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Selective serotonin reuptake inhibitors (SSRIs) are frequently prescribed to pregnant women. Therefore, research on in utero exposure
to SSRIs can be helpful in informing patients and clinicians. The aim of this retrospective two-cohort study was to determine whether
there is a statistically significant increase in Chiari | malformations (CIM) in children exposed to SSRIs during pregnancy. A total of 33
children whose mothers received a diagnosis of depression and took SSRIs during pregnancy (SSRI-exposed cohort) were matched to 66
children with no history of maternal depression and no SSRI exposure. In addition, 30 children whose mothers received a diagnosis of
depression, but did not receive antidepressants during pregnancy (history of maternal depression cohort), were matched to 60 children
with no history of maternal depression and no SSRI exposure. Main outcome was presence/absence of CIM on MRl scans at | and/or
2 years of age. Scans were reviewed by two independent neuroradiologists who were blind to exposure status. The SSRI-exposed
children were significantly more likely to be classified as CIM than comparison children with no history of maternal depression and no
SSRI exposure (18% vs 2%, p =0.003, OR estimate 10.32, 95% Wald confidence limits 2.04—102.46). Duration of SSRI exposure, SSRI
exposure at conception, and family history of depression increased the risk. The history of maternal depression cohort did not differ from
comparison children with no history of matemal depression and no SSRI exposure in occurrence of CIM (7% vs 5%, p =0.75, OR
estimate .44, 95% Wald confidence limits 0.23—7.85). Replication is needed, as is additional research to clarify whether SSRIs directly
impact risk for CIM or whether this relationship is mediated by severity of depressive symptoms during pregnancy. We would discourage

INTRODUCTION

Approximately 6-12% of pregnant women suffer from
depressive disorders (Bennett et al, 2004; Gavin et al, 2005;
O’Hara and Wisner, 2014). Untreated depression during
pregnancy is associated with risks for mothers and babies.
Women with antenatal depression are at risk for inter-
personal isolation and suicide, are less likely to receive
adequate nutrition and obstetrical care, and are more likely
to engage in smoking and substance abuse (Marcus and
Heringhausen, 2009; Zuckerman et al, 1989). In infants,
active depressive symptoms during pregnancy are asso-
ciated with shorter length of gestation, restricted fetal
growth, and lower birth weight (Davalos et al, 2012;
Fransson et al, 2011; Grote et al, 2010). Gestational
depression is one of the strongest predictors of postpartum
depression (Dietz et al, 2007; Gaynes et al, 2005; Milgrom
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clinicians from altering their prescribing practices until such research is available.
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et al, 2008), which is associated with decreased maternal
sensitivity and attachment (Campbell et al, 2004; Lindahl
et al, 2005; McLearn et al, 2006; Paulson et al, 2006). Thus,
antidepressants are frequently prescribed to pregnant
women. Recent estimates suggest that >10% of pregnant
women fill prescriptions for selective serotonin reuptake
inhibitors (SSRIs) (Cooper et al, 2007). Research on
prenatal SSRI effects on child health has yielded conflicting
results (Byatt et al, 2013; Hanley and Oberlander, 2014; Ross
et al, 2013; Yonkers et al, 2009), and is scarce regarding
brain development (Malm et al, 2012; Nulman et al, 2012;
Oberlander, 2012). To address this gap, our group is
performing a prospective longitudinal neuroimaging study
of children exposed to SSRIs during pregnancy.

In November 2011, we performed a preliminary analysis
of SSRI effects on neonatal brain volume. We combined our
data with data from two large neuroimaging studies at the
University of North Carolina at Chapel Hill (UNC), one of
which focuses primarily on typically developing singletons
and the other focuses on twins. All three studies collect MRI
scans at 2 weeks, 1 year, and 2 years of age and all scans are
reviewed by a neuroradiologist for incidental findings after
acquisition. During review of these neuroradiology reports,
we noticed that 3 of 15 children (20%) with prenatal SSRI
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exposure who had received a follow-up scan at 1 and/or
2 years of age were identified as having Chiari I malforma-
tion (CIM), a condition in which the cerebellar tonsils
extend significantly below the foramen magnum.

CIM is thought to result from underdevelopment of the
posterior cranial fossa and overcrowding of the normally
developing hindbrain (Aquilina et al, 2009). It is not present
at birth, but emerges postnatally (Milhorat et al, 1999). In
the first decade of life, a tonsillar herniation of —6mm
exceeds the normal range. The cerebellar tonsils ascend
with age such that —5mm is considered abnormal in the
second and third decade and — 4 mm is abnormal thereafter
(Mikulis et al, 1992). In the past, it was estimated that CIM
occurred in ~1 in every 1000 individuals (Meadows et al,
2000). However, the increased use of diagnostic imaging
suggests CIM is much more common. A retrospective
review of 14116 children undergoing MR imaging of the
brain or cervical spine for any indication reported a 3.6%
rate of CIM (Strahle et al, 2011a). Another study by the
same group found a slightly higher prevalence for the same
age group (~5%) (Smith et al, 2013). Although a majority
of CIM are asymptomatic, CIM increases risk for multiple
neurological phenomena including headaches, ocular and
otoneurological disturbances, lower cranial nerve signs,
hydrocephalus, and spinal cord syrinx (Di Rocco et al, 2011;
Milhorat et al, 1999). In symptomatic cases, surgical
intervention may be required. The proportion of CIM cases
that are symptomatic is unknown, but the retrospective
review described above reported that 32% of CIM cases
were considered symptomatic by the treating physician,
23% had spinal cord syrinx, and 35% were treated surgically
(Strahle et al, 2011a). Strahle et al (2011a) do not report the
extent of overlap between these outcomes, but it is likely to
be high. Spontaneous resolution is rare, but has been
reported (Miller et al, 2008; Novegno et al, 2008).

