg), diastolic blood pressure (mmHg), ever smoked, hypertension, cholesterol 

(mmol/L), and adjusted FWCS for assessing correlations to PE. Additionally, we constructed another 

logistic regression model with a backwards selection criterion of P<0.025 to identify independent factors 

that could predict adjusted FWCS. As a post-hoc analysis, receiver operating characteristics (ROC) curves 

were used to determine the optimal threshold values of adjusted carotid strain for detecting PE. A p-value 

<0.05 was deemed statistically significant.  
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 (A) The region of interest was selected by tracing the common carotid artery wall in short-axis view. Arrows indicate angular span measured. (B) 

The FWCS curve is shown on the right. The average peak strain (“G”, indicated by arrow) from three cardiac cycles was used as FWCS value for 

each carotid (the peak strain value is the most positive value). 

 

 

Figure 6. Measurement of far wall circumferential strain (FWCS). 
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3.4 Results 

 A total of 158 women who had previously consented to research participation, and who had a 

history of PE, were identified from chart review at the clinic. Of these, 70 participants were ineligible on 

the basis of age, comorbid diabetes mellitus in pregnancy, personal health history or multi-fetus gestation; 

29 were unreachable by phone; 4 were pregnant or had recently delivered; and 6 had moved away since 

their Maternal Health Clinic appointment. The remaining 47 women were emailed study information, of 

which 30 were enrolled into the study (PE group). In parallel, 30 healthy controls (CTRL) were enrolled 

into the study, giving a total of 60 participants. 

 On average, PE participants were younger than the comparison group (P=0.03) but, had a higher 

body mass index (BMI) (30.7 ± 7.74 vs. 25.8 ± 4.92; P=0.01) and higher systolic (116.0 ± 13.7 mmHg vs. 

107.8 ± 8.51 mmHg; P=0.01) and diastolic (76.9 ± 8.91 mmHg vs. 71.1 ± 6.10 mmHg; P=0.009) blood 

pressures (Table 9). Additionally, PE participants had a larger waist circumference on average (92.4 ± 16.0 

cm) compared to CTRL participants (83.4 ± 11.8; P=0.04) and were more likely to have had a history of 

smoking (37% vs. 13%; P=0.04) and to currently have hypertension (23% vs. 3%; P=0.03) as defined by 

the International Diabetes Federation criterion of ≥130/85 mmHg (10). Consistent with the clinical course 

of PE, participants in the PE group delivered the index pregnancy earlier than their uncomplicated 

counterparts (36.4 ± 2.81 weeks vs. 39.6 ± 1.15 weeks; P<0.0001). After a blinded chart review, 16 women 

with PE were identified as having had severe disease, while 14 were classified as non-severe. This is higher 

than the distribution in the general population, where non-severe PE cases outweigh severe ones (233). 

 Of the present study population, 25 PE and 17 CTRL participants underwent bloodwork and 

urinalysis at the community lab (Table 10). Study groups did not differ with respect to serum/urine 

creatinine measurements; urinary microalbumin; glomerular filtration rate; serum triglycerides, high- and 

low-density lipoprotein; serum glucose; or serum C-reactive peptide. However, PE participants had a higher 

serum total cholesterol level compared to the comparison group (4.82 ± 0.97 vs. 4.25 ± 0.65; P=0.04). 
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Table 9. Sample population characteristics. 

Data presented as Mean ± Standard Deviation. *indicates significant (p<0.05) difference as 

assessed by Fisher’s exact test or Wilcoxon-Mann-Whitney two-sample test. BMI, body mass 

index; BP, blood pressure; SUB, suboptimal; WC, waist circumference. 

Variable 
Preeclampsia  

(N=30) 

Control  

(N=30) 
P-Value 

Age (years) 32.0 ± 3.87 34.3 ± 3.57 .03* 

Ethnicity (Caucasian), n (%) 27 (90) 29 (97) 0.94 

Body Mass Index (kg/m2)  30.7 ± 7.74 25.8 ± 4.92 .01* 

WC (cm) 92.4 ± 16.0 83.4 ± 11.8 .04* 

Systolic blood pressure (mmHg) 116.0 ± 13.7 107.8 ± 8.51 .01* 

Diastolic blood pressure (mmHg) 76.9 ± 8.91 71.1 ± 6.10 .009* 

Heart rate (beats per minute) 69.0 ± 9.15 66.4 ± 8.92  .33 

Pregnancy history    

Time postpartum (weeks) 91.1 ± 70.5 121.1 ± 69.2  .11 

Gestational age at delivery (weeks) 36.4 ± 2.81 39.6 ± 1.15 <.0001* 

Cardiac risk factors    

BMI >30 (kg/m2), N (%) 15 (50) 7 (23) .03* 

Currently smoking, N (%) 1 (3) 0 (0) .5 

Ever smoked, N (%) 11 (37) 4 (13) .04* 

Hypertension, N (%) 7 (23) 1 (3) .03* 

30-year risk score (SUB), N (%) 22 (73) 15 (50) 0.06 
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Table 10. Bloodwork and analysis results. 

 

 

 

 

 

 

 

 

 

 

 

Data presented as Mean ± Standard Deviation. umol, micro-moles; mL, milliliters; mg, 

milligrams; mmol, millimoles, L, liter. *indicates significant (p<0.05) difference as assessed by 

Fisher’s exact test or Wilcoxon-Mann-Whitney two-sample test. 

 

 

 

 

 

 

Variable 
Preeclampsia 

(N=25) 

Control  

(N=17) 
P-Value 

Serum creatinine (umol/L) 62.24 ± 18.8 67.65 ± 10.7 .51 

Glomerular filtration rate (mL/min/1.73m2) 103.9 ± 15.5 101.1 ± 14.8 .58 

Urinary microalbumin (mg/L) 13.47 ± 10.10 9.08 ± 6.55 .19 

Urinary creatinine (mmol/L) 14.01 ± 6.12 14.56 ± 6.92 .8 

Urinary albumin/creatinine (mg/mmol) 3.31 ± 11.5 2.00 ± 5.99 .61 

Serum total cholesterol (mmol/L) 4.82 ± 0.97 4.25 ± 0.65 .04* 

Serum triglycerides (mmol/L) 1.17 ± 0.73 0.86 ± 0.48 .13 

Serum high-density lipoprotein (mmol/L) 1.57 ± 0.47 1.61 ± 0.42 .76 

Serum low-density lipoprotein (mmol/L) 2.72 ± 0.80 2.32 ± 0.48 .07 

Serum glucose (mmol/L) 4.76 ± 0.39 4.76 ± 0.44 .97 

Serum C-reactive peptide (mg/L) 3.31 ± 3.97 2.53 ± 2.8 .23 
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Table 11. Carotid artery measurements. 

 

Data presented as Mean ± Standard Deviation. CCA, common carotid artery; CIMT, carotid 

intima-media thickness; EDV, end-diastolic velocity (EDV); ICA, internal carotid artery; N, 

number; PSV, peak systolic velocity (PSV). Group differences assessed by Fisher’s exact test or 

Wilcoxon-Mann-Whitney two-sample test. 

 

 

 

 

 

 

 

Variable 
Preeclampsia 

(N=30) 

Control  

(N=30) 
P-Value 

Mean CIMT (mm) 0.53 ± 0.07 0.52 ± 0.04 .96 

Plaque Presence (Bulb), N (%) 2 (7) 3 (10) 1 

Maximum plaque height (mm) 1.53 ± 0.49 1.51 ± 0.10 1 

Total plaque area (mm2) 6.92 ± 3.74 7.71 ± 7.59 .77 

Mean CCA diameter (mm) 5.59 ± 0.39 5.42 ± 0.43 .06 

Max ICA PSV (cm/s) 91.5 ± 15.5 89.3 ± 15.7 .70 

Max ICA EDV (cm/s) 29.9 ± 6.21 30.2 ± 6.70 .88 

Max ICA/CCA PSV ratio 0.93 ± 0.16 0.88 ± 0.15 .33 
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Table 12. Speckle tracking far-wall circumferential strain of the common carotid arteries. 

Variable 
Preeclampsia  

(N=30) 

Control  

(N=30) 

 
P-Value 

Right side     

  Right FWCS 10.53 ± 3.51 10.30 ± 2.51  .96 

  Right FWCS/Diameter 1.89 ± 0.69 1.92 ± 0.51  .67 

  Right FWCS/PP 0.270 ± 0.083 0.282 ± 0.065  .50 

  Right FWCS/HR 0.154 ± 0.056 0.160 ± 0.051  0.55 

  Right FWCS/(PP*HR) 3.95 ± 1.24 x 10-3  4.34 ± 1.22 x 10-3  .21 

  (Right FWCS/Diameter)/(PP*HR) 7.11 ± 2.48 x 10-4 8.07 ± 2.43 x 10-4  .08 

Left side     

  Left FWCS 8.85 ± 2.73 10.73 ± 3.49  .05 

  Left FWCS/Diameter 1.61 ± 0.53 1.98 ± 0.62  .02* 

  Left FWCS/PP 0.230 ± 0.071 0.300 ± 0.100  .02* 

  Left FWCS/HR 0.129 ± 0.042 0.163 ± 0.054  .01* 

  Left FWCS/(PP*HR) 3.35 ± 1.08 x 10-3  4.46 ± 1.40 x 10-3  .003* 

  (Left FWCS/Diameter)/(PP*HR) 6.11 ± 2.14 x 10-4 8.23 ± 2.43 x 10-4  .001* 

Mean of both sides     

  Mean FWCS 9.69 ± 2.77 10.51 ± 2.32  .24 

  Mean FWCS/Diameter 1.75 ± 0.55 1.95 ± 0.43  .10 

  Mean FWCS/PP 0.250 ± 0.068 0.288 ± 0.065  .04* 

  Mean FWCS/HR 0.142 ± 0.045 0.162 ± 0.042  .04* 

  Mean FWCS/(PP*HR) 3.65 ± 1.05 x 10-3  4.40 ± 1.01 x 10-3  .005* 

  (Mean FWCS/Diameter)/(PP*HR) 6.61 ± 2.11 x 10-4 8.15 ± 1.81 x 10-4  .002* 

Data presented as Mean ± Standard Deviation. *indicates significant (p<0.05) difference as assessed by 

Fisher’s exact test or Wilcoxon-Mann-Whitney two-sample test. FWCS, far-wall circumferential strain; 

PP, pulse pressure; HR heart rate.  
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In our assessment of traditional carotid ultrasound atherosclerotic imaging markers, there were no 

differences between PE vs. CTRL groups (Table 11). There was no difference in CIMT. Common carotid 

artery diameter did not vary between CTRL and PE individuals. Carotid artery plaque was detected in 5 

individuals (3 CTRL, 2 PE), but no difference in plaque height or area were found between groups. Carotid 

blood flow velocimetry, peak systolic velocity, end diastolic velocity and ratio, were within accepted 

normal range, and did not differ between groups (155).  

 Carotid far-wall circumferential strain (FWCS) was assessed as a measure of vessel stiffness 

between groups (Figure 7). In comparing the arterial sides, the right side FWCS did not differ between PE 

vs. CTRL groups, even after adjustment (index) to vessel diameter, pulse pressure, and heart rate (Table 

12). However, FWCS in the left carotid artery was lower in PE women (8.85 ± 2.73 vs. 10.73 ± 3.49; 

P=0.05) and was significantly decreased after adjustment for vessel diameter (1.61 ± 0.53 vs. 1.98 ± 0.62; 

P=0.02), pulse pressure (0.230 ± 0.071 vs. 0.300 ± 0.100; P=0.02), heart rate (0.129 ± 0.042 vs. 0.163 ± 

0.054; P=0.01), and both pulse pressure and heart rate (3.35 ± 1.08 x 10-3 vs. 4.46 ± 1.40 x 10-3; P=0.003). 

 Mean FWCS did not differ between subject groups, but became significantly reduced in PE 

participants after adjustment for pulse pressure (0.250 ± 0.068 vs. 0.288 ± 0.065; P=0.04); heart rate (0.142 

± 0.045 vs. 0.162 ± 0.042; P=0.04); and pulse pressure and heart rate (3.65 ± 1.05 x 10-3 vs. 4.40 ± 1.01 x 

10-3; P=0.001).   

 To determine if the degree of PE severity had an effect on FWCS, we stratified FWCS into non-

severe and severe PE. We looked at the left side and found that severe PE had the greatest decrease in 

FWCS adjusted to diameter, pulse pressure and heart rate compared to healthy controls (P=0.02) (Figure 

7). CTRL were not significantly different than the non-severe PE group (P=0.15). The non-severe and 

severe groups were not significantly different (P=0.17).  

To assess independent correlations between cardiovascular parameters in relation to women with 

prior PE, we constructed a logistic regression model through backward selection. Selected co-variates were 

the ones found to be significantly different between PE and control participants in Table 1 and 2. Of all 
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candidate co-variates, left adjusted strain to diameter (Parameter estimates ChiSquare = 6.73; P = 0.01) and 

cholesterol (ChiSquare = 4.65; P=0.03) remained independently associated with PE (Table 13).  

We also looked at the associations between PE and left adjusted FWCS. Without any covariates, 

PE was significantly associated with adjusted FWCS (Std. Beta = -0.43; P= 0.0007). When using logistic 

regression for all co-variates (including PE as a co-variate), only PE was found to be an independent factor 

associated with left adjusted FWCS (Std. Beta = -0.38; p=0.006).  

To determine if the adjusted left carotid strain could accurately identify women with a history of 

PE, we looked at predictive values from a ROC curve. Adjusted left FWCS had a ROC AUC of 0.747 for 

identifying PE. Using the optimal cut-off value of 6.99 x 10-4, carotid left strain was able to identify formerly 

PE women with a sensitivity of 70% and a specificity of 70%. The mean adjusted carotid strain of the two 

sides had a ROC AUC of 0.733 for PE (Figure 7). Using the optimal cut-off value of 8.01 x 10-4, the mean 

adjusted carotid strain was able to identify PE with a sensitivity of 83% and a specificity of 63%. 
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(A) Box plot of carotid strain indicating decreased strain (increased stiffness) in women with a history of preeclampsia (PE) (N=30), in both non-

severe and severe cases, compared to women with a previous uncomplicated pregnancy (N=30) (P = 0.02). *Statistical significance (P<0.05) with 

Steel-Dwass multiple comparison test compared to control. (B) Receiver operating characteristic area under the curve showing that adjusted left 

carotid strain has a good sensitivity and specificity for PE. 

Figure 7. Far wall circumferential strain (FWCS) identifies history of preeclampsia. 
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Table 13. Factors associated with preeclampsia following stepwise backward selection regression 

analysis. 

 

 

*indicates significant (p<0.05) independent association as assessed with Chi Square test. Model co-variates: 

Age (years), Body Mass Index (kg/m2), WC (cm), Systolic blood pressure (mmHg), Diastolic blood 

pressure (mmHg), Ever smoked, N (%), Hypertension, N (%),  Cholesterol (mmol/L), and adjusted left 

FWCS (Left FWCS/Diameter)/(PP*HR). Only contributors that remained in the model are presented. 

FWCS, far-wall circumferential strain; PP, pulse pressure; HR heart rate. 

 

 

 

 

 

 

 

 

 

Term  Estimate Std Error Lower 

95% 

Upper 

95% 

Chi 

Square 

P>ChiSq 

(Left FWCS/Diam)/(PP*HR)  -5240.04 2019.20 -9859.35 -1747.54 6.73 0.01* 

Cholesterol (mmol/L)  1.62 0.75 0.41 3.38 4.65 0.03* 

Age (years)  -0.28 0.15 -0.63 -0.02 3.35 0.07 
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3.5 Discussion 

Certain obstetrical complications, like hypertensive disorders of pregnancy, are now widely 

regarded as indicators of future CVD (390). While PE is associated with an increased future risk of CVD, 

the physiological mechanisms that precipitate this effect are largely unknown. Arterial stiffness is 

associated with blood pressure dysregulation and incipient atherosclerotic processes (217, 307, 437). In the 

present study, we assessed several measures of carotid artery dysfunction using 2D ultrasound in women 

who had a history of PE or uncomplicated pregnancy.   

PE in pregnancy is associated with future atherosclerotic disease and metabolic syndrome (285, 

287, 356). This group had a higher BMI and blood pressure, as well as total cholesterol, compared to 

normotensive women, and were more likely to be defined as hypertensive according to International 

Diabetes Foundation criteria (224). PE participants were more likely to have a history of smoking, which 

opposes existing literature suggesting smoking has a protective effect on PE development (119). However, 

we did not obtain any information about the frequency nor timing of smoking in relation to the index 

pregnancy. While other cardiometabolic factors including high-density lipoprotein and low-density 

lipoprotein did not differ between study groups, other investigations have identified higher blood 

cholesterol in women with previous PE (167, 253, 393). However, increased total cholesterol in formerly 

PE participants may simply stem from higher average BMI among these women. Carotid plaque area and 

height are effective surrogates of coronary artery stenosis (85, 199). However, carotid plaque deposition, 

an atherosclerotic endpoint, is uncommon in women of child-bearing age. This may explain our finding 

that PE was not correlated to carotid artery plaque burden. Consistent with its pro-oxidative, pro-

inflammatory phenotype, a history of PE has been associated with an increased CIMT from as early as 12 

months after pregnancy, up to more than 10 years’ postpartum (25, 138, 153). However, McDonald et al. 

failed to observe a similar difference in their assessment of carotid CIMT in women two decades after PE, 

which found that the variable did not differ between groups. However, electrocardiogram results in PE 

women were more often indicative of atherosclerotic processes. This led researchers to conclude that CIMT 
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had been altered by higher antihypertensive and anti-platelet use by the case group (264). Christensen et al. 

also did not find any differences in arterial stiffness, operationalized as aortic pulse wave velocity and 

central augmentation index, between PE and controls, though there were differences between subject groups 

in terms of cardiovascular risk (81). They concluded Framingham risk may be a predictor of CIMT after 

PE (81). In our study, between 6 months – 5 years after pregnancy, CIMT and carotid plaque burden were 

not different between PE and control subjects. This may suggest that additional risk assessment tools are 

required to adequately capture nascent cardiovascular disease processes.  

The most common tool to assess arterial stenosis is vascular Doppler ultrasound. Carotid peak 

systolic velocity, and common carotid end diastolic velocity are functional variables which serve as 

potential harbingers of future cerebrovascular disease (16, 195, 235, 354, 408, 470). We did not find 

significant differences in Doppler measurement between the groups and all measures were considered 

normal. Our present findings suggest that peak systolic velocity and end diastolic velocity are not 

appreciably modulated following a pregnancy complicated by PE.   

