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Abstract

Maternal health is one of the main sustainable development goals of the World Health Organization
(WHO). Changes associated with pregnancy can be reflected in the physiological, psychological and
behavioral states of women. In this study, we investigated relationships between Adverse Childhood
Experiences (ACEs) and mental health symptoms such as depression and anxiety over pregnancy and
into the postpartum period, as well as quality of life. Further, we examined the interrelationship between
mental health and physical health during and post pregnancy, finding that the effects during pre and
postnatal periods tend to differ. We hope that our analysis lays potential groundwork for exploring more
complex relationships between mental health symptoms and ACEs during and post pregnancy.
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1. Introduction

Pregnancy brings extensive psychological and biological changes, significantly impacting ma-
ternal and fetal health. Depression is reported as the most common mental health disorder
during pregnancy [1]. According to a recent study conducted by Al-abri et.al, the mean of the
global prevalence of depression during the prenatal period is 28.5%, as opposed to 27.5% and
26.3% in postnatal and antenatal periods respectively [2]. Although the prevalence of depression
during and after pregnancy is almost similar, prenatal mental health has received less research
focus than its postpartum counterpart [3]. Along with depression, anxiety ranks as one of the
most prevalent mental disorders. Depression and anxiety are more widespread among women,
with a ratio of approximately 2:1 compared to men during women’s reproductive years [4].
Furthermore, depression and anxiety often coexist, with 41.6% of those diagnosed with major
depression also facing anxiety disorders within a year [4] [5]. Adverse childhood experience
(ACE) prior to the age of 18 has been associated with several negative health outcomes in
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the future such as chronic obstructive pulmonary disorder, ischemic heart disease and major
depressive disorder. However, there is limited knowledge of how those mental health conditions
manifest during pregnancy. Lastly, the simultaneous occurrence of mental and physical health
conditions, is a prevalent issue that leads to more severe health outcomes than the cumulative
effects of individual conditions [6]. Although pregnancy is characterized by several physiologi-
cal and behavioural changes, there is a lack of understanding regarding the specific patterns of
interaction between mental and physical health during pregnancy [6].

Our research aims to comprehensively understand the relationships between ACEs and
pregnancy-related symptoms and outcomes. Existing literature primarily explores the interrela-
tionships between pairs of variables (e.g., ACE and depression, depression and anxiety), leaving
a gap in holistic understanding. The specific objectives of this study are to explore:

+ How ACEs affect pregnancy related depression, anxiety, and quality of life

+ The intricate relationships among mental health symptoms that occur during and post-
pregnancy

« Investigate the relationship between physical and mental health during pregnancy

By illuminating these associations and patterns, our analysis could contribute to a more
nuanced understanding of how ACEs impact maternal mental health. This could raise aware-
ness of ACE at both individual and community levels so that we could inform more effective
interventions to support individuals who have experienced ACEs [7].

2. Literature Review

2.1. Relationships between ACE and maternal mental health symptoms

Numerous studies have indicated a significant association between early childhood adversity and
adverse mental health outcomes in adulthood [8] [9] [10]. With respect to pregnancy, childhood
abuse and history of domestic violence have been identified as risk factors for deteriorated mental
health during pregnancy alongside lack of support, personal history of mental illness, unplanned
or unwanted pregnancy, adverse life events, high perceived stress, pregnancy complications, and
pregnancy loss [2] [3]. In a recent study investigating the relationship between early childhood
adversity and pregnancy outcomes, 50% of the study population reported experiencing at least
one ACE prior to the age of 18, while 17% reported experiencing three or more ACEs [11].
The results in [11] also illustrated the strong negative effects ACEs has on birth weight and
gestational age. In [1], a robust association between childhood abuse and depressive symptoms
during pregnancy has been established.

Walker [12] utilized a structural equation modeling (SEM) to explore the relationship between
ACEs and mental health symptoms during pregnancy, highlighting potential mechanisms
linking early adversity to mental health symptoms during pregnancy. Although the study did
not establish causal relationships, it provided strong evidence of a direct association between
ACEs and mental health symptoms. These associations were attenuated by positive factors like
resilience and social support. The findings presented by Walker [12] seem to align with results
reported in a similar study conducted by Lydsdottir et al. [13]. Lydsdottir et al. presented SEMs
to examine the relationship between adverse experiences in childhood and adulthood, prior



history of mental illness, and symptoms of mental disorders during pregnancy. Both adult and
childhood adversities were significantly associated with a history of depression and mental
disorders during pregnancy. On the other hand, social support was found to have a significant
negative association with symptoms of common mental disorders during pregnancy which is
similar to what has been reported in [12].