To determine whether there is a statistically significant
increase in CIM in children with prenatal SSRI exposure, we
identified all children in the three UNC studies with scans at
1 and/or 2 years of age whose mothers took SSRIs during
pregnancy and who had received a diagnosis of depression
before or during pregnancy. This included the 15 children
with prenatal SSRI exposure evaluated in our preliminary
study. We then performed the following analyses. Serotonin
plays an important role in craniofacial development
(Moiseiwitsch, 2000). Therefore, we predicted that CIM
would be elevated in exposed children.

MATERIALS AND METHODS
Recruitment

Subjects for the current study were drawn from three
ongoing neuroimaging studies at UNC, one of which focuses
on children exposed to SSRIs during pregnancy (parent
study 1), the second focuses primarily on typically
developing singletons (parent study 2), and the third
focuses on typically developing twins (parent study 3). All
three studies use volunteer samples. Parent study 1 is the
only study to specifically target mothers with depression
and SSRI use during pregnancy. Recruitment takes place
through community physicians and relevant clinics at UNC
including the perinatal psychiatry clinic and general
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obstetrics clinics, and mass emails to the UNC community.
Parent studies 2 and 3 are open to women with depression
with or without SSRI treatment and women with no
psychiatric history. Recruitment also takes place through
general obstetrics clinics at UNC and other local hospitals,
and mass emails to the UNC community. Mothers join
during pregnancy or shortly after giving birth. Exclusion
criteria in the mother were major medical illness or
substance abuse during pregnancy. Use of a psychiatric
drug other than an SSRI was an exclusion criterion for the
current analysis with the exception of trazodone, low-dose
benzodiazepines, and psychostimulants. Exclusion criteria
for children were gestational age at birth <32 weeks, major
postnatal complications, major congenital anomalies, and
metal in the body. Written informed consent was obtained
from the subjects’ parent(s). Study protocols were approved
by the Institutional Review Board of the UNC School of
Medicine. Full details on inclusion/exclusion criteria for the
parent studies and a flowchart showing how subjects were
selected for the current analysis are found in Supplementary
Figure SI.

Primary Analyses Cohort 1 (SSRI Exposed)

We identified 33 children (20 male; 13 singletons, 10 twin
pairs) with scans at 1 and/or 2 years of age whose mothers
took SSRIs during pregnancy (confirmed by maternal self-
report and medical record review) and who had received
a diagnosis of depression (self-report or medical record
review) before or during pregnancy. Self-report was in
response to an oral interview. Documents used in the
oral interview are available as Supplementary Materials
(Maternal Psych History V1, V2, and V3). Medical records
included prenatal records and labor and delivery records.
Twenty mothers reported that they received a diagnosis of
depression before study entry; medical records provided
corroborating information in all 20 mothers. Of these
women, 15 reported active depression at entry. The other
five women did not report active depression at entry.
However, the parent studies did not collect direct measures
of depressive symptoms and medical records did not
include sufficient information to determine whether any
of these women developed symptoms after the initial
interview. Eight women did not report a diagnosis of
depression at entry, but review of medical records indicated
such a diagnosis was made before or during pregnancy.
Medical records were not sufficiently detailed to determine
the exact date of diagnosis. See Supplementary Figure S2 for
a graphic breakdown of these categories. The most common
diagnoses were major depression disorder (MDD) and
depressive disorder not otherwise specified; 1 woman had
bipolar disorder (BPD). Sertraline was the most commonly
used SSRI (25 children) followed by fluoxetine (4 children),
citalopram (3 children), and paroxetine (2 children, one of
whom was also exposed to fluoxetine). Reported doses
ranged from 25 to 200 mg for sertraline, 20 to 60 mg for
fluoxetine, and 20 to 40 mg for citalopram. For paroxetine,
20mg was the only reported dose. Seven children were
exposed to trazodone, 4 to benzodiazepines, and 1 to
Adderall, in addition to an SSRI. Reported duration of
treatment ranged from 3 weeks to throughout pregnancy.
Eleven children had longitudinal scans; 17 only had scans at



1 year, and 5 had scans only at 2 years. Each SSRI-exposed
child was matched to two comparison children using pro-
pensity scores on potential confounding variables including
date of birth, gender, twin status, maternal ethnicity,
maternal age, maternal education, and household income.
Comparison children came from parent study 2 or 3
(Supplementary Figure S1). The SSRI-exposed children and
comparison children were also matched on number of scans
and year at scan (1 year or 2 years). Mothers of comparison
children did not take SSRIs during pregnancy (confirmed
by self-report and medical record review). One comparison
mother had a history of anxiety. Other comparison mothers
had no psychiatric history (self-report).