 Carotid FWCS is a novel measure which was initially adapted from a similar computational method 

for assessing cardiomyocyte function (469). FWCS is directly associated with both CVD markers- 

including CIMT, plaque, and shear stress in hypertensive patients- and adverse cardiovascular outcomes 

such as diabetes and hypertension (314, 358, 470). Previous work by our group has positioned FWCS as a 

reliable marker of sub-clinical atherosclerotic processes (314). In the present study, we have observed that 

left carotid FWCS is lower (increased arterial stiffness) in subjects with prior PE, with a greater decrease 

associated with individuals with a history of severe PE. Logistic modelling of these data show left carotid 

FWCS and total serum cholesterol to be independently associated with diagnosis of PE- not participants’ 

blood pressure, BMI, age, and 30-year cardiovascular risk score. While data on left carotid FWCS is novel, 

association of total serum cholesterol with PE is congruent with existing literature which suggests women 

have an adverse cardiometabolic profile after the complication (253, 393). These findings suggest that left 

carotid FWCS and serum cholesterol are linked to the maternal milieu that either leads to, or results from, 
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a pregnancy complicated by PE. Interpreting this is a matter of philosophy; PE can be understood as an 

indicator of existing sub-clinical dysfunction, or (less likely) an independent event which permanently 

modulates cardiovascular risk (77, 88, 293). Regardless of the physiological origin, these findings 

corroborate existing evidence that a history of PE is associated with sub-clinical differences in 

cardiovascular risk profile that may be linked to adverse later-life outcomes (263).  

 While carotid FWCS has not been previously examined in PE populations, increased arterial 

stiffness is associated with PE development, and in limited studies has been shown to be elevated shortly 

after delivery, persisting up to 18 months postpartum (202, 339, 424, 478). While the precise mechanisms 

are unknown, endothelial dysfunction associated with PE includes leukocyte adhesion, oxidative stress, and 

decreased vascular nitric oxide bioavailability (177, 183, 360). It stands to reason that these nascent 

atherosclerotic mechanisms may provoke permanent elasticity changes in large vessels, as is already known 

to occur in atherosclerosis (84). The degree of endothelial dysregulation in severe PE corroborates our 

observations of increased stiffness associated with severe disease. The asymmetry of our FWCS results- 

namely, lower strain in the left carotid artery- has been reported before, though some have questioned this 

finding (469, 479). Asymmetrical blood pressure and shear stimuli may first incite changes in arterial 

distensibility in the left side. However, these processes warrant further investigation. 

Finally, ROC analyses of the present data identify mean adjusted FWCS as a good indicator of PE 

history with a sensitivity of 83%. Interpretation of these results from a physiological standpoint is difficult, 

owing to ongoing debate about whether downstream health outcomes of PE are due to the disease per se or 

pre-existing dysfunction which precipitated the condition. If the latter is true, then differences in FWCS 

could possibly be evident in women at higher risk for developing PE. Therefore, future exploratory studies 

should examine the association of FWCS in predicting pregnancy PE development, to evaluate its utility as 

a clinical risk stratification tool.  

 Some limitations of our study require discussion. Our PE group had a significantly higher BMI and 

were younger in age compared to the uncomplicated control group. Additionally, convenience sampling 
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among control participants introduces a degree of bias and may hamper vascular results in this cohort from 

being broadly generalizable. Owing to our inclusion of only one time point in the study protocol, we do not 

have information on participants’ vascular risk prior to pregnancy or PE. PE development in pregnancy 

may represent a failure of the maternal vasculature to adapt to the stressors of advancing gestation (390). 

Therefore, we cannot confirm if PE is the cause of decreased strain or if this observation is due to a 

predisposition in these women prior to pregnancy. Future work is needed to follow women prior to 

pregnancy and assess changes in strain postpartum in relation to development of PE.  

3.6 Conclusions 

 Risk stratification after PE, and the identification of associated mechanisms which contribute to 

future disease, are essential improvements to clinical management following PE in pregnancy. We conclude 

that our findings suggest carotid left FWCS is decreased after PE in a severity-dependent manner. These 

findings are congruent with the growing clinical understanding of PE as an independent risk factor for 

downstream cardiovascular disease. Future efforts should be aimed at identifying contributing mechanisms 

to cardiovascular risk after PE that are amenable to therapeutic or lifestyle intervention. 
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Chapter 4 

An assessment of offspring microvascular function following exposure to preeclampsia 
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4.1 Abstract 

Background 

Preeclampsia is an obstetrical complication that may initiate in utero modifications leading to adverse 

offspring cardiovascular health outcomes. Microvascular functional alterations may predate the 

development of cardiovascular disease and can be non-invasively assessed with laser speckle contrast 

imaging. The objective of the present study was to assess microvascular function in healthy children who 

were born to preeclamptic or uncomplicated pregnancies. 

Methods 

Children between 8 and 14 years of age, born to preeclamptic (n=10) and normotensive (n=10) singleton 

pregnancies, were recruited. Simultaneous iontophoresis of acetylcholine and sodium nitroprusside in the 

right volar forearm was conducted at 20uA, 50uA, and two doses of 100uA and 120uA of current. 

Acetylcholine and sodium nitroprusside initiated endothelium-dependent and -independent vasodilation, 

respectively. A post-occlusive reactive hyperemia test assessed forearm vasodilation after a mechanized 

cuff applied 3 minutes of suprasystolic pressure. 

Results 

Endothelium-dependent and -independent vasodilation were not significantly different between groups. 

Children born to preeclamptic pregnancies exhibited faster recovery from post-occlusive reactive 

hyperemia than controls (P = 0.006).  

Conclusion 

While children born to preeclamptic pregnancies do not exhibit differential responses to pharmacological 

stimuli, differences in recovery after mechanical perturbation should be further explored as a potential 

marker of adverse downstream health outcomes. 
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4.2 Introduction 

Preeclampsia (PE) is a hypertensive obstetrical complication that typically manifests after 20 

weeks gestation, affecting 3 to 5% of all pregnancies (17, 48, 174). The etiology of PE includes 

interacting factors such as placental insufficiency, maternal immune activation, and genetic susceptibility 

(330). PE is associated with poor maternal and perinatal outcomes for offspring, including intrauterine 

growth restriction, bronchopulmonary dysplasia, premature birth, and a higher risk of neonatal death (27). 

Additionally, persistent maternal microvascular dysfunction associated with prior PE likely contributes to 

an increased downstream risk of cardiovascular disease (34, 74, 283, 398). 

In addition to proximal perinatal risks, intrauterine exposure to PE may modulate the long-term 

cardiovascular risk profile in offspring (PE-F1s). The maternal syndrome of PE is a hypercoagulable, 

antiangiogenic, inflammatory state representing a powerful stimulus for in utero fetal programming that 

leads to future disease. PE-F1s display myocardial functional alterations and increased blood pressure 

well into childhood compared to controls (15, 100, 134, 417). Adult offspring also demonstrate 

cerebrovascular differences that may increase their risk of stroke (128, 213). In addition to cardiovascular 

sequelae, sustained neurocognitive alterations are present in PE-F1s, including lower performance on 

standardized verbal reasoning assessments; impaired non-verbal and verbal cognitive function; and lower 

performance in neuropsychological tests coupled with eye-tracking tasks (281, 456). Neuromorphological 

differences in PE-F1s are reflected in relative sizes of brain regions, neurovascular caliber, and brain 

connectivity (128, 251, 327), suggesting that vascular adaptations mirror cognitive alterations among PE-

F1s in the developing brain. 

The dermal microvasculature is a clinically accessible site that may harbor changes in endothelial 

function predating cardiovascular disease (176). Progressive losses in dermal microvascular endothelial 

function may be harbingers for vascular changes leading to hypertension, atherosclerosis, and cardiac 

stress (55, 123, 160). The microvasculature has been additionally identified as a potential site of 

subclinical dysfunction in women with previous PE, and its measurement could be a method for assessing 
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incipient changes leading to cardiovascular disease (42, 325). However, microvascular function in PE-F1s 

has not been previously explored. We hypothesize that PE-F1s will display altered endothelium-

dependent function compared to normotensive controls as a function of the maternal environment of PE. 

In the present study, we aimed to examine the effect of PE exposure in utero on offspring microvascular 

endothelial function in childhood. Microvascular assessment in this population may help clarify the effect 

of PE on the longitudinal cardiovascular health of PE-F1s. 

4.3 Materials and Methods 

This study was reviewed and approved for ethical compliance by the Queen’s University Health 

Sciences and Affiliated Teaching Hospitals Research Ethics Board (OBGY-281-15). All participants 

provided written, informed assent for participation, in addition to written consent from a parent or 

guardian present at the appointment. 

Participants were all children born to mothers from the Preeclampsia New Emerging Team 

cohort, a longitudinal study of offspring and maternal health following preeclamptic and normotensive 

pregnancies that recruited participants in Kingston, Ontario between September 2003 and October 2009 

(391-393). In the present study, eligible children born to preeclamptic and normotensive singleton 

pregnancies were recruited between 8 and 14 years of age. Eligible participants were free from diabetes, 

cardiovascular anomalies, and autoimmune conditions. Study visits included a clinical health 

questionnaire, iontophoresis protocol, and modified post-occlusive reactive hyperemia test.  

4.3.1 Chart review and clinical questionnaire 

Perinatal data and pregnancy history were collected as part of the Preeclampsia New Emerging 

Team cohort and updated during the study visit. A parent or guardian filled out a clinical health 

questionnaire covering physical activity, health status and family history. Anthropometric measurements 

of the child, including weight, height, waist circumference, body mass index (BMI), and resting systolic 

and diastolic blood pressure, were recorded. 
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4.3.2 Iontophoresis 

Microvascular reactivity was assessed non-invasively in the skin of the volar forearm using 

iontophoresis, which delivers dilute drug solutions beneath the epidermis with an applied current (386). 

Participants were instructed to lay in a semi-supine position on an adjustable bed, with their right forearm 

extended and supinated on a black backdrop. Equidistant from the midpoint of the participant’s forearm, 

Perspex iontophoresis chambers (moorION-2, Moor Instruments Inc, Axminster, UK) were affixed to the 

skin of the forearm with adhesive tape, avoiding areas with broken skin, hair and superficial veins. The 

chambers were connected to an iontophoresis controller (moorION-2, Moor Instruments Inc, Axminster, 

UK). Before chamber attachment, the participant’s skin was gently rubbed with an alcohol wipe.  

Microvascular reactivity was measured using the moor Full-field Laser Perfusion Imager 2 

(FLPI-2), a non-invasive laser speckle contrast imaging modality (moorFLPI-2, Moor Instruments Inc, 

Axminster, UK). Skin blood flow responses to the simultaneous iontophoresis of 1% solutions of 

acetylcholine (ACH) (Miochol-E, Bausch and Lomb, Ontario, Canada) and sodium nitroprusside (SNP) 

(Nipride, Pfizer, Saint-Laurent, Canada) diluted in deionized sterile water were measured. ACH and SNP 

are endothelium-dependent and -independent vasodilators, respectively. ACH initiates endothelial nitric 

oxide synthase-mediated production and release of nitric oxide, causing relaxation of nearby smooth 

muscle cells. SNP dissociates to nitric oxide in the bloodstream and acts directly on vascular smooth 

muscle cells. Both drugs were simultaneously administered following a validated dosing protocol 

previously described elsewhere (32). 

The resulting cutaneous perfusion was stored on personal computer software in arbitrary 

perfusion units (moorFLPI-2 software, Axminster, UK). Average vasodilation was determined by 

dividing the average observed perfusion after each iontophoretic dose by the baseline perfusion. 

4.3.3 Post-occlusive reactive hyperemia 

Following a ten-minute return to baseline, a post-occlusive reactive hyperemia (PORH) protocol 

was initiated. With participants still in a semi-supine position, an automated pressure cuff (moorVMS-
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PRES, Moor Instruments Inc, Axminster, UK) was attached to the right bicep. Following a baseline 

measuring period of 3 minutes, the system exerted a suprasystolic pressure of 30 mmHg above the 

participants’ resting systolic blood pressure for three minutes (moorVMS-PRES, Moor Instruments Inc, 

Axminster, UK). This stimulus was chosen to ensure participant comfort and because a standard 

suprasystolic stimulus has been used by other researchers employing PORH to study pediatric vascular 

function (343, 365). Following cuff release, perfusion in arbitrary perfusion units was recorded in a region 

of interest that had not been previously exposed to iontophoretic agents. Recording of the hyperemic 

response continued for three minutes or until the participant’s blood flow returned to baseline levels. Peak 

flux (in arbitrary perfusion units) and time to half recovery (in seconds) were measured.   

4.3.4 Neuroimaging data 

A limited number of preeclamptic (n=3) and normotensive (n=3) participants were also previous 

members of a neuroimaging study undertaken by Rätsep et al. (327). This study sought to examine 

neurovascular changes with fMRI in early childhood associated with exposure to PE in utero (PE-F1s) 

compared to children born to uncomplicated pregnancies. This previous neuroimaging data was matched 

with microvascular measurements obtained in the present study.  

4.3.5 Data processing and analysis 

Descriptive statistics are reported as mean +/- standard deviation. Student’s T-test was used to 

compare group differences in normally distributed continuous clinical variables and PORH. A Mann-

Whitney U test was used to compare group differences in continuous variables that did not follow a 

normal distribution. A 2-way repeated measures ANOVA with Dunnett’s correction compared 

vasodilatory responses to ACH and SNP between subject groups at each iontophoretic dose. Time to half 

recovery measurements from PORH tests were modeled as survival curves and compared with Kaplan 

Meier Log-Rank tests or a Cox Proportional Hazard test to control for confounding factors. Pearson’s 

correlation coefficient was computed between iontophoretic responses and neuroimaging data to assess 

the correlation between microvascular domains. Owing to the exploratory nature of this study and use of 
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convenience sampling from an extremely small patient population, a power calculation was not 

performed. A p-value <0.05 was used to determine statistical significance. Graph Pad Prism 8.2.1 for Mac 

OS X (GraphPad Software, San Diego, California USA, www.graphpad.com) and SPSS (IBM Corp. 

Released 2017. IBM SPSS Statistics for MacIntosh, Version 25.0. Armonk, NY: IBM Corp.) were used 

for analyses.  

4.4 Results 

Participant characteristics are displayed in Table 14. Offspring born to uncomplicated 

pregnancies (CTRL-F1s; n=10) did not differ significantly in age compared to PE-F1s (n=10; P=0.07). 

There were no differences between subject groups for BMI (P=0.13), systolic blood pressure (P=0.15), or 

diastolic blood pressure (P=0.15).  

Vasodilatory responses to ACH (vACH) and vasodilation in response to SNP (vSNP), assessed 

by LSCI, are shown in Figure 8 and Figure 9. Vasodilation increased with an increasing dose for both 

ACH (P<0.01) and SNP (P<0.01) across subject groups. There were no differences between subject 

groups for vACH (P=0.18) or vSNP (P=0.99).  

Pearson’s correlation was used to linearly compare microvascular vACH and vSNP, assessed to 

fMRI data that differed in available participants between CTRL-F1s and PE-F1s (327). Of all 

neurovascular variables and iontophoretic doses, only brainstem vessel density was positively correlated 

with vACH at 20 uA of current (r = 0.87, P=0.03). 

Post-occlusive reactive hyperemia, expressed as a ratio between baseline average and maximum 

perfusion achieved, was not different between groups (PE-F1, 2.89 ± 1.24; CTRL-F1, 2.86 ± 0.63, 

P=0.53). As displayed in Figure 10, PE-F1s exhibited faster time to half recovery compared to CTRL-F1s 

(PE-F1, 17.6 ± 4.5 seconds; CTRL-F1, 26.5 ± 10.3 seconds; P=0.006) as assessed by Log-Rank test. A 

Cox regression that controlled for participant age as a confounding variable demonstrated a faster time to 

half recovery among PE-F1s compared to CTRL-F1s (HR = 3.55 (95% CI 1.13, 11.12); P=0.030) (Table 

15). 

http://www.graphpad.com/
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Data presented as Mean ± Standard Deviation. Difference between participant groups assessed by 

Student’s T-test or Mann Whitney U test, * indicates significant difference (P<0.05) between Control and 

Preeclampsia groups. 

 

 

 

 

 

 

 

Table 14. Participant characteristics. 

Variable CTRL-F1 

(n=10) 

PE-F1 

(n=10) 

Overall P-Value  

Age (years) 13.2 ± 1.32 11.7 ± 2.06 0.07 

Body Mass Index (kg/m2)  18.8 ± 2.50 21.5 ± 4.86 0.13 

Systolic blood pressure 

(mmHg) 

96.9 ± 5.34 100.6 ± 5.76 0.15 

Diastolic blood pressure 

(mmHg) 

 

62.0 ± 8.10 67.8 ± 8.99 0.15 
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Table 15. Cox Proportional Hazard model for time to half recovery following post-occlusive reactive hyperemia (PORH). 

 

Model  

Time to Half Recovery 

(seconds) Mean ± SD 

Unadjusted Hazard 

Ratio (95% CI) 

P-Value  

Adjusted Hazard Ratio 

(95% CI) 

P-Value 

1 PE-F1 (n=10) 17.6 ± 4.5 4.12 (1.38, 12.32) 0.01 PE-F1 (n=10) 3.55 (1.13, 11.12) 0.03 

 CTRL-F1 (n=10) 26.5 ± 10.3 Ref Ref CTRL-F1 (n=10) Ref Ref 

 

Model 1 by group. PE-F1, preeclampsia-exposed offspring; CTRL-F1, offspring born to uncomplicated pregnancy. Unadjusted mean time to half 

recovery (seconds) by group (± standard deviation), unadjusted hazard ratios and hazard ratios adjusted for age (years) are presented. 
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Figure 8. Endothelium-dependent vasodilation in response to increasing dose of 1% acetylcholine. 

 

 

Data presented as vasodilation (average observed flux/average baseline flux) +/- standard deviation. Group 

differences assessed with 2-way repeated measures ANOVA. Vasodilation increased with increasing dose 

(P<0.01), and vasodilation was not different between groups (P=0.18). 
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Figure 9. Endothelium-independent vasodilation in response to increasing dose of 1% sodium 

nitroprusside. 

 

 

Data presented as vasodilation (average observed flux/average baseline flux) +/- standard deviation. Group 

differences assessed with 2-way repeated measures ANOVA. Vasodilation increased with increasing dose 

(P<0.01), and vasodilation was not different between groups (P=0.99). 
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Figure 10. Time to half recovery (TH) after post-occlusive reactive hyperemia, modelled as percent 

in recovery.  

 

 

 

Differences assessed between curves with Log Rank (Mantel-Cox) test (Chi-Square = 7.41, P=0.006). * 

indicates significant (P<0.01) difference between curves. 
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4.5 Discussion 

The study of developmental origins of health and disease has positioned the in utero environment 

as a powerful stimulus for pathologic adaptations in the neonate. PE is a potentially life-threatening 

condition with serious ramifications during pregnancy, but it is also associated with more insidious 

changes that affect downstream health. A greater emphasis has been placed among researchers on 

profiling the lasting effects of PE with the goal of developing and initiating clinical intervention. The 

microvasculature has been identified as a potential site of nascent dysfunction in cardiovascular disease, 

and non-invasive tests of microvascular function could potentially allow for disease risk assessment at the 

bedside (2, 225, 265). Accordingly, the effect of PE on postpartum maternal microvascular function may 

underlie the disease’s association with future cardiovascular risk (42, 120, 283). Evidence for PE 

affecting the long-term health of PE-F1s ranges from increased oxidative stress, maladaptive changes in 

cardiac function, and increased long-term risk of stroke (193, 203, 406). Additionally, accounts describing 

persistently elevated blood pressure in PE-F1s mirror trends observed in mothers (34, 64, 76, 127). 

Therefore, microvascular functional assessment in PE-F1s entering adolescence would help clarify the 

disease’s impact on vascular function in offspring, which could reasonably contribute to the peripheral 

mechanisms that lead to hypertension. 

