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Abstract

Purpose: Violence against women during pregnancy
is a serious public health concern due to its significant
adverse health consequences for both the mother and
the baby. This study aims to systematically identify
common health problems and synergistic health corre-
lates of intimate partner violence (IPV) that specifically
affect pregnant women.

Methods: We mine large-scale electronic health record
(EHR) data from the IBM Explorys database to identify
health problems that are prevalent in both IPV and
pregnancy populations, as well those that are syner-
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gistically associated with the presence of IPV during
pregnancy. For this purpose, we develop methods that
enhance the statistical reliability of identified patterns by
constructing confidence intervals that take into account
systematic bias and measurement errors in addition to
the variance in estimation.

Results: We identify with high confidence 668 and 2750
terms that are respectively prevalent in respectively IPV
and pregnancy populations. Of these terms, 279 are com-
mon. We also identify 16 synergistic health correlates
with high confidence. Our results suggest that mental
health, substance abuse, and genitourinary complica-
tions are prevalent among pregnant women exposed to
IPV. The synergistic terms we identify reveal potential
conditions that can be direct consequences of trauma
(e.g., tibial fracture), long-term health consequences
(e.g., chronic rhinitis), markers associated with the de-
mograhics of affected populations (e.g., acne), and risk
factors that potentially increase vulnerability during
pregnancy (e.g., disorders of attention and motor con-
trol).

Conclusions: Our results indicate that IPV signifi-
cantly affects the well-being of pregnant women in mul-
tiple ways. The findings of this study can be useful
for screening of IPV in pregnant women. Finally, the
methodology presented here can also be useful for inves-
tigating the synergy between other medical conditions
using EHR databases with privacy constraints.

Keywords IPV - Pregnant Women - EHR - Data
Mining - Synergistic Health Correlates

1 Introduction

Background. Intimate partner violence (IPV), some-
times referred to as domestic abuse (DA), is defined by
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the Centers for Disease Control and Prevention (CDC)
as physical, sexual, or emotional abuse by a current
or former intimate partner [3]. According to The Bu-
reau of Justice Statistics, IPV accounts for 21% of all
violent crime, with 1 in 4 women experiencing severe
forms of IPV [23]. IPV has significant adverse effects on
the physical and mental well-being of affected women.
Harms to physical health experienced by IPV survivors
include acute and often visible injuries such as bruises,
lacerations, fractures, sight and hearing damage, in ad-
dition to chronic conditions such as hypertension, irrita-
ble bowel syndrome, fibromyalgia, asthma exacerbation,
and chronic pain syndromes [8, 17]. Mental health con-
sequences of IPV include acute responses, such as emo-
tional distress, suicidality, as well as chronic conditions
and patterns of behavior including depression, anxiety,
eating-disorders, sleep-disorders, post-traumatic stress
disorders, and substance use [17].

Significance. Many of the adverse health effects of
IPV are amplified during pregnancy [5]. When IPV is
experienced by pregnant women, the consequences are
extended to both mother and child. The likelihood of suf-
fering from miscarriage, stillbirth, fetal injury, preterm
birth, and low birth weight increases with the presence
of IPV [5, 17]. Indeed, pregnancy outcomes such as
preterm birth and low birth weight are suggested to
be mediated by mechanisms involving the prolonged
stress experienced by survivors of IPV [5]. Non-fatal
injuries incurred to the child during gestation are par-
ticularly harmful because poor pregnancy outcomes are
associated with a host of physical and developmental
problems that persist into adulthood [14]. This potential
harm is corroborated by findings that confirm the high
prevalence of mental health consequences these moth-
ers face during and after pregnancy [25]. Furthermore,
pregnant women subjected to IPV delay time of prena-
tal care, exhibit poor maternal nutrition, and are more
likely to use tobacco, alcohol, and illicit drugs during
their pregnancy [25]. All of these social, mental, and
behavioral factors predispose women to poor mental and
behavioral health, and pose serious additional harms to
the development of the child.

Objectives. In this study, we utilize electronic health
records (EHRs) to systematically investigate the rela-
tionship between IPV and pregnancy by identifying spe-
cific health correlates of IPV against pregnant women.
Specifically, we aim to answer the following research
questions:

1. What are the diagnostic terms that are frequently
observed in the presence of pregnancy and IPV?

We call these prevalent terms. Such terms can be
potentially indicative of IPV in pregnant women.

2. Does IPV exhibit significant co-occurrence with preg-
nancy i.e., is IPV more frequently observed among
pregnant women compared to the general popula-
tion? If so, to what extent?

3. Are there diagnostic terms whose presence lead to
stronger co-occurrence of IPV and pregnancy as com-
pared to the general population? We refer to such
terms as synergistic terms. Note that, synergistic
terms are not necessarily strongly associated with
IPV and pregnancy individually. Such terms can po-
tentially indicate adverse health effects of pregnancy
that are further aggravated by IPV. Alternatively,
they can be health consequences of IPV that affect
pregnant women more dominantly.

Approach. To help answer these questions, we utilize
the IBM Explorys database, which provides access to
millions of patient records across hundreds of hospitals
in the United States. The abundant data in Explorys
provides opportunities for data mining tools to uncover
health correlates of specific target conditions like ”"IPV
against pregnant women”. However, the privacy mea-
sures employed by this database pose significant chal-
lenges: 1) Individual patients records are not available.
The data is provided only in the form of frequencies, i.e.,
the number of records that contain each term in a given
cohort. 2) The frequencies reported by the database
are obfuscated by rounding to the nearest ten. The ad-
ditional uncertainty due to rounding poses additional
challenges for investigating rare conditions.

To tackle these challenges, we define statistical crite-
ria to rigorously assess the prevalence and co-occurrence
of diagnostic terms by taking into account the sample
variation, selection bias, and uncertainty due to round-
ing. To ensure the robustness of our results, we repeat
our analysis for several control conditions that are either:
(i) clearly related to pregnancy such as miscarriage, or
(ii) acute conditions that are not expected to be strongly
related to IPV or pregnancy, such as chronic kidney dis-
ease. By systematically applying our computational and
statistical framework to large scale EHR data, we iden-
tify several significantly prevalent and/or synergistic
terms that may provide insights into the interplay of
IPV and pregnancy.

