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Abstract

Introduction

Allostatic load refers to the cumulative burden of stress and life events that involve the
interaction of various physiological systems at differing levels of activity. Allostatic overload
occurs when environmental challenges surpass an individual's ability to cope. The COVID-19
pandemic has subjected pregnant women to an unprecedented amount of stress and uncertainty,
and this situation has been linked to higher rates of mental health disorders, especially during
lockdowns and the early stages of the pandemic. Contributing factors potentially include
gender-based violence, gender inequality, multidimensional poverty, barriers to healthcare,
isolation, and social restrictions, among others. Perinatal mental health disorders, such as
anxiety, depression, and stress, have lasting health effects on both mothers and their children
and could be significant risk factors for allostatic overload. Maternal mood and anxiety
disorders during pregnancy have been linked to cardiovascular diseases, particularly ischemic
heart disease, years after childbirth. Additionally, there is evidence showing the cardiovascular
impacts of COVID-19, including an increased expression of thrombosis biomarkers in patients
infected with SARS-CoV-2.

Aim

To evaluate the impact of allostatic overload during pregnancy, particularly in the context of
the COVID-19 pandemic, on mothers' cardiovascular health, children's neurodevelopment, and
the mother-child relationship.

Study design

We propose a historical cohort study focused on mothers who were pregnant during the
COVID-19 pandemic (2020-2021). We will retrospectively assess exposure to allostatic
overload during the perinatal period by triangulating both quantitative and qualitative data. The

outcomes for mother-child dyads will be evaluated prospectively.
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Methods

We propose to study 32 exposed and 64 control subjects to reject the null hypothesis that the
relative risk equals 1. This sample size was estimated to detect a significantly higher relative
risk of ischemic heart disease. The primary outcomes will be: 1) Manifestation or higher risk
of ischemic heart disease in the mothers. 2) Neurodevelopmental disorders in children. 3)
Alterations in the mother and child relationship. To assess exposure to allostatic overload, we
will conduct a clinimetric survey and narrative interviews to explore life experiences and
identify significant stressors during the perinatal period. The potential association between
allostatic overload and health later in life will be analysed using multivariable epidemiological
analyses and machine learning techniques.

Expected results

We anticipate a higher prevalence of allostatic overload in women who experienced pregnancy
during the first wave of the COVID-19 pandemic compared to the later period. It is proposed
that these women may face an increased risk of hypertension, endothelial dysfunction, and
ischemic heart disease due to allostatic overload. Additionally, we expect to observe changes
in plasma biomarkers related to cardiovascular health and a higher risk of neurodevelopmental
disorders in their children. Furthermore, increased parental stress associated with allostatic

overload during pregnancy may lead to a poorer mother-child relationship.
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1. Background of the study

1.1 Allostatic overload in pregnancy

Psychosomatic medicine is an interdisciplinary field that examines the interaction between
biological, psychological, and social factors in maintaining the balance between health and
disease (1). A key concept in this field is "allostatic load" (AL). Allostasis is the process by
which organisms actively adapt to predictable and unpredictable events. When the events and
context overcome the capacity to adequately maintain the allostasis, the "Allostatic Overload"
(AOL) emerges. AOL represents the stress and physical strain resulting from repeated
fluctuations in physiological responses and heightened activity of physiological systems in
response to challenges and changes in metabolism that can lead to disease (2).

External factors, including family, economic, and social environments, significantly influence
behaviours that promote or damage health. For example, during pregnancy, factors such as
income inequality, increased social instability, and gender-based violence can contribute to
AOL (3). AOL is recognized as a strong indicator of chronic stress exposure and is predictive
of morbidity and mortality, closely associated with conditions such as hypertension and
cardiovascular disease (CVD)(4).

AOL is identified using biomarkers and clinical criteria (5), but clinical criteria should take
precedence in certain situations, such as pregnancy and retrospective exposure. Pregnancy
triggers a cascade of biological changes that can influence the levels of AOL-related
biomarkers, including those related to cardiovascular health, inflammation, and metabolism.
Therefore, measuring these biomarkers during pregnancy can be problematic (4). The
evaluation of AOL in pregnant women should rely primarily on clinical criteria, considering

various stressors, such as hypertensive pregnancy disorders, maternal obesity, diabetes,
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96  psychosocial stress, and prenatal anxiety or depression. Other uncontrolled events that may
97  significantly alter the patient's living conditions, social and family dynamics, and work
98  situation can be assessed using qualitative methods (3).

99  AOL during pregnancy has been linked to poor sleep quality, which is a well-known chronic
100  stressor (6). It is also associated with increased odds ratio (OR) for preeclampsia and preterm
101 birth (7). While there is a lack of studies on the long-term effects of AOL during pregnancy on
102 women and children, one study indicated that prenatal depression raises the risk of
103 cardiovascular disease (CVD) in women two years after giving birth (8). In this study, the
104  adjusted hazard ratios (aHRs) within the 24 months postpartum for women with prenatal
105  depression were as follows: 1.83 for ischemic heart disease, 1.61 for cardiomyopathy, 1.60 for
106  arrhythmia or cardiac arrest, 1.40 for heart failure, 1.32 for hypertension, and 1.27 for
107  cerebrovascular disease or stroke. These cardiovascular effects later in life are linked to
108 hypertensive disorders during pregnancy, which carry a 2 to 4-fold increased risk for heart
109 failure, stroke, and ischemic heart diseases decades after childbirth (9). When combined with
110  preterm birth, hypertensive disorders in pregnancy can increase CVD-related deaths by 5 to 7
111 times (10). Despite this evidence regarding the impact of prenatal depression and hypertension
112  on women's cardiovascular health, the potential association between AOL during the perinatal
113  period and future cardiovascular health has not yet been explored. This study aims to address
114 that gap in the field of psychosomatic medicine.