2.2. Causal discovery

The goal of causal discovery is to identify causal relationships through the analysis of observa-
tional data. Granger causality [14] is a popular technique for examining associations among
different time-series data, assuming covariance stationarity. To handle non-stationary data,
windowing techniques are commonly used, but they were not applicable to our dataset due
to limited time steps and lack of stationarity. The Inductive Causation (IC) algorithm [15],
implemented in the PC algorithm [16], is a well-known constraint-based approach for causal
discovery. It starts with a complete, undirected graph and iteratively removes edges based on
conditional independence decisions. However, the PC algorithm assumes the absence of hidden
confounders, which is challenging to guarantee in systems involving human physiology and
psychology. The DAGs with NO TEARS algorithm [17], a score-based approach for learning
causal graphs, formulates the structure learning problem as a continuous optimization problem
over real matrices. Unlike the PC algorithm, this technique does not assume the absence of
hidden confounders. Both the PC and DAGs with NO TEARS algorithms were utilized for causal
relationship discovery between ACE and mental health during pregnancy. The construction
and performance of both methods are presented and discussed in the following sections.

3. Methodology

3.1. Dataset

The dataset used in this study is from the Better Understanding the Metamorphosis of Pregnancy
(BUMP) study [18]. The BUMP study is a longitudinal digital health study that aims to gain a
deeper understanding of the pregnancy and postpartum individual-level experience through the
use of wearable and mobile devices [18]. For the purposes of this study, we use data collected
from 4 clinically validated surveys that measured ACE, depression and anxiety symptoms,
and quality of life: the ACE survey [19], the participant Health Questionnaire (PHQ-9) [20],
the General Anxiety Disorder-7 (GAD-7) survey [21], and the Participant-Reported Outcomes
Measurement Information System (PROMIS) survey [22]. PROMIS survey was broken down
into PROMIS-physical and PROMIS-mental according to [23].

Let P denote the set of participants in the form of unique user identification numbers, with
|P| = 254 individuals. Let S = {ACE, GAD-7, PHQ-9, PROMIS-physical, PROMIS-mental }
denote the set of surveys in the study. Let Q) denote the set of questions of survey. For
each participant p € P, the answers to each survey s € S \ {ACE} were collected at each
check-in time point ¢ € 7, which contains 10 check-in time point before delivery Tprenqtal, and
3 check-in time after delivery ¢ € Tyosmatal- The time interval between two consecutive check-in

time points is approximately two weeks. azgq{t, where p € P,s € S\ {ACE},q € Q,, t €T,



Raw Data Processed Data DAG

time surveys
Person 1 e o
... H } Surveyace . I
- mm
" mn B © u
@
gl = s Ei Surveyme [ E— s u — 0 o
‘g H = Survey. s
> m mm
|

: © O
| M |

Surveyeroms mvsica

survey-to-survey analysis

>
time questions
Person N S | - ‘
.Il \. Surveyice ] I
g o mm LB
o 855 B Lsuve o B
5| m sHaE "8 v > % = |
= gl B
173 = ] 2
g - .= Surveyes: g -
o
B " N =
B =- E Surveyesoms uewma =
| | | L | ]
EEEEE & W .
W B > Surveyerous pavsica
.

question-to-question analysis

Figure 1: Algorithm Overview: a conceptual schematic diagram that shows how DAGs are generated
using raw survey data. Top left: survey-to-survey analysis, which viewed each survey as a node. Bottom
left: question-to-question analysis, where each question in each survey is a node.

represents the answer to question q of survey s given by participant p at check-in time point

t. Survey ACE was only taken once for each participants. foéE’q, where p € P, ¢ € Qack,
represent the answer to question ¢ in the ACE survey given by participant p. Lastly, missingness
in the dataset occurred due to non-compliance of participants in filling out surveys at various
time points ¢, and thus, for each participant p, we denote the available data time points as

TW T,

3.2. Data preprocessing

The collected survey data was preprocessed for deploying causal structure discovery algorithms.
We utilized two methods: survey-to-survey and question-to-question analysis, with surveys or
questions treated as nodes respectively (Figure 1). We performed analyses both across all time
points and separately for prenatal and postnatal data, to allow us to gain further insights into
the data and explore the effects of time on our results.