Contributions. Overall, the contributions of this study
can be summarized as follows:

— We develop a computational and statistical frame-
work to systematically investigate the relationship
between multiple conditions using electronic health
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records (EHR) data presented in the form of fre-
quencies. Using this framework, we investigate the
relationship between intimate partner violence (IPV)
and pregnancy.

— We suspect that IPV can be susceptible to a positive
reporting bias due to more meticulous record keeping.
We develop methods to estimate the effect of such
systematic bias in available EHR data, document
the extent of bias, and compute confidence intervals
for the prevalence and co-occurrence of diagnostic
terms by accounting for this bias.

— We introduce the notions of shared prevalence and
synergy as distinct notions in characterizing the re-
lationship between a diagnostic term and two condi-
tions of interest. In the context of IPV and pregnancy,
we show that diagnostic terms that are significantly
prevalent in both IPV and pregnancy cohorts (sep-
arately) are distinct from terms that increase the
likelihood of observing IPV and pregnancy together.

— By utilizing control cohorts that represent condi-
tions that are potentially associated (either nega-
tively or positively - miscarriage, intra-uterine de-
vice, endometriosis) or not associated (chronic kidney
disease) with pregnancy, we further investigate the
ability of proposed methods in discerning signal from
noise.

2 Materials and Methods
2.1 Data collection

IBM Explorys Cohort Discovery is a browser-based
search engine that allows querying for frequencies of diag-
nostic terms in patient cohorts constructed based on the
existence of specific diagnoses, findings, or demographics
[1, 18]. A query requires specifying (i) ICD-9/ICD-10
codes and (ii) demographic attributes as criteria for
inclusion and/or exclusion, which are used to form a
cohort of records. For consistency throughout this paper,
we use “term” to refer to a clinical diagnosis we obtain
from this search tool.

2.2 Querying and Cohort Formation

In order to investigate the relationship of IPV and
pregnancy, we first generate our cohorts of inter-
est by performing separate queries (Fig. la). These
queries/cohorts are specified as follows:

— Background (BG) Cohort: All records of women 18-
65 years of age with a diagnosis of a disease. All
other cohorts are a subset of this cohort.

— IPV Cohort: All records that contain “Domestic
Abuse” in the findings field.

— Preg Cohort: All records that contain “Pregnant” in
the findings field.

— IPV&Preg Cohort: All records that contain both
”"Domestic Abuse” and ”"Pregnant” in the findings
field.

We also generate cohorts for each of the control con-
ditions we consider. Letting Z denote one of Chronic
Kidney Disease (CKD), Endometriosis (Endo), Miscar-
riage (MC) and Intrauterine Device (IUD), we construct
the following cohorts for each control condition Z:

— Z Cohort: All records that that contain “Z” in the
findings or diagnosis field.

— IPV&Z Cohort: All records that contain both “Do-
mestic Abuse” and ”Z” in the findings or diagnosis
field.

— Preg&Z Cohort: All records that contain both ”Preg-
nant” and ”Z” in the findings or diagnosis field.

We run all queries in October 2018. In total, we
obtain 16 cohorts representing: the background popu-
lation, IPV, Pregnancy, four control groups, and the
combinations of IPV and Pregnancy with each other
and the control groups (Supplementary Data 1). For
each cohort X, we obtain the following information: (1)
Cohort size Nx i.e., the number of records in X and (2)
A frequency table fx that contains, for each term ¢, the
frequency fx(t) of t in cohort X (i.e., the number of
records in X having diagnosed with ¢, Fig. 1b). Table 1
shows the cohort sizes and the number of terms with
non-zero frequencies for each of these 16 cohorts.

For two conditions of interest X and Y (IPV, Preg,
or one of the control groups), we utilize the cohort
sizes and term frequency tables to compute contingency
tables for each term. Namely, we compute the number
of records N(t, X,Y) for all combinations of X, Y, and
t (Fig. 1c). We use the following notation:

— N: Cohort size (number of records) of background
(BG) cohort.

— N(t): Number of records diagnosed with t. It is

directly obtained from term frequency table fpg of

BG cohort.

N(X), N(Y): Cohort sizes of cohort X and cohort

Y.

— N(t,X), N(t,Y): Number of records diagnosed with
t in cohort X, in cohort Y. Directly obtained from
term frequency tables fx and fy.

— N(X,Y): Cohort size of X&Y cohort.

N(t,X,Y): Number of records diagnosed with ¢ in

X &Y cohort. Directly obtained from term frequency

table fX&y.
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Fig. 1 The flow chart of our pipeline for mining electronic health records to investigate the interplay between
IPV and pregnancy. (a) The generated cohorts for the analysis of IPV and pregnancy. (b) Each generated cohort contains
a frequency table indicating the number of records for each term. Cohort size is the total number of records in a cohort. (c)
Contingency tables (shown as Venn diagrams) are constructed for each term using the term frequencies and cohort sizes.
(d, e) Assessment of prevalence and synergy. Shaded red fields indicate the portion of contingency table that increases the
corresponding prevalence or synergy score. BG: Background, DA: Domestic Abuse, IPV: Intimate Partner Violence.

2.3 Data Analysis
2.8.1 Computing prevalence score

For a condition of interest X (e.g., IPV, pregnancy),
we consider a term to be prevalent if it is significantly
more frequently observed in cohort X as compared to
background. To assess the prevalence of a term in cohort

X, we first construct 2 x 2 contingency tables N (t,X).

Then, for each cohort X (IPV, Preg or control cohorts),
and term ¢, we compute a prevalence score P x (t) which
is equal to the log-odds ratio LOR(t, X | BG):

LOR(t, X|BG) = log, (N(t, X)N(=t, ~X) )

N(—t, X)N(t,—~X)
=logy, (N = N(t) — N(X) + N(t,X))
+logy N(t, X) — log, (N(t) — N(t, X))
—logy (N(X) — N(t, X))
(1)
As illustrated in Fig. 1d, LOR(¢, X |BG) increases as
the frequency of term ¢ in cohort X goes up in relation

to the frequency of term ¢ in the background cohort and
the size of cohort X.