Primary Analyses Cohort 2 (History of Maternal
Depression)

To test the possibility that history of maternal depression
increases risk for CIM in the absence of prenatal SSRI
exposure, we identified 30 children (18 male; 12 singletons,
8 twin pairs, 2 unpaired twins) whose mothers did not
receive antidepressants during pregnancy (self-report and
medical record review), but who received a diagnosis of
depression before or during pregnancy. This cohort may
potentially share with the SSRI-exposed cohort a generally
higher risk of unidentified behaviors (eg, unreported
smoking, substance misuse, exposure to other teratogens)
as well as genetic factors that could increase risk for CIM.
Fourteen mothers reported that they received a diagnosis of
depression before study entry; medical records provided
corroborating information in 12 mothers. Two of these
women reported active depression at entry. The other
10 women did not report active depression at entry. Eight
women did not report a diagnosis of depression at study
entry, but review of medical records indicated such a
diagnosis was made before or during pregnancy. Medical
records were not sufficiently detailed to determine the exact
date of diagnosis. See Supplementary Figure S2 for a graphic
breakdown of these categories. The most common diag-
noses were MDD and depressive disorder not otherwise
specified. One woman had a past diagnosis of postpartum
depression with no subsequent issues. Fifteen children had
longitudinal scans; 9 had scans only at 1 year and 6 had
scans only at 2 years. One woman took Adderall during her
pregnancy. Matching was carried out as before. We allowed
overlap between the two comparison groups to ensure the
best possible matches were made for each individual; 17
comparison children overlapped.

Descriptive Data

Descriptive data included demographic variables (maternal
age, maternal education, total household income, maternal
ethnicity, infant sex) and clinical characteristics (gestational
age at birth, birth length, duration of stay in neonatal
intensive care unit, hypertension during pregnancy, infec-
tion during pregnancy, gestational diabetes, and pre-
pregnancy BMI). Clinical characteristics were collected
from prenatal records, labor and delivery records, and
pediatric records with the exception of infection during
pregnancy that was collected via maternal report. Data on
nonpsychiatric medication usage, as well as smoking and
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alcohol intake during pregnancy, were collected via maternal
report and review of medical records. Documents used in
oral interviews are available as Supplementary Materials
(Maternal Medication History and Infection History). See
Table 1 for demographic and clinical data. See Supplemen-
tary Tables S1 and S2 for nonpsychiatric medication usage,
smoking, and alcohol intake. No mothers reported use of
illicit substances during pregnancy and medical records did
not report signs of prenatal exposure to illicit substances in
any participating infants.

Outcome Data

Children received structural MRI scans on a Siemens head-
only 3T scanner with MP-RAGE T1-weighted, and TSE,
dual-echo (proton density and T2 weighted) sequences.
Scans were reviewed by two independent neuroradiologists
who were blind to exposure status. They measured the
distance between the most inferior part of the cerebellar
tonsils and the foramen magnum (CT_FM_Distance,
negative values indicate tonsillar herniation), clival length,
and foramen magnum anteroposterior diameter (FM_AP_
Diameter) (Figure 1). Shorter clival length and larger
FM_AP_Diameter are found in individuals with CIM
(Aquilina et al, 2009; Bliesener and Schmidt, 1980).
Interrater reliability was 0.86/0.87 for CT_FM_Distance,
0.84/0.79 for clival length, and 0.54/0.69 for FM_AP_
Diameter (1yr/2yr). Individuals were classified as CIM if
tonsillar herniation was > —6mm. In four subjects,
classification as CIM differed by rater. These subjects were
re-reviewed and a consensus CT_FM_Distance and diag-
nosis agreed upon. One subject with longitudinal data met
criteria for CIM at year 2, but not at year 1; this subject was
classified as CIM based on the more recent scan. In two
subjects (each with only a single scan), motion prevented
quantitative measures, but scans were sufficient to rule out
CIM. For two other subjects (both with longitudinal scans),
scans at 2 years were not of sufficient quality to rule out
CIM; 1-year scans were used to classify these subjects. Note
that for quantitative outcomes (CT_FM_Distance, clival
length, and FM_AP_Diameter), both longitudinal scans
were used unless motion prevented measurement.
Although this study focused on CIM, the neuroradio-
logists noted when other abnormalities were present. Two
children had an arachnoid cyst. One child had a large
superior cerebellar cistern. Two children had a pineal cyst.
One child had a dilated left occipital horn. All children with
non-CIM anomalies were comparison children with no SSRI
exposure or maternal history of depression. None of the
children with CIM had an additional non-CIM abnormality.