We did not find any difference between study groups in pharmacologically mediated, 

endothelium-dependent or -independent vasodilation using iontophoresis. However, relatively small 

numbers in this pilot study may not necessarily reflect potential differences in the greater population. The 

present sample population did not have any differences in baseline blood pressure, which is generally 

associated with PE-F1s in larger investigations (48, 174, 203, 319, 336). Another explanation is that 

physiological changes leading to hypertension in PE-F1s may not occur in the dermal microvasculature as 

assessed by iontophoresis, and that alterations in another vascular bed may be responsible. Conduit artery 

functional changes, which underlie hypertension development, are a known postpartum maternal outcome 

of PE (74, 305). Furthermore, the correlation of vascular reactivity between vessel beds of different sizes 
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is poorly understood, so one cannot completely rule out the possibility of functional alterations in another 

vascular bed. A study of PE-F1s, which includes measurements of conduit artery function, would help to 

clarify the role of other vessel subtypes in the disease’s association with hypertension. Additionally, 

pathologic changes to cardiac output may also be a factor in PE-F1s (100). Cardiovascular adaptations in 

utero to maternal preeclampsia stem from cardiac responses to reduced uteroplacental flow and increased 

afterload (421). A pilot study of heart development in early childhood examined myocardial function in 

PE-F1s between 5 and 8 years old, finding that smaller hearts and higher heart rates were associated with 

the condition, which they reasoned may be a compensatory relationship (134). Further study of large-

vessel and cardiac function in PE-F1s has identified higher pulmonary artery pressure associated with the 

disorder (193). Researchers identified offspring oxidative stress and pulmonary vascular remodeling as 

potential culprits of this phenomenon (193). Overall, while our study does not indicate any microvascular 

functional difference between PE-F1s and CTRL-F1s, the complete picture of adverse neonatal outcomes 

after PE is still evolving, and integrative examination is required to clarify any alterations in 

cardiovascular risk. 

While iontophoretic vasodilation was unaltered between subject groups, we found that PE-F1s 

exhibited faster recovery from shear-stress mediated vasodilation compared to unexposed counterparts. 

This is a surprising finding; studies evaluating post-occlusive reactive hyperemia at the level of the skin 

microcirculation in other diseases have consistently shown that a longer time to recovery is associated 

with endothelial dysfunction associated with the disease state (278, 349). The vascular locus of study in 

post-occlusive reactive hyperemia includes both the acute microvascular adaptation and the upstream 

conductance of conduit vessels (103). One explanation of faster recovery among PE-F1s could be that 

proximal vascular stenosis or limited compliance exists in PE-F1s, interfering with the rate and magnitude 

of vessel refill (103). However, this is unlikely considering maximal vasodilation in response to 

hyperemia was not different between groups. We propose that this response in PE-F1s may indicate an 

adaptive hypersensitivity to shear stress that may be acquired in utero. Our novel finding of faster post-
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occlusive recovery among PE-F1s may be concordant with evidence suggesting that epigenetic 

modifications and changes in angiokine production occur in utero in neonates exposed to the 

malperfused, pro-oxidative state of preeclampsia (48, 174, 327). PE-F1s may harbor an increased 

endothelial sensitivity to shear-stress-dependent stimuli that is not mirrored in endothelial signal 

transduction, as explored with iontophoresis experiments. However, the literature has not fully explored 

this possibility, nor the effects this may ultimately have on long-term disease risk. Moreover, our study 

would have to be repeated with higher statistical power before committing to a hypothesis of this nature.  

Existing evidence supports the presence of neurovascular and neurodevelopmental differences in 

PE-F1s (128, 203, 251, 281, 327, 456). However, the vascular differences observed in these studies do not 

appear to be reflected in the function of systemic vascular beds. Most notably, an fMRI-based imaging 

study- of which 6 of our present participants previously took part- identified regional differences in brain 

volume, reduced occipital and parietal radii, and reduced brain stem vessel density in PE-F1s compared to 

normotensive controls (327). Significantly differing variables identified by this previous study did not 

correlate with the iontophoretic response, save for one measurement of brainstem vessel density and 

vasodilation at the lowest dose (20µA). Considering the size sampled and the number of variables tested, 

a single significant result does not represent a convincing demonstration of correlation. However, this 

may be something to re-evaluate in studies with enhanced recruitment.  

There are a number of strengths and weaknesses of the present study. First, this is one of few 

investigations of microcirculatory function in PE-F1s. There were no significant differences between 

participant groups at study outset in blood pressure, age, and BMI, which ensures a comparable cohort. 

LSCI offers superior spatial and temporal resolution compared to other non-invasive dermal perfusion 

imaging modalities (248). Further, our use of iontophoretic and post-occlusive stimuli to elicit 

vasodilation tests endothelial function through signal transduction pathways. However, our small sample 

size hampers our ability to make a generalizable response about endothelial function in PE-F1s, and we 

would recommend that a larger trial be conducted to reproduce our findings. Next, LSCI is highly 
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sensitive to movement in participants (248). We encountered significant movement artefact in data 

analysis owing to the young age and tolerance of participants. Steps should be taken to develop tools for 

isolating LSCI signals in participant groups/tissues with high movement. Specifically, pixel-wise signal 

segmentation, which may be achievable through semantic segmentation or thresholding modalities, 

should be explored as alternatives to native software-based methods. Finally, our functional assessments 

with iontophoresis and PORH could be further bolstered with structural assessments with side-stream 

dark field imaging, nailfold capillaroscopy, or retinal capillaroscopy. 

4.6 Conclusion 

We found no evidence of endothelium-dependent and independent microvasodilatory changes in 

PE-F1s following PE exposure in utero. We did demonstrate that there may be downstream effects of 

preeclampsia on shear stress-mediated vasodilation, which requires further study. We propose that these 

differences represent a vascular adaptation to gestational preeclampsia exposure. Further study is required 

in PE-F1s to clarify the effect of PE on offspring cardiovascular health. 
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Chapter 5 

Automated laser speckle perfusion signal isolation using a convolutional neural network with 

random forest 
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5.1 Abstract 

Microvascular perfusion imaging offers improvements to vascular research and clinical 

evaluation. However, movement artefact remains a persistent issue in its application. Automated 

segmentation of perfusion images may account for movement artefact, improving workflow and accuracy. 

We developed a novel machine-learning algorithm to automatically isolate perfusion signals from an 

iontophoresis protocol. When shown new testing data, the program significantly outperforms a human 

operator in terms of speed, and its predictions closely correlate with the judgments made by the operator. 

These results highlight the potential for computer vision-based modalities in optimizing the accuracy and 

workflow in perfusion imaging modalities. 

5.2 Background 

Non-invasive monitoring of dermal blood flow allows clinicians and researchers to assess tissue 

perfusion, examine microcirculatory potential, and diagnose conditions that affect the microvasculature, 

all without any discomfort to the patient. Improvements in computing power have enabled the use of laser 

optics-based techniques like laser speckle contrast imaging (LSCI). LSCI has been lauded for its superior 

spatiotemporal resolution, inter-day and inter-operator correlation, and methodological flexibility 

compared to more traditional perfusion imaging modalities (273, 351, 419). These advantages of LSCI 

have made it a growing presence in literature dealing with tissue perfusion and microcirculatory function 

(86, 249). 

While LSCI is a promising technique for clinical and research applications, it remains highly 

susceptible to movement artefact (28, 485). Movement artefact is inevitable when one considers the base 

equation for speckle contrast, the main variable measured by LSCI (K): 

𝐾 =  
𝜎

< 𝐼 >
 

Where σ  the denotes the standard deviation of speckle pattern intensity, and < I > is the mean 

total intensity of the pattern (98). Movement artefact occurs when the participant’s movement alters the 
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speckle pattern, leading to a non-physiological deviation in speckle intensity which is interpreted as 

increased perfusion. Movement artefact is superimposed on the true perfusion signal and can pose a 

challenge for operators, who have to make methodological considerations or apply post-processing 

protocols to eliminate the artefact. Several groups have attempted to control for movement artefact using 

spatial and temporal image registration, artefact isolation with a static adhesive, or designing wearable 

contact devices that move with the region of interest (246, 300, 337). Movement artefact is less of a 

concern in controlled laboratory conditions with competent adult participants. However, applications at 

the bedside, or in pediatric participants, are a greater challenge to researchers who are trying to ensure 

reliable data. Previous studies in this dissertation were conducted in maternal outpatients, often with 

babies in tow, and pediatric participants who were less able to control their movement. In both 

populations, movement was a significant factor we had to contend with when isolating data for analysis 

and may have even obscured subtler differences in vasodilatory function between study groups. 

Movement artefact can also occur when a participant moves relative to the region of interest 

marker (ROI), which is typically set by the user running the protocol in dedicated software (moorFLPI-2, 

Axminster, UK). This subset of movement artefact is called region drift (RD), and while it does not 

artificially register increased perfusion per se, it leads to erroneous reporting of perfusion by the software. 

RD is particularly problematic in iontophoretic protocols, where a discrete area of the iontophoretic 

probes, where the functional tests take place, is the main ROI. RD can lead to complete obscuring of the 

perfusion signal and requires the user to apply frame-by-frame corrections of the ROI marker to 

accommodate the ROI’s new location. This process is time-intensive and leads to considerable 

subjectivity of the measurements. Additionally, RD can compound other forms of movement artefact, 

increasing the difficulty of isolating the true perfusion signal for further analysis.  

In previous studies encompassed in this thesis, RD was a significant drawback of using LSCI, and 

was responsible for variability and unavoidable subjectivity when cleaning data. Frame-by-frame 

isolation of perfusion signals would be an ideal alternative to current data processing methods for 
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overcoming RD and isolating a valid signature for further analysis. However, this technique is completely 

unrealistic for a human rater, as LSCI imaging protocols may last as long as 30 minutes, collecting over 

30,000 individual frames.  

This issue- namely, the highly iterative task of isolating the correct ROIs over thousands of 

frames- is one perfectly suited for a semantic segmentation algorithm. Semantic segmentation is a form of 

machine learning which uses pre-existing data to make automatic pixel-wise predictive classifications. 

Semantic segmentation algorithms are used in numerous biomedical applications requiring topographical 

labelling (40, 348, 471). Semantic segmenting applications lead to significant reductions in labor and 

training time, and superior performance to human raters.  

Designing an algorithm with these capabilities could greatly improve the efficiency and accuracy 

of iontophoretic measurements in protocols with considerable RD. Semantic segmentation would also 

allow for precise isolation of data outside of proprietary software, allowing the operator to apply post-

processing and noise correction schemes as needed.  

To this end, we sought to train a semantic segmentation algorithm using an existing framework to 

overcome the problem of RD during microvascular assessment using LSCI and iontophoresis. Our 

objective was to achieve accurate results with superior performance compared to a human rater. The 

development of a working framework for isolating LSCI data could greatly improve the accuracy of 

obtained data, account for participant movement and LT during the iontophoretic protocol, and enhance 

the portability of our imaging technique to other patient populations.  

Rather than constructing a machine learning algorithm from scratch, it is generally recommended 

to adapt an existing program which is validated in the broader literature. Our machine semantic 

segmentation algorithm was built from existing code which combines a convolutional neural network and 

random forests for feature weighting. Modules for data handling and tuning based on our dataset were 

developed further by the researchers. 
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A brief review follows of both essential components of our program: convolutional neural 

networks and random forests.  

5.2.1 Feature extraction using a convolutional neural network 

 Neural networks refer to any organization of feed-forward mathematical networks which consist 

of connected functions or nodes. Neural networks are modeled from the structure of mammalian neurons, 

which receive electrochemical information from presynaptic axons via the dendrites and transmit an 

action potential following activation (272). The base component of a neural network is called the node. 

When an activation threshold is reached, each node will execute an activation function in response to 

incident outputs from other nodes. In essence, neural networks are functions that are most commonly 

represented by the following: 

𝑦 = 𝑓(∑ 𝑤𝑖𝑥𝑖 + 𝑏)

𝑛

𝑖=1

 

Where the output y is the output given by the sum of the inputs x, the intrinsic weight of the input w, and 

the bias function b (197). With this structure, neural networks allow for the rapid, stepwise transformation 

of input data.  

 Convolutional neural networks (CNNs) are stepwise arrangements of nodes that incorporate 

convolving, a form of dot product transformation of input data. In the context of computer vision, 

convolutions can be used to shrink and isolate relevant features of an image for faster processing. CNNs 

are highly versatile and are most commonly utilized in computer vision applications to facilitate 

classification and feature detection. Convolution is carried out by the receptive field, a sliding window 

which slides over the input image, and records the dot product for each translation, for each input channel 

of the image (1 value or “channel” for grayscale, and 3 channels for color (RGB)). The dot products 

recorded for each movement (stride) of the receptive field is called the feature map. In most CNNs, 
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multiple receptive fields, which are randomly generated filters of 1s and 0s, will pass over the same pixels 

to extract different features.  

 Using CNNs to generate feature maps reduces bias and improves the generalizability of 

algorithms designed to achieve clinical tasks. Features extracted only by the user (i.e. shape, pixel value) 

may not accurately represent all relevant predictive features of an image. Additionally, external features 

can affect the appearance of the region of interest, meaning that using purely visual information may not 

be entirely accurate. The same holds for LSCI. The appearance of the ROI in LSCI can be affected by the 

camera distance, air current interference, shadows, exposure time, background light, and incident UVB 

radiation (98, 248, 372, 444). The application of a CNN may help account for the variation that naturally 

occurs in LSCI measurement and mitigate the human error that may arise in turn. 

 CNNs have broad biomedical imaging and diagnosis applications- especially those with down-

sampling capabilities, which greatly reduce computational cost without sacrificing accuracy (18, 78). 

CNN-powered algorithms frequently outperform clinicians in medical imaging and diagnostic tasks, such 

as fracture detection, identifying clinically significant melanoma, and diagnosing diabetic retinopathy 

(161, 231, 376). 

 The first step of “supervised” semantic segmentation is preparing a training set of user-labeled 

data, which is then passed through the CNN to generate feature maps for each pixel. The feature maps for 

each pixel of the training data move on to the “learning” phase of the algorithm. The user has several 

options at this point depending on the quantity and type of data available.  

5.2.2 Training using random forests 

Data output from the convolution process is a vector with parameters (a,x,y,z), where a is the 

number of images, x and y are the dimensions, and z is the number of feature maps per pixel. For 

semantic segmentation, training data passed from the CNN also include feature masks, which map the 

classes of each pixel for each corresponding training image. The network is not yet able to make a 
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prediction. Feature maps alone describe how the pixel values in the images change when random filters 

pass over them, while feature masks describe the location of each class in the image.  

The next step is to fit the model to the training data. The feature maps and masks can then be fed 

into a decision-tree algorithm such as random forests (RF). RF maintains performance in imaging 

applications with limited datasets and many features (57, 230). This makes it particularly appropriate for 

segmentation of iontophoretic images where perfusion and pixel intensity will vary between participants 

(249, 351).  

The base unit of the random forest is the decision tree, which calculates the features which most 

correctly predict the classes of a given set of pixels. Each tree is constructed to maximize efficiency for 

achieving classification by minimizing the gini impurity, a measurement of information loss (291). The 

strength of random forest comes from the user-defined generation of multiple random trees, which all 

contribute a “vote” to the feature weighting scheme. Additionally, RF avoids overfitting and enhances 

predictive generalizability by using bagging, where a random selection of data and feature maps are used 

to generate a decision tree each time (57, 139). This ensures the model does not rely only on the average 

trend of the given training set. Owing to their superior performance and portability, RFs are used in many 

clinical applications, including computer-aided diagnosis of Alzheimer’s and appendicitis and large-scale 

cardiovascular risk stratification (180, 218, 459).  

5.3 Methods 

5.3.1 Objectives and environment 

To isolate frame-by-frame perfusion data in iontophoresis, we developed a semantic segmentation 

program from existing code combining convolution and RF feature weighting. This network by S. 

Bhattiprolu is an accessible and versatile introduction to semantic segmentation problems in biomedicine 

(39). Specific goals of our network were the following: 

1) To automatically perform pixel wise classification of iontophoretic images into two classes: 
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a. Class1: All perfusion data inside the iontophoretic lead which illustrate the baseline 

flux and microvascular response to the protocol. 

b. Class0: All perfusion data that does not fall into the above category, including the 

bare arm and perfusion visible through the lead.  

2) To perform clustering of predicted segmentations into left and right leads and export in a 

format suitable for further analysis. 

All components of the program were developed in Python 3.8 using the default Conda virtual 

environment in Spyder 4.2.0 (Scientific Python Development Environment, spyder-ide.org) Keras was 

used as the deep learning library (version 2.4.3). Other packages used are listed in Table 16. 

5.3.2 Network training 

 Protocol files from Chapter 2 were used for training the network. Each video is perfusion data for 

a 22-minute long iontophoretic protocol where 1% w/v acetylcholine and sodium nitroprusside solutions 

are administered over six doses using Perspex chambers affixed to the arm. Video data were recorded 

using a laser speckle contrast imager (moorFLPI-2, Moor Instruments Inc, Axminster, UK) at 25 

frames/second according to our study protocol described in Chapter 2. All data was stored in .mmf format 

on a personal computer. Frames were recorded by an imager positioned 25 centimeters from the 

participant. A minute-by-minute breakdown of the protocol is shown in Figure 3. All training and testing 

data were generated from video frames exported from proprietary software. To comply with file 

restrictions by the program, we removed the first five minutes of baseline perfusion from each file before 

exporting.  

 Three main phases of semantic segmentation development are i) training, where images with 

associated masks are passed to the network, ii) validation, where network performance is assessed and 

tweaked using data with masks that the network is naïve to, and iii) testing, where a fully trained network 

is compared to external metrics of performance using more new data. 
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Packages above were loaded into the default Conda virtual environment in Spyder 4.2.0 (Scientific 

Python Development Environment, spyder-ide.org). All packages above were instantiated in the final 

version of the algorithm used for data collection. 

 

 

 

 

 

 

 

  

Package Version code 

Numpy 1.19.4 

Pandas 1.1.5 

Matplotlib 3.3.2 

Glob 0.7 

OpenCV2 4.4.0.46 

Pickle 0.7.5 

Tensorflow 2.3.1 

Keras (.models, .layers, .backend) 2.4.3 

SciKit Learn 0.22.2post1 

Xlsxwriter 1.3.7 

Matlab.engine 0.1 

  

Table 16. Packages used to develop CNN-RF network. 
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Out of 62 files available for network development, 19 files were randomly chosen for training. 

Ten images from each file were randomly chosen, which occurred at different points during the protocol 

to make up the training set. All images used in training were extracted and stored in .tiff format. 

Variability in LSCI measurement increases with increased perfusion, so we opted to additionally select 

four random images occurring in the last two doses of the protocol to improve network performance in 

periods of high heterogeneity. This made a total of 256 images in the training set. Ten images from two 

randomly selected files were designated the validation set. The training and validation sets were uploaded 

to an online server for mask creation (Apeer Image Processing, ZEISS, Jena, Germany) and were stored 

in folders alongside their corresponding mask for training.  