2.8.2 Accounting for variance

In order to assess the variability in the estimation of
LOR(t, X|BG), we compute the standard error as fol-
lows:

1 1 1
1 1

)
- —t, = }
N(=t,X) " N(=t,-X)

+

Then, we compute the 95% confidence interval:

LORumin (¢, X|BG) = LOR(t, X|BG) — 1.96se(t, X)
LORmax(t, X|BG) = LOR(t, X|BG) + 1.96s¢(t, X)

—~

3)

2.8.83 Accounting for measurement error

The confidence interval shown in Equation 3 accounts
for variance but does not consider the measurement
error due to the rounding of frequencies. For example, if
N(t, X) = 10, this indicates that the frequency of term
t in cohort X is between 5 and 15, which is a sufficiently
large range that could potentially affect the log-odds
ratio a considerable amount for relatively rare terms. To
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Table 1 The cohort sizes and number of diagnostic
terms that appear in each cohort. Cohort size refers to
the number of records (patients) with the corresponding di-
agnosis or finding (e.g., pregnant). “Number of terms” refers
to the number of observed terms with non-zero frequency in
the corresponding cohort. IPV: Intimate Partner Violence,
Preg: Pregnancy, CKD: Chronic Kidney Disease, Endo: En-
dometriosis, IUD: Intra-Uterine Device, MC: Miscarriage. The
background cohort corresponds to the population of females
18-65 years of age that has a diagnosis record in Explorys
database. Note that, Explorys provides all numbers (including
cohort sizes) rounded to the nearest ten.

Cohorts of Interest
Query/Cohort Preg PV Preg&IPV
Cohort Size 891780 6880 1170
Number of Terms 15488 5465 2960
Control Cohorts
Query/Cohort CKD IPV&CKD Preg&CKD
Cohort Size 150240 160 8010
Number of Terms 13954 1589 7017
Query/Cohort Endo IPV&Endo Preg&Endo
Cohort Size 251700 340 24070
Number of Terms 13713 2037 8486
Query/Cohort IUD IPV&IUD Preg&IUD
Cohort Size 210460 210 73190
Number of Terms 12432 1250 10102
Query/Cohort MC IPV&MC Preg&MC
Cohort Size 284640 460 130960
Number of Terms 12785 1864 11489
Query/Cohort Background Cohort
Cohort Size 13164960
Number of Terms 18863

account for the additional uncertainty due to rounding,
we construct an augmented confidence interval: We con-
sider all possible values of frequency (number of records)
to construct the corresponding LOR confidence intervals
and report the minimum and maximum bounds among
all computed intervals. The log-odds ratio in Equation 1
is monotonic with respect to the counts i.e.,

— LOR(t, X|BG) increases as N or N(t,X) increases.
— LOR(t, X|BG) decreases as N (t) or N(X) increases.

Thus, it is sufficient to consider the corner cases of fre-
quency to compute the augmented confidence intervals:

— Min bound: Compute interval for N = N — A,
N({t)=N@{#)+A, N(X)=N(X)+Aand N(t, X) =
N(t,X)—A

— Maz bound: Compute interval for N = N + A,
N(t)=N({#t)—A,N(X)=N(X)-Aand N(t, X) =
N, X)+ A

where A =5 since the rounding is to the tenth digit.

2.8.4 Identification of prevalent terms

In this study, we are interested in identifying diag-
nostic terms that are over-represented in both IPV

and Preg cohorts. In order to identify terms that are
prevalent in both cohorts of interest X, Y (e.g., IPV,
Preg), we first compute Px(t) = LOR(¢, X|BG) and
Py (t) = LOR(t,Y|BG) as well as the corresponding
augmented confidence intervals. Then, we utilize the
following combined prevalence scoring function P(t):

P(t) = min (Px(t), Py (%))

= min (LOR(¢, X|BG), LOR(¢,Y|BG)) @

We compute an augmented confidence interval for P(t)
as follows:

Poin(t) = min (LORmin (t, X|BG), LORwi(, Y|BG))
Prax(t) = min (LORuax (£, X|BG), LORmax(t, Y|BG))
(5)

Note that, a high P(t) value will necessarily imply a high
value for Px(t) and Py (t) as well since P(t) > Px(¢)
and P(t) > Py (t). Thus, a high P(¢) value indicates
high prevalence in both X and Y cohorts.

2.83.5 Computing co-occurrence score

We define the co-occurrence between two conditions X
and Y (e.g., IPV and pregnancy) as a tendency of both
conditions to occur together, which can be measured
using the observed frequencies. To assess the overall
co-occurrence of two conditions X and Y in the back-
ground population, we first construct a 2 x 2 contin-
gency table N(X,Y). Then, we compute an the overall
co-occurrence score Cpg(X,Y) which is equal to the
log-odds ratio LOR(X, Y |BG):

Cpg(X,Y) = LOR(X,Y|BG)
=1 N<X7 Y)N(ﬂXa _‘Y) (6)
B <N(ﬂX, Y)N(X, ﬁY))

Similarly, we assess the conditional co-occurrence
Ci(X,Y) of two conditions X and Y in a sub-population
where term ¢ is present. For this purpose, we construct
2 x 2 contingency tables N (¢,X,Y) for each term ¢ and
measure the log-odds ratio LOR(X, Y|t):

Cy(X,Y) = LOR(X, Y |¢)
B N(t,X,Y)N(t,~X,-Y) (7)
= log, (N(t7 ~X,Y)N(t, X, ﬁy)>

Both co-occurrence scores LOR(X,Y|BG) and
LOR(X,Y|t) compares the risk (measured by odds)
of X when Y is present to the risk of X when Y is
not present. Thus, as illustrated in Fig. le, C;(X,Y)
goes up as the frequency of term ¢ in the X &Y cohort
(e.g., IPV&Preg) increases in relation to the frequencies
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of t in the X (e.g., IPV) and Y (e.g., Preg) cohorts.
Similarly, Cpg(X,Y) goes up as the size of X&Y
cohort increases in relation to the sizes of the X and Y
cohorts.