Secondary Analyses

We performed secondary analyses in cohort 1 to examine
effects of duration and timing of exposure as well as family
history of depression. For duration, we subdivided the
group of SSRI-exposed children into those who were
exposed to an SSRI in three trimesters (N=19) and those
who were exposed to an SSRI in <3 trimesters (N=13). In
one child, duration of exposure could not be determined.
For timing, we subdivided the group of SSRI-exposed
children into those who were exposed to an SSRI at
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Table | Comparison of Demographic and Medical History Data between Exposed Children and Matched Comparisons with No History of Maternal Depression and No SSRI

¥19¢

Exposure
Variable Matched comparisons SSRI exposed P-value Test statistics
Mean SD Range N Mean SD Range N
Maternal age (years) 30 4 19-39 66 30 6 20-40 33 0.99 1648.0
Maternal education (years) 15 3 6-22 66 16 3 12-24 33 0.35 1526.0
Total household income ($) 88476 56267 214-250000 63 73617 59070 3120260000 32 0.15 1354.0
Gestational age at birth (days) 273 12 239-295 66 260 15 229-287 33 <0.001 11605
Birth length (cm) 504 24 44.0-56.0 58 475 39 34.5-54.0 33 <0.001 1080.5
Duration of stay in NICU (days) <l 2 0-12 66 3 7 0-26 33 0.003 1849.5
Prepregnancy BMI 26.5 75 18.1-46.9 60 28.6 7.0 20.4-48.7 27 0.05 1399.0
No. % No. %
Sex Male 19 29% 66 Male I3 40% 33 036
Female 47 71% Female 20 60%
Maternal ethnicity Black 12 18% 66 Black 7 21% 33 0.79
White 54 82% White 26 79%
Hypertension in pregnancy Yes 3 5% 66 Yes 7 21% 33 0.0l
No 63 95% No 26 79%
Infection in pregnancy Yes 24 40% 60 Yes 16 48% 33 051
No 36 60% No 17 52%
Gestational diabetes Yes 4 6% 66 Yes 2 6% 33 1.00
No 62 94% No 31 94%
Matched comparisons History of maternal depression No treatment in pregnancy
Mean SD Range N Mean SD Range N
Maternal age (years) 29 4 19-42 60 29 5 18-37 30 032 1482.0
Maternal education (years) 15 4 3-22 60 15 4 8-24 30 0.76 1401.0
Total household income ($) 59544 40476 214-195000 56 78513 57887 0-250000 30 021 1443.0
Gestational age at birth (days) 263 17 225-287 60 257 21 211-288 30 0.11 1179.5
Birth length (cm) 48.3 30 40.0-535 52 477 34 40.0-52.5 30 047 1169.0
Duration of stay in NICU (days) 2 5 0-20 60 4 9 0-33 30 0.12 1486.0
Prepregnancy BMI 273 76 18.9-65.5 56 294 9.8 19.0-572 26 0.62 11295
No. % No. %
Sex Male 32 53% 60 Male 18 60% 30 0.65
Female 28 47% Female 12 40%
Maternal ethnicity Black 15 25% 60 Black 3 10% 30 0.10
White 42 70% White 27 90%
Asian 3 5% Asian 0 0%
Hypertension in pregnancy Yes 4 7% 60 Yes 8 27% 30 0.02
No 56 93% No 22 73%
Infection in pregnancy Yes 19 34% 56 Yes 16 57% 28 0.06
No 37 66% No 12 42%
Gestational diabetes Yes 3 5% 60 Yes 7 23% 30 001
No 57 95% No 23 77%
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Figure |
as CIM. (b) Measures on a case without tonsillar herniation.

Measurement of CT_FM_Distance, clival length, and FM_AP_Diameter. (a) Measures on a case with tonsillar herniation who would be classified

Table 2 Proportion of CIM in Exposed Children and Matched Comparisons with No History of Maternal Depression and No SSRI

Exposure
SSRI exposed Matched comparisons® Statistics
No. % No. % Test statistic P-value OR Confidence limits
CIM 6 18% | 2% 8.64 0.003 10.32 2.04-102.46
No CIM 27 82% 65 98%
History of maternal depression Matched comparisons Statistics
No treatment in pregnancy
No. % No. % Test statistic P-value OR Confidence limits
M 2 7% 3 5% 0.10 0.75 1.44 0.23-7.85
No CIM 28 93% 57 95%

Taking account of overlap, there were 109 children with no history of maternal depression and no SSRI exposure who underwent blinded neuroradiology review, with
three classified as CIM for a 3% rate of CIM in unexposed children that is similar to the rate of CIM in children undergoing MR imaging of the brain or cervical spine for

any indication (Strahle et al, 201 lab).

“Note that comparison children were allowed to overlap in the two primary analyses; this included one child classified as CIM.

conception (N=15) and those who were not exposed to an
SSRI at conception (N=15). In three children we could not
determine whether the mother was taking an SSRI at
conception. Two children (a set of twins) were conceived via
in vitro fertilization (IVF). Their mother was taking an SSRI
on the date of IVF transfer and these children are included
in the exposed at conception subgroup. For family history
we subdivided the group of SSRI-exposed children into
those whose mothers reported a history of MDD or BPD in
her first-degree relatives (N=11) and those whose mothers
reported no history of MDD or BPD in her first-degree
relatives (N=22). We did not test for differences in
quantitative variables in these analyses because of small
sample sizes when data are split by age.