 Network architecture is summarized in Figure 11. All images were imported at (x,y) dimensions 

and were resized to 128 by 128 pixels. All images were converted to blue-green-red (BGR) and fed into 

the CNN as three-channel images. After features were generated for each training image, imbalanced data 

was corrected using a re-sampling method in SciKit Learn (version 0.22.2.post1). Class 0 pixels, being 

the vast majority of the image, outnumber class 1 pixels by a factor of several thousand. Correcting for 

imbalanced data before fitting the model can improve network performance. Class1 data was up-sampled 

to the nearest 100,000 values. Training was carried out by fitting the random forest model to the features 

generated by the convolutional neural network. Class weighting was used to further correct for 

imbalances in the classes when building the tree. After training, the model was saved using Pickle 

(version 0.7.5) and instantiated for every subsequent test. 

 Validation data was loaded after fitting the model, and predictions for Class1 were saved to a 

dataframe alongside their corresponding location. Next, we clustered predictions into left (acetylcholine) 

and right (sodium nitroprusside) centroids using K means clustering initialized from SciKit Learn (315). 

Post-hoc K-means clustering was deemed a viable alternative to training three classes, which would have 

caused network performance to suffer. After K-means clustering, data frames for left and right leads were 

uploaded to an external spreadsheet for further analysis.  



 

 

 96 

 

Training images and 

corresponding masks 

are resized to 128 x 128 

pixels. Three layers of 

convolution (64 

features, stride 3) create 

feature maps which 

correspond to Class0 

and Class1 ratings. To 

train the network, 

feature map pixels and 

corresponding classes 

are fit to a Random 

Forest model, which 

creates the scheme for 

classifying new images 

fed into the network. 

Test images presented 

to the trained network 

generate a prediction, 

which is separated by 

K-means clustering into 

left and right lead data.  

 

Figure 11. Convolutional network architecture. 
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 LSCI software uses a custom colour map and scaling system to display perfusion data. While the 

backend of this colour map was not available, we used a Jet colour map array in Matlab (version 9.10.0) 

to convert values before clustering them using K-means. While this cannot account for the scale of the 

predictions, it would ensure that the predictions by the program correlate with the color values in the 

LSCI software. 

5.3.3 Tuning scheme 

 Validation was carried out on the two sets of validation images- and their corresponding protocol 

files- randomly selected from our dataset. Internal validation of model performance was mean intersect-

over-union (Mean IOU), a measurement of coherence between the model prediction and the mask for the 

corresponding image. Mean IOU is considered a standard metric of semantic segmentation model 

performance (239, 323). The value of Mean IOU corresponds to the average percent of correct predictions 

by the network. In addition to Mean IOU, we recorded Class0 and Class1 IOUs and the total accuracy of 

the model (315). A common drawback of machine learning architecture is that configurations vary wildly 

depending on the data and features one hopes to extract. Additionally, a general guide for machine 

learning model tuning does not currently exist. Therefore, features and hyperparameters of the model 

were tuned in a stepwise fashion, with internal validation metrics serving as the guide (Appendix 4.0). 

Tuning was considered complete for the highest favorable (>0.7) Mean IOU in both sets of validation 

images and confirmation of an acceptable perfusion signature in each complete corresponding protocol 

file. 

5.3.4 Testing scheme 

 A testing scheme was developed to compare the correlation of network predictions compared to a 

human rater. First, a testing set was randomly selected from protocol files not included in training or 

validation schemes. Testing sets consisted of complete video files, exported in .avi format, that would be 

loaded into the trained network. An experienced rater (LB) blinded to the file IDs segmented perfusion at 
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baseline for both acetylcholine (ACH) and sodium nitroprusside (SNP) leads, as well as perfusion at all 6 

simultaneous doses of the drug. Vasodilation was found by dividing the mean observed perfusion for dose 

by the mean baseline perfusion. No post-processing or signal smoothing was applied to human-rated 

predictions (HPs), as the design and implementation of these modules are beyond the current scope of this 

study. This was done before network-based segmentation to avoid bias to predicted perfusion values. 

Next, the same video files were loaded into the trained network, and predicted means for ACH and SNP 

were recorded for each minute of the protocol,. To reduce computational demand, frame data was only 

generated once for every twenty frames, leaving 1500+ for each protocol file. Prior to exporting to 

spreadsheet format, zeroes and high outliers were removed by isolating all data within two standard 

deviations of the mean. Predictions by the network were then exported to a data frame and averaged for 

each minute for comparison to human ratings. Pearson’s correlation was used to compare the linear 

correlation between human and network predictions. Levene’s test for equality of variances was used to 

compare variances between human and computational predictions based on the mean. A two-way 

ANOVA compared differences in prediction trends between raters. Descriptive statistics are reported as 

mean +/- standard deviation, or Pearson’s R; P-value. Statistical significance was set to P<0.05. Prism for 

macOS 8.2.1 and SPSS 27.0.0.0 were used for analysis.  

5.4 Results 

After algorithm tuning was complete, a final network was designed, which features three 

convolutions at stride 3 and generation of 64 features per pixel. This network segmented and isolated flux 

data in protocol video files (Figure 12) in 243.2 +/- 6.66 seconds on average, compared to approximately 

30 minutes per video with a human rater. The final network took 354 seconds to fit. Mean IOU for the 

network was favorable at 0.785 and total mean accuracy at 0.9978, and Class1-specific Mean IOU at 

0.706. 
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An actual image (left) fed into the trained semantic segmentation network creates a corresponding network prediction (right), which can 

be passed to K-means clustering and further analysis.  

 

Figure 12. Network segmentation with actual image and network prediction. 
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 Figure 13. Comparisons between mean human and network measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A, vasodilation to 1% w/v acetylcholine; B, vasodilation to 1% w/v sodium nitroprusside. Curves for 

network and human predictions of vasodilation, across six doses of iontophoretic current, were compared 

for differences in trend. 2-way ANOVAs for trends were not significantly different (A, P = 0.111; B, P = 

0.377). 
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Comparison of human and network estimates are shown in  Figure 13. Curves for ACH (P=0.11) and SNP 

(P=0.38) vasodilation were not significantly different from each other. Levene’s test identified 

significantly higher variance in human estimates versus network estimates for vasodilation in the first 5 

doses of ACH and the first dose of SNP Table 17. Finally, a strong positive correlation between human 

and network estimates was identified for ACH (R = 0.71; P<0.0001) and SNP (R = 0.94; P<0.0001) 

Figure 14. 

5.5 Discussion 

 Herein we describe a novel application for a convolutional neural network coupled with random 

forest (CNN/RF) for frame-wise segmentation of iontophoresis data. Our network performs with high 

intrinsic accuracy on validation data and strongly correlates to judgments made by an experienced human 

rater, all within a fraction of the time. Finally, human estimates for ACH-mediated vasodilation have a 

higher variance than those made by the network. The present findings demonstrate the extraordinary 

potential for machine learning implementations for enhancing the workflow and accuracy of non-contact 

perfusion imaging. 

Movement artefact is a persistent problem in LSCI applications. Movement is a reality of imaging 

in certain patient populations or anatomical sites, even in controlled laboratory settings. Current research 

identifies motion artefact as a significant drawback of LSCI and remains a persistent issue in the field 

(246, 300). Researchers have attempted to control for movement artefact with methods including opaque 

non-reflecting patches, image registration, and post-hoc image denoising, but a validated, gold-standard 

method for accounting for motion remains elusive (28, 300). We are the first to our knowledge to provide 

a semantic segmentation-based approach to this problem. While semantic segmentation does not control 

for movement artefact per se, it allows for frame-wise isolation of a perfusion signal, maximizing the data 

relevant to the protocol at hand.  
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Values for vasodilation, which were generated by an experienced human rater and trained segmentation 

algorithm, were compared using Levene’s test. Variance, and differences between them, for each 

iontophoretic dose in the study protocol, are listed above. * indicates significant (P<0.05) difference 

between network and human variance as assessed with Levene’s test.   

 

 

 

Table 17. Comparison of variance between human and network predictions. 

Dose Network variance (N=10)  Human variance (N=10) P- value 

Acetylcholine    

20 uA  0.011 0.108 0.030* 

50 uA  0.033 0.214 0.000* 

100 (I) uA  0.060 0.358 0.013* 

100 (II) uA 0.080 0.419 0.006* 

120 (I) uA 0.081 0.618 0.037* 

120 (II) uA 0.114 0.582 0.071 

Sodium nitroprusside    

20 uA  0.011 0.050 0.023* 

50 uA  0.023 0.078 0.104 

100 (I) uA  0.042 0.147 0.049* 

100 (II) uA 0.080 0.163 0.083 

120 (I) uA 0.105 0.250 0.096 

120 (II) uA 0.121 0.424 0.209 
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Figure 14. Correlations between human and computer measurements. 

 

 

 

 

A, vasodilation to 1% w/v acetylcholine; B, vasodilation to 1% w/v sodium nitroprusside. Network-rated 

vasodilation and human-rated vasodilation were significantly correlated (A: R = 0.708, P<0.0001; B: R = 

0.943, P<0.0001). 
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Machine learning-optimized LSCI enhances clinical versatility and inter-rater reproducibility of 

the perfusion modality. So long as proper training and pre-processing of data is ensured, automated 

isolation of laser perfusion readings could allow for increased performance of the method at the bedside. 

Our network was quickly trained and well-optimized for our application, even with relatively sparse data 

for a machine learning study. In contrast, deep learning applications, such as U-NET architecture, require 

thousands of images to comprise a valid training set and hours to fit the model (348). We must also 

acknowledge that our data is likely less complex and heterogeneous than the typical image tasks that 

require deep learning. In iontophoresis, the ROI is always bounded by two circular leads, and 

iontophoretic protocols occur in roughly the same location on the forearm across participants. While the 

pixel intensity changes over time during an iontophoretic protocol, we recognize the ROIs can be 

extracted with more predictable feature weights and thus is probably sufficiently addressed with less 

computationally intensive modalities such as CNN/RF. More traditional histogram-based approaches to 

segmentation are excellent alternatives still in use today and require even less time and data to optimize 

properly (182, 270). Future studies should compare the performance of our CNN/RF approach to simpler 

methodologies for extracting ROI data.  

In addition to improved performance at the bedside, CNN/RF can be easily adapted by others to 

fit the specifications of their research question, including simultaneous segmentation of multiple classes. 

In the context of LSCI and iontophoresis, several future applications of this program exist. Multiclass 

CNN/RF networks could be assembled to simultaneously assess perfusion changes in lead and non-lead 

tissue. This could be helpful in applications of mechanical cuff occlusion with iontophoresis, and 

temperature baths which superimpose adrenergic and shear-mediated vasoreactivity overtop of 

iontophoretic responses. We envision that in future studies of LSCI, which involve multiple centers, 

future deployment of a standardized, well-validated network to handle LSCI analysis could significantly 

reduce inter-rater and inter-center variability.  
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 A clear advantage of our approach is that predictions generated by CNN/RF can be processed 

further before exporting for statistical analysis. Future studies implementing CNN/RF should explore 

post-processing options for active noise reduction, elimination of movement spikes, and signal 

decomposition to improve data quality further.  

 The present study has several strengths. CNNs and RF models are well-validated approaches to 

predictive modeling with tremendous presence in biomedical literature (67, 182, 309). We have ensured 

as random a sample as possible through unstructured, chronological selection of a limited set of training 

images, without sacrificing network speed. We included both internal and external metrics of validity to 

demonstrate that predictions by the network are reliable. We used an experienced rater blinded to file 

identities before test image analysis, minimizing bias. Finally, network tuning was carried in a 

comprehensive, stepwise fashion to optimize network performance. While the present study demonstrates 

a viable option for clinicians and researchers using LSCI to assess vascular function, some weaknesses 

should also be explored. First, the movement artefact itself is not controlled by this approach, and further 

processing is required to uncouple physiologic vasodilation from changes in flux caused by movement. 

CNNs and decision tree algorithms have been criticized for being a “black box”; the strategies developed 

by the network for isolating the iontophoretic signal are not directly accessible or translatable by the user 

(238, 320, 484). There are no insights immediately given by the network that we can use to improve data 

acquisition, so we are left to either improve upon or continue relying on the program. While this may not 

necessarily be a concern in our study, which only deals with image topography, others have raised this 

concern for neural networks developed to make clinical decisions (158, 238, 320). Additionally, our 

findings are only directly applicable to our imaging setup, iontophoretic leads, and drug preparations, 

which hinders its generalizability. However, the network approach we use is versatile and could easily be 

adapted for applications using different equipment. Finally, while our model performance is positive 

overall, we have not included a direct comparison between CNN/RF and other options for segmenting our 

data, including deep learning networks or histogram-based thresholding.  
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In conclusion, we demonstrate that a novel machine learning application holds tremendous 

potential for optimizing LSCI analysis and workflow. With future studies, researchers should aim to 

develop a machine learning toolkit that will teach others how to identify potential improvements to 

clinical imaging workflow, select the ideal configuration for their data, and train their network to 

maximize performance.  
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Chapter 6 

Extended Discussion  
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6.1 Summary of original contributions 

The established link between PE and long-term cardiovascular risk is poorly understood. 

Identifying the subclinical alterations which may set women on a course towards cardiovascular disease is 

essential for deriving targeted therapies to optimize vascular recovery. Additionally, improving the 

understanding of PE and offspring health is essential for targeting future care of individuals born to 

hypertensive pregnancies.  

From the research encompassed in this work so far, four salient contributions to existing 

knowledge can be made: 

Chapter 2: Using a novel microvascular imaging modality, we demonstrate that dermal endothelium-

dependent and -independent micro-vasodilation is elevated in women with prior severe PE.  

Chapter 3: In the same population, we observe reductions in left carotid far-wall circumferential strain – a 

novel parameter which is inversely correlated with vascular stiffness.  

Chapter 4: In a small trial of offspring born to PE pregnancies, we do not demonstrate any differences in 

dermal micro-vasodilation between PE offspring and those with an uncomplicated gestation. 

Chapter 5: Convolutional neural network/ random forests architecture was applied as a novel method for 

eliminating region drift in iontophoretic readings, with good accuracy and correlation and superior speed 

compared to a human operator. 

 The sections following are brief, self-contained extensions on ideas established in preceding 

chapters. 
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6.2 Maternal microvascular pre-constriction as a hypothetical mechanism underlying risk 

after PE 

Vascular remodeling broadly refers to compensatory structural and functional alterations to blood 

vessels allowing for preservation of mean arterial pressure. These modifications include changes to vessel 

diameter, rigidity, and extracellular matrix composition (116). Vascular remodeling occurs in response to 

persistent flow/mechanical stimuli or prolonged exposure to vasoactive/inflammatory factors (165, 431). 

Early stages of vascular remodeling include reorganization of cytoskeletal proteins and endothelial 

functional changes which permit the continued maintenance of mean arterial pressure (255, 431). There is 

little direct innervation to the endothelium at the level of the peripheral microvasculature, meaning that 

adaptations at this diameter are largely due to shear stress or humoral factors (442).  

There are several mechanisms in PE which may act as a stimulus for vascular remodeling. 

Endothelial dysfunction, wrought by nitric oxide depletion and inflammatory signaling, interferes with 

the maintenance of mean arterial pressure. Inflammatory responses to placental microparticle exposure 

contribute to endothelial dysfunction and vasoconstriction (335). Vasoactive factors in maternal PE serum 

induce collagen 1 expression, extracellular matrix remodeling, and arterial stiffening likely through 

decreased expression of matrix metalloproteinases- 2 and -9 (198, 242, 477). Inflammatory markers 

elevated in PE, such as tumor necrosis factor alpha (TNF-a) and interleukin-6, initiate arterial stiffness 

changes in non-pregnant populations, and could contribute to vascular remodeling associated with the 

condition (190, 250, 310). Finally, shear stress associated with PE may represent a stimulus for structural 

remodeling leading to stiffer, less compliant vessels in the postpartum (460).  

Considerable work is still needed to clarify whether vascular remodeling is evident after PE, and 

the precise mechanism responsible. Evidence of structural remodeling includes elevated arterial stiffness 

in PE compared to controls. In these studies, decreased carotid artery distensibility and increased carotid-

femoral pulse -wave velocity is evident in PE women from the third trimester up to at least four months 
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postpartum (118, 166, 338, 396). Other studies conducted more remotely from pregnancy also 

demonstrate increased arterial stiffness after PE compared to prior normotensive women (166). Alongside 

increased arterial stiffness, systolic and diastolic blood pressure alterations within the first year after PE 

can be considered an endpoint of vascular remodeling (121). Importantly, preliminary research suggests 

that the trajectory of blood pressure alterations after PE is amenable to clinical intervention. For example, 

Cairns et al. conducted an open-label trial of 91 women with prior gestational hypertension or PE 

randomized upon discharge either to standard care or to a blood pressure self-management plan (70). The 

self-management plan included daily self-monitoring of blood pressure, which patients used to guide their 

titration of antihypertensive medications. Participants following the self-management plan had decreased 

mean blood pressure by 6 weeks postpartum, and needed antihypertensives for less time, compared to 

those relying on guidance from their healthcare provider. Findings from this study suggest that “tighter” 

control of blood pressure, keeping pace with vascular adaptations to PE, leads to favorable outcomes that 

could reduce the risk of future disease. 

Another driver of microvascular remodeling is the persistent alteration in endothelial function 

(116). The results of our dermal microvascular assessments are somewhat at odds with longer-term 

investigations of microcirculatory function after PE and the current research consensus of pathognomonic 

alterations to microvascular potential in nascent disease. Our findings align with a small number of 

studies, all performed within 5 years of delivery, but conflict with other studies conducted remotely from 

delivery (42, 214, 287, 325, 463). Beyond 5 years, there tend to be reductions in endothelium-dependent 

vasodilation, which researchers postulate underlies PE’s association with cardiovascular disease burden. 

Moreover, most studies of this nature fail to observe endothelium-independent functional alterations 

associated with the disease (42, 287, 463).  

We hypothesized in our study that pre-constriction is a potential cause of this observation. Pre-

constriction may reflect vascular remodeling following PE, where baseline vasoconstriction occurs 

concomitantly with endothelial functional compensation. We hypothesize that temporary preservation of 
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vascular function in the early postpartum is accomplished by the endothelium, despite nitric oxide 

depletion and endothelial dysfunction sustained during the disorder. Alternative endothelial signaling 

pathways which are activated due to nitric oxide depletion can temporarily preserve microvascular 

function (382). Across most vessel calibers, nitric oxide (NO) is the putative primary messenger between 

the endothelium and nearby smooth muscle, which work together to preserve arterial pressure between 18 

mmHg and 22 mmHg in the microcirculation (47). While nitric oxide production is a major regulator of 

vascular tone, effectors such as prostaglandin and H2O2 may occupy this role in pathologic conditions, 

which suppress NO production (114, 276, 382). Indeed, it has been shown that the endothelial superoxide 

production due to endothelial NO synthase (eNOS) uncoupling, which may occur in pro-inflammatory 

environments, stimulates superoxide dismutase-mediated production of hydrogen peroxide and preserves 

vascular potential (210). H2O2 can then initiate vascular smooth muscle cell (VSMC) hyperpolarization 

and parallel elevations in alternative vasodilators (380, 382). This emerging role of hydrogen peroxide has 

been demonstrated in murine models and human participants with hypertension (256, 257). 

