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Abstract

Background

Hypertensive disorders complicate up to 10% of pregnancies. Evidence suggests a potential
association between maternal hypertensive disorders during pregnancy, particularly pre-
eclampsia, and adverse neurodevelopment in the offspring, but existing studies are subject
to limitations. We aimed to assess whether in-utero exposure to preeclampsia/eclampsia
negatively impacts academic performance at ages 9, 12 and 15 years.

Methods

Using individually linked, nationwide data from the Icelandic registries we followed all chil-
dren born in 1989-2004 (N = 68,580), from birth until the end of 2014, thereof 63,014
(91.9%) took at least one standardized test. Using a stepwise, mixed-effects approach, we
modelled the hypothesized relationship while adjusting for maternal, perinatal and childhood
variables of interest. We compared test scores, measured on a normalized scale ranging
from 0—60 with a mean of 30 and a standard deviation of 10, in the 4", 7", and 10™ grades,
between children exposed to preeclampsia or eclampsia in-utero versus children from nor-
motensive pregnancies in the population.

Results

Children exposed to preeclampsia/eclampsia scored lower than those unexposed in mathe-
matics across all grade levels, corresponding to a difference of 0.44 points (95% CI: 0.00,
0.89), 0.59 points (95% CI: 0.13, 1.06) and 0.59 points (95% CI: 0.08, 1.10), respectively.
No differences were observed in the language arts.
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Conclusions

Our findings suggest a minimal effect of maternal preeclampsia/eclampsia on children’s
academic performance at ages 9, 12 and 15 years. The differences observed in mathematic
scores between exposed and unexposed children were minimal, less than one tenth of a
standard deviation per measurement occasion.

Introduction

Hypertensive disorders of pregnancy, which complicate up to 10% of pregnancies [1, 2],
account for a substantial proportion of maternal and neonatal morbidity and mortality world-
wide[3-7]. Maternal hypertension during pregnancy can be due to either pregnancy specific
etiologies including gestational hypertension and preeclampsia/eclampsia or pre-existing
chronic hypertension. Some, but not all [8], studies have suggested that hypertensive disorders
during pregnancy may adversely affect neurodevelopment during childhood and into early
adulthood, including IQ scores[9-13] and verbal ability [14, 15]. The etiology behind this rela-
tionship is largely unclear, but preeclampsia has been associated with an adverse intrauterine
environment characterized by ischemia and reduced placental blood flow which may, in turn,
lead to lower neurodevelopmental functioning [16].

The association between hypertensive disorders of pregnancy and impaired neurodevelop-
ment in the offspring remains controversial. In general, studies with small sample sizes have
not supported such an association [8, 17], while studies with longer-term follow-up and ade-
quate statistical power to detect small effects, have demonstrated significant associations [9,
14, 15]. Tuovinen et al.[18] argued in their systematic review that small sample sizes, lack of
confounder control and heterogeneity of research methods may explain some of the discrep-
ancies in previous findings on this topic. Additionally, in earlier research neurocognitive out-
comes have primarily been measured at a single point in time ranging, i.e. once during early
childhood, adolescence or early adulthood, rather than on multiple occasions across time.

Leveraging the homogenous setting and national registration of health and academic out-
comes in Iceland, we aimed to prospectively assess whether in-utero exposure to preeclampsia
or eclampsia affected cognitive outcomes in children, measured as performance on standard-
ized tests in the language arts and mathematics at ages 9, 12 and 15 years. Considering poten-
tial confounders and mediators, we hypothesized that children exposed to preeclampsia or
eclampsia were more likely to score lower on these tests, compared with children in the general
population born after a normotensive pregnancy.

Methods
Design, setting and population

We conducted a nationwide register-based study including all live-born infants in Iceland
between January 1% 1989 and December 31% 2004, followed from birth until December 31*
2014. We linked data from three Icelandic nationwide registers via maternal and infant per-
sonal identification numbers, uniquely assigned to each resident at birth or immigration to the
country: 1) The Medical Birth Register, which has complete coverage of all live- and stillbirths
in Iceland weighing over 500g or having gestational age >22 weeks. 2) The Directorate of Edu-
cation which handles the National Examinations, a nationwide standardized testing battery
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mandatory for all children in elementary schools. 3) The National Medicines Registry, which
contains individual level data on drugs dispensed to the total outpatient population in Iceland.

Each individual child had a maximum follow-up time of 17 years, and a minimum of 8
years. Our initial population consisted of 68,580 children; excluding those who were only pres-
ent in either the Medicinal Birth Register or data on the National Examinations, yielded a pop-
ulation of 63,014 children available for the main analysis. Children (n = 5,566) with missing
data on all outcome measurement occasions (i.e. only present in the Medical Birth Register),
were included in a preliminary analysis to assess potential differences in exposure status of
children with and without available data on academic outcomes.