Statistical Methods

Statistical analyses were performed using SAS, version 9.2.
Cochran-Mantel-Haenzel statistics were used to test for
group differences in occurrence of CIM. Logistic regression
with Firth’s penalized maximum likelihood estimation method

was used to estimate odd ratios (ORs). No covariates were
included as children had already been matched on potential
confounding variables using propensity scores. Two-sided
nonparametric Mann-Whitney-Wilcoxon tests were used to
compare groups on continuous outcomes, stratified by age at
scan. For descriptive data, two-sided nonparametric Mann-
Whitney-Wilcoxon tests were used to compare groups on
continuous variables and two-sided Fisher’s exact tests were
used to compare groups on categorical variables.

RESULTS
Primary Analyses Cohort 1 (SSRI Exposed)

Children exposed to SSRIs during pregnancy were sig-
nificantly more likely to meet criteria for CIM than matched
comparison children (Table 2, Cochran-Mantel-Haenzel
test statistic=8.64, p=0.003, logistic regression OR
estimate 10.32, 95% Wald confidence limits 2.04-102.46).
As the cutoff of —6mm is widely, but not universally,
accepted, we tested whether this relationship remained
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Table 3 Comparison of Continuous Outcomes between Exposed Children and Matched Comparisons with No History of Maternal

Depression and No SSRI Exposure

Variable Matched comparisons SSRI exposed Difference as percent P-value Test statistic
of control mean
Mean SD N Mean SD N

CT_FM_Distance® 0.15 032 55 0.02 046 28 87% 023 1050
Year |

CT_FM_Distance 0.12 0.39 33 —003 051 16 125% 044 363.0
Year 2

Clival length 293 021 55 285 024 28 3% 0.07 988.5
Year |

Clival length 3.18 0.20 33 3.06 028 16 4% 0.09 319.0
Year 2

FM AP Diameter 296 0.30 55 3.03 033 28 2% 057 1236
Year |

FM AP diameter 3.13 033 33 3.16 0.25 16 <% 0.80 4125
Year 2

Variable Matched comparisons History of maternal depression Difference as percent  P-value  Test statistic

No treatment in pregnancy of control mean
Mean SD N Mean SD N

CT_FM_Distance 0.16 0.39 47 0.16 0.34 24 0% 0.80 843.0
Year |

CT_FM_Distance 0.14 042 39 022 047 21 57% 032 7045
Year 2

Clival length 3.05 022 47 297 0.28 24 3% 0.50 808.0
Year |

Clival length 324 0.27 39 3.17 0.24 21 2% 0.59 605.5
Year 2

FM AP diameter 2.88 0.28 47 297 0.18 24 3% 0.15 9820
Year |

FM AP diameter 3.10 0.30 39 3.07 023 21 <1% 0.69 614.5
Year 2

CT_FM_Distance is the distance from the most inferior portion of the cerebellar tonsils to the foramen magnum. Negative numbers denote tonsillar herniation.
A shorter clival length and larger FM_AP_Diameter have been reported in individuals with CIM (Aquilina et al, 2009; Bliesener and Schmidt, 1980). Thus, all three
measures are in the predicted direction of increased risk for CIM in children with prenatal SSRI exposure. In contrast, there is not a consistent relationship between
history of maternal depression (no treatment in pregnancy) and continuous measures related to CIM.

*All measurements are in cm.

significant when the cutoff was moved to —5mm or — 7 mm;
it did. We did not observe a significant difference in average
CT_FM_ Distance, clival length, or FM_AP Diameter. The
group difference in CT_FM_Distance as a percent of the mean
was striking: 87% at 1 year and 125% at 2 years; this equates
to an absolute difference of 1.3mm at 1 year and 1.5mm
at 2 years. Comparisons for clival length were marginally
nonsignificant at 1 year (Mann-Whitney-Wilcoxon test
statistic=988.5, p=0.07) and 2 years (Mann-Whitney-
Wilcoxon test statistic=319.0, p=0.09). All three measures
were in the predicted direction of increased risk for CIM in
children with prenatal SSRI exposure (Table 3).

The SSRI-exposed cohort differed from matched comparison
children in gestational age at birth (earlier in SSRI-exposed
group), birth length (shorter in SSRI-exposed group),
duration of stay in the NICU (longer in SSRI-exposed
group), and hypertension during pregnancy (more common
in SSRI-exposed group) (Mann-Whitney-Wilcoxon test
statistic =1160.5, p<0.001; Mann-Whitney-Wilcoxon test
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statistic = 1080.5, p<0.001; Mann-Whitney-Wilcoxon test
statistic = 1849.5, p =0.003, and two-sided Fisher’s exact
test p=0.01 respectively, Table 1). Mothers in the SSRI-
exposed cohort had marginally higher prepregnancy BMI
(NS). To explore whether these differences might account
for group differences in occurrence of CIM, we assessed
these variables in all unexposed children (no SSRI, no
maternal history of depression) identified as having CIM on
their 1- and/or 2-year scan in the parent studies during
standard review for incidental findings and compared them
with all unexposed children with a 1- and/or 2-year scan
who were not identified as having CIM (N=8 and N =427
respectively, Supplementary Table 3). There were no
statistically significant differences in gestational age at
birth, birth length, duration of stay in NICU, or hyper-
tension during pregnancy between unexposed children with
or without CIM. In fact, unexposed children with CIM were
born later, had greater birth length, and shorter duration of
NICU stay than unexposed children without CIM. None of