We compute 95% augmented confidence intervals for
co-occurrence scores LOR(X,Y|BG) and LOR(X, Yt)
in a similar manner as we do for prevalence score
LOR(t, X|BG). We replace the contingency table items
N(t,X) in Equation 2 with appropriate contingency
table items: N(X,Y) for LOR(X,Y|BG) and with
N(t,X,Y) for LOR(X,Y|t). Then, we repeat the re-
maining steps described in Accounting for variance and
Accounting for measurement error sections.

2.8.6 Identification of synergistic terms

Here, our aim is to identify synergistic terms whose pres-
ence increase the co-occurrence of X and Y (specifically
IPV and pregnancy), i.e., terms that make X and Y
more likely to occur together. To this end, we first com-
pute the overall co-occurrence score Cpg(X,Y) and a
conditional co-occurrence score C,(X,Y) for each term ¢.
We are interested in terms that have co-occurrence scores
higher than the background co-occurrence Cpg(X,Y).
Thus, we utilize the following synergy score S(t) for a
term ¢, which is adjusted for overall co-occurrence of X
and Y conditions:

S(t) = Ci(X,Y) = Cpa(X,Y) (®)
= LOR(X,Y|t) - LOR(X,Y|BG)

Note that, Cpg(X,Y") does not depend on a term. Thus,
rankings of the terms are the same for C;(X,Y") and
S(t).

We compute the 95% augmented confidence interval
for S(t) using the confidence intervals of co-occurrences
scores as follows:

Smin(t) = LORuin (X, Y|t) — LORpmax (X, Y|BG)

9
Smax(t) = LORpax (X, Y'[t) — LORpin (X, Y|BG) ©)

RESULTS
2.4 Assessment of Prevalence

We analyze a total of 18863 diagnostic terms. For each
term ¢ among all 18 863 terms, we compute a prevalence
score Px(t) (Equation 1) for each cohort X which is
IPV, Preg or one of the control groups (MC, Endo, IUD,
CKD). To assess the statistical significance of these
scores, we compute 95% augmented confidence intervals
(Equation 3). We consider a prevalence score for a term ¢
valid if the corresponding augmented confidence interval

4} so1780

1408
- ; . 10
. S < SR B0 210460 _ 150240
Q.| I
@3 - N
X ~ bk
= -[ \6880_ 104 UEJ
x| <
o2 l 9
- o)
c O
3 102
Sy
0 10°
Preg MC Endo UD CKD PV

X

Fig. 2 Cohort sizes and mean prevalence score (log-
odds ratio) for IPV, Preg and all 4 control groups. The
black lines indicate the 95% augmented confidence interval for
the mean prevalence of all terms in the corresponding cohort.
The blue line and numbers of top indicate the cohort size.
The cohorts are sorted in descending order according to the
cohort sizes.

has a finite range i.e., when the term frequency is non-
zero. There are a total of 5464 and 15445 valid terms
for IPV and Preg respectively.

2.4.1 Estimation of the bias in reporting frequencies

We hypothesize that there may be a bias in reporting
frequencies in cohorts describing serious conditions like
IPV due to more meticulous record keeping. To esti-
mate the effect of such a bias in reporting frequencies,
we measure the mean prevalence score of all valid terms
for each cohort (including the control cohorts). As seen
in Fig. 2, the mean prevalence score for each cohort is
positive and the two cohorts with smallest cohort size
(CKD and IPV) have the highest mean prevalence scores.
We argue that the dependence between the cohort size
and this over-representation in mean prevalence scores
may be because of the invalid (censored) terms with
zero frequencies. That is, some rare terms that are neg-
atively associated with IPV are simply not observed
(zero number of records) in our sample population, thus,
are removed from the analysis. As it can be seen from
Fig. 3, it is not possible to observe rare terms (with less
than 10000 records in the background cohort) that are
negatively associated with IPV. Whereas, this effect is
much weaker in the Preg cohort (only very rare terms
with less than 100 records in background are not ob-
served as negatively associated with Preg) because of
its higher cohort size.

Overall, from our analysis on the mean prevalence
scores, we estimate that the reporting frequency of a
term is roughly 3.2 times as high in the IPV cohort com-
pared to background (95% confidence interval for odds
ratio: [1.84, 4.79]) and roughly 1.5 times as high in the
Preg cohort compared to background (95% confidence
interval for odds ratio: [1.05, 2.00]).
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LOR(Term, IPV|BG)
N

-2 L
102 10* 10°
Frequency of term in background cohort
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-

LOR(Term, Preg|BG)
o [\S}
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Fig. 3 Distribution of prevalence scores across all terms. The distribution of the terms’ (Left) IPV prevalence score:
LOR(t, IPV—BG), and (Right) Preg prevalence score: LOR(t, Preg—BG) are shown with respect to the frequency of the term
in the background cohort (i.e., rarity of the term) in log-scale. The black dashed line is the mean log-odds ratio (LOR) and
grayed area is the corresponding augmented confidence interval. The red line indicates the minimum observeable log-odds ratio
(for a frequency of 10) given the corresponding rarity level of a term. For each term (point), a small jitter is added to help see

the overlapping points.

2.4.2 Adjusting for the bias in reporting frequencies

To avoid over-estimating the prevalence scores for a
cohort of interest due to a bias on reporting frequencies,
we focus on terms that are more prevalent than the
average prevalence of that cohort. Thus, we assign a
confidence level for each computed prevalence score
Px (¢t) for cohort X and term t by applying a cohort-
specific threshold:

— Px(t) has “high” confidence level if the minimum
bound of its confidence interval is higher than the
maximum bound of mean prevalence score for cohort
X.

— Px(t) has “medium” confidence level if the minimum
bound of its confidence interval is higher than mean
prevalence score for cohort X.

— Px(t) has “low” confidence level if it does not have
a high or medium confidence level.

2.4.3 Prevalent terms in IPV and Preg cohorts

For the TPV cohort, we identify 668 and 611 terms with
respectively high and medium confidence among 5464
valid terms. For the Preg cohort, there are 2750 and 2024
terms with respectively high and medium confidence
among 15445 valid terms. In Supplementary Data 2, we
provide terms identified as prevalent for IPV, Preg, and
control cohorts.