115

116 1.2 Allostatic overload and early development.

117

118  The Developmental Origins of Health and Disease (DOHaD) theory posits that perinatal stress
119  triggers adaptive changes in endocrine and metabolic systems, which can become permanently

120  programmed and influence health in adulthood (11). The AOL concept could be central to the
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121  DOHaD theory because the physiological mechanisms during early human development are
122  under significant pressure. The hypothalamic-pituitary-adrenal (HPA) axis regulates cortisol
123  levels and is particularly vulnerable to programming during foetal and neonatal development.
124  Prenatal stress can disrupt HPA activity by reducing the efficiency of glucocorticoid feedback,
125 leading to increased foetal brain exposure to cortisol. This increased exposure to stress is
126  associated with decreased hippocampal volume and impaired cognitive abilities (12).
127  Psychological, social, and physical stress during pregnancy can cause both acute and chronic
128  spikes in cortisol levels, which are linked to higher concentrations of pro-inflammatory
129  cytokines. These changes can negatively affect foetal growth and the gestational age at birth.
130  (13). Notably, a study involving 86 mother-child dyads found that prenatal stress was
131 associated with decreased hippocampal volume in newborns. This reduction in hippocampal
132  volume was correlated with lower socio-emotional development in infants observed at 6 and
133 12 months of age (14). This evidence supports the hypothesis that the AOL experienced during
134  pregnancy, particularly amid the COVID-19 pandemic, could adversely affect children's
135  neurological and socio-emotional development.

136

137 1.3 The impact of the COVID-19 pandemic on pregnancy outcomes, maternal mental
138  health, and neurodevelopment.

139

140  Pregnant women infected with SARS-CoV-2 generally exhibited moderate symptoms in 81-
141 86% of cases, severe illness in 9.3-14%, and critical illness requiring hospitalization in an
142  intensive care unit (ICU) in 5% of cases (15). COVID-19 during pregnancy increased the risk
143  of severe neonatal morbidity by four times, and severe perinatal morbidity by 3.5 times,
144  compared to pregnancies that tested negative for SARS-CoV-2 (16). Additionally, SARS-CoV-

145 2 infection was linked to an increased risk of developing preeclampsia or eclampsia, which
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146 involves seizures in a hypertensive pregnancy (17). Vertical transmission, or transmission of
147  the virus from a pregnant woman to her foetus in utero, was rare (18). However, maternal
148 infection during the third trimester was associated with placental inflammation, increased
149  Hofbauer cells (placental macrophages), heightened maternal immune response, thrombosis,
150 placental infarcts, and poor fetoplacental perfusion (19,20). "Placentitis," or inflammation of
151  the placenta, was observed in both severe and mild/asymptomatic cases of COVID-19 (21-23).
152  During the COVID-19 pandemic, maternal depression rates varied significantly, ranging from
153  9.9% to 49% among participants. Anxiety symptoms were reported by 11% to 61% of
154  participants, and 40% of women experienced stress symptoms (24). A cross-sectional study
155  involving 7,645 participants found that the prevalence of depression and anxiety during
156  pregnancy was 26.8% and 20.1%, respectively. In the postpartum period, these rates increased
157  to 32.7% for depression and 26.6% for anxiety (25). In Brazil and Chile, during the pandemic,
158  the prevalence of depression among pregnant women was 37.7% and 34.9%, respectively.
159  Postpartum depression rates were even higher, with 47.2% in Brazil and 33.8% in Chile.
160  Anxiety affected 34.3% of pregnant women in Brazil and 36% in Chile, with postpartum rates
161  at 41.9% in Brazil and 41.5% in Chile (26). Regarding the birthing conditions during the
162  pandemic, a study in the UK revealed that many pregnant women reported heightened anxiety
163 and distress due to poor communication from hospital services, particularly concerning
164  whether their birthing partners would be allowed to attend the birth (27). Similarly, in Chile,
165  the restrictions placed on partners attending births during the first year of the pandemic
166  probably caused a significant number of pregnant women to experience similar feelings of
167  anxiety and distress, especially those who tested positive for COVID-19 (28).

168  Also, it is important to recognize that gender-based violence is a significant stressor during
169  pregnancy, as intimate partner violence is linked to a higher prevalence of perinatal depression

170  (29). Studies show that 37.0% of women who experienced physical intimate partner violence
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171 and 28.6% of women who faced sexual intimate partner violence reported depression (29).
172  Additionally, during the lockdowns imposed due to the COVID-19 pandemic, emergency calls
173  related to violence against women increased by 44% in Chile (26).

174

175 1.4 COVID-19 and the relationship between the mother and child.

176

177  Prenatal stress during the COVID-19 pandemic has been linked to poorer socio-emotional
178  development in infants (30). Additionally, higher levels of maternal postpartum depression
179  have been associated with lower levels of attachment and bonding, increased parenting-related
180  stress, and a reduced frequency of caregiving activities (31). Perinatal maternal depression may
181  have negatively impacted the development of affectionate and emotional connections between
182  mothers and their infants. The evidence indicates that postpartum depression during the
183  COVID-19 pandemic predicted poorer social-emotional development in infants at six months
184  of age (32). Furthermore, infection with SARS-CoV-2 during pregnancy increased the risk of
185  neurodevelopmental disorders in one-year-old infants (OR 1.86)(33).