the unexposed children with CIM were exposed to maternal
hypertension during pregnancy. Prepregnancy BMI was
significantly lower in unexposed children with CIM (Mann-
Whitney-Wilcoxon test statistic =681.5, p=0.005). As a
sensitivity analysis, we also reran the logistic regression
including gestational age at birth, birth length, duration of
stay in the NICU, hypertension during pregnancy, and
prepregnancy BMI as covariates. Only SSRI exposure was
associated with occurrence of CIM (logistic regression OR
estimate 26.22, 95% Wald confidence limits 2.64->999.99,
p=0.02). The SSRI-exposed cohort also differed from
matched comparison children in prenatal exposure to anti-
histamines and thyroid medications (see Supplementary
Table S1). Two of the eight SSRI-exposed children with
antihistamine exposure were classified as CIM. None of the
SSRI-exposed children with thyroid medication exposure
were classified as CIM. None of the children exposed to
benzodiazepines, trazadone, or Adderall in addition to an
SSRI were classified as CIM. Non-CIM abnormalities were
not associated with SSRI use (Cochran-Mantel-Haenzel test
statistic =2.22, p=0.14, logistic regression OR estimate
0.21, 95% Wald Confidence Limits 0.002-2.03).

Primary Analyses Cohort 2 (History of Maternal
Depression)

Children of mothers who had received a diagnosis of
depression, but who did not receive antidepressants during
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pregnancy, did not differ from matched comparison children
in occurrence of CIM (Cochran-Mantel-Haenzel test
statistic = 0.10, p = 0.75, logistic regression OR estimate 1.44,
95% Wald confidence limits 0.23-7.85, Table 1), nor did they
differ in average CT_FM_Distance, clival length, or FM_AP_-
Diameter. There was not a consistent relationship between
history of maternal depression (no treatment in pregnancy)
and continuous measures related to CIM (Table 3).

Secondary Analyses

Duration of exposure. Children exposed to SSRIs in all
three trimesters were significantly more likely to meet
criteria for CIM than matched comparison children
(Table 4, Cochran-Mantel-Haenzel test statistic =10.0,
p=0.002, logistic regression OR estimate 29.21, 95% Wald
confidence limits 3.00->999.99). Children exposed to
SSRIs in less than three trimesters were not significantly
more likely to meet criteria for CIM than matched
comparison children (Table 4, Cochran-Mantel-Haenzel
test statistic =2.00, p = 0.16, logistic regression OR estimate
6.36, 95% Wald confidence limits 0.32-955.72).

Timing of exposure. Children who had been exposed to
an SSRI at conception were more likely to meet criteria for
CIM than matched comparison children (Table 4, Cochran-
Mantel-Haenzel test statistic=6.00, p=0.01, logistic re-
gression OR estimate 17.08, 95% Wald confidence limits

Table 4 Proportion of CIM in SSRI-Exposed Children and Matched Comparisons with No History of Maternal Depression and No SSRI

Exposure (Secondary Analyses)

SSRI exposure in 3 trimesters Matched comparisons Statistics
No. % No. % Test statistic  p-value OR Confidence interval
M 5 26%; 0 0%; 10.0 0.002 2921 3->999.99
No CIM 14 74%; 38 100%;
SSRI Exposure in less than 3 Trimesters Matched Comparisons Statistics
No. % No. % Test Statistic p-value OR Confidence Interval
M | 8%; 0 0%; 2.00 0.16 6.36 0.32-955.72
No CIM 12 92%; 26 100%;
SSRI exposure at conception Matched Comparisons Statistics
No. % No. % Test Statistic p-value OR Confidence Interval
(@l 3 20%; 0 0%; 6.00 0.0l 17.08 [.50->999.99
No CIM 12 80%; 30 100%;
SSRI exposure post-conception Matched Comparisons Statistics
No. % No. % Test Statistic p-value OR Confidence Interval
M 2 13%; 0 0%; 4.00 0.046 [1.30 0.85->999.99
No CIM 13 87%: 30 100%;
SSRI + Family History MDD/BPD Matched Comparisons Statistics
No. % No. % Test Statistic p-value OR Confidence Interval
ciM 5 459%; 0 0%,; 10.0 0.002 38.08 357->999.99
No CIM 6 55%; 22 100%;
SSRI No Family History MDD/BPD Matched Comparisons Statistics
No. % No. % Test Statistic p-value OR Confidence Interval
M | 5%; I 2%; 0.25 0.62 6.36 0.32-9557
No CIM 21 95%; 43 98%;
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1.50->999.99). Children who had been exposed to an SSRI
after conception were more likely to meet criteria for CIM
than matched comparison children based on Cochran-
Mantel-Haenzel statistics (Table 4, test statistic =4.00,
p =0.046), but not based on logistic regression (OR estimate
11.30, 95% Wald confidence limits 0.85->999.99).