In the oxidative, pro-inflammatory disease state of PE, the maternal circulation is exposed to 

higher levels of soluble fms-like tyrosine kinase-1, lower vascular endothelial growth factor and placental 

growth factor, widespread platelet aggregation, and immune activation (146, 258). Depletion of NO in PE 

is well-established and occurs secondary to reactive oxygen species scavenging (240, 369). Additionally, 

circulating levels of hydrogen peroxide are higher in women with PE, and preeclamptic serum induces 

H2O2 production in ex vivo preparations of cytotrophoblasts  (20, 209).  

Alternative endothelial signaling may also support the temporality of our results compared to 

other research on vascular function after PE. Early stages of endothelial phenotype switching will provide 

equivalent vasodilation to non-pathological states because of multiple effects on the vascular smooth 

muscle (383). Alternative signaling may be a temporary compensation that, with time, leads to permanent 

endothelial insufficiency and overt vasodilatory dysfunction (380). Therefore, it is reasonable to suggest 

that at our period of observation at less than 5 years postpartum, participants are displaying early stages of 
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modifications to endothelial signaling, preserving endothelial function, before an eventual transition to 

permanent dysfunction.  

As mechanical and paracrine effectors, VSMCs are highly adaptable to local mechanical forces 

and neurohumoral stimuli. Vascular tone is the total sum of inhibitory and activating processes 

controlling smooth muscle calmodulin binding to free calcium in the cell, leading to cross-bridge cycling 

and contraction (426). In keeping with their regulatory role, VSMCs can induce synthetic phenotype 

changes, which induce cytoskeletal and metabolomic rearrangement to initiate regenerative processes, 

increase vascular tone, or increase the stiffness of the blood vessel (426). Vascular smooth muscle cells 

are highly responsive to signals received from nearby endothelial cells. Therefore, derangements in 

endothelial cell functions can initiate persistent parallel changes to vascular tone, thereby increasing the 

risk and progression of vascular disease. However, endogenous processes also govern the gradual 

pathologic changes to VSMCs. It is important to note that phenotypic changes to VSMCs are made 

initially to counteract a physiologic stimulus, but progressive adaptations will become pathologic over 

time.   

We hypothesize that exposure to the maternal syndrome of PE- namely hypertension and immune 

activation- comprises a powerful stimulus to initiate heightened contraction in VSMCs, leading to 

persistent baseline vasoconstriction. First, consider that in pro-inflammatory conditions, nitic oxide 

scavenging contributes to lower overall endothelium-mediated relaxation. Increased circulating levels of 

asymmetric dimethylarginine, likely from the ischemic placenta, inhibit eNOS activity in the 

endothelium, contributing to the pathogenesis or progression of severe PE by further inducing 

vasoconstriction (482). Extracellular matrix changes initiated by matrix metalloproteinases in response to 

PE lead to cytoskeletal rearrangements and increased collagen deposition (363, 431). If these changes 

persist postpartum, perhaps induced by persistently elevated angiotensin-II (ANG-II) signaling and 

sensitivity as observed in the literature, this will affect total microvascular conductance (113, 364, 400). 

Changes in Ca2+ handling and flux within VSMCs occur due to ANG-II signaling and contribute to 
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functional alterations after PE (477). In this process, a potent regulating molecule is ANG-II, to which the 

patient is likely sensitized via production of agonistic antibodies to the ANG-II type 1 receptor following 

aberrant placentation (374, 375). ANG-II induces Ca2+ influx leading to persistent vasoconstriction via an 

IP3-dependent pathway (126). It may also contribute to VSMC hypertrophy and extracellular matrix 

changes via mitogen-activated protein kinase and NO-related pathways (363). Finally, it has also been 

shown to initiate vascular inflammatory processes via intercellular adhesion molecule, vascular cellular 

adhesion molecule 1, and interleukin (IL)-6 activation, which likely compounds the already-elevated 

scavenging of NO by reactive oxygen species (363). Additionally, sensitivity to ANG-II is increased 

beyond the first year postpartum due to persistent antibody-mediated sensitivity to the type 1 receptor 

(184). Finally, the vasoconstrictive effect of endothelin-1 signaling is exaggerated in PE through 

preferential epigenetic changes of vascular ETB receptor expression on vascular smooth muscle, leading 

to heightened vasoconstriction which persists in the postpartum (400, 402).  

From the above evidence, it is clear that PE represents a powerful stimulus through which 

endothelial and vascular smooth muscle adaptations may be initiated. We hypothesize that in our study 

population- young (18-40 years old) women without overt cardiovascular disease- baseline micro-

vasoconstriction occurs as an adaptation to the maternal syndrome of PE. Moreover, we hypothesize that 

this increased vascular tone is occurring without a concomitant decrease in endothelial function. Our 

chosen stimuli – pharmacologic doses of acetylcholine and sodium nitroprusside - can overcome any 

baseline differences in vascular tone, and the greater relative change in flux is seen in women who had 

severe PE and are perhaps the most vaso-constricted.  

These results align with a few notable observations in our dataset. First, we did not observe any 

differences in shear stress-mediated vasodilation between study groups. The hypothesis that severe PE 

participants are vaso-constricted but with stiffer vessels may be a confounding variable when considering 

mechanical vasodilatory mechanisms. Shear stress-mediated vasodilation is accomplished by stretch 

sensors which initiate intracellular Ca2+ release in a pressure-dependent fashion (268). Moreover, 
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Pouiseulle’s law identifies vessel diameter as a critical predictor of the magnitude of this stimulus (311). 

Pre-constricted blood vessels would likely receive a greater stimulus for vasodilation given a standard 

PORH protocol but may not be able to vasodilate as much as vessels in which nitric oxide production is 

unaffected. Another way these data align with the literature is by considering the time postpartum. 

Researchers who observed heightened micro-vasodilation after PE did so within the first year postpartum 

(42, 287, 463). Those who reported decreased vasodilation had studies conducted more remote from 

pregnancy (214, 325). Our period of observation may have captured a point at which the maternal 

vasculature, still dealing with the remnants of PE, is attempting to preserve mean arterial pressure through 

alternative signaling pathways, vascular smooth muscle modification, and vasoconstriction. Additionally 

these results may also explain another set of intriguing findings. Women who occupied the highest-risk 

group in our dataset for thirty-year cardiovascular disease had significantly lower vasodilatory responses 

than lower-risk groups. Above, we hypothesize that these results may represent either greater 

vasoconstriction or decreased sensitivity to the vasodilators administered. These findings appear to 

suggest that overall cardiovascular risk exerts an opposite effect on microvascular function than what is 

attributable to severe PE. We propose that the timeframes of vascular adaptations to PE versus 

cardiovascular risk differ from one another and that adaptations to PE are superimposed on one’s 

background cardiovascular risk. 

 While these hypotheses are rooted in evidence, we recognize that we are missing several essential 

items of information. From the present data, we cannot conclude the precise physiological aberration 

(structural or functional); what baseline flow parameters are among participant groups; and whether this is 

something due to PE or an upstream risk factor. Studies could be designed to test these hypotheses 

further. First, iontophoretic administration of an adrenergic vasoconstrictor, followed by administration in 

a different site of an adrenergic vasodilator, could help to clarify the baseline flux in our participants. 

Second, a long-term follow-up study in women previously enrolled in this study could test our hypothesis 

that microvascular function continues to decline further from the PE pregnancy. Finally, increased 
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recruitment would allow for higher-power analyses to be made between groups of disease (PE/CTRL) and 

groups of varying cardiovascular risk (LOW/MED/HIGH), to better clarify the interacting effects of PE 

and prior risk.  

6.3 On dermal perfusion measurements in pediatric participants 

 Laser speckle contrast imaging (LSCI) allows for non-invasive measurement of dermal perfusion 

with extremely high spatial and temporal resolution (97). This quality has made LSCI well-suited to a 

multimodal exploratory assessment of microvascular function in children exposed to preeclampsia in 

utero (PE-F1s). However, a key drawback of LSCI is its sensitivity to movement artefact, which 

artificially increases speckle decorrelation (98). As might be expected, we encountered challenges getting 

pediatric participants- some of whom were under ten years old- to stay still for the duration of the 

protocol. This is an oft-cited drawback of LSCI, especially so by neonatologists and pediatric researchers 

who use the modality- and remains to be fully solved in the literature (353).  

 The majority of movement artefact arises from two sources. The first is forward translation, 

which arises from the movement of the forearm towards the camera. A large-amplitude artefact, such as a 

sneeze or cough, can be removed easily from the perfusion signal by an experienced reviewer and rarely 

factors into analysis unless it occurs during a critical point of the protocol. However, we found that 

pediatric participants produced long-duration, short-amplitude artefact due to fidgeting or talking during 

the procedure. This artefact would directly interfere with the interpretation of a perfusion signal and 

would need to be uncoupled from the true signal during analysis. The second is lateral translation (LT), 

which is caused when the participant’s arm is shifted outside of the region of interest (ROI) set by the 

user at the beginning of the video file. Lateral translation results in inaccurate reporting at the ROI, 

displaying flux at the Perspex chamber or bare arm. Since ROI placement should be retained for data 

management purposes, this requires that the video file is split in a frame-wise manner. This process takes 
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hours, significantly increasing the standard deviation of the signal and interfering with the reliability of 

the results. 

There are a few approaches we could use in the future to address movement artefact in pediatric 

participants. The first is a simple pseudo-restraint that attaches to the imaging background. Participants 

could be instructed to gently lay their arm onto the restraint during image acquisition, which would 

prevent free LT and RT of the arm. However, this would likely only be appropriate for young adolescents, 

who would be able to grasp the restraint without inducing increased forearm blood flow. Moreover, this 

would not stop LT of the arm at the elbow.  

Some investigators have acknowledged that movement artefact is a reality of non-contact imaging 

and have instead built devices that measure perfusion directly at the skin (175, 181). In particular, Huang 

et al. developed a low-cost speckle contrast flowmeter which includes a bare charge-coupled device 

placed directly on the skin. This has the advantage of increased depth (up to ~8mm) in dermal tissue and 

virtually no artefact attributable to the gross motion of the participant (181). In our case, this would 

almost completely abolish rotational and lateral translation induced by our participants. However, they 

hypothesized that heat produced by the charge-coupled device was a significant drawback as it could 

induce cutaneous vasodilation (204). In their prototype, Huang et al. address this problem by adding heat 

sinks and a fan cooling system. Additionally, a direct contact laser flowmeter would not be appropriate 

for use in an iontophoretic protocol, so this would only be useful for baseline, temperature-induced, or 

occlusive/post-occlusive measurements. Nevertheless, a direct laser perfusion system has been 

successfully trialed in artificial tissue surrogates and holds promise for mitigating movement artefact in 

certain protocols (181).  

Image registration is an upstream methodological consideration seeing increasing use in perfusion 

imaging. Registration of images includes affixing a static reflector to the region of interest before 

measurement. Using computer software, investigators can record frame-by-frame spatial information 

about the perfusion field relative to the reflector. In post-processing, this information enables the research 
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to remove spatial deviation from the reflector (223). This technique removes lateral translation and 

rotational drift from the perfusion signal, significantly improving accuracy (222, 223). However, this 

would not improve forward translation, which was a concern in our analysis.  

 Post-processing schemes have also been developed to correct for motion artefact and might be an 

approach to use in future studies. The perfusion on static reflectors, which does not register underlying 

blood flow, can be measured throughout an iontophoretic protocol, giving investigators a reading of the 

signal attributable to movement artefact (169, 300). So long as standardization is performed to one’s 

imaging equipment and ambient light/airflow conditions, this method allows for the “movement signal” 

to be entirely subtracted from the channel. Some have employed this approach to improve signal accuracy 

and cross-correlation – even allowing LSCI to be successfully applied during exercise training (246, 300).  

Finally, in situations where static reflectors have not been applied to collected data or adhesive 

guides are not possible in surgically-exposed tissue, computer vision methods allow for frame-by-frame 

signal isolation with excellent accuracy. A supervised machine learning protocol such as the one 

discussed in Chapter 5 could be easily retooled to isolate the most valid signal based on the training 

parameters. Dai Pra et al. used a similar approach with a convolutional feature extractor coupled with the 

self-organizing maps method, which allows for unsupervised dimensionality reduction to achieve 

segmentation (96). Recently, Mennes et al. employed an exciting approach with iterative closest point 

analysis, which involves correcting the image according to the spatial changes in pre-determined regions 

of interest (269). This system was deployed for semi-automatic correction of diabetic foot ulcer imaging. 

After training the algorithm, users only have to register each region of the foot in the first frame, which is 

then iteratively applied to each subsequent frame of the video file. This approach could account for both 

lateral and forward translation in our trial and greatly reduce workload.  

 In short, the movement characteristic of pediatric participants poses a methodological challenge 

for perfusion assessment with LSCI. However, in future studies, this could be partially overcome with 

methodological and post-processing approaches. 
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6.4 Carotid sidedness as a predictor of adaptations and disease 

Carotid flow parameters have historically been measured bilaterally. Investigations of carotid 

function have averaged values between the left and right carotid based on nearly identical anatomy on 

both sides, and similar metabolic requirements of distal tissue. However, research discussed herein 

demonstrates that sidedness is a relevant factor when considering carotid flow parameters and the 

conditions which lead to disease. Our present results position the left common carotid artery as a site of 

subclinical alterations associated with preeclampsia. After a review of relevant literature below, we 

propose that these results are congruent with an evolving understanding of asymmetrical pathogenesis 

between the carotid arteries.  

 The common carotid arteries are the two major blood vessels that supply blood to the cerebral 

circulation. As a result of this critical role, the carotid arteries are highly muscularized with a robust 

medial collagen content and arranged into structural lamellae (385). The carotids arise from the aortic 

arch that arises from the left ventricle and runs upwards within the mediastinum. The right common 

carotid artery arises from the brachiocephalic artery and comes off of the ascending aorta, while the left 

carotid artery extends directly from the aortic arch. Therefore, as a direct branch from the aorta, the left 

carotid artery has a higher pressure compared to the right carotid artery, which has a pressure drop as the 

brachiocephalic artery splits into the right subclavian artery.  

 While muscular vessels such as the carotid are well-equipped to handle small changes in blood 

pressure, as would occur during the cardiac cycle, prolonged asymmetrical flow dynamics between the 

left and right carotid bulbs may lead to differential alterations in intima-medial thickening and 

atherogenesis over time (318, 370).  Carotid sidedness appears to matter in large-scale populational 

studies of cerebrovascular disease, which consistently demonstrate a greater incidence of left-sided stroke 

(168, 172, 288). However, researchers acknowledge that left-sided stroke is more likely to affect motor 
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and speech centers and may be more readily diagnosed than right-side stroke, which more often involves 

cognitive dysfunction (129). 

Several population cross-sectional and disease-specific studies, however, have been undertaken to 

clarify subclinical carotid asymmetries that lead to disease (106, 172, 243, 370). Carotid intima-media 

thickness (CIMT) is often the primary dependent variable assessed as a reliable expression of pathologic 

alterations to the vascular intima associated with atheroma development (130). Luo et al. measured 

bilateral CIMT in 447 healthy male and female volunteers of all ages and identified that left CIMT was 

higher on average than right CIMT (243). While CIMT overall increased with age, increased left CIMT 

occurs earlier, and at a faster rate, than right CIMT. They concluded that left CIMT correlated more with 

risk factors – age, obesity, and male gender- than the right CIMT, which pertained more to vascular 

hemodynamics (243). Hernandez et al. examined bilateral CIMT in 102 patients, both male and female, 

with unexplained hypertension and evaluated cerebrovascular outcomes using the Maastricht Stroke 

Registry (172). In individuals with unexplained hypertension, CIMT was higher on the left side. Gender 

differences were not measured. When considering outcomes data in a larger database of 1843 men and 

women, strokes were more common in the brain’s left hemisphere. Similar studies of asymptomatic, 

healthy women had findings similar to the above (106, 370). As might be expected, size-related 

differences in CIMT changes may also contribute to downstream differences in the endothelial carotid 

atheroma. In both men and women with asymmetrical carotid plaque presence, the plaque is most often 

present in the left carotid artery (370). Additionally, left-sided plaque has enhanced lipid content and 

smooth muscle cell migration but less calcification than plaque on the right side, which was thought to 

result from asymmetrical blood pressure and angle of the carotid bifurcation. Some have hypothesized 

this causes greater instability in these plaques, which may explain the higher incidence of strokes in the 

left side (170).  

Despite the strong evidence, the clinical picture of carotid sidedness is still evolving. Some 

studies have not observed any differences in CIMT between the left and right sides (19, 219, 355). 
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Notably, a large-scale study of men and women aged 60 and older did not find any differences in CIMT 

between sides, with no difference between genders (219). However, investigators posited that the old age 

of participants obscured potential risk-related differences in CIMT that may have been present earlier in 

life. Likewise, a study in atherosclerotic men and women did not observe a difference in CIMT between 

sides, and investigators postulated that active atherosclerosis superseded any CIMT changes that might 

have been associated with pre-existing CVD risk (355). 

 Decreased circumferential strain and CIMT have a good correlation in several investigations. Our 

finding that carotid strain is lower in the left carotid artery after PE than women who had uncomplicated 

pregnancies aligns with findings that CIMT is higher in vessels on the same side. Therefore, we 

hypothesize that PE is associated with similar processes, leading to age-related carotid structural 

asymmetry in healthy populations. PE has been described as an agent of vascular “pre-aging” in 

immunological and functional assessments. Our measurements were all conducted in childbearing-age 

women free of cardiovascular disease, who are therefore well within the age range for having 

“sensitivity” to cardiovascular risk in the left carotid artery. While we did not find any overt differences 

between sides for CIMT, we propose that circumferential strain parameters, which pertain more to arterial 

elasticity (ie. stiffness), may differ in the onset and timing of presentation from CIMT (358). Given that 

left carotid artery alterations are associated with hypertension and atherosclerotic processes, and are 

considered more reflective of risk parameters such as age and obesity, decreased strain (increased 

stiffness) in the left carotid artery may stem from a pre-pregnancy cause (172, 370). On the other hand, 

increased carotid shear stress caused by hypertension, and inflammation induced by the maternal 

syndrome of PE, may also be sufficient to cause neointimal thickening in the left common carotid artery. 

Notably, women after PE are at an increased risk for cerebrovascular disease, which could stem from 

these left carotid structural alterations. However, the presence of these differences before PE, the degree 

to which PE adds to it, and how these changes mediate increased cerebrovascular risk are unknown.  
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Chapter 7 

Future Directions 

7.1 Preamble 

The above research has highlighted several areas for further study. The following are potential 

investigations which would:  

• Clarify the correlation of far-wall circumferential strain with the onset of preeclampsia in 

early pregnancy.  

• Enable structural microvascular assessment of children exposed to preeclampsia in 

gestation.  

• Allow for laser speckle movement artefact subtraction through network improvement to 

enhance signal accuracy. 

• Test for spatial perfusion information indicative of preeclampsia or normotensive 

pregnancy. 

A brief rationale and description of future proposed studies are below. 

7.2 Prediction of preeclampsia with carotid far-wall circumferential strain 

The results of our study demonstrate that a history of severe PE is associated with decreased left 

carotid artery far-wall circumferential strain and that the value of this factor accurately identifies a history 

of PE with a sensitivity of 83%. However, at this time, while we cannot establish causality between PE 

and these alterations – or even vice-versa- this novel finding may be helpful to clinical practice and 

disease surveillance.  