186  Parental stress (stress experienced by parents due to the demands and responsibilities of raising
187  children) significantly increased in families that have experienced COVID-19, which positively
188  correlated with self-perceived stress in children within the same family (34). Additionally, the
189  parents who experienced economic and work problems during the COVID-19 pandemic
190 reported a greater increase in negative parent-child interactions (35). Both parental stress and
191  economic and work problems could be significant factors in the alterations of the mother-child
192  relationship, early in the postnatal period or later during the parenting relationship after the
193 COVID-19 pandemic.

194

195
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196 2. Hypothesis

197  We hypothesise that the exposure of pregnant women to allostatic overload during the COVID-
198 19 pandemic is independently associated with ischemic heart disease in mothers,
199  neurodevelopmental alterations in children, and a dysfunctional relationship between the
200  mother and child.

201

202 3. General objective

203  To assess the effect of allostatic overload during pregnancy in the context of the COVID-19
204  pandemic on the cardiovascular health of mothers, the neurodevelopment of children, and the
205 relationship between the mother and child.

206

207 4. Specific Objectives

208 4.1 To assess the AOL experienced by women during pregnancy in the context of the COVID-

209 19 pandemic.

210 4.1.1 To characterise the clinical evolution, mental health, social circumstances, and
211 demographic factors of the mother during pregnancy.

212 4.1.2 To determine the prenatal AOL of the mother

213

214 4.2 To evaluate the cardiovascular health of mothers, the neurodevelopment of children, and

215  the relationship between the mother and child.

216 4.2.1 To evaluate the cardiac function of mothers.

217 4.2.2 To evaluate the vascular function of mothers.

218 4.2.3 To quantify the cardiovascular plasma biomarkers in mothers.
219 4.2.4 To determine the neurodevelopmental status of children.

220 4.2.5 To appraise the mother-child relationship.
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221
222 4.3 To assess the causal associations between exposure and outcomes and subsequent

223  predictive models.

224 4.3.1 To evaluate the role of AOL during pregnancy and its association with ischemic
225 heart disease in mothers in a controlled predictive model.

226 4.3.2 To evaluate the role of AOL during pregnancy and its association with
227 neurodevelopmental disorders in children in a controlled predictive model.

228 4.3.3 To examine the role of AOL during pregnancy and its effect on the relationship
229 between the mother and child, in a controlled predictive model.

230

231 5. Methods

232

233 5.1 Study design.

234  This study will adopt a historical cohort design focusing on pregnant women during the
235 COVID-19 pandemic (2020-2021). A mental health evaluation, conducted using the Edinburgh
236  Postnatal Depression Scale (EPDS) applied during the prenatal period and a psychosocial
237  evaluation to identify risk factors, will be registered from the clinical records. The AOL will
238  be evaluated retrospectively through a clinimetric survey and a narrative interview conducted
239  for a subsample, specifically focusing on the prenatal period to assess exposure.

240  For the exposure evaluation, we propose using a mixed-methods approach. This approach
241  allows the investigator to collect and analyse data using both quantitative and qualitative
242  methods. We can draw more comprehensive conclusions by integrating the findings from both
243  methods (36). Specifically, we will employ simultaneous triangulation, which involves
244  searching for corroboration and/or complementarity (or lack thereof) between quantitative and

245  qualitative data related to AOL. Although the interaction between the two data groups during
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246  collection is limited, the findings will complement each other at the end of the study (36). Thus,
247  the exposure evaluation will examine the correlation between the clinimetric survey results,
248  and the data obtained from the prenatal EPDS application and psychosocial assessment, which
249  will be extracted from clinical records. Meanwhile, the narrative interview, as a qualitative
250  assessment, will provide a comprehensive understanding of the events and circumstances that
251  may have led to the occurrence of AOL.

252 At present, we will evaluate significant parameters of the health of mothers, children, and the
253  mother-child relationship. The primary outcomes of interest include the incidence of ischemic
254  heart disease in mothers, neurodevelopmental alterations in children, and dysfunctional
255  relationship between the mother and child. Figure 1 summarises the design of the study. This
256  protocol study was evaluated and approved for funding by the National Agency of Research
257  and Development (Agencia Nacional de Investigacion y Desarrollo, ANID, Chile), Regular
258 FONDECYT Competition, Project N°1241905.

259

260 5.2 Cohort formation.

261  The cohort for this study will consist of mothers who carried out their pregnancies between
262  March 1, 2020, and March 31, 2021, specifically during the first year of the COVID-19
263  pandemic (before vaccination of pregnant women). We will focus on pregnant women from
264  Concepcion (Bio-Bio Region, Chile) who received prenatal care during this period. Variables
265  of interest, such as gender, sexual orientation, couple status, and previous pregnancies, will be
266  considered potential third variables. Still, they will not be used as reasons for exclusion from
267  the study. All mothers must sign an informed consent form to participate in the study.

268  The inclusion criteria for this study are as follows:

269 - Women who received prenatal care during the specified period and whose records are

270 complete and legible for all variables of interest.
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271 - Women whose children are currently alive.
272 - Women who have not given up their children for adoption.
273 - Singleton birth.

274  The exclusion criteria for this study are as follows:

275 - Women who had a pregnancy and birth during their adolescence.

276 - Women who do not have complete or adequate clinical records during pregnancy or did
277 not receive prenatal care.

278 - Women who had pregnancies and births in other areas outside Concepcion (Chile).
279 - Women for whom Spanish is not their first language.

280 - Women who give birth during incarceration, psychiatric hospitalisation, or under the
281 supervision of child protection services (SENAME in Chile).