Family history of MDD/BPD. The SSRI-exposed children
whose mothers reported a family history of MDD/BPD
were more likely to meet criteria for CIM than matched
comparison children (Table 4, Cochran-Mantel-Haenzel
test statistic =10.0, p =0.002, logistic regression OR esti-
mate 38.08, 95% Wald confidence limits 3.57->999.99). In
contrast, SSRI-exposed children whose mothers reported no
family history of MDD/BPD were not significantly more
likely to meet criteria for CIM than matched comparison
children (Table 4, Cochran-Mantel-Haenzel test statistic =
0.25, p=0.62, logistic regression OR estimate 6.36, 95%
Wald confidence limits 0.32-955.72). This was particularly
interesting as the percentage of children whose mothers
reported a family history of MDD/BPD was similar in cohort
1 (SSRI exposed) as compared with cohort 2 (history of
maternal depression) (33% in cohort 1 and 40% in cohort 2,
Fisher’s exact test p=0.61).

DISCUSSION

This study found a striking increase of CIM in children with
prenatal SSRI exposure. This finding appeared to be
unrelated to differences in gestational age at birth, birth
length, duration of stay in NICU, exposure to maternal
hypertension, prepregnancy BMI, or exposure to other
medications, licit, or illicit substances. However, the parent
studies did not perform drug testing and substance use in
pregnancy is often underreported. CIM was not elevated in
non-SSRI-exposed children of mothers who received a
diagnosis of depression before or during pregnancy. The
data support one of two interpretations: SSRIs increase risk
for CIM, or other factors that differentiate women treated
with SSRIs from untreated women with a history of
depression increase risk for CIM. Two factors that may be
of particular importance are severity of depressive symp-
toms during pregnancy and genetic risk for depression.

Regarding genetic risk, the percentage of children whose
mothers reported a family history of MDD/BPD was similar
in the SSRI-exposed cohort and the history of depression
cohort. This suggests that the increased rate of CIM in the
SSRI-exposed cohort is not simply the result of shared
genetic risk for CIM and depression. However, secondary
analyses within the SSRI-exposed cohort suggested CIM was
more common in children whose mothers had a family
history of MDD/BPD. This is compatible with a ‘double hit’
model in which increased risk for CIM is the result of an
interaction between genetic risk and SSRI exposure (or
other factors associated with SSRI exposure). However,
subgroup analyses must be treated with caution because of
small sample size.

Regarding severity of depressive symptoms, the parent
studies did not collect direct measures of symptom severity
during pregnancy. In addition, medical records did not
provide sufficient information to determine how many
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mothers reporting nonactive depression at study entry
developed symptoms after the initial interview. Thus, we
cannot distinguish between the possibility that SSRIs
directly impact risk for CIM and the possibility that this
relationship is mediated by severity of depressive symptoms
during pregnancy.

When interpreting data on medication exposure, one
must consider duration and timing of exposure and their
relationship to windows of developmental sensitivity.
Secondary analyses suggested CIM was more common in
children with longer duration of SSRI exposure. In keeping
with Hill’s criteria for causation, greater exposure generally
leads to greater incidence of the effect (Howick et al, 2009).
Secondary analyses also suggested CIM was more common
in children exposed to SSRIs at conception. Exposure at
conception is a proxy for exposure during organogenesis.
Although tonsillar herniation is not present at birth, most
theories on the pathophysiology of CIM posit an ultimate
origin in embryonic or early fetal development (Shoja et al,
2013). However, the true cause(s) of CIM are unknown and
any discussion of windows of developmental specificity is
speculative. It may seem counterintuitive that duration of
SSRI exposure and SSRI exposure at conception were both
associated with increased risk for CIM; this is probably the
result of overlap between groups. Whereas 68% of children
exposed to SSRIs during three trimesters were also exposed
at conception, only 15% of children exposed for less than
three trimesters were also exposed at conception. It is also
possible that both duration of SSRI exposure and SSRI
exposure at conception act as proxy measures for severity of
depression.

As discussed previously, CIM is thought to result from
overcrowding of the posterior cranial fossa (Aquilina et al,
2009). Multiple theories have been proposed to account for
this overcrowding, including the modified hydrodynamic
theory of Gardner and the occipital dysplasia theory, but
none explain all the anomalies seen in CIM (Shoja et al,
2013). Because the pathophysiology of CIM is unclear,
it is difficult to formulate specific mechanistic hypotheses
linking SSRI exposure to CIM. Nevertheless, serotonin plays
a critical role in craniofacial development (Moiseiwitsch,
2000), making a causal pathway from SSRI exposure to CIM
theoretically plausible. Serotonin regulates mouse cranial
neural crest migration, mesenchymal differentiation, and
expression of growth factors and extracellular matrix
molecules, including those of the cartilage matrix (Levin
et al, 2006). Exposure of cultured mouse embryos to
sertraline or fluoxetine disrupts epithelial-mesenchymal
interactions important for normal craniofacial morpho-
genesis (Shuey et al, 1992). In addition, serotonin promotes
proliferation of osteoblast precursors, suggesting an
important role in ossification (Westbroek et al, 2001). SSRIs
inhibit osteoblast formation and function, reduce cell
viability, and induce apoptosis in vitro (Hodge et al,
2013). However, it is unclear why bony defects would be
subtle (potentially limited to posterior fossa) rather than
manifesting as major craniofacial malformations. Redun-
dancy within the serotonergic signaling system may allow
most regions to develop normally in the presence of SSRIs.
Serotonin-binding proteins could also help maintain
appropriate tissue concentrations. Animal studies suggest
mandibular and dental development is especially sensitive



to variation in serotonin concentration (Moiseiwitsch,
2000). The current results suggest animal studies examining
SSRI effects on the posterior fossa are warranted.