As has been previously discussed, PE results from interacting contributions from placental 

dysfunction and pre-existing maternal risks. Decreased far-wall circumferential strain is thought to be a 

reflection of pre-atherosclerotic processes. Our earlier discussion of microvascular function proposes that 
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microvascular reprogramming from PE leads to increased vasoconstriction. However, functional indices 

such as endothelium-dependent vasodilation and flow-mediated dilation poorly correlate (150, 151, 201). 

Therefore, there is not enough evidence to support that carotid artery structural changes are only due to 

the preeclamptic pregnancy per se. A pre-existing maternal vascular dysfunction could exist common to 

carotid intimal-medial thickening, that contributes to the development of PE. We hypothesize that 

differences in circumferential far-wall carotid artery strain may already exist pre-pregnancy between 

women with future uncomplicated pregnancies and those destined to develop PE.  

Further study is needed to determine whether decreased left carotid far-wall circumferential strain 

is present before the onset of PE and initiated or worsened by the condition. PE is challenging to predict 

in clinical practice. Personal/family history may raise clinical suspicion for the condition, and others have 

explored using humoral or functional biomarkers with varying effectiveness. To our knowledge, carotid 

strain has not been previously assessed in early pregnancy, nor in relation to the onset of hypertensive 

gestational complications. Moreover, the longitudinal effects of normal pregnancy on carotid strain 

parameters are largely unknown. Therefore, a prospective assessment of carotid strain in early pregnancy 

is proposed, which would examine carotid strain in early pregnancy, profiling the alterations to this 

parameter during normal and complicated gestation. Strain measurements would have to be conducted in 

the first trimester, before completion of placentation. There are at least two opportunities during early 

pregnancy for ultrasonographic measurement at 11-14 and 18-20 weeks, which are for dating and fetal 

anatomy. The first measurement in this study should occur at the 11-14 week appointment, which is prior 

to the completion of placentation and spiral artery remodeling. Since symptoms of PE appear after 

maternal blood enters the placenta, observation at this time point could potentially capture pre-disease 

carotid strain parameters. Facilitating an investigation of this kind would be possible, but seeing as only 

around 5% of mothers develop PE, high recruitment would be needed to secure an appropriate case 

population for study. However, we could increase the likelihood of our sample developing PE by 

enrolling high-risk women who have been prescribed low-dose aspirin for use during pregnancy. 
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Appropriately trained sonographers can perform carotid circumferential strain measurement, but a 

specialized probe would have to be provided for use. Additionally, sonographers involved with the study 

would have to be appropriately trained to assess carotid strain parameters. The common carotid artery and 

bifurcation are both readily accessible at the bedside, and if strain measurement was incorporated into 

clinical care, it would not add much time overall to a patient encounter. At the end of the study, delivery 

information and placental pathology could be used to subdivide PE cases into different phenotypes to 

determine their correlation with carotid strain.  

While carotid artery findings alone may be a good way to test our hypothesis, taking 

measurements strictly in one vascular domain would hamper generalizability to the broader circulation. 

Since some manifestations of PE may be caused by an underlying maternal vascular dysfunction, vascular 

stiffness measurements in other conduit arteries may clarify the degree to which this dysfunction could be 

systemic. Pulse-wave velocity (PWV) is an expression of systolic pressure wave movement, which is 

measured from the aorta and brachial tree with a pressure transducer (52). Since systolic pulse waves 

move faster with lower vascular compliance, this measure is widely accepted as a surrogate measure of 

vascular stiffness (410, 412). We propose including measurements of brachial PWV alongside carotid 

circumferential strain to assess if women with altered strain parameters have concomitant structural 

differences in other regions. This could provide proof for the idea that pre-existing systemic vascular 

dysfunction may predispose one to develop PE.  

  In short, a predictive biomarker of PE would be a significant improvement to clinical practice 

and surveillance during pregnancy. A prospective study in gestation assessing the predictive value of 

carotid arterial circumferential strain would benefit research efforts to identify a reliable vascular sentinel 

for increased risk of the disease. 
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7.3 Dermal capillary morphological assessment in offspring of preeclamptic pregnancies 

Our results above indicate that dermal microvascular alterations are not evident in adolescent PE-

F1s compared to controls. While enhanced recruitment would help clarify this finding further, these initial 

results suggest that functional assessment in this population and vessel bed may not be immediately 

useful for long-term surveillance for disease. Indeed, overt endothelial dysfunction may be less common 

in young, healthy participants. However, given the existing body of evidence on PE and microcirculatory 

structure, structural changes may be an avenue of investigation for future studies. The following poses a 

future direction for structural capillary assessment of PE-F1s using dermal video-capillaroscopy.  

The dermal microcirculation is composed of capillary loops, which extend up from the nutritive 

sub-papillary plexus and end in terminal loops with an arteriolar and venous segment (Figure 15). The 

vast majority of the dermal microvascular plexus is oriented perpendicularly to the plane of the skin, 

though hairpin capillaries in the nailfold run parallel and thus can be completely visualized (93). New 

video-microscopy methods can visualize perfused capillary loops with LED and magnification between 

50 and 200 x, which allows for primarily qualitative or semi-quantitative assessment of microcirculatory 

structure (94). Microvascular networks have a predictable and tightly controlled arrangement depending 

on nutritive requirements of the serviced tissue and the balance of humoral pro- and antiangiogenic 

factors. Historically, examination of microvascular circulatory structure has been used to identify 

autoimmune diseases, such as scleroderma or lupus (93, 188). However, there has been a new interest in 

using video-capillaroscopy to profile the anti-angiogenic effects of cardiovascular disease.  

Humoral factors in cardiometabolic disease may be involved in the persistent alterations to 

dermal capillary density and organization observed with video-capillaroscopy. Maldonaldo et al. 

conducted a cross-sectional study of people with type II diabetes, observing significant dermal 

microvascular disorganization, including abnormal cross-linking and tortuosity (252). Moreover, the  
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The dermal microvasculature is composed of two communicating plexuses: an upper horixonatal papillary 

plexus, and a lower nutritive plexus which lies closer to subcutaneous tissue. Capillary loops which 

transition from artioles to venules extend above the papillary plexus. Ascending arterioles and descending 

venules communicate between microvascular plexuses. 

 

 

 

Figure 15. Dermal microvascular network with papillary and dermal plexuses, simplified. 



 

 

 126 

degree of microvascular dysregulation correlated to the length of time each participant had diabetes, 

suggest that prolonged exposure to hyperglycemia and advanced glycation end products drove the 

structural modifications (252). In addition to structural irregularities, Maldonaldo also observed 

rarefaction – the complete dropout of capillaries from dermal tissue –driven by sustained paracrine 

antiangiogenic signaling (428). Rarefaction is a consistent phenomenon that occurs in nascent 

cardiovascular disease and has been observed on multiple occasions in patients with hypertension (296, 

428). Notably, dermal capillary rarefaction is reversible in hypertension with administration of 

antihypertensive agents, suggesting that rarefaction could be a plastic response to the microcirculatory 

milieu (104).  

 Perhaps unsurprisingly, capillary rarefaction in pregnancy has been explored as a potential 

marker of PE. Women with PE at diagnosis have reduced dermal capillary densities compared to 

normotensive women, and capillary density at between 11-24 weeks’ gestation is significantly predictive 

of the condition (17, 289). Interestingly, capillary rarefaction in PE mothers does not appear to remit by 

week 15 postpartum, which may indicate persistent reductions in postpartum microvascular potential 

(289).  

Attentions have turned to assess the effect of maternal antiangiogenic factors on microvascular 

structure in PE-F1s. A limited number of recent studies suggest that preterm delivery mediates a 

persistent change in capillary density in PE-F1s remote from delivery, however, some results may be 

confounded by the effects of preterm delivery and not PE per se (226). For example, preterm-born 

children display reduced retinal and dermal microvascular density compared to children at term (49, 171). 

Since PE is responsible for 20-30% of all preterm births, and many PE cases are delivered preterm, 

uncoupling the two proves difficult (226). Two studies of capillary rarefaction in infants born to 

hypertensive pregnancies identified a reduced capillary density in normal-weight infants (17, 475). 

However, in one, an increased capillary density was observed in low-birth-weight infants born at the same 

time (17). Researchers reasoned that this was a compensatory mechanism initiated in utero that would 
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result in “hyper-pruning” and capillary rarefaction in later life (17). Indeed, other studies link 

microvascular rarefaction and morphology in PE-F1s to the circulation of maternal antiangiogenic factors, 

as microvascular phenotype was linked to maternal placental growth factor and soluble vascular 

endothelial growth factor receptor circulation (148, 472).  

 While the present dermal microvascular functional assessment in PE-F1s did not identify any 

differences from controls, the evidence above strongly suggests that cardiovascular adaptations in the 

offspring following PE may be mediated through microvascular structural rather than functional 

adaptation. Furthermore, these changes may be partially indicative of nascent cardiovascular disease 

processes. Therefore, a cross-sectional assessment of dermal microvascular structure in PE-F1s and age-

matched controls would be an excellent future direction for study. We propose an outpatient study that 

recruits adolescents without concomitant cardiovascular disease- born to mothers with/without PE, 

controlling for gestational age- for non-invasive structural assessment with nailfold capillaroscopy. The 

Inspectis capillaroscopy system is a 200-magnification contact video-microscope equipped with a bright-

field LED system that allows for image and video capture of nailfold and dermal capillaries. Recent work 

by our group has led to the development of a semi-quantitative microvascular network analysis protocol 

which includes a survey of capillary density, frequency of abnormal capillaries (giant, tortuous, 

hemorrhaged), and measurement of capillary loop diameter and vascular caliber. This protocol allows for 

the brief (< 20 minutes) measurement of structural capillary rarefaction. To test functional capillary 

rarefaction of non-perfused vessels, we additionally use an automated pressure cuff inflated to diastolic 

pressure to induce venous tamponade before redoing microvascular measurements. Both structural and 

functional capillary assessments are repeated across two fingers on each hand to control for tissue trauma 

and microvascular differences attributable to hand dominance.  

In short, while functional differences do not appear to be evident in dermal microvascular 

networks following maternal PE, assessment of structural and functional capillary rarefaction in PE-F1s 
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may lend additional insight into how this cohort of patients are at heightened risk for chronic disease 

remote from delivery.  

7.4 Adapting semantic segmentation for noise subtraction 

 In Chapter 5, we created a convolutional neural network/random forest (CNN/RF) algorithm 

which accurately enables frame-by-frame isolation of the region of interest across iontophoretic data. This 

program can effectively reduce the impact of region drift on microvascular perfusion assessment and 

increase the accuracy of our results. However, a weakness of this approach is that CNN/RF does not 

currently control for the effect of movement artefact, which appears as a “movement signal” 

superimposed on the actual “perfusion signal” (249). Therefore, signals extracted by the user still have to 

be reviewed alongside protocol footage for the removal of movement artefact. 

 As discussed earlier in this thesis, movement artefact is a persistent problem in laser speckle 

contrast imaging. Different researchers utilizing LSCI have attempted to control for it. One approach that 

has had success is the opaque non-reflector (ONF) adopted by Mahé et al (249, 300). An ONF can be any 

adhesive material that does not register blood flow. Before data collection, the ONF is affixed to the skin 

of the participant. Since perfusion at the ONF does not change due to blood flow, alterations in the ONF 

signal during a given protocol are equal to the total movement artefact of the participant. While the ONF 

signal does not account for tissue movement (a relatively minor source of movement artefact), the 

magnitude of the signal can be scaled to the observed perfusion and subtracted from the curve. This is an 

effective method for estimating protocol-dependent perfusion without superimposed movement artefact. 

 A worthwhile future study employing CNN/RF architecture would adopt the ONF method in 

iontophoretic assessments with a small adhesive. After the collection of training data, a CNN/RF program 

could be trained to segment three classes: the lead perfusion, the background, and the ONF. By 

subtracting the flux at the ONF from the lead signal, we could achieve simple control for movement 

artefact similar to that achieved by Mahe et al.  
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7.5 Identification of preeclampsia with a neural network classifier 

When considering microvascular results from Chapter 2, a significant weakness of our findings is 

that they lack any reference to pre- or early-pregnancy microcirculatory function. As stated in earlier 

discussions, differences in microvascular function associated with severe PE could have existed before its 

development, during the condition itself, or occurred sometime after its remission. Regardless of the 

precise timing, previous research in our present research identifies a tendency for increased micro-

vasodilation among women with prior severe PE. This difference manifests in LSCI images as a higher 

average pixel intensity within the iontophoretic lead.  

However, in addition to higher pixel intensities in the center of the lead, we hypothesize that 

spatial features of perfusion changes in women with prior severe PE might also be identifiable by a 

computer vision algorithm. Iontophoretic responses are not only limited to the skin bounded by the lead’s 

chamber where the reaction takes place. Depending on vascular permeability at the depth of 

iontophoresis, spreading of the perfusion response may occur as the drug solution diffuses into the 

underlying nutritive capillaries (418). These changes can be detectable by a skilled operator as they occur 

alongside the changes within the lead and are separate from background perfusion occurring elsewhere on 

the arm.  

Differences in spreading perfusion in the postpartum may be linked directly to a history of severe 

preeclampsia. As proposed earlier, baseline micro-vasoconstriction may exist in this cohort. Studies in 

patients with scleroderma, who have endothelium-dependent and -independent dysfunction alongside 

vasoconstriction, suggest that this would prevent diffusion into deeper subcutaneous regions of the 

microvasculature, leading to a different spatial distribution of hyperemia (13, 83). However, altered blood 

vessel barrier permeability also occurs in the maternal syndrome of PE due to lowered vascular 

endothelial growth factor, immune activation, and placental microparticle exposure (413, 429, 455, 480). 

In vitro, endothelial permeability is increased in PE versus normotensive human umbilical vein 
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endothelial cells- an effect which is likely secondary to eNOS inhibition and junctional protein alterations 

(453, 454). The combination of vasoconstriction and barrier permeability changes associated with PE may 

lead to perceptible differences in the dermal perfusion pattern.  

To identify if spreading perfusion could be linked to PE, we propose constructing a two-part 

algorithm that combines both segmentation and whole-image classification. First, confirmation would 

have to occur that spreading perfusion occurs in severe PE versus mild PE and normotensive phenotypes. 

This could be most easily done by a blinded assessment of average non-central pixel intensity in the lead. 

However, images could also be exported to measure spreading perfusion area by thresholding the “within-

lead” perfusion to average perfusion in the surrounding arm.  

Semantic segmentation, which is utilized in our algorithm above, is automated pixel-wise 

classification across an entire image. This process is accomplished by a model which is fit to labeled 

training data. However, whole-image classification is also achievable with minor tweaks to our existing 

algorithm. Using both of these computer vision modalities, the goal of this network would be twofold:  

1) To automatically isolate whole-lead regions with semantic segmentation, including the area 

of the lead which commonly features spreading perfusion, for analysis by the whole-image 

classifier. 

2)  To classify isolated lead segments into normotensive, mild PE, and severe PE phenotypes 

based on the central perfusion in the lead, and the intensity and spatial location of the 

spreading perfusion.  

The algorithm would be trained on a subset of prior iontophoresis data, with another random 

subset available for validation and tuning. After achieving suitable performance with the classifier, 

feature weights of the trained model would be accessed to determine which spatial features best 

differentiate preeclamptic from normotensive perfusion.  
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It may be useful to assess if spreading perfusion patterns are present in early pregnancy and 

compare the network prediction to the outcome of the gestation. Following a review of feature weights 

and validation of the network, we could conduct iontophoretic assessments on a prospective basis in 

women receiving LD-ASA prophylaxis for high risk of PE. A study of this clinical population would 

ensure that a small subset of recruits would eventually develop PE. Through this design, network 

performance in segmenting and classifying iontophoretic data based on spatial information can be 

assessed. While we do not hypothesize that spreading perfusion will be predictive of PE per se, repeat 

measurements in high-risk gestations could clarify if postpartum iontophoretic trends identifiable by the 

network are also present at some point during the complicated pregnancy.  

7.6 Ongoing study: Postpartum low-dose aspirin after preeclampsia for optimization of 

cardiovascular risk 

7.6.1 Knowledge gap 

We have demonstrated that maternal microcirculatory and conduit artery alterations persist after PE 

(Chapters 2 and 3). These alterations, congruent with the observations of others, are potentially indicative 

of mechanisms associated with PE that contribute to future disease (31). Currently, clinical therapeutics 

do not exist for mitigating the risk of adverse cardiovascular outcomes in women after PE save for 

prescription of anti-hypertension medications and statins. Lifestyle modifications such as weight loss and 

improved diet/physical activity status are also effective strategies that can be relayed to patients at 

postpartum clinics with good outcomes (92, 192, 389). Postpartum follow-up and maternal health 

surveillance programs effectively translate knowledge to patients and initiate treatment before the onset of 

disease. However, they may not be effective in completely ameliorating vascular changes associated with 

PE. The following proposes that postpartum acetylsalicylic acid (ASA) is a promising avenue for future 

research following a pregnancy complicated by PE.  
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7.6.2 Cyclooxygenase 1 and 2 in the control and deregulation of vascular tone 

Vascular tone is regulated in part by the action of endothelial cyclo-oxygenase 1 (COX-1) and cyclo-

oxygenase 2 (COX-2) (Figure 16). COX-1 and COX-2 are membrane-bound enzymes that function in 

many different tissue subtypes (483). Since COX isoform expression and induction vary considerably 

across species, and in vivo measurement of COX activity in humans is difficult, their precise 

physiological function is still evolving (205). Both COX isoforms produce prostanoids- a wide range of 

eicosanoids including prostacyclins, thromboxanes, and prostaglandin- from arachidonic acid (346).  

Prostaglandin subtypes are numerous, with many confirmed sub-classifications vary in function between 

the tissue of origin (132). The major subtypes relevant to vascular function are thromboxane A2, 

prostaglandin D2, prostaglandin E2, prostaglandin F2alpha, and prostaglandin I2, as well as 15-

hydroxyeicosatetraenoic acid (15-HETE), which is converted to lipoxin (discussed below) (51). The 

functional differences between COX-1 and COX-2 are still not completely understood. Currently, COX-1 

is understood as a “housekeeping” enzyme that preserves the balance of vasodilators and vasoconstrictors 

in the endothelium. COX-2 is termed “inducible” because of its increased activity in cardiovascular 

disease and its role in mediating inflammatory processes (26, 254).  

Vascular tone overall is the sum of vasodilatory and vasoconstrictive stimuli that reach vascular 

smooth muscle cells. COX-mediated vascular control is complex, and metabolites of arachidonic acid 

may simultaneously induce vasodilation and vasoconstriction (109). Concerning vasoconstriction, the 

wide variety of eicosanoids synthesized by COX-1 from arachidonic acid interact with varying affinities 

to the thromboxane-prostanoid receptor on smooth muscle cells (125, 274). The comprehensive role of 

these so-called endothelium-derived contracting factors in health and disease is still a topic of ongoing 

study. Some COX-1 products also drive the formation of superoxide, which can reduce free nitric oxide 

and therefore the balance of vasodilatory/vasoconstrictive stimuli (125, 441). However, some studies 

suggest COX isoforms may also have a role in acetylcholine- and exercise-mediated vasodilation, and 

vasodilation occurring in active heating (206, 262). Murine investigations also identify that COX-1 
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Figure 16. Simplified mechanisms of cyclooxygenase-1 and -2 in microvascular vasodilation.  
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plays a role in cerebral vasorelaxation induced by arachidonic acid and resistance artery vasodilation to 

acetylcholine (303, 368). In contrast, the activity of endothelial COX-2 appears to increase as a response 

to decreased NO bioavailability and to production of superoxide through P38 mitogen-activated protein 

kinase-dependent signaling (125). Following COX-2 induction, production of thromboxane A2, 

prostaglandin E2, and prostaglandin F2alpha are increased, leading to a shift in contraction/dilation 

balance (465). In turn, binding prostaglandin E2 to its receptors initiates platelet aggregation, increased 

macrophage and immune cell adhesion/infiltration, and production of pro-inflammatory cytokines (173). 