282

283  We are planning to conduct a study involving participants who are either exposed (with AOL)
284  or unexposed (without AOL). We will include two unexposed participants as a comparison
285  group for each exposed participant. Prior data indicate that the ischemic heart disease rate
286  among controls is 0.001 (8). Suppose the true relative risk of failure for exposed subjects
287  relative to controls is 1.83 (8). We must study 32 exposed and 64 unexposed participants to
288  reject the null hypothesis that this relative risk equals 1 with a probability (power) of 0.8. The
289  Type I error probability associated with this test of the null hypothesis is 0.05. We based this
290  calculation on Fisher’s exact test for this null hypothesis.

291

292  5.2.1 Recruitment of participants.

293 A pre-cohort of participants was constituted from clinical records obtained from family health
294  centres from Concepcion (a waiver of consent was approved by the Ethics and Scientific

295 Committee of the Concepcion Health Service, CEC-SSC 24-03-10), considering women who
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296  had their pregnancies monitored between March 1, 2020, and March 31, 2021. At this stage,
297  researchers had access to information that individually identified potential participants, which
298  is necessary to later invite them to be part of the cohort. For the following stages, participating
299  dyads will be assigned a code to anonymize the data stored in REDCap, and the information of
300 those who do not agree to be part of the cohort will be removed from the study. The mothers
301  will be invited to participate in the study via telephone, and those who agree will sign an
302 informed consent form. This consent was previously revised and approved by the Ethics and
303 Scientific Committee of the Concepcion Health Service (CEC-SSC 24-03-10), Ethics
304  Committee of the Faculty of Medicine of the Universidad de Concepcion (CEC 6/2024), and
305  Ethics, Bioethics and Biosafety Committee of the Vicerrectoria de Investigacion y Desarrollo
306 (VRID) of the Universidad de Concepcion (CEBB 1689-2024). This consent includes the
307  participation of their child.

308

309 5.3 Data collection.

310  Study data will be collected and managed using REDCap electronic data capture tools hosted
311 at the University of Concepcion (37,38). REDCap (Research Electronic Data Capture) is a
312  secure, web-based software platform designed to support data capture for research studies,
313 providing 1) an intuitive interface for validated data capture; 2) audit trails for tracking data
314  manipulation and export procedures; 3) automated export procedures for seamless data
315 downloads to standard statistical packages; and 4) procedures for data integration and
316  interoperability with external sources.

317

318 5.4 Allostatic overload determination.
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319  To determine the allostatic overload (AOL), we will use a mixed method, with data collected
320 during prenatal care, a retrospective report through the clinimetric survey, and a narrative
321  interview in a subset of participants.

322

323  5.4.1 Clinimetric survey

324  The clinimetric survey to be collected is an adaptation of the evaluation proposed by Fava et
325 al. (3). The survey asks participants to report on variables in the past tense for each pregnancy
326 trimester, the period immediately before pregnancy, the postpartum period, and the time
327  elapsed between the postpartum and the present day. Questions regarding COVID-19-related
328 events (e.g., contagion, deaths, isolation) have been added to the clinimetrics to capture
329  contextual stressors. Table 1 lists the variables used for AOL determination.

330

331  5.4.2 Narrative interviews

332  The first 20 women to accept to be part of the cohort will be invited to participate in the
333 interviews using convenience sampling. Based on the results analysis, we will invite more
334 participants if necessary. We selected this approach due to the accessibility of the study cohort.
335  Although this approach may compromise the research process, the selection criteria applied to
336  constitute the cohort ensure the quality of the qualitative data.

337  Generally, “a narrative interview takes the form of a conversation, and participants relate their
338  experiences, bringing in whatever they consider relevant” (39). Narrative interviews provide
339 the opportunity to prioritise the participant’s perspective, rather than relying on more specific
340 information from previous findings, helping researchers better understand the experiences and
341  behaviours. A narrative is not just a listing of events; it is a story in which the events have
342  meaning and coherence, providing a context for a comprehensive understanding of the research

343  phenomenon (40).
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344  Rather than asking about pregnancy and its relationship to stressors, the interviewer will pose
345 a broad thematic question: How did you experience your pregnancy? This way, the
346 interviewee's life experience will guide the search for information relevant to the research
347  objectives. The interviews will respond to the collection of life experiences from the narratives
348  of pregnant women during the COVID-19 pandemic. These will be framed by identifying and
349  developing characteristics, context, crises, and significant events within a timeline with a clear
350  beginning, middle, and end, focusing on the topic of interest.

351  The process for the data analysis consists of applying the phenomenological hermeneutical
352  method of data analysis for multiple contexts developed by Morgan (41), which, in turn, is
353  based on Lindseth and Norberg's (42) proposal “phenomenological hermeneutical method for
354  interpreting interview texts”. The procedure maintains the close and inevitable methodological
355 relationship between phenomenology and hermeneutics as its foundation: “Thus we see that
356  phenomenology must be phenomenological hermeneutics. Essential meaning must be studied
357 and revealed in the interpretation of the text” (42).

358  Data analysis is structured around the stages of searching for meanings and contexts of interest,
359 allowing for a phenomenological understanding of the text.

360 Naive reading: This first reading generates an intuitive and reflective approach to the text,
361  setting aside the interpreter's presuppositions. The text will be read several times to facilitate
362  the researcher's intuitive and reflective understanding.