Survey-to-survey analysis This analysis was performed to investigate the causal relation-
ships between attributes that surveys measured on a population level. An overview of the
analysis is presented in Appendix 2. We aggregated the question scores in each survey into
survey scores. For each participant p and survey s € S at time point ¢ € T®), denote

kg)t) =3 4€0. xgp q)r,t as the sum of the question scores for survey s of participant p at time ¢. The

sum was then mapped using a survey-specific mapping F; : R — Z>(, where the values and
numbers of mapping thresholds n1, - - - , n,, are survey-specific, sourcing from corresponding
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Figure 2: Survey-to-survey analysis preprocessing. A. Each participant’s question scores were
summed within each survey, mapped to survey scores using Fs, and then aggregated over time. B. An
example map function F; outputs 3 when given 16 under the specified conditions. C. Survey scores
can be aggregated over time in two ways: a) across all time; b) separated into two intervals based on
delivery.

literature[20][21][22][19]. A general example of a mapping is shown as follows:

0, it ng < k)

<m
1 i EP <
]:s(p,t) — ) 1 nl < s,t —_ n2

=

m—1, ifn, 1< k:s%)t < N

Since the ACE survey was only administered once by each participant at the beginning of
their study enrolment, the mapping function for ACE does not consider time domain. However,
the survey scores of the rest of the surveys for each individual were aggregated across time.
For each survey s € S\ {ACE} and participant p € P, let di = AGGREGATE, 1) (Fs(p,t))
be the aggregated result over all the time points. Examples of AGGREGATE functions are
mean, median, max, min. We used mean as our AGGREGATE function. Therefore, df =
ﬁ > te7w (Fs(p,t)). The scores of the ACE survey were unchanged. Eventually, data

matrix D € RIPIXIS| was generated. The distributions of the aggregated survey score were
summarized in Appendix: 1.3.

In temporal analysis, we separated the time points into prenatal and postnatal periods
and calculated separate scores for each period. Participants with both pre- and postnatal



check-in data available (in P) were included in the analysis, totaling 42 participants. Out
of the 42 participants, 38 had no ACE experience, while 4 did. The prenatal scores were
given by: d” = AGGREGATE (2P)s, q,t). The postnatal scores were given by:

s,q,prenatal tET(p)

prenatal

= AGGREGATE (ac(p)s, q,t). Two data matrices were generated based on

s,q,postnatal — tET(p)

postnatal
these scores, D prenarar and D poginatal- The data matrices were computed on the same participant
cohort who had both pre- and postnatal data available. The distributions of the aggregated

survey score of both pre- and postnatal check-in times were summarized in Appendix 1.4.

Question-to-question analysis The preprocessing is similar to survey-to-survey analysis,
but we directly aggregated each single question score in the surveys for an individual across
time. For each survey s € S\ {ACE}, question ¢ € Q, and participant p € P, denote ck 4

as the aggregated result over all the time points, ¢k, = ﬁ YT (xgp 37?5). We kept the

score of ACE survey unchanged. Eventually, data matrix C € RIPI*¢ was generated, where

a =) ,cs|Qs|. Similar procedures were also followed for the temporal analysis.

3.3. Causal structure discovery algorithms

We used causal structure discovery algorithms to find a graph G = (V, E), where V is the set of
defined nodes and F is the set of edges representing causal relationships between variables. The
graph should be a directed acyclic graph (DAG), where all the edges have orientations without
directed cycles or directed loops. We applied two causal structure discovery algorithms to our
dataset: PC algorithm [24][25] and DAG with NO TEARS [26] to output a DAG.