Next, we analyze terms that are prevalent in both
IPV and Preg cohorts. For this purpose, we compute
a 95% augmented confidence interval for the combined

prevalence score P(t) for each term ¢ (Equation 4, Equa-
tion 5). For each term ¢, we assign the following confi-
dence levels to their combined prevalence score:

— P(¢) has “high” confidence level if both Prpy(¢) and
Ppreg(t) have high confidence levels.

— P(¢) has “medium” confidence level if both Pipy ()
and Ppyeg(t) have at least medium confidence levels.

— P(t) has “low” confidence level if Pipy (t) or Ppyeg(t)
has a low confidence level.

All valid terms in the IPV cohort are also valid for the
Preg cohort, thus we compute confidence intervals for
combined prevalence scores of 5464 terms.

Among these terms, 279 are prevalent in both IPV
and Preg cohorts with high confidence (see Fig. 4 for
a distribution of high and medium confidence terms).
We sort the terms with respect to the lower bound of
the combined prevalence score P(t) (Equation 5) and
report the top 20 terms in Table 2. We provide the
combined prevalence scores for all identified terms in
Supplementary Data 3.

We repeat the prevalence analysis for control cohorts.
For comparison, the number of terms that exhibit sig-
nificant (with high and medium confidence) combined
prevalence in two cohorts for all pairs of cohorts is shown
in Fig. 5. As expected, for control cohorts that are di-
rectly related to pregnancy, namely intra-uterine device
(IUD) and miscarriage (MC), the number of prevalent
terms identified with high confidence is much higher
than it is for other cohorts. Furthermore, among all
analyzed cohorts, pregnancy shares the largest number
of high-confidence prevalent terms with IPV. We report
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Fig. 4 Distribution of prevalence scores for high confidence prevalent and synergistic terms. X-axis and Y-axis
indicate the minimum bounds of 95% augmented confidence intervals for IPV prevalence score: LOR(t, IPV—BG), and
pregnancy prevalence score: LOR(t, Preg—BG) respectively. (Left) High and medium confidence prevalent terms are shown in
red and yellow regions respectively. (Right) The IPV and pregnancy prevalence score distributions of high confidence synergistic
terms are shown. Red region indicates high confidence prevalent terms, and green region indicates terms that are prevalent with
high confidence in IPV or Preg cohorts (but not both).

Table 2 Top 20 terms identified with high confidence as prevalent in both IPV and Preg cohorts. Within square
brackets, the 95% augmented confidence intervals of the corresponding log-odds ratios (LOR) and prevalence scores P(t) are
provided. The terms are sorted according the minimum bound of prevalence score P(t). All 20 reported terms are identified
with high confidence (higher than average prevalence in both IPV and Preg cohorts in a statistically significant manner). See
Supplementary Data 3 for a complete list of terms identified.

Term Description LOR(Term, X|BG) Number of records Prevalence
Preg PV BG Preg IPV P(¢)

1 TID11770: Mental disorder during pregnancy - baby not yet | 4.07 [4.05, 4.10] 3.82 [3.64, 4.00] | 50170 27230 350 | 3.82 [3.64, 4.00]
delivered

2 TID11772: Mental disorder in mother complicating preg- | 4.07 [4.05, 4.10]  3.82 [3.64, 4.00] | 50170 27230 350 | 3.82 [3.64, 4.00]
nancy

3 TID11773: Mental disorder in the puerperium - baby deliv- | 3.37 [3.35, 3.40]  3.36 [3.17, 3.55] | 58440 24720 300 | 3.36 [3.17, 3.40]
ered

4 TID7481: Fetal or neonatal effect of maternal use of tobacco | 3.60 [3.58, 3.62] 3.27 [3.12, 3.42] | 108830 49610 510 | 3.27 [3.12, 3.42]

5 TID7479: Fetal or neonatal effect of maternal transmission | 3.56 [3.54, 3.58]  3.24 [3.10, 3.39] | 113140 50730 520 | 3.24 [3.10, 3.39]
of substance

6 TID11599: Maternal drug exposure 4.56 [4.52, 4.60]  3.36 [3.03, 3.68] 22860 14360 120 | 3.36 [3.03, 3.68]

7 TID6700: Drug dependence during pregnancy - baby not yet | 4.51 [4.45, 4.58]  3.52 [3.01, 4.00] 10120 6300 60 3.52 [3.01, 4.00]
delivered

8  TID6701: Drug dependence during pregnancy, childbirth and | 4.42 [4.37, 4.46] 3.28 [2.88, 3.65] | 18080 10950 90 | 3.28 [2.88, 3.65]
the puerperium

9 TID11777: Mental disorders during pregnancy, childbirth | 4.09 [4.08, 4.11] 3.01 [2.88, 3.14] | 168840 89340 650 | 3.01 [2.88, 3.14]
and the puerperium

10 TID6702: Drug dependence in mother complicating preg- | 4.34 [4.29, 4.40]  3.31 [2.85, 3.74] | 13690 8130 70 | 3.31[2.85, 3.74]
nancy, childbirth AND/OR puerperium

11 TID11769: Mental disorder during pregnancy - baby deliv- | 3.99 [3.97, 4.00] 2.96 [2.80, 3.13] | 106540 55440 410 | 2.96 [2.80, 3.13]
ered

12 TID719: Acute gonococcal cervicitis 3.45 [3.33, 3.58 3.92 [2.77, 4.82 2550 1130 20 3.45 [2.77, 3.58

13 TID11884: Mild hyperemesis-not delivered 3.54 [3.52, 3.56 2.94 [2.74, 3.13 78120 35040 300 | 2.94 [2.74, 3.13

14 TID6699: Drug dependence during pregnancy - baby deliv- | 4.00 [3.91, 4.09]  3.53 [2.69, 4.23 5030 2700 30 3.53 [2.69, 4.09
ered

15 TID18493: Urogenital infection caused by Trichomonas vagi- | 2.70 [2.68, 2.72]  2.95 [2.74, 3.15] | 69440 21950 270 | 2.70 [2.68, 2.72]
nalis