363  Structural analysis: A theme conveys an essential meaning associated with a lived experience.
364  As a result, to capture the meaning of what is lived within an experience, themes must be
365 formulated not as abstract concepts but as concise descriptions to reveal their meaning. The
366  whole text is read and divided into meaning units. A meaning unit can be part of a sentence, a
367  sentence, several sentences, a paragraph, i.e. a piece of any length that conveys just one

368 meaning (42). A set of meaning units gives meaning to a theme identified in the text. During
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369  structural analysis, naive reading will no longer be used. A comprehensive interpretation will
370  be the cornerstone of understanding the texts in combined terms. The central idea highlights
371  the contextual differences and similarities between the individual texts.

372  Comprehensive understanding: In this step, the main themes and sub-themes are summarised
373  and reflected on in relation to the research question and the study context (42). To conclude the
374  research process, it is necessary to conduct a comparative analysis of the analysed content in
375 relation to its thematic significance and the state-of-the-art literature on the phenomenon of
376  interest. This comparison enables the connection between the research participants' life
377  experiences and academic knowledge related to the phenomenon under investigation.

378

379 5.5 Cardiovascular health of the mothers.

380 Cardiovascular health will be determined by mean arterial pressure (MAP),
381  electrocardiography (ECG), heart rate (HR), and flow-mediated dilatation. Cardiovascular
382  biomarkers will be studied to correlate with cardiovascular health parameters and other
383  variables.

384

385 5.5.6 Electrocardiography (ECG).

386  The ECG will be determined by the non-invasive KardiaMobile 6L device. The participant will
387  place the device on their knee with their fingers, and a 30-second ECG will be recorded. The
388 ECG will be printed and uploaded to the participant's data. Each ECG will be taken in triplicate.
389  ECG signals will undergo a secondary analysis. Using KardiaMobile 6L significantly reduces
390 the time for ECG determination (43) and has shown feasibility and reliability compared to the
391  standard 12-lead ECG (44).

392  The most significant ECG changes associated with cardiac disease are ST-segment changes,

393  arrhythmias, and conduction disturbances (45). ECG diagnostic criteria for ischemic heart
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394  disease: The ST segment exhibits horizontal or hypotonic depression >0.1mv (1.0mm),
395  sustained >1.0min, and the interval between 2 episodes is >5.0min. The typical ST segment
396 downward measurement point is 80ms after the J point and automatically becomes 50ms after
397  the J point when the heart rate is >120/min (46). The arrhythmias can be detected with R-R
398 interval (time between heartbeats) and heart rate variability (HRV)—number of beats per
399  minute (bpm). First-degree conduction block is detected by prolonging the P-R interval beyond
400 0.20 seconds (45).

401

402 5.5.7 Assessment of cardiovascular dysfunction biomarkers.

403 Fasting blood samples will be obtained by venipuncture and used to isolate plasma via
404  centrifugation. All biomarkers will be determined by commercially available ELISA kits or
405 validated methods. The list of biomarkers to determine are: soluble urokinase-type
406 plasminogen activator receptor (SuPAR)(47), growth differentiation factor 15 (GDF-15)(48),
407  heart-type fatty acid-binding protein (H-FABP)(47), and soluble suppression of tumorigenicity
408 2 (sST2)(49) for coronary artery disease and ischemic heart failure; endothelin-1 (ET-1)(50),
409  soluble vascular cell adhesion molecule-1 (sVCAM-1)(51), soluble tumour necrosis factor-o
410  receptor I (STNFRI)(52), asymmetric (ADMA), symmetric dimethylarginine (SDMA)(53),
411  nitric oxide metabolites (54), and soluble fms-like tyrosine kinase-1 (sFlt-1)(55) for endothelial
412  dysfunction; von Willebrand factor (vVWF)(56), plasminogen activator inhibitor antigen
413  (PAI)(57), and thrombomodulin (TM)(58) for coagulation/fibrinolysis:.

414

415  5.5.8 Laser speckle contrast imaging (LSCI).

416  Participants with significant alterations in endothelial dysfunction biomarkers will be invited
417  to a follow-up session to assess dermal blood flow (in the hand) using the Pericam® PSI-HR

418  system (Perimed Ltd., Stockholm, Sweden)(59). LSCI can evaluate microcirculation in a non-
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419  contact, non-invasive manner with high spatial and temporal resolution (60). Post-occlusive
420 reactive hyperaemia involves assessing the area under the curve of blood perfusion detected
421  after the momentary release of previously occluded blood flow (61).

422

423 5.6 Children's neurodevelopment and mother-child relationship.

424  We will apply the Child Learning and Development Test, TADI (Test de Aprendizaje y
425  Desarrollo Infantil)(TADI). TADI evaluates four dimensions: cognition, motor skills,
426  language, and socio-emotionality; each constitutes an independent scale, where the items are
427  ordered by increasing difficulty. It enables the evaluation of overall development, covering the
428  four dimensions or each dimension separately, at three levels of development: Normal, Risk,
429 and Delay (62). For maternal-child relationship assessment, we will use the Parenting Stress
430 Index Short Form (PSI-SF), which is a self-report questionnaire designed to assess stress levels
431  in four key domains: 1) Parental Distress, 2) Parent-Child Dysfunctional Interaction, and 3)
432  Difficult Child. It comprises 36 items, most using a five-point Likert scale for responses (63).
433

434 5.7 Epidemiological statistical analysis.