The PC algorithm [24] is a constraint-based method that tests for conditional independence
between d-separation sets to determine the skeleton of the graph. This skeleton can be extended
to a completed partially directed acyclic graph (CPDAG) within the equivalence class of the
underlying DAG, where ambiguous causal directions are represented by arrow-to-arrow con-
nections. However, the CPDAG is not a DAG since it cannot distinguish certain observational
equivalence classes. To accommodate the independence test’s limitation with continuous values,
we rounded obtained scores from previous step. The implementation of the PC algorithm
utilized the pcalg package [25]. DAG with NO TEARS[26] is a score-based method. Given the
data matrix X € R"*? it optimizes a loss function with the constraint of a DAG:

ming Loss(W)
subject to G(W) € DAGS,

where W € R?*? is the weighted adjacency matrix inducing G(W). Since a sparse DAG is
desired, the Loss(W) = 5~||X — XW/||% + A||[W||1. The discrete constraint can be replaced

by a smooth constraint h(W) = tr(eW®W) —d = 0 as proposed by [26]. Solving the constraint
optimization problem yields a DAG, which is what we desired.



a) PC algorithm b) DAG with NO TEARS

Figure 3: Survey-to-survey analysis. a) is a CPDAG generated by extending the skeleton from the
PC algorithm. b) is a DAG generated by the DAGs with NO TEARS algorithm. (Node 0: ACE; Node 1:
Depression; Node 2: Anxiety; Node 3: Mental Well-being; Node 4: Physical Well-being)

Figure 4: Question-to-question analysis: DAG generated from the DAG with NO TEARS algorithm.
The direction of the edges is from variables on rows to columns. The variables are: questions in ACE,
PHQ-9, GAD-7, PROMIS-mental, and PROMIS-physical.

4. Results

This section presents the results obtained from using the PC and DAG with NO TEARS methods
to investigate the relationship between ACEs and mental health symptoms during pregnancy and
postpartum. Due to the measured and unmeasured confounders, we cannot attribute causality
to the associations we uncovered; however they provide valuable insights into the dynamic
relationship between ACEs and mental health symptoms during pregnancy and postpartum.
The survey-to-survey results are shown in Figure 3. Figure 3a shows the results of the PC
algorithm, where it can be observed that ACE has no connections with other nodes. This is
likely due to the ACE data’s highly unbalanced nature in the dataset, with only a few individuals
experiencing significant levels of childhood adverse events. Therefore, we hypothesize that this
unbalanced data distribution leads to the ACE variable being independent of all other variables,
the skewness of the data affecting the results of the independence tests. The second result in 3b
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Figure 5: Survey-to-survey analysis with temporal separation: DAG generated from the DAG with NO
TEARS algorithm - a.) Prenatal vs. b.) Postnatal. (Node 0: ACE; Node 1: Depression; Node 2: Anxiety;
Node 3: Mental Well-being; Node 4: Physical Well-being)

is from the DAGs with NO TEARS algorithm. Based on the consultation with domain experts,
it was determined that the DAG with NO TEARS algorithm yields more reasonable results.
Therefore, we utilized this algorithm for further analyses. For better interpretation, we focused
on strong connections (weight > 0.7, average of edge weights in both prental and postnatal
graphs). Though the learned graph is fully connected, we see that the strongest relations are
from ACE to Anxiety (0.9) to Depression (0.8) to Mental Well-being (0.5) to Physical Well-being
(0.9). These findings are consistent with previous studies [12, 13].

As for the results of the question-to-question level analysis, the weighted adjacency matrix
generated from the DAG with NO TEARS is shown in Figure 4. Notably, question 9 from the PHQ-
9 survey exhibits stronger edge weights than other questions, which can be observed as dark red
regions (weight ~ 2) in Figure 4. This question pertains to suicide risk, asking about thoughts
of self-harm or feeling better off dead in the past two weeks. It reflects an exceptionally severe
symptom if answered affirmatively compared to other survey questions. Detailed descriptions of
each survey question can be found in Appendix 1.2. Based on Figure 4, PHQ9-q9 (the suicide risk
question) is particularly strongly positively associated with ACE-q4 (feeling that no one in your
family loved you), PHQ9-q6 (feeling bad or like a failure), PROMIS_GLOBAL10_PHYSICAL-q1
(rating physical health) and PROMIS_GLOBAL10_PHYSICAL-q4 ( rating your pain on average)
and negatively associated with PHQ9-q4 (trouble falling or staying asleep, or sleeping too much).
The association between increased risk of suicide (PHQ9-q9) and childhood adversity has been
previously presented in [27], particularly the positive correlation between neglect which is
captured in ACE-q4 and risk of suicide attempts [28].