It is well established that prenatal stress can cause
increased vulnerability to physical and behavioral problems
in offspring (Glover, 2014). In a similar manner, depressive
symptoms could impact craniofacial development through
multiple mechanisms including metabolic disturbance,
neuroendocrine disturbance, and poor nutrition (Gonzalez
et al, 2011; Henriquez et al, 2013; Pirinen, 1995).
Unfortunately, there are no studies exploring these factors
and risk for CIM per se. CIM has been reported in
association with congenital conditions including cranio-
synostosis, achondroplasia, acromegaly, growth hormone
deficiency, hyperostosis, familial vitamin D-resistant
rickets, neurofibromatosis type 1, and a variety of spinal
defects (Loukas et al, 2011). A genetic contribution to at
least a subset of nonsyndromic cases is strongly suspected
(Speer et al, 2003). There is one report of CIM in association
with familial vitamin B12 deficiency (Welsch et al, 2013).

Detailed studies of craniofacial development in children
exposed to maternal depression and/or SSRIs are not
currently available. Published studies on fetal and infant
growth in relation to in utero exposure to maternal depres-
sion and/or SSRIs have produced inconsistent results.
Wisner et al (2009) reported no effect of SSRI exposure or
untreated depression on birth length or head circumference
at birth. A follow-up study showed no impact of untreated
depression or prenatal SSRI exposure on length or head
circumference change from birth to 12 months (Wisner
et al, 2013). In contrast, Lewis ef al (2010) reported reduced
birth length in antidepressant-exposed infants that was not
correlated with symptom severity. Dubnov-Raz et al (2012)
reported reduced head circumference (significant) and birth
length (ns) in newborns with prenatal SSRI exposure, but
found no effect on bone density as measured by tibial bone
speed of sound. In the largest study carried out to date, SSRI
exposure was associated with smaller head circumference at
birth, whereas untreated depression was not. In addition,
prenatal SSRI exposure was associated with reduced growth
of the fetal head, with sparing of the body, whereas
untreated depression was associated with reduction in total
body growth, based on fetal ultrasonography (El Marroun
et al, 2012).

The clinical importance of our findings is difficult to
assess without data on long-term functional outcomes in
this particular group. The natural history of incidental CIM
is benign in the majority of cases, but some children
develop severe complications. Massimi et al (2011) reported
follow-up data for 16 children classified as CIM based on
MRI. Thirteen children were asymptomatic at follow-up.
Three displayed symptoms (19%), two of whom underwent
endoscopic third ventriculostomy for hydrocephalus.
Aitken et al (2009) reported follow-up data for 19 patients
with incidental CIM. Four children (21%) developed new
neurological problems. None required surgery. Intriguingly,
two received a physician’s diagnosis of depression. Novegna
et al (2008) reported on 22 CIM patients recommended for
nonsurgical management. Five patients (23%) showed
worsening symptoms, three of whom required surgery.
Benglis et al (2011) reported on 43 cases with asymptomatic
CIM. None (0%) developed symptoms. Finally, Strahle et al
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(2011b) reported on 147 patients recommended for non-
surgical management. Nine patients developed new symp-
toms attributed to CIM (6%) and 14 eventually underwent
surgical treatment.

It has been our practice to notify parents when CIM is
identified on a research scan. This approach is not without
controversy as reporting incidental findings can create
anxiety and lead to unnecessary and costly medical follow-
up. We would not recommend radiological screening for
CIM in asymptomatic children with prenatal SSRI exposure.
However, given that a diagnosis of CIM is often delayed
because of the nonspecific nature of the symptoms; it may
be valuable for families in this situation to be aware of
our findings.

In conclusion, we identified a marked increase of CIM in
children of depressed mothers treated with SSRIs during
pregnancy. The strengths of this study are the inclusion
of both an SSRI-exposed group of children and a group of
non-SSRI-exposed children of mothers with a history of
depression, detailed exposure data reflecting both maternal
report and medical record review, blinded assessment of
CIM, and use of propensity matching to minimize differ-
ences between exposed children and comparison children.
Weaknesses include relatively small sample sizes, the
absence of direct measures of symptom severity, and the
fact that the hypothesis being tested was formulated during
data acquisition. Replication and additional research are
urgently needed. In particular, the rate of CIM in women
with active, untreated depression during pregnancy must be
determined. We would discourage clinicians from altering
prescribing practices until research clarifies whether SSRIs
directly impact risk for CIM or whether this relationship is
mediated by severity of depressive symptoms during
pregnancy. In addition, data on long-term functional out-
comes is needed as many individuals with CIM are
asymptomatic whereas others experience severe complica-
tions requiring surgical intervention. There is no definitive
answer to the optimal treatment of women with depression
during pregnancy. SSRIs do not appear to be major
teratogens, in contrast to mood stabilizers such as valproic
acid and carbamazepine that are associated with an
increased risk of neural tube defects (Cott and Wisner,
2003). Potential risks of pharmacotherapy must be weighed
against the potential risks of active, untreated depression.
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