435  Statistical analyses will be performed using SPSS 18.0 Statistical Package Software for
436  Windows (SPSS Inc., Chicago, IL, USA). The normality data of the variables will be evaluated
437  with the Kolmogorov-Smirnov test. Continuous variables with normal distribution will be
438  described using the mean and standard deviation; continuous variables without normal
439  distribution will be described using the median and interquartile range. To analyse differences
440 between independent groups, we will use the Student’s t-test (two-tailed) for normally
441  distributed quantitative variables, the Mann-Whitney’s U-test for variables without normal
442  distribution, and the Chi-square test for qualitative variables. Spearman’s correlation analyses

443  will be used to evaluate correlations between different variables. All results will be considered
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444  statistically significant at p<0.05. For exposed and unexposed participants, incidence rates will
445  be calculated for each outcome. We will perform a Cox Regression for the survival
446  multivariable analysis to obtain adjusted hazard ratios (aHR). Time-to-event will be calculated
447  in months, and the primary outcomes related to ischemic heart disease, neurodevelopmental
448  disorders, and high parenting stress/defensive scores in the mother-child relationship
449  assessment will be processed as binary variables indicating presence or absence. Models will
450 be controlled for all relevant third variables that improve the model's adjustment, consider
451  confounders, reduce selection bias, and/or enhance precision.

452

453 5.8 Machine learning analysis.

454  Exploratory analysis: Principal components analysis (PCA) will be performed using the
455  software Pirouette® (Infometrix Inc., Bothell, WA, USA). Before pattern recognition,
456  qualitative variables are transformed into categorical variables, and all data are pre-processed
457 by autoscaling. PCA enables the determination of the data set's structure and the identification
458  of the latent factors responsible for its structure. Therefore, we will use PCA to identify the
459  trends and persistence of significant clinical parameters related to the outcomes (64).

460 Classification analysis: Different subgroups of auto-scaled data will assess the prediction of
461  ischemic heart disease in mothers, neurodevelopmental disorders in children, and relationship
462  alterations between mothers and children through machine learning techniques: soft
463 independent modelling of class analogy (SIMCA), partial least squares discriminant analysis
464  (PLS-DA), and K Nearest Neighbour (KNN)(65).

465  Experimental evaluation of prediction models: Stratified approaches to N-Fold cross-
466  validation. To begin with, the set of pre-classified patients will be divided into N equally sized
467  (or almost similarly sized) groups, referred to as “folds”. In each of the N subsets, one is

468 removed to be used only for testing (this guarantees that, in each run, a different testing set is
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469 used). The training is then carried out on the union of the remaining N-1 subsets (which
470  contains approximately the exact representation of exposed and not exposed). The results will
471  be averaged, and the standard deviation will be calculated.

472  Evaluation methods: Error rate (E) is the frequency of errors made by the prediction model
473  over a given set of patients. It will be calculated by dividing the number of errors, Ngp (False
474  positive) + Ngy (False negative), by the total number of patients, Ntp (True positive) + Nty
475  (True Negative) + Ngp + Ngn. Accuracy (Acc) corresponds to the frequency of correct
476  classifications made by the prediction model over a given set of patients. Classification
477  accuracy will be calculated by dividing the number of correct classifications, Ntp + Ny, by
478  the total number of examples. Precision (Pre) corresponds to the percentage of true positives,
479  Nrp, among all patients that the prediction model has labelled as positive: Np + Ngp. Sensitivity
480 (Se) corresponds to the probability that a positive patient will be correctly recognised as such
481  (by the prediction model). The value will be, therefore, obtained by dividing the number of true
482  positives, Ntp, by the number of positives in the given set: Ntp + Ngn. Specificity (Sp)
483  corresponds to the probability that a negative patient will be correctly recognised as such. The
484  value will be, therefore, obtained by dividing the number of true negatives, Ny, by the number
485  of positives in the given set: Nty + Ngp. Gmean corresponds to the geometric mean, telling us
486  what Se and Sp are different. It will be calculated by the square root of the product of sensitivity
487  and specificity.

488

489 5.9 Timeline

490 The pre-cohort was formed from clinical records (waiver of informed consent authorized)
491  between October 7, 2024, and January 31, 2025. The pilot tests of the protocol were conducted
492  from March to April 2025 to finalize the methods, clinimetric survey, and the REDCap

493  instrument by the end of April 2025. Participant recruitment for the cohort will begin on June
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494  2,2025, and will continue until July 31, 2026. Data collection will be completed alongside the
495  recruitment process. A comprehensive analysis of the data and the main results of the study are
496  expected to be obtained by December 2026.

497

498 6. Discussion

499

500 The COVID-19 pandemic has exposed pregnant women to an unprecedented level of stress,
501  resulting in higher levels of prenatal anxiety, depression, and stress. The impact of COVID-19
502  on maternal mortality and maternal and neonatal morbidity is well-documented (16,66—70).
503  The impact is not exclusively related to the biological effects of SARS-CoV-2 infection but is
504  also associated with accumulating stressors that negatively affect the health of mothers and
505 neonates (16,25,33). The complexity of the pandemic period for pregnant women invites us to
506  build a comprehensive conceptual framework that integrates knowledge of stress physiology,
507  neurobiology, and pregnancy physiology (71). Including the concept of AOL as an exposure
508 variable enables us to take a step towards constructing this comprehensive model. It allows us
509 to consider factors beyond the current gaps in knowledge of maternal health and merge both
510 the adaptive physiological processes of pregnancy, labour, and birth, as well as the increased
511  susceptibility to long-term pathologies that require diagnosis, prevention, and treatment. The
512  expected results of this study will be useful in determining if the AOL evaluation during
513  pregnancy could be a good tool for understanding the physical and mental health consequences
514  of dealing with prolonged stress (3,72). Including AOL in clinical records may serve as an
515  essential health indicator, especially for pregnant women living in more vulnerable conditions,
516  who are at high risk of suffering stress and AOL.