16 TID605: Acute cervicitis 3.37 [3.24, 3.49 3.82 [2.67, 4.72 2730 1170 20 3.37 [2.67, 3.49

17 TID724: Acute gonorrhea of lower genitourinary tract 3.60 [3.57, 3.64] 3.01 [2.66, 3.35 26550 12370 110 | 3.01 [2.66, 3.35

18  TID8252: Gonorrhea 3.51 [3.47, 3.54 2.98 [2.66, 3.28 32260 14480 130 | 2.98 [2.66, 3.28

19  TID8156: Genitourinary tract infection in pregnancy - not | 3.65 [3.64, 3.67]  2.81 [2.66, 2.95 149320 68580 510 | 2.81 [2.66, 2.95
delivered

20 TID10721: Late pregnancy vomiting - not delivered 3.35 [3.31, 3.39] 3.01 [2.66, 3.34] | 26640 11270 110 | 3.01 [2.66, 3.34]

the prevalence scores and the confidence levels for the
combinations of IPV and Pregnancy with each of the

control cohorts (MC, Endo, CKD,
tary Data 4.

IUD) in Supplemen-
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Fig. 5 Number of prevalent (P) and synergistic (S)
terms identified with high (at least medium) confi-
dence between IPV, Preg and each of the 4 control
cohorts. The number of terms identified with high or medium
confidence level are given in parentheses.

2.5 Assessment of Co-occurrence

To study our second research question, we assess the
co-occurrence between IPV and pregnancy. Namely, we
investigate if the frequency of IPV among pregnant
women is higher than the frequency of IPV among
women who are not pregnant. For this purpose, we
compute an overall co-occurrence score Cpg (IPV, Preg)
(Equation 6) as well as a conditional co-occurrence score
C:(IPV, Preg) (Equation 7) for each term ¢. Similar to
the prevalence analysis, we assess the statistical signif-
icance of these scores by computing 95% augmented
confidence intervals. There are 2818 terms that have
a valid co-occurrence score (which requires a non-zero
frequency in the IPV&Preg cohort).

The overall co-occurrence score Cpg between IPV
and pregnancy is 1.50 [1.40, 1.60]. Similarly, the mean co-
occurrence score C;(IPV, Preg) of IPV and pregnancy is
1.26 [0.16, 2.22]. Thus, both numbers suggest that there
is overall a significant positive co-occurrence between
IPV and pregnancy: With 95% confidence, we estimate
that the odds (risk) of IPV among pregnant women is be-
tween 2.4 (2126) to 2.8 (21-5) times more than the risk of
IPV among women who are not pregnant. However, this
observation may be affected by selection bias: During
pregnancy, women interact with the healthcare system
more frequently. Therefore, IPV may be documented
more frequently among pregnant women.

2.6 Assessment of Synergy

To further elucidate the association between pregnancy
and IPV in terms of their health correlates, we identify
synergistic terms that indicate higher conditional co-
occurrence between IPV and pregnancy than the overall
co-occurrence in the general population (measured 1.50
[1.40, 1.60]). Thus, for each term ¢, we compute a synergy
score S(t) = C4(IPV, Preg) —Cpg (IPV, Preg) and assign
a confidence level for the synergy of each term as follows:

— Synergy S(t) has “high” confidence level if the mini-
mum bound of the confidence interval for conditional
co-occurrence score Cy(IPV, Preg) is higher than the
maximum bound of the overall co-occurrence score
Cpa(IPV, Preg) (i.e., 1.60).

— Synergy S(t) has “medium” confidence level if the
minimum bound of the confidence interval for con-
ditional co-occurrence score C;(IPV, Preg) is higher
than the point estimate of the overall co-occurrence
score Cpg(IPV,Preg) (i.e., 1.50).

— Synergy S(¢) has “low” confidence level if it does not
have high or medium confidence level.

We identify 16 and 5 terms that are synergistically
associated with IPV and pregnancy with respectively
high and medium confidence . These terms are shown
on Table 3. We provide the synergy and co-occurrence
analysis results of all valid terms in Supplementary
Data 5. We also visualize the distribution of IPV and
pregnancy prevalence scores for the 16 high-confidence
synergistic terms in Fig. 4. As seen in the figure, most
of the terms that are identified as synergistic with the
co-occurrence of IPV and pregnancy are not significantly
prevalent in the IPV or pregnancy cohorts.

Next, we repeat the synergy analysis for all pairs
of control cohorts with IPV and pregnancy (e.g., IPV-
CKD). The number of high-confidence and medium-
confidence synergistic terms for all pairs of cohorts in-
volving IPV or pregnancy are shown in Fig. 5. We pro-
vide the results of synergy and co-occurrence analyses
for control cohorts in Supplementary Data 6.

3 Discussion
3.1 Commonly Prevalent Terms

Three key themes emerge from the collection of com-
monly prevalent terms: (i) poor mental health during
pregnancy, (ii) maternal substance use, and (iii) geni-
tourinary infections and complications.

Poor Mental Health During Pregnancy. Our first
finding that poor mental health is significant in both
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Table 3 Top 21 terms identified as synergistic for IPV and Preg cohorts with high or medium confidence.
Within square brackets, the 95% augmented confidence intervals of the corresponding log-odds ratio (LOR) and synergy scores
S(t) are provided. The terms are sorted according to the minimum bound of the synergy score S(¢). See Supplementary Data 5
for the synergy analysis results of all terms. *Both refers to the number of records diagnosed with the term in IPV&Preg cohort.