Please note that we ensured that semantic similarities were not confounding our analysis. To
that extent, domain experts assisted in determining semantically similar questions, as shown in
Appendix 1.5. For instance, question 5 in GAD-7 inquires about restlessness, while question
8 in PHQ-9 asks about excessive fidgeting or restlessness. Correlations between semantically
similar questions were removed from the analysis and not considered.

The results on the comparison between prenatal and postnatal survey-to-survey analysis are
shown in Figure 5. First, we note that the associations differ between prenatal and postnatal
stages. We also found that ACE is associated with depression and anxiety both pre- and post-
nataly (edge weights 0.9 and 0.7 in the pre and postnatal periods, respectively). These findings
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Figure 6: Question-to-question analysis (DAG with NO TEARS) for both pre and post natal

are consistent with [4] and[5]. Interestingly, while there is a strong association between ACE
and depression in the prenatal stage (edge weight of 1.0), there is no such direct association in
the post-natal period. In fact, in the postnatal period ACE and depression are independent given
anxiety, i.e. ACE directly affects anxiety (edge weight of 0.7) which in turn affects depression
(edge weight of 0.7). It is satisfying to observe a stable association between mental health and
physical health in both prenatal and postnatal states. This is indicated by the PROMIS Global
10 survey with a weight of 0.9 in both graphs, suggesting the analysis successfully captured
the expected associations in the examined states. While we acknowledge the limitations of our
dataset, the identified differences may be interesting to explore in future research.

5. Discussion

In this paper we focused on understanding relations between measurements, specifically ACE
and mental health, during pregnancy as well as post-nataly. Our findings indicate that the way
ACE affects mental health may differ during the pre and postnatal stages. The caveat of any
such study is in the frequency of the extreme measures. Since some of the values, especially
extreme ones, tend to be rare, their presence/absence can skew the independence tests that
causal analysis is based on quite severely. In addition, while we have administered some of
the expected surveys to identify depression and anxiety as well as other factors, there are a
myriad of unmeasured factors that may influence the association and dependency between
reported variables that may result in a direct dependency link in the graph, obscuring the
potential unmeasured confounding. Thus, while our results indicate that the relation effect of
ACE on mental health differs during the pre- and postnatal periods, further in depth studies
are recommended to facilitate understanding of the direct vs indirect effects in these scenarios.
We hope that ultimately this work is a first step in offering insights to developing clinical



interventions that can improve maternal mental health during pregnancy and reduce the risk of
serious prenatal and postpartum mental health conditions in addition to overall well-being.
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Appendix

1.1. Github Repo Link

The code for the project can be accessed with the following link: https://github.com/
smilejennyyu/BUMP_causality

1.2. Survey questions

ACE questions

1.

Did a parent or other adult in the household often ... Swear at you, insult you, put
you down, or humiliate you? or Act in a way that made you afraid that you might be
physically hurt? Yes/No

Did a parent or other adult in the household often ... Push, grab, slap, or throw something
at you? or Ever hit you so hard that you had marks or were injured? Yes/No

Did an adult or person at least 5 years older than you ever... Touch or fondle you or have
you touch their body in a sexual way? or Try to or actually have oral, anal, or vaginal sex
with you? Yes/No

Did you often feel that... No one in your family loved you or thought you were important
or special? or Your family didn’t look out for each other, feel close to each other, or
support each other? Yes/No

Did you often feel that ... You didn’t have enough to eat, had to wear dirty clothes, and
had no one to protect you? or Your parents were too drunk or high to take care of you or
take you to the doctor if you needed it? Yes/No

6. Were your parents ever separated or divorced? Yes/No

10.