517  AOL is a holistic concept that incorporates a variety of harmful elements that were exposed to

518  pregnant mothers during the pandemic, affecting their physiological adaptations during
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519  pregnancy. As this study protocol proposes to determine, the complexity of AOL is also related
520 to the health outcomes affected, including the mother's cardiovascular health, the
521  neurodevelopment of children, and the maternal-child relationship. This study will use
522  quantitative and qualitative methods to determine the exposure, combined with sophisticated
523  statistical analysis, including machine learning tools, to comprehensively understand the
524  phenomenon experienced by pregnant women during the COVID-19 pandemic and its
525  consequences.

526  In this protocol study, the AOL will be determined by examining the clinical records that were
527  previously collected during pregnancy. These records include AOL markers like mean arterial
528  pressure, gestational weight gain, glycemia, mental health and psychosocial risk, reduction or
529 absence of maternity leave, gender violence, economic difficulties, isolation in prenatal
530  controls or birth, lack of maternal-newborn bonding, prenatal anxiety and depression, among
531  others, all variables that could have been significantly altered by the COVID-19 pandemic
532  conditions. Mothers may have different capacities for coping with these difficulties, and this
533  protocol was designed to classify and evaluate the consequences of inadequate response to the
534  challenges for the mother-child dyads.

535  There is evidence that AOL increases cardiovascular risk (5), and perinatal AOL is associated
536  with preterm birth (73), while prenatal depression increases the prevalence of chronic
537  hypertension later in life in women (8). Due to the evidence of increased perinatal mental health
538  disorders during the COVID-19 pandemic in Latin America and Chile (26), we will consider
539 the perinatal anxiety, depression and stress, and factors that could be cause or mediate mental
540  health disorders, like economic difficulties, lack of social support, and gender violence, as
541  relevant factors to determine the presence of AOL during the pregnancy.

542  Regarding mental health in prenatal controls, the Edinburgh Postnatal Depression Scale

543  (EPDS) is a 10-item scale for the identification of maternal depression, applied in the Chilean
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544  public system in the prenatal and postnatal periods. Each item contains short descriptive
545  statements, scoring the most negative description with the highest value of 3 and the most
546  positive with 0. Scores are tallied so that a score <8 indicates depression is not likely, 9—11
547  indicates depression is possible, 12—13 indicates a reasonably high possibility of depression,
548 and 14 and higher is considered a positive screen for depression and recommends a diagnostic
549  assessment. Additionally, a positive score is identified for question 10, which identifies
550  participants at risk of harm or suicide (74,75). The Abbreviated Psychosocial Assessment
551  (EPsA) is an instrument for early detection and intervention of some risk factors that introduce
552  inequity in people's development. This evaluation is considered a priority strategy for
553  monitoring and supporting pregnancy in the Chilean pregnancy and early childhood protection
554  system, "Chile Crece Contigo (ChCC)" (76). These data, more other information will be
555  collected in the clinimetric survey as is shown in table 1. Following the original protocol from
556  Fava (3) and modifications proposed by Peng (77), it is possible to determine a score of AL for
557  each participant. The possibility of determining a score of AL and evaluating the life experience
558  associated with AOL to determine exposure is a strategy to overcome the weaknesses of
559  quantitative or qualitative methods themselves (36). By applying data triangulation, we can
560  gain diverse perspectives on the COVID-19 pandemic and achieve a deeper understanding of
561  this phenomenon. This approach allows us to effectively distinguish between women who
562  experienced allostatic overload and those who managed to cope adequately with the challenges
563  presented during the pandemic.

564  One advantage of this study design is the ability to assess the long-term effects of COVID-19
565  during pregnancy. Long COVID, also known as post-COVID-19 syndrome, is estimated to
566  affect tens of millions of people. However, there is still a lack of information regarding the
567  mechanisms or biomarkers that could aid in the classification and treatment of this condition

568  (78). Among the potential consequences of long COVID, cardiovascular diseases have surfaced
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569 as a significant concern for the healthcare system, particularly for patients who already have
570  pre-existing conditions such as obesity, diabetes, or other risk factors for cardiovascular disease
571 (79). Given the characteristics of Chilean pregnant women—approximately 30% are obese
572  (80), and around 10% experience gestational diabetes in the Biobio region (81)—there is a
573  possibility that we will observe a percentage of participants that experienced symptoms of long
574  COVID, especially those associated with cardiovascular disease. This will be an additional
575  finding of our study, which will contribute to the understanding of cardiovascular biomarkers
576 related to long COVID (82), particularly in a unique population like women who had a
577  pregnancy with SARS-CoV-2 infection.

578  Finally, we will use machine learning (ML) to analyse the data besides classic statistical tools.
579 ML corresponds to various methods that use mathematics, statistics, and computational science
580  tolearn from multivariate data. Employing pattern recognition performed on various measured
581  variables, different algorithms can find correlations and accurately predict different conditions,
582  such as an individual belonging to a particular group or class or the concentration of a specific
583  biomarker in a sample of interest (65,83). ML approaches are available for managing large and
584  heterogeneous data sources, identifying intricate and occult patterns, and predicting complex
585  outcomes (64). The pregnancy window of time represents an excellent opportunity to exploit
586  all the advantages of using ML, especially for accurately predicting short- and long-term
587  adverse outcomes.