The precise role of endothelial COX isoforms in cardiovascular disease development remains to be 

fully determined. However, spontaneously hypertensive rats display reduced endothelial-dependent 

vasodilatory function improved with aspirin and other COX-specific inhibitors, suggesting that COX-

dependent effects are responsible (254). Rats treated with the NOS inhibitor L-NAME develop 

hypertension concomitant with increased COX-2 expression, suggesting that the enzyme is induced by the 

reduction in NO (95). These findings were echoed in studies of hypertensive patients who had blunted 

acetylcholine-mediated dilation, which was recovered with the COX-2-specific inhibitor DuP-697 (448). 

Additionally, administration of indomethacin, a COX-1-specific inhibitor, causes recovery of vasodilatory 

potential in the forearm of essential hypertensive patients, implying that aberrant production of 

vasoconstrictor prostanoids is involved (414).  

7.6.3 Cyclooxygenases and the etiology of preeclampsia 

Evidence suggests that COX-1 and -2 hyperactivity may contribute to the maternal syndrome of PE. 

PE is biochemically characterized by a reduction in the maternal prostacyclin:thromboxane ratio (91). The 

PE placentae produces half as much prostacyclin, and three times more thromboxane than normotensive 

placentae (149, 452). The exact cause of this change is unknown, but oxidative stress is thought to 

contribute to early aberrations in the placental production of these factors (452). Thromboxane released 

from the PE placenta, aggregating, activated platelets, and activated neutrophils exacerbate the existing 
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vasodilatory/vasoconstrictive balance in maternal blood vessels, leading to hypertension and endothelial 

dysfunction (308, 377). Accordingly, COX-1 and -2 activity are higher in the placentae, subcutaneous fat, 

and circulation of PE versus control women (149, 377, 452). Angiontensin II sensitivity in PE through 

AT1 receptor-mediated signaling leads to increased NADPH oxidase activity, increasing endothelial free 

radical production and nitric oxide scavenging, and activity of endothelial COX-2 in turn (466). Finally, 

placental microparticles have been shown to induce human endothelial COX-2 expression and markers of 

reactive oxygen species (ROS) stress in vitro (271). Taken together, COX-1 and -2 appear to potentiate 

endothelial-specific effects of PE through altered production of eicosanoids and increased oxidative 

stress, leading to increased baseline vasoconstriction and reduced vasodilatory capacity.  

7.6.4 Aspirin as cyclooxygenase-specific preeclampsia prophylaxis 

The involvement of COX isoforms in PE etiology has led to the adoption of low-dose acetylsalicylic 

acid (LD-ASA) as a preventative agent in women at risk for the disease. Low dose-ASA is one of the 

oldest and most frequently-used drug compounds globally, and is a mainstay for thrombotic prophylaxis 

as it interferes with platelet aggregation (467). The ASA compound is composed of a salicylate and a 

reactive acetyl group with distinct anti-platelet and anti-inflammatory functions. The most well-known 

function of ASA comes from the irreversible acetylation of serine-530 on cyclooxygenase-1 (COX-1) and 

-2 (COX-2) enzymes (440). In platelets, ASA-mediated acetylation of COX isoforms prevents the 

downstream formation of thromboxane and platelet aggregation, leading to an increase in the ratio of 

prostaglandin to thromboxane (313). Therefore, in the context of PE, ASA exerts a multi-modal effect 

that mediates platelet aggregation and pro-inflammatory conditions which could lead to clinically 

significant disease.  

Owing to this anti-thrombotic, pro-vasodilatory function, ASA has gained widespread use in 

obstetrics as prophylaxis in people who are at high risk for PE. Early administration of ASA at or before 

16 weeks’ gestation is linked to between 20-75% reduction in early-onset PE incidence among women at 
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high risk (340, 345, 467). The World Health Organization recommends LD-ASA for reduction in early-

onset PE and growth restriction and placental abruption in high-risk pregnancies (467). The precise 

mechanism underlying reduced PE risk following LD-ASA is unknown. However, LD-ASA may 

promote endothelial function by stabilizing local prostaglandin/thromboxane concentrations, which 

become deregulated in the maternal syndrome of PE, and control of placental anti-angiogenic factors 

(227, 409). Additionally, LD-ASA interferes with platelet aggregation and immune activation, 

contributing to the maternal phenotype of the disorder (26). Finally, LD-ASA may also improve 

trophoblast function through reductions in inflammation and enhancement of placental growth factors, 

and facilitate uterine spiral artery remodeling, explaining the lack of therapeutic benefit if initiated after 

placentation (308, 344, 409). Overall, the regulatory effects of LD-ASA on COX make it well-suited for 

PE prevention, regardless of the mechanism responsible.  

7.6.5 Aspirin as a vascular recovery agent following preeclampsia 

Postpartum studies of aspirin and maternal vascular function after PE are few and far between. One 

placebo-controlled study of aspirin after PE was conducted recently by Abdi et al. on women in early 

pregnancy (12-15 weeks’ gestation), to mitigate PE risk in the subsequent pregnancy (1). Women 

receiving aspirin had both lower risk of PE and blood pressure compared to women receiving placebo. 

However, mechanistic studies of aspirin concerning postpartum vascular function are needed. 

Experimental evidence suggests that LD-ASA ameliorates endothelial COX-1 and -2 mediated 

dysfunction that could occur during PE. sFLT-1 is increased in PE placentae, and is a central regulator of 

inflammatory and anti-vasodilatory signaling which occurs in the condition (227). In vitro administration 

of LD-ASA and the COX-1 specific inhibitor sc-560 normalizes sFLT-1 release from PE trophoblasts to 

similar degrees, implying that LD-ASA exerts its beneficial effect through COX-1 inhibition  (227). 

Additionally, LD-ASA reduces NF-kB-mediated inflammatory signaling and enhances endothelial NOS 

signaling in human umbilical vein endothelial cells exposed to increased tumor necrosis factor alpha in 
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PE (211, 228). Spontaneously hypertensive non-pregnant rats and mice with ANGII-mediated 

hypertension display resistance artery vasodilatory dysfunction, which is abolished following either 

antioxidant or aspirin administration, suggesting that COX-2 -mediated superoxide production is a 

significant contributor to the initial dysfunction (254). Preeclampsia shares many features with essential 

hypertension, including endothelial dysfunction, reduced plasma nitric oxide, and immune activation 

(164, 295). Additionally, up to 40% of PE patients develop essential hypertension within 2 years 

postpartum (266). Therefore, the effects of LD-ASA in essential hypertensive patients may serve as a 

model of COX inhibition and vascular recovery. Blunted vascular responsiveness to acetylcholine in 

essential hypertensive patients is improved by COX-2 inhibition (448). A separate evaluation of patients 

with essential hypertension saw improvements in impaired brachial flow-mediated dilation after LD-

ASA, followed by increased plasma levels of cyclic GMP products (277). Investigators reasoned that 

perhaps because of endothelial COX inhibition, NO production increased to correct the initial dysfunction 

(277). Finally, aspirin has also been shown to protect against hydrogen peroxide-induced oxidative stress 

in an endothelial cell disease model (157).  

Another potential function of LD-ASA is the reduction of immune activation following PE. Maternal 

immune activation is a key component of the PE syndrome caused by sensitivity to placental 

microparticles. In PE, maternal immune hyperactivity includes exaggerated activation of maternal 

neutrophils, higher activity of vascular NADPH oxidase, higher circulating immune factors such as IL-6, 

C-reactive protein, and uric acid, and increased monocytic and CD4/CD8 T cell recruitment (60). 

Neutrophil COX-2 induction is also increased in PE, which directly mediates increased IL-8 production 

by these cells (26). Maternal immune cell hyperactivation in PE directly affects endothelial function and 

microvascular tone and contributes to the vascular injury sustained during PE. Of note, inflammation 

linked to PE appears to persist into the remote postpartum. C-reactive peptide, IL-6, and fibrinogen 

remain elevated months to years into the postpartum after PE (214, 438). Investigations of acute phase 

immune responses to the influenza vaccine reveal an exaggerated inflammatory response among women 
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with previous PE (438), suggesting a persistent elevation of toll-like and NOD-like receptor activation. 

Immune hyperactivation, as occurs after PE, would exert a direct effect on microvascular function 

through suppression of nitric oxide, immune cell activation/adhesion, and increased oxidative stress in the 

endothelial micro-environment. We hypothesize that postpartum administration of LD-ASA would have a 

direct anti-inflammatory effect, reducing microvascular functional outcomes of PE. First, COX-2 

inhibition in neutrophils and other immune cells would reduce the release of pro-inflammatory cytokines 

(26, 308, 344). Chemotactic signaling and recruitment of immune effector cells would also decrease with 

reductions in IL-8 (26). LD-ASA also reduces C-reactive peptide concentrations in patients with 

hypertension (481). Of particular relevance to our hypothesis is a study conducted by Kharbana et al., 

who tested the acute endothelial response to an influenza vaccine in healthy participants before and after 

oral LD-ASA administration (208). Systemic inflammation attributable to the acute phase responses 

triggered reduced endothelial function in a brachial flow-mediated dilation test. However, after 

administration of oral LD-ASA, brachial endothelial function had completely recovered (208). This 

suggests that acute-phase inflammatory stress is sufficient to cause endothelial dysfunction and that COX-

1 and -2 inhibition with LD-ASA abrogates this effect. Another direct anti-inflammatory effect of LD-

ASA comes from the reaction of aspirin with HETEs, which form the aspirin-triggered lipoxins 15-epi-

LXa and 15-epi-LXB (346). Aspirin-triggered lipoxins are known immunoresolvents that terminate 

tissue-based inflammatory processes through reduced vascular adhesion and degranulation, eliminating T 

lymphocyte-mediated tumor necrosis factor alpha production, and upregulation of monocytic chemotaxis 

(346).  

 Low-dose aspirin may also exert a positive effect on micro-RNAs (miRNAs) upregulated in PE. 

MiRNAs are small non-coding RNAs that are regulated epigenetically and post-transcriptionally control 

protein expression. Aberrant expression of miRNAs is implicated in cardiovascular disease (200, 387). 

Several miRNAs with pro-inflammatory roles have been identified in the placentae and serum of women 

with PE (191, 476). While no research on postpartum LD-ASA use and miRNAs could be found, LD-
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ASA could positively affect miRNAs which may contribute to long-term risks associated with PE. miR-

155, for example, is an RNA molecule that is upregulated in the plasma and placenta of women with PE 

(191, 229). While its role is not completely understood, miR-155 is upregulated specifically by TNF-a, 

and reduces eNOS activity in PE (211). However, in a human umbilical vein endothelial cell model, TNF-

a-mediated miR-155 activity is downregulated with the provision of ASA and restores eNOS function 

(211). In this study, investigators additionally demonstrated that this mechanism is COX-independent.  

A significant knowledge gap exists regarding the mechanisms which underlie PE’s association 

with downstream maternal health consequences. However, endothelial dysfunction has been identified as 

a precursor to hypertension and atherosclerosis and a postpartum outcome of PE. In addition to 

postpartum functional changes outlined in Chapter 2, levels of endothelial dysfunction markers in the 

postpartum strongly suggest that inflammation, nitric oxide depletion, and oxidative stress may still be at 

play (26, 60, 214, 362). Given COX’s apparent central role in vascular tone and inflammation and its 

close association with local concentrations of nitric oxide, it is speculated that COX deregulation may 

exacerbate existing progressive dysfunction after PE. Therefore, we hypothesize that the use of LD-ASA 

in the early postpartum will improve maternal endothelial function, decrease inflammation, and 

downregulate the production of pro-inflammatory miRNAs, allowing for enhanced vascular recovery 

after PE.  

7.6.6 Methods 

The above evidence strongly suggests that postpartum LD-ASA could accelerate maternal 

vascular recovery after PE. To test this hypothesis, we have initiated a prospective, placebo-controlled, 

double-blind study currently active at Kingston Health Sciences Center (KHSC). The primary objective of 

our study is to assess microvascular responses in recently severely preeclamptic women receiving 81 mg 

daily of LD-ASA or a placebo for six months. Secondary objectives include measurement of changes to 

humoral s-Flt1/placental growth factor (PLGF), as well as pro-inflammatory markers during the study 
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period. All women eligible for the present study are recruited at the bedside upon delivery at KHSC, 

using the following inclusion and exclusion criteria: 

7.6.7 Inclusion Criteria 

1. Confirmed severe PE diagnosed prior to delivery  

a. PE defined as: Blood pressure > 140/90 AND proteinuria > 8 urine 

albumin:creatinine ratio (uACR), and 

b. Severe PE defined as the presence of one or more of the following:  

i. systolic blood pressure  160mmHg and/or diastolic blood pressure  110 

mmHg on 2 occasions at least 4 hours apart, 

ii. new onset cerebral or visual disturbance, 

iii. severe persistent right upper quadrant pain or serum transaminase 

concentrations  2 times the upper limit of normal, 

iv. thrombocytopenia (platelets < 100 x 109/L), 

v. renal insufficiency (serum creatinine > 97.2 mol/L), 

vi. pulmonary edema, 

vii. presence of intrauterine growth restriction (IUGR); <10th percentile, fetal 

weight for gestational age, or 

viii. preterm ( 36 +6/7 weeks) 

2. A singleton gestation 

3. Gestation between 24+0/7 to 40+6/7 weeks. 

7.6.8 Exclusion criteria 

1. Multiple pregnancy 
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2. Chronic hypertension prior to pregnancy 

3. Cardiovascular disorders: Unstable angina pectoris, heart failure, life-threatening arrhythmia, atrial 

fibrillation, kidney failure 

4. Known allergy or sensitivity to aspirin  

5. Any medical comorbidity that is a contraindication to LD-ASA: Hemophilia or other bleeding disorder; 

History of gastrointestinal bleeding; Renal failure; Severe liver disease; Thrombocytopenia; G6PD 

deficiency; Gout 

6. Recent history of drug/alcohol abuse (< 1 year prior to delivery), or receiving treatment for such 

7. Nasal polyps 

8. Hypercholesterolemia requiring pharmaceutical treatment 

9. History of pre-existing diabetes 

10. Raynaud’s phenomenon 

11. Collagen-vascular disease: Lupus; Scleroderma; Rheumatoid arthritis 

12. Ongoing use of any of the following medications: methotrexate, anti-coagulants, thrombolytics, oral 

hypoglycemics, uricosuric agents, valproic acid, glucocorticosteroids, digoxin 

 

The above criteria allow for a cohort which is eligible to receive regular LD-ASA, and does not have any 

comorbidities that would affect dermal microvascular dynamics. We excluded for multiple pregnancies to 

isolate the effect of a complicated singleton gestation. We wished to isolate women who would be 

deemed clinically healthy, so we additionally excluded for pre-pregnancy existence of major 

cardiovascular diseases. 

7.6.9 Randomization scheme 
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81 mg oral LD-ASA and placebo (sodium bicarbonate) were encapsulated by a third-party 

pharmaceutical company, who also carried out block randomization in a 1:1 scheme by treatment arm. To 

prevent over-representation of early- or late-onset PE in treatment arms, 2,4- block randomization was 

used with unique allocation sequences for <37 and >37 weeks’ gestation. All directly involved staff, 

including study physicians and research personnel, are blinded to the identity of each study drug. The 

allocation scheme is retained by a research manager uninvolved with recruitment to prevent accidental 

unblinding.  

After consenting, participants are assigned in order to their respective stratum, receive their study 

drugs, and are instructed to take one pill daily. 

7.6.10 Visit 1: Post-delivery 

Prior to discharge after delivery, participants are brought to a clinical lab for demographic, 

biochemical, and iontophoretic assessment. A standardized clinical questionnaire assesses social history, 

personal medical history, and family history. Blood pressure is taken before vascular assessment as the 

average of five consecutive measurements with an automated controller.  

Next, blood is collected from the left arm via venipuncture in one 10-mL 

ethylenediaminetetraacetic acid-coated vacutainer from all participants. Vacutainers are inverted 5- 10x to 

mix blood and anti-coagulant components and stored on ice before processing (max. 2 hours). Blood is 

centrifuged at 3600xg for 10 minutes at room temperature to isolate serum fractions. Serum fractions are 

stored at -80°C in 4x 500uL aliquots until further analysis of fms-like tyrosine kinase 1 (sFlt-1) and PLGF 

using commercial ELISA. We are collecting more serum than is explicitly required by sFlt-1/PLGF 

measurements and will use additioanl sample to test for pro-inflammatory factors to be determined. We 

will focus on factors that are shown to be elevated in women after PE, including C-reactive peptide, 

interleukin-6, and miR-155 (211, 438, 450). 
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Next, 1% w/v preparations of acetylcholine (ACH) and sodium nitroprusside (SNP) in distilled 

deionized water are introduced to Perspex iontophoresis chambers attached to the right volar forearm. 

ACH and SNP solutions are added to anodal and cathodal leads, respectively. The iontophoretic protocol 

involves 15 minutes of continuous monitoring and five minutes of drug administration initiated by a 

microamperage controller. Perfusion changes are visualized with a laser speckle contrast imager (LSCI). 

After a baseline period of 5 minutes, one continuous, simultaneous dose of ACH and SNP at 20uA (each 

lead respectively) is initiated for 200 seconds, delivering 4.0 mC of total charge over 3.33 minutes. A low, 

continuous dose was adopted for this study based on evidence that it minimizes non-specific (i.e. axonal) 

vasodilation and that a continuous dose elicits greater vasodilation compared to smaller repeated doses 

(110, 237). After completion of the iontophoretic protocol, the return to baseline is monitored for the 

remaining time. Variables of interest include maximum flux, time to maximum flux, time to recovery, the 

total area under the curve, and vasodilation, expressed as the ratio between baseline and the observed 

maximum response. 

7.6.11 Visits 2 and 3: 1- and 6-month follow-up 

Following discharge, participants are instructed to begin study medication after the cessation of 

any non-steroidal anti-inflammatory drugs and to communicate with study coordinators the day they 

begin the drug course.  

At one month postpartum, participants return to the KHSC, where they undergo another 

iontophoresis protocol, with the configurations above. Additionally, participants fill out a questionnaire 

pertaining to adverse events or medical care received after study enrolment. 5-measurement BPTru, 

height, weight, and waist circumference are also recorded. Adverse events are queried in subsequent 

months via e-mail, with the same questions used at the 1-month follow-up. Finally, at six months 

postpartum, a third visit occurs with the same structure and deliverables as the first. Additionally, 
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participants bring their pill bottles to the final appointment to allow for pill-counting by study 

investigators.  