Was your mother or stepmother: Often pushed, grabbed, slapped, or had something
thrown at her? or Sometimes or often kicked, bitten, hit with a fist, or hit with something
hard? or Ever repeatedly hit over at least a few minutes or threatened with a gun or
knife? Yes/No

Did you live with anyone who was a problem drinker or alcoholic or who used street
drugs? Yes/No

Was a household member depressed or mentally ill or did a household member attempt
suicide? Yes/No

Did a household member go to prison? Yes/No

PHQ-9 questions

Over the last 2 weeks, how often have you been bothered by the following problems? (Not at
all, Several days, More than half the days, Nearly every day)

1.
2.
3.
4.

Little interest or pleasure in doing things
Feeling down, depressed, or hopeless
Feeling tired or having little energy.

Trouble falling or staying asleep, or sleeping too much.
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5. Poor appetite or overeating.

6. Feeling bad about yourself or that you are a failure or have let yourself or your family

down

7. Trouble concentrating on things, such as reading the newspaper or watching television.

Moving or speaking so slowly that other people could have noticed or the opposite - being
so fidgety or restless that you have been moving around a lot more than usual.

. Thoughts that you would be better off dead or of hurting yourself in some way.
10.

If you checked off any problems, how difficult have these problems made it for you to do
your work, take care of things at home, or get along with other people?

GAD-7 questions

Over the last 2 weeks, how often have you been bothered by the following problems? (Not at
all, Several days, More than half the days, Nearly every day)

e BN A e

Feeling nervous, anxious, or on edge

Not being able to stop or control worrying

Worrying too much about different things

Trouble relaxing

Being so restless that it’s hard to sit still

Becoming easily annoyed or irritable

Feeling afraid as if something awful might happen

If you checked off any problems, how difficult have these made it for you to do your work,

take If you checked off any problems, how difficult have these made it for you to do your
work, take care of things at home, or get along with other people?

PROMIS 10 questions

You are about to start a survey that asks about your overall health. It is 10 questions and will
take about 1 minute to complete. Question 3, 7, 9, and 10 belong to PROMIS-physical. Questions
2,4, 5, and 8 belong to PROMIS-mental.

1. In general, would you say your health is: Excellent, Very good, Good, Fair, Poor

In general, would you say your quality of life is: Excellent, Very good, Good, Fair, Poor
(Mental)

In general, how would you rate your physical health? Excellent, Very good, Good, Fair,
Poor (Physical)

In general, how would you rate your mental health, including your mood and your ability
to think? Excellent, Very good, Good, Fair, Poor (Mental)

In general, how would you rate your satisfaction with your social activities and relation-
ships? Excellent, Very good, Good, Fair, Poor (Mental)

In general, please rate how well you carry out your usual social activities and roles. (This
includes activities at home, at work and in your community, and responsibilities as a
parent, child, spouse, employee, friend, etc.) Excellent, Very good, Good, Fair, Poor



10.

To what extent are you able to carry out your everyday physical activities such as walking,
climbing stairs, carrying groceries, or moving a chair? Completely, Mostly, Moderately, A
little, Not at all (Physical)

. In the past 7 days, how often have you been bothered by emotional problems such as

feeling anxious, depressed or irritable? Never, Rarely, Sometimes, Often, Always (Mental)
In the past 7 days, how would you rate your fatigue on average? None, Mild, Moderate,
Severe, Very severe (Physical)

In the past 7 days, how would you rate your pain on average? Put it on a 10-point scale
from No pain to Worst pain imaginable (Physical)



1.3. Summary of check-in survey scores across all check-in time
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Figure 7: Distributions of all participants’ survey answers across all (available) check-in time.
236 out of 254 participants did not experience ACE, and 18 of them had the experience of ACE. The
distributions of the aggregated scores, averaged across all check-in times, are shown for each survey.

1.4. Summary of pre- and postnatal check-in survey scores
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Figure 8: Distributions of survey answers across pre- and postnatal check-in time. Only 42
participants, who had at least one postnatal check-in done, were included. A. The distribution of ACE
experience. 38 participants did not experience ACE, and 4 participants had experienced ACE. B. The

distribution of the aggregated score across prenatal check-in times. C. The distribution of the aggregated
score across postnatal check-in times.



1.5. Semantic Similarity for survey questions
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Figure 9: Semantic similarity for questions from the 3 surveys. The colours indicate similarity in
question content.
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