588

589 7. Strengths and weaknesses of the protocol study

590  One strength of conducting a retrospective evaluation of exposure is the access to a substantial
591  amount of information from pregnancy control data, particularly in the unique context of the
592  COVID-19 pandemic. This approach also allows for the evaluation of mother-child dyads who

593  were not selected to be part of a study during the exposure period, so they experienced the
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594  challenges of the pandemic as part of the "real world." Collecting information from pregnancy
595  controls within the public health system offers the advantage of standardized formats and
596  consistent clinical records, which help minimize potential biases associated with data
597  collection. Retrospective studies are particularly useful for examining specific periods, such as
598 the COVID-19 pandemic, and identifying risk factors related to diseases or clinical conditions
599 long after exposure. This study aims to evaluate outcomes today, 4 to 5 years after exposure to
600 pandemic conditions. This timeframe is adequate for assessing the long-term effects of
601  pregnancies developed in stressful situations, and the implications for the mother and child.
602  On the other hand, a significant weakness of the retrospective AOL evaluation is recall bias.
603  Mothers may have difficulty remembering specific experiences or selectively recall those they
604  feel are more appropriate to share during the interviews. Additionally, individuals might
605 exaggerate or downplay the severity of stressors to present a more favourable narrative to the
606 interviewer. When assessing the risk of bias in the narrative interviews, it is important to
607  consider their current emotional state or feelings related to the stressors.

608  To address these potential weaknesses, we will conduct interviews with multiple participants.
609  After analysing the initial interviews, we may increase the number of interviews if we
610  encounter controversial or unclear information. Furthermore, we will compare the information
611  gathered from the interviews with data from clinical records, which provide verifiable
612  information obtained during the exposure period.

613

614 8. Expected results.

615  From quantitative results:

616 - Higher detection of AOL in women who had pregnancy during the first wave of the
617 COVID-19 pandemic, compared with the after-period.

618 - Higher risk of endothelial dysfunction in women exposed to AOL.
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619 - Higher risk of ECG alterations (ischemic heart disease, arrhythmia) and HRV in women
620 exposed to AOL.

621 - Higher risk of neurodevelopmental disorders in children born from AOL pregnancies.
622 - Alterations in mother-child relationships when the mother was exposed to AOL.

623 - A predicted model for cardiovascular risk in women after pregnancy with AOL.

624  From qualitative results:

625 - A comprehensive understanding of AOL phenomena in a Latino context from the day-
626 to-day life experiences of mothers during the pandemic.

627 - To identify other stress factors not evaluated by quantitative methods.

628

629 9. Fundings

630 FONDECYT Regular #1241905 (ANID, Chile).
631

632
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890  Figure 1. Design of the study. Historical cohort design, focusing on pregnant women during

891 the COVID-19 pandemic (2020-2021). A pre-cohort will be established from clinical data
892 (waiver of consent was approved by the Ethics and Scientific Committee of the Concepcion
893 Health Service), and eligibility will be determined according to inclusion and exclusion
894 criteria. Mothers will be invited to participate via phone, and informed consent will be
895 signed for her and their child (CEC-SSC 24-03-10, CEC 6/2024, CEBB 1689-2024). The
896 clinimetric survey will be applied to the mother in session one, and the blood sample, ECG,
897 and MAP will be taken. TADI will be applied to the children in a different room. In session
898 two, the narrative interview (first 20 mothers) and later, the quantitative and qualitative
899 data will be analysed to determine the diagnosis of allostatic overload. The blood sample
900 will be frozen (-80°C) until used to assess plasma biomarkers concentration by ELISA.
901 Participants with significant alterations in endothelial dysfunction biomarkers will be
902 invited to a follow-up session to assess the endothelium-dependent vasodilatation using
903 Laser Speckle Contrast Imaging (LSCI). The quantitative data from the clinimetric survey,
904 plasma biomarkers, ECG and MAP will be analysed using machine learning tools. Finally,
905 the information on allostatic overload, machine learning results and TADI will be analysed
906 using epidemiological methods.

907

908

909
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910 Table 1. List of variables to exposure assessment: Allostatic Overload

911

Depression Scale).
Psychosocial risk
(Abbreviated Psychosocial

Assessment)

Systolic blood pressure.
Diastolic blood pressure.

High-risk obstetric
pregnancy.

Body mass index.
Nutritional diagnosis.
Gestational weight gain.
Glycemia (26-28 weeks).
TTGO

Placenta health.

Current pregnancy
planning.

Gender violence.

Absence of companion at
controls

Absence of prenatal
controls.

Absence of birth
preparation.

Pre-birth support (or pre-
birth isolation).

Birth support (or birth
isolation).

Pre-term birth.

Paternity lawsuits.

Alimony claims.

Assessment of AOL

Prenatal care registries | Health status and

(secondary data collection) | sociodemographic
factors

Mental health risk COVID-19 contagion

(Edinburgh Postnatal (pregnancy period).

HIV detection during
pregnancy.

Marital status.

Venereal Disease
(VDRL).

Level of education at
the moment of
pregnancy.

Absence of work
(pregnant woman
and/or partner).

Reduction or absence
of maternity leave.

Drug abuse.
Smoking.

Alcohol consumption
Cesarean section.

Forceps or other birth
complications.

Retrospective clinimetric
(primary data collection)

COVID-19 contagion of a
family member or close person.

Death of a family member or
close person due to COVID-19.

Death of a family member or
close person due to other
causes.

Separation or divorce.
Change or loss of job.
Change of home.
Economic difficulties.
Legal problems.

Pressure at work.
Pressure at home.
Problems with coworkers.

Problems with partner or other
family members.

Victim of harassment.

Illness of at least one family
member.

Feeling that life was asking too
much of you.

Sleep disorders.

General fatigue, lack of energy
(beyond typical pregnancy).

Feeling anxious, depressed,
irritable or sad.

Demoralization.

Caregiver for a person with
reduced mobility or an older
adult.

Caregiver for other children.
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