Term Description Number of Records Synergy Conf.
LOR(Preg, IPV|Term) | Preg IPV  Both* S(t) Level
1 TID398: Acne 2.36 [1.83, 2.90 56950 250 100 0.87 [0.23, 1.50 High
2 TID3725: Chronic heart disease 3.21 [1.80, 4.44 3040 90 20 1.72 [0.21, 3.04 High
3 TID5759: Developmental disorder of motor func- 2.19 [1.79, 2.58 32300 420 140 0.69 [0.19, 1.18 High
tion
4 TID2005: Attention deficit hyperactivity disorder 2.19 [1.79, 2.58 32260 420 140 0.69 [0.19, 1.18 High
5 TID6562: Disorders of attention and motor control 2.19 [1.79, 2.58 32260 420 140 0.69 [0.19, 1.18 High
6 TID7875: Fracture of shaft of fibula 3.69 [1.78, 6.08 1490 40 20 2.19 [0.18, 4.68 High
7 TID13221: Old myocardial infarction 3.08 [1.76, 4.17 1330 140 20 1.58 [0.16, 2.77 High
8 TID5758: Developmental disorder 2.08 [1.73, 2.43 45010 510 170 0.59 [0.13, 1.04 High
9 TID12790: Neurodevelopmental disorder 2.10 [1.73, 2.48 37240 470 150 0.61 [0.13, 1.08 High
10 TID6425: Disorder of sebaceous gland 2.16 [1.69, 2.63 67240 320 110 0.66 [0.09, 1.23 High
11  TID5427: Current knee cartilage tear 2.74 [1.69, 3.71 5350 120 30 1.24 [0.09, 2.31 High
12 TID12808: Neurologic disorder associated with 3.07 [1.68, 4.25 2100 100 20 1.57 [0.09, 2.85 High
type II diabetes mellitus
13 TID5985: Disease of possible viral origin 2.72 [1.67, 3.83 26110 90 40 1.23 [0.07, 2.43 High
14  TID3882: Chronic rhinitis 2.48 [1.64, 3.32 16080 130 50 0.99 [0.05, 1.93 High
15 TID930: Acute respiratory failure 2.42 [1.63, 3.15 4150 220 40 0.92 [0.03, 1.76 High
16 TID1525: Angina 2.98 [1.62, 4.13 2510 110 20 1.48 [0.03, 2.73 High
17  TID7148: Essential hypertension 1.80 [1.57, 2.02 99210 1850 260 0.30 [-0.03, 0.62 Medium
18 TID5765: Developmental mental disorder 2.82 [1.54, 4.16 6240 70 30 1.32 [-0.06, 2.77] | Medium
19 TID1967: Atrial fibrillation 2.90 [1.52, 4.09 3080 100 20 1.41 [-0.07, 2.69] | Medium
20 TID3497: Child attention deficit disorder 2.21 [1.51, 2.89 15900 180 60 0.71 [-0.09, 1.50] | Medium
21  TID7514: Fibrillation 2.88 [1.50, 4.06 3240 100 20 1.38 [-0.10, 2.66] | Medium

Pregnancy and IPV populations is suggestive of the in-
creased incidence of mental health issues in each of these
cohorts independently. Depression and post-traumatic
stress disorder (PTSD) are the most common mental
disorders that affect women who experience IPV during
pregnancy [11, 19]. Compared to their non-abused coun-
terparts, pregnant mothers who experience IPV have
about four times higher odds of experiencing antenatal
and seven times higher odds of experiencing postnatal
depression [10]. A similar pattern is reported in the
prevalence of PTSD, which sees an increase of up to
four-fold in IPV and pregnancy, compared to pregnancy
alone [12, 19].

Maternal Substance Use. Our second finding is that
maternal substance use is significantly prevalent in both
Pregnancy and IPV populations. Substance use dur-
ing pregnancy spells harmful consequences for both the
mother and child. In the US, less than 5% of pregnant
women have been reported using drugs during preg-
nancy [26]. Due to the stigma and risks associated with
self -reporting substance use and IPV, an estimated
prevalence of substance use in the pregnant and IPV
population is difficult to ascertain; however, studies con-
firm that IPV significantly increases drinking, smoking
and substance abuse behaviors in pregnant women [16].
These studies also suggest that chronic stress and sub-
stance abuse as a stress-coping mechanism that predis-
poses vulnerable women to drug dependence [16].

Genitourinary Infections and Complications: Our
third finding is that genitourinary complication is sig-
nificantly prevalent in both Pregnancy and IPV pop-
ulations. These complications include the presence of
unspecified cervical and uterine inflammatory disease,
as well as genitourinary inflammation due to sexually
transmitted infections (STIs), notably gonorrhea and
trichomoniasis. This association becomes especially dan-
gerous in the context of pregnancy with IPV because of
the increased risk of pregnancy complication that brings
harm to the mother and child. Maternal infection with
gonorrhea and/or trichomoniasis specifically predisposes
the child to low birth weight and preterm birth compli-
cations, both of which spell adverse long-term health
complications for the child [15].

3.2 Synergistic Health Correlates

We define the synergistic health correlates as the terms
whose appearance in a record significantly increases the
likelihood that pregnancy and IPV will occur together
in that record. By conservatively assessing significance
based on the lower end of the confidence interval for the
odds ratio, we identify 21 (16 high confidence, 5 medium
confidence) synergistic terms. The observed synergy for
these terms can be due to various reasons, including the
following:
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1. The term is a direct consequence of trauma, caused
by IPV in a pregnant woman.

2. The term is a risk factor that increases the vulnera-
bility of a woman to IPV during pregnancy.

3. The term is more prevalent in the demographics
(particularly young women) on which IPV during
pregnancy is observed more frequently as compared
to other demographics.

4. The term is associated with the occurrence of IPV
during pregnancy potentially as a long-term conse-

quence.
5. The term is synergistically related to IPV and preg-

nancy (i.e., either falls into one of the above cate-
gories or is otherwise related), but this link is not
previously reported.

6. The term is a false positive i.e., the observed synergy
between the term and IPV/pregnancy is a statistical
artefact.

Note that, with the observational data that is utilized
in this study, it is not possible to distinguish the terms
that are in categories 5 and 6. To understand whether
a term is a previously undiscovered synergistic factor or
a false positive, additional analyses using more detailed
(patient-specific and/or time-course) data are required.
Thus the results we provide here can be used to seed
detailed analyses utilizing additional data.

While it is also not possible to conclusively catego-
rize the identified synergistic terms into one of the first
four categories, many of the terms we identify can be
putatively interpreted as belonging to one of these cat-
egories. Interestingly, the 21 terms we identify include
representatives that potentially belong to each of these
categories:

Category 1: Among the conditions identified by the
aggregation of synergistically prevalent terms, acute
musculoskeletal injuries (i.e. tibial fracture and menis-
cal tear) can be explained by patterns of mechanical
trauma found in IPV [13, 20]. The remaining condi-
tions—integumentary, neurological, cardiovascular, pul-
monary, and immunological in origin—have a more mul-
tifactorial etiology.