7.6.12 Proposed analyses 

In accordance with our plan for analysis and unblinding, there will not be any formal analyses of 

study data until recruitment is complete in 2022. However, current recruitment statistics and study 

participant characteristics are summarized in the following section. Descriptive statistics are reported as 

frequencies, mean +/- standard deviation, or median (interquartile range). Graph Pad Prism 8.2.1 for Mac 

OS X (GraphPad Software, San Diego, California USA, www.graphpad.com) was used for analyses.  

7.6.13 Expected results: Biochemical 

As part of our follow-up scheme, we are measuring maternal plasma levels of sFlt-1 and PLGF at 

0 and 6 months postpartum. sFlt-1 and PLGF act and change oppositionally during PE. sFlt-1 acts as a 

powerful anti-angiogenic factor, increasing with gestation in PE until delivery (405). PLGF is associated 

with placental development and is significantly lower in PE gestation (141). Compared to normotensive 

pregnancies, PE pregnancies display a heightened sFlt-1:PLGF ratio, which has led to some investigation 

about its utility as a biomarker for the condition with mixed results (41, 69, 244).  

While we predict the sFlt-1:PLGF ratio in our cohort will be higher than normotensive 

pregnancies at the first visit, the profile of sFlt-1:PLGF at 6 months postpartum is less clear. sFlt-1 rapidly 

declines in the postpartum to less than 1% of pregnancy values following the removal of the placenta 

(359). PLGF values drop to 30% of pregnancy values (359). However, the rate of decline in sFlt-1, and 

whether this can be modulated with LD-ASA, remains controversial. Some investigations have observed 

increased sFlt-1 after PE compared to normotensive pregnancies, while others fail to measure a difference 

(292, 359, 464). We will not be able to comment in the present study on the rate of decline, given that we 

are performing two blood samples at 1 and 6 months postpartum. We predict that inter-group differences 

http://www.graphpad.com/
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in sFlt-1 will not be present, but the provision of aspirin will counteract the effects of sFlt-1 on 

endothelial functioning.  

7.6.14 Expected results: Iontophoretic values 

 In Chapter 2, we examined micro-vasodilatory function after PE, finding that severe PE was 

associated with heightened endothelial-dependent and -independent vasodilation. We hypothesized that 

underlying vasoconstriction due to nitric oxide depletion and oxidative stress was the culprit for these 

findings. Importantly, we hypothesized that endothelial function would still be preserved in response to a 

supraphysiological dose of acetylcholine or sodium nitroprusside, and that both previously PE and 

normotensive women would vasodilate to the same degree of absolute flux.  

 The evidence above suggests COX isoforms as central regulators of nitric oxide depletion and 

inducible inflammatory processes in disease. Inhibition of COX in humans with essential hypertension 

and mouse models of PE leads to vascular recovery and normalization of vascular reactivity (254, 277, 

448). Therefore, we hypothesize that inhibition of these processes in study participants will normalize 

baseline vascular tone. We predict that this will manifest as a reduction in total vasodilation in the 

treatment arm at 6 months postpartum, preserving the maximum flux values between treatment and 

placebo. This reflects the inhibition of aberrant COX-mediated production of prostanoids, leading to 

improvements in baseline vascular tone. The optimal length of time for LD-ASA to provide vascular 

benefit is controversial, and therefore we predict that a difference between the study groups may not yet 

be apparent at 1 month postpartum. 
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Appendix A 

Micro-vasodilatory profile stratification by cardiometabolic risk 

Disentangling any independent effects of preeclampsia (PE) from the maternal cardiometabolic 

background is necessary for understanding how the disorder may predispose women to adverse health 

outcomes in later life. A central remaining question in PE research is whether it manifests as a 

superimposition on, or a function of, maternal pre-pregnancy cardiovascular dysfunction and thus 

independently contributes to downstream risk. A considerable body of work on pre-pregnancy body mass 

index (BMI), blood pressure, and metabolic/immune factors strongly suggests an adverse risk profile 

predisposes one to PE (4, 5, 30, 40). However, some have suggested that certain manifestations of PE 

may follow from aberrant placentation due to factors other than cardiovascular risk per se (48, 49). There 

could reasonably be contribution to future maternal cardiovascular risk beyond a woman’s pre-pregnancy 

risk profile in these subtype of PE.  

Our study identifies endothelium-dependent and -independent micro-vasodilatory dysregulation 

in mothers with prior PE and demonstrate through MANCOVA analysis that BMI, a cardiometabolic risk 

factor, acts as an effect modifier. However, additional analyses of microvascular response profiles by 

integrative, validated metrics of cardiovascular risk may supplement our interpretation of these findings.  

To this end, we employed a well-validated risk stratification model developed by Pencina et al., 

which uses follow-up data from the Framingham cohort to estimate the 30-year risk of cardiovascular 

disease (expressed as a percentage value) given a person’s sex, age, systolic blood pressure, smoking 

status, body mass index (BMI), as well as the presence of diabetes or medically-managed hypertension 

(44). To assess the association of 30-year risk with microvascular function, we calculated 30-year risk 

scores and categorized them by determining tertiles of the final dataset, then rounding down to the nearest 

whole number to include all identical scores in the same risk category. In the final dataset, Low Risk 

(n=27) included all participants with a 30-year risk score of 6% or lower; Moderate Risk (n=19) included 
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those between 7% and 9%; and High Risk (n=14) included participants with scores greater than 9%. As 

an additional post-hoc analysis, we also compared vasodilatory profiles between Low Risk and High Risk 

categories with prior PE or uncomplicated pregnancy (4 groups total). A 3 x 3 contingency table with 

Chi-Square analysis was also constructed to test for differences in risk category across control (n=30) and 

mild (n=14) and severe (n=16) PE. In participants with available bloodwork, we also created categories of 

lifetime risk scores (all optimal, >1 suboptimal, >1 elevated), adapted from a prior study which calculated 

lifetime risk score categories from Framingham Heart Study participants (44). Lifetime risk score 

categories are calculated based on serum cholesterol and fasting glucose, systolic and diastolic blood 

pressure, and smoking status (27). Lower participant compliance with this part of the study led to smaller 

categories being created (All Optimal: n=20; >1 Suboptimal: n=10; and >1 Elevated: n=8). All 

comparisons of vasodilatory profiles were performed with mixed analysis with multiple comparisons 

correction, with P<0.05 set as our alpha. All possible comparisons of 30-year risk groups were performed, 

while for lifetime risk scores, All Optimal (n=20) was chosen as the reference group. 

Proportions of control, mild PE, and severe PE participants did not vary significantly in 

representation across risk categories (P=0.23). We found that acetylcholine-mediated vasodilation 

(vACH) was not different between Low and Moderate 30-year risk (P=0.86) (Figure 17). However, High 

Risk individuals had significantly lower vACH compared to Low Risk (P=0.04) and Moderate Risk 

(P=0.02). Sodium nitroprusside-mediated vasodilation (vSNP) did not differ between Low and Moderate 

Risk (P=0.29); Low and High Risk (P=0.20); or Moderate and High Risk (P=0.05). In comparing low- 

and high-risk categories by pregnancy outcome, control participants with high cardiovascular risk had 

significantly lower vACH and vSNP compared to controls with low cardiovascular risk (P=0.025; 

P<0.0001, respectively), preeclamptics with high cardiovascular risk (P=0.024; P=0.008, respectively), 

and preeclamptics with low cardiovascular risk (P=0.0003; P=0.0005, respectively) (Figure 18). For  
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Figure 17. Acetylcholine-mediated vasodilation in response to stepwise iontophoretic current, 

stratified by Low Risk (<7%); Medium Risk (<7-9%); and High Risk (>10%) Framingham 30-Year 

risk scores. 

 

 

* indicates statistically significant difference between Low Risk (<7%) and High Risk (>10%), (P=0.04).  

 indicates statistically significant difference between Medium Risk (7-9%) and High Risk (>10%), (P=0.02). 
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Figure 18.Acetylcholine-mediated vasodilation in response to stepwise iontophoretic current, 

stratified by Low Risk (<7%) and High Risk (>10%) Framingham 30-Year risk scores, and pooled 

preeclampsia (PE) or control (CTRL) groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* indicates statistically significant difference between CTRL, High Risk (>10%) and CTRL, Low Risk (<7%) 

(P=0.03).  indicates statistically significant difference between CTRL, High Risk (>10%) and PE, Low Risk 

(<7%) (P=0.0003). • indicates statistically significant difference between CTRL, High Risk (>10%) and PE, 

High Risk (>10%) (P=0.023). 
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* indicates statistically significant difference between CTRL, High Risk (>10%) and CTRL, Low Risk (<7%) 

(P<0.0001).  indicates statistically significant difference between CTRL, High Risk (>10%) and PE, Low 

Risk (<7%) (P=0006). • indicates statistically significant difference between CTRL, High Risk (>10%) and 

PE, High Risk (>10%) (P=0.008). 
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Figure 19. Sodium nitroprusside-mediated vasodilation in response to stepwise iontophoretic 

current, stratified by Low Risk (<7%) and High Risk (>10%) Framingham 30-Year risk scores, 

and pooled preeclampsia (PE) or control (CTRL) groups. 
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individuals with calculable lifetime risk scores (n=38), vACH and vSNP were not different between All 

Optimal (n=20) and >1 Suboptimal (n=10) (vACH: P=0.14; vSNP: P=0.09, respectively), nor All Optimal 

(n=20) and >1 Elevated (n=8) (vACH: P=0.41; vSNP: P=0.91, respectively) (Figure 19). 

Taken together, these data suggest that women with the highest index of 30-year cardiovascular 

risk exhibit reduced endothelium-dependent vasodilation. But, there was no difference in risk group 

scores between Control, Mild and Severe PE, suggesting that the pregnancy complication did not play a 

role in mitigating this effect. Finally, women with high cardiovascular risk and normotensive pregnancy 

appear to have the lowest endothelium-dependent and independent vasodilation. While endothelium-

independent vasodilation may also be affected by risk, enhanced recruitment is needed to clarify this 

finding. Assessment of vasodilation by lifetime risk categories would similarly benefit from enhanced 

recruitment.  

Our findings align with several investigations of micro-vasodilatory function and cardiovascular 

risk. Endothelium-dependent iontophoretic responses are attenuated in individuals with obesity, 

hypertension, and diabetes (8, 26, 39). Investigations of disease-free participants with increased risk have 

found a similar trend (14, 20). These studies suggest that the reduced endothelial function is an indicator, 

if not a harbinger, of future cardiovascular disease. Indeed, gradual derangements of endothelial function 

such as vasoconstriction and oxidative stress, followed by atherogenesis and progressive vascular 

structural adaptations, predates clinically significant cardiovascular disease (41, 66).  

Directionality of these observed changes in high-risk individuals (decreased endothelium-

dependent vasodilation) is at apparent odds with our findings in individuals who have had severe PE 

(increased endothelium-dependent vasodilation). In the literature, women in the first years postpartum 

after PE exhibit heightened endothelium-dependent function, while those with higher cardiovascular risk 

display reduced endothelium-dependent and -independent function (7, 8, 25, 26, 38, 67, 70) . Since there 

are no differences in PE status between Low, Moderate, and High-risk groups, we propose that these 

reductions in endothelium-dependent vasodilation occur independently of pregnancy course, and vascular 
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adaptations to PE are superimposed on the reduction on microvascular function induced by increased risk. 

While enhanced recruitment would help to reduce the effect of response heterogeneity, Figure 18 and 

Figure 19 appear to demonstrate that the low-risk PE participants, who would have the lowest pre-

pregnancy reduction in endothelial function, have the greatest increase in vasodilation associated with PE. 

Likewise, high-risk PE participants significantly differ from high-risk controls, suggesting that there is an 

additional effect of PE even after controlling for pre-existing risk. However, the question still remains 

about the cause of this functional change; how it compares to pre-pregnancy function; and to what extent 

it contributes to increased risk later in life. A longitudinal study of primiparous women which includes 

microvascular assessments prior to pregnancy, during early pregnancy, and in the postpartum period 

would be an ideal for answering this question. However, a study of this nature would be challenging to 

execute given that there is a low overall risk of PE, and women at greatest risk for the condition will 

likely already be receiving low-dose aspirin prophylaxis (68). Additionally, approximately 40 % of 

pregnancies are unplanned, making it even more difficult to recruit women for assessment before 

pregnancy (52). A study of this nature would take many years and likely require hundreds of participants 

to accrue a suitable case population for assessment. 

Based on the present secondary analysis, we speculate that individuals with increased 

cardiovascular risk prior to pregnancy display differences in micro-vasodilatory function following PE. 

These results extend and contextualize the findings of our original study, which identified BMI as an 

effect modifier, and suggests that the effects of PE across low- and high-risk categories may be 

superimposed upon a patient’s pre-existing risk profile. Future studies, including pre-pregnancy 

measurement of vascular function within risk categories, would help to clarify any changes due to PE.  
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Appendix B 

Examining correlation between microvascular and large-vessel functional 

variables 

 

Studies undertaken in Chapters 2 and 3 have identified microcirculatory and large-vessel alterations 

following severe PE in the same population of women. In the prior discussion, we pose that 

microvascular dysfunction following PE stems from a persistent micro-vasoconstrictive phenotype, which 

represents a maternal microvascular adaptation to the condition. However, we hypothesize that carotid 

artery stiffness, which also occurs in women following PE, is more likely to reflect pre-pregnancy risk 

based on existing data on structural asymmetry within these vessels (106, 172, 243). While these 

hypotheses may appear in conflict, PE development is a vast interplay of lifestyle and circumstantial 

factors in pregnancy, and outcomes from the condition could be influenced by pre-existing factors and 

adaptations to the disease state. Additionally, vascular control mechanisms differ between vessels of 

different caliber, so pathologic alterations in the microvasculature, especially those which concern nitric 

oxide flux/handling, may not necessarily correlate to changes in larger vessels (71, 187, 381, 384). 

However, it would be beneficial to assess microvascular functional changes with structural changes in the 

carotid arteries. If the two domains were correlated, this may point to the existence of an upstream factor 

or mechanism that causes certain women to display “global” vascular dysfunction after PE, which would 

have relevance to future study.  

For this reason, we sought to measure the degree of correlation between microvascular functional 

responses and carotid data in the same subjects. We used Pearson’s correlation coefficient to assess 

bivariate linear correlation, with an alpha of P=<0.05 to determine statistical significance. Microvascular 

data included individual vasodilatory values for iontophoresis of acetylcholine (vACH) and sodium 

nitroprusside (vSNP). Carotid data included far-wall circumferential strain in the left (L-FWCS) and right 

(R-FWCS) common carotid artery, as well as left and right strain adjusted to pulse pressure and heart rate 
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(L-aFWCS and R-aFWCS). As an additional post-hoc analysis, Pearson’s correlation coefficient 

assessments were repeated within each subgroup of control (CTRL), mild PE (MILD-PE), and severe PE 

(SEV-PE) to assess any within-group correlations.  

 When examining correlations between vACH and L-FWCS, vACH at 100uA of current was 

negatively correlated with L-FWCS (100uA, R = -0.238, P= 0.042). vAch at 20uA and 50 uA was not 

significantly correlated with L-FWCS (20uA, R = 0.067; 50uA, R = 0.063). This trend was not observed 

when comparing L-aFWCS to vACH. vSNP was not correlated to L-FWCS or L-aFWCS. Finally, vACH 

or vSNP were not correlated to R-FWCS or R-aFWCS (Table 18). Next, we assessed the linear 

correlation between the above variables but stratified them into subgroups of PE severity. There were no 

correlations between vACH/vSNP and adjusted/unadjusted L/R-FWCS in any of the subgroups.  

 In summary, we did not find overwhelming evidence that vasodilatory responses to iontophoresis 

are correlated with measurements of carotid artery strain in all study groups. However, there was one 

significant finding that vACH at 100uA is modestly linearly correlated with L-FWCS, with vACH at the 

two lower doses approaching significance as well. This aligns with a pathophysiological understanding 

that atherogenic processes stem first from endothelial damage. Furthermore, the involvement of the 

endothelium in vasodilation is greatest at low iontophoretic charge deliveries, below the axon reflex 

threshold (237). Further participant recruitment is likely needed to clarify this trend. It should be noted 

that this finding does not completely align with our hypothesis that microcirculatory and carotid 

differences associated with PE come from different intersecting processes. For every unit increase in left 

carotid artery circumferential strain (inverse stiffness), vACH at 100 uA decreases. This would be 

indicative that those with PE-related increases in stiffness are also likely to have enhanced microvascular 

responsiveness. However, this association was not observed when examining within subgroups of disease, 

so further recruitment is required to fully explore this trend.  

 At present, we cannot conclude that microcirculatory functional variables are correlated with 

carotid strain parameters. This makes logical sense, as an iontophoretic response may not necessarily 



 

 

 189 

correlate with structural alterations in a different vessel subtype. To make a more direct comparison, 

paired direct structural or functional tests might be a better mode of assessment. When comparing 

structural changes in arteries, brachial pulse-wave velocity or augmentation indices may be worthy 

additions to our protocol (297, 410, 468). Furthermore, mechanisms of control, including basal nitric 

oxide signaling and the use of alternative vasodilators, differ between vessel beds in humans (381). 

Therefore, vascular alterations to PE may be blunted or absent outside of the microvascular domain.  

 The results above are suggestive that individuals who have the most microcirculatory 

dysregulation secondary to PE aren’t necessarily going to have concomitant increased carotid artery 

stiffness as well. This may highlight different pathognomonic mechanisms associated with the disorder 

that could possibly represent convergent routes to future maternal cardiovascular disease. Integrative 

measurements of vascular domains when examining outcomes associated with PE will aid in identifying 

clinical approaches to mitigating disease risk. Additionally, continued study of these outcomes will 

hopefully differentiate pre-existing from de novo risk stemming from PE. 
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Correlation between significantly different carotid artery parameters and dermal micro-vasodilation. * 

indicates significant trend (P<0.05) as assessed by Pearson’s correlation coefficient. R, Pearson’s R; 

FWCS, far-wall circumferential strain; Sig., statistical significance; vACH, vasodilation from 

acetylcholine; vSNP, vasodilation from sodium nitroprusside. 

 

       

Variable vACH1 vACH2 vACH3 vACH4 vACH5 vACH6 

Left mean FWCS (R) -0.24 -0.24 -0.26 -0.19 -0.16 -0.07 

Left mean FWCS (Sig.) 0.07 0.06 0.04* 0.14 0.23 0.59 

Left mean FWCS, adj. (R) -0.21 -0.24 -0.16 -0.07 -0.02 -0.06 

Left mean FWCS, adj. (Sig.) 0.12 0.07 0.23 0.61 0.86 0.66 

Variable vSNP1 vSNP2 vSNP3 vSNP4 vSNP5 vSNP6 

Left mean FWCS (R) -0.14 -0.10 -0.20 -0.14 -0.10 -0.08 

Left mean FWCS (Sig.) 0.28 0.45 0.14 0.28 0.44 0.56 

Left mean FWCS, adj. (R) -0.04 -0.03 -0.07 -0.03 -0.04 -0.04 

Left mean FWCS, adj. (Sig.) 0.74 0.8 0.61 0.79 0.76 0.76 

Table 18. Correlation between significantly different carotid artery parameters and dermal micro-

vasodilation. 
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