Category 2: The synergistic terms that can be con-
sidered in this category include: developmental disorder
of motor function, attention deficit hyperactivity disor-
der (ADHD), disorders of attention and motor control,
developmental disorder, and neuro-developmental dis-
order (observe that the terms are also quite variable
in their specificity). Our findings are corroborated by
the literature, which identify childhood ADHD as a
significant predictor of IPV, and find that persistence
of ADHD into adulthood compounds the risk of IPV
victimization [4, 9]. Neuro-developmental and attention
deficit disorders often co-occur with motor disorders; mo-

tor dysfunction results from impaired neuro-muscular
maturation and motor planning mechanisms [7, 24].
The strong association between neuro-developmental
disorders and IPV might be attributed to the increased
vulnerability experienced due to the presence of these
unique motor and neurological deficits.

Category 3: Some terms may be identified as syn-
ergistic due to demography-associated factors that are
related to both IPV and pregnancy. For example, acne
and problems with sebaceous glands can be considered
in this category. Although our population does not in-
clude teenagers, many young adults might still have
lingering problems with their skins. Skin problems can
also be due to stress, bacteria, hormones, medication
and genetics [6, 27]. It is also important to note that
acne and its etiopathogenesis can uniquely be linked to
anxiety and depression, common comorbidities of IPV
and pregnancy [2, 22].

Category 4: Other synergistic terms can be at-
tributed to increased risk of certain medical conse-
quences due to exposure to IPV during pregnancy.
Among these, chronic rhinitis can be associated with
repeated assault to neck, face, and head (potentially
due to deviation). In addition, many cardiopulmonary
pathologies are identified as synergistic terms. These
terms include conditions such as myocardial infarction,
angina, fibrillation, acute respiratory failure, and essen-
tial hypertension. Cardiovascular disease (CVD) can
be congenital or occur secondary to smoking, alcohol
abuse, stress, and a number of comorbidities, such as
hyperlipidemia and diabetes. Additional research also
reports strong association of IPV with CVD risk fac-
tors, smoking, abdominal obesity, hyperlipidemia, and
hypertension [21]. Unfortunately, there are not many
studies investigating the direct link between IPV and
cardiopulmonary pathologies. These conditions require
more investigation to explore this link and its mecha-
nisms to facilitate comprehensive understanding of the
impact of IPV on the victims’ health.

3.3 Generalizability of findings

An important step in data analysis is the validation
of findings in terms of their reliability and generaliz-
ability. These are typically assessed through established
strategies like cross-validation, which measure the repro-
ducibility of findings using hold-out samples. However,
since these strategies are based on separating a subset
of observations for validation, they require knowledge
of individual observations. Such strategies cannot be
employed in this study, since we analyze data that is
presented in summaries, i.e., our data consists of fre-
quencies (number of records) of terms in a specified
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population. As a result, our validation strategy is based
on (i) application of conservative statistical significance
levels, in combination with confidence intervals that
take into account the inherent noise and systematic bias
that can be detected from data, (ii) utilization of con-
trol cohorts as a comparison for women with different
health concerns, including chronic and acute conditions,
and (iii) incorporation of expert opinion to assess the
clinical relevance of the key identified terms. From a
methodological perspective, we acknowledge the limi-
tations on assessing the generalizability of the findings
based on such summary-level data. We recognize the
development of alternative strategies that can function
on summary-level data as an important open problem.

3.4 Limitations

Electronic health records (EHR) data utilized in this
study are observational. Answering causal questions with
this type of data is tricky (if not impossible) without a
comprehensive understanding of possible confounding
variables. Any apparent associations in the data may
stem from an unobserved confounder, or simply be due
to selection bias in the collection of the records. Also,
due to the employed privacy protocols, we do not have
access to individual record information. There could
be multiple records of a single patient, which can bias
our observations. Thus, with the available data, it is a
challenging task to draw conclusions on the mechanisms
of the observed associations.

4 Conclusions

The main research question we raised in this study was
whether utilization of large-scale EHR data can provide
new insights into the health correlates of IPV during
pregnancy. As expected, our results demonstrated that
IPV significantly affects the well-being of the mother and
can intensify complications during pregnancy. Beyond
these expected results, our proposed notion of synergy
led to the identification of many significant terms that
can be potentially related to the occurrence of IPV
during pregnancy. By interpreting these terms in the
light of the literature, we categorized these terms in
terms of their potential relationship with the interplay
between IPV and pregnancy. These categories included:

— direct consequences of trauma

— risk factors for exposure to IPV during pregnancy
(in particular neuro-developmental disorders)

— markers for the demographics that are at risk (e.g.,
acne, indicating that young women can be particu-
larly at risk of IPV during pregnancy)

— long-term consequences of IPV during pregnancy.

It was particularly striking that representatives from
each of these categories were present among the terms
that were found to be synergistically associated with
IPV and pregnancy. Further investigation of these find-
ings on more detailed EHR data can further elucidate
the interplay between these conditions and IPV during
pregnancy. After further validation, the terms that we
identify can serve as potential markers of the presence
of IPV among pregnant women.

From a methodological perspective, our results
clearly demonstrated that EHR data contains informa-
tion that can provide new insights into the relationships
between different health conditions. The sets of preva-
lent and synergistic terms we identified were highly
parsimonious and most of these terms were directly re-
lated to the relationship between IPV and pregnancy.
The terms that were not known to be associated with
the relationship between IPV and pregnancy revealed
indirect relationships that can also provide insights into
markers, risk factors, and potential consequences of IPV
during pregnancy. These results showed that carefully
designed data analysis techniques can reliably extract
“hidden” patterns despite the limitations of EHR data.
The methodology presented here will also be useful in the
investigation of the synergy between other medical con-
ditions using EHR databases with privacy constraints.

5 Supplementary Materials

The supplementary data are available at:
github.com/serhan-yilmaz/IPV_pregnant_women
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