Definition of outcomes

The primary study outcomes were results from language arts and mathematics examinations,
mandatory for all children in Iceland in 4™, 7" and 10" grade, generally corresponding to ages
9, 12 and 15, respectively.

Children in Iceland are required by law to attend school from age 6 to 16 where they prog-
ress through 10 grades. All schools at this compulsory level adhere to a national school curricu-
lum based on laws and regulations set by the Ministry of Education, Science and Culture.

Academic performance is assessed at a national level with standardized tests in language
arts and mathematics in the 4™, 7™ and 10™ grade. The Directorate of Education, adminis-
trates the tests, which are mandatory and held once a year at the beginning of the school year.
Participation is high (over 90%); non-participation or missing test scores relate to children’s
disability, illness or unspecified absence on testing day, emigration from Iceland and death.

The tests are divided into sub-domains within each subject, as demonstrated in the Sup-
porting Information (S1 Table). Test scores are presented on a standardized normally distrib-
uted scale ranging from 0-60 with a mean of 30 and a standard deviation of 10; this scaling is
achieved by combining score points or stretching them apart until the shape of the test score
distribution approaches the normal distribution. This normalized scaling minimizes the effect
of varying test difficulty between calendar years, making the results comparable from one year
to the next.

Definition of exposure

Data on maternal hypertensive disorders during pregnancy were retrieved from the Medical
Birth Register, in which medical conditions occurring during pregnancy and childbirth are
recorded according to the International Classification of Disease, currently in its 10™ revision
[ICD-10] [19]. Conditions recorded by earlier revisions had been converted to ICD-10 codes
directly into the register. In this study a child was considered exposed if the mother had a
recorded diagnosis of preeclampsia, preeclampsia superimposed on chronic hypertension or
eclampsia after the 20 week of gestation of the respective pregnancy. We merged the diagnos-
tic codes [ICD-10 codes O14, O11, O15] for these three conditions, into a single variable for
analytical purposes, hereafter referred to as preeclampsia.

Due to changes in diagnostic- and registration criteria for chronic- and gestational hyper-
tension occurring during the study period (e.g. new ICD codes in 1997), we excluded children
born to mothers with these diagnoses [ICD-code 010, 012, O13 or O16] from all analyses
(n =1,273). A child was therefore considered as unexposed if the mother had no registered
diagnosis of the abovementioned hypertensive disorders during pregnancy (normotensive
pregnancy).

We previously assessed the validity of the registration of hypertensive disorders in the Med-
ical Birth Register by comparison of recorded blood pressure values in maternity charts at
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women’s first and last prenatal visits [20]. In general, the quality of the Nordic Medical Birth
Registers is high [21], with high positive predictive values (82% [22], 84% [23], 88% [24]) and
specificity (99% [23]) for preeclampsia/eclampsia recording but lower sensitivity (43% [23],
549% [24]).

Covariates

From the Medical Birth Register we obtained information on maternal age at delivery (in
years), maternal marital status (married/cohabiting; not married; widowed/divorced), mater-
nal occupational status (employed; student; unemployed/welfare, other aid; homemaker),
maternal citizenship (Icelandic; foreign), parity (primipara; multipara), gestational age at birth
(in days), singleton birth (yes; no), place of birth (urban; rural), year of birth (in years), infant
sex (boy; girl), small for gestational age ([SGA] no; yes) and 5-minute Apgar score (>7; <7).
Gestational age was determined by ultrasound measurements made during or before the 20™
week of gestation. SGA was defined as birthweight more than 2 standard deviations below the
population average based on Marsal et al.[25] All variables extracted from the Medical Birth
Register were recorded during pregnancy or childbirth.

We also took attention-deficit/hyperactivity disorder (ADHD) into account, as hyperten-
sive disorders in pregnancy have been associated with an increased risk ADHD in the offspring
[26,27] and ADHD may negatively affect children’s academic performance [28]. To identify
children with a probable ADHD diagnosis, we used filled prescription for ADHD medication
(code NO6BA of the Anatomical Therapeutic Chemical classification system [29]). In Iceland,
a prerequisite for receiving such medication is a verified ADHD diagnosis made by a pediatric,
psychiatric, or neurologic specialist [30].

We obtained information on year and place of test administration (urban; rural) and when
the child took the test relative to peers of the same age (concurrent with peers; ahead of peers;
behind peers) from the Directorate of Education. These were recorded at each measurement
occasion (at age 9, 12 and 15 years) and considered as time-varying covariates in the analysis.

Analysis

We merged the data from the Directorate of Education with the data from the Medical Birth
Register. After tidying our data by removing duplicated exam entries and excluding children
only present in one of the two data sources, either missing from the dataset of academic scores
or the Medical Birth Register we had a dataset of children that had at least one outcome mea-
surement on either of the outcomes, mathematics or the language arts.

We first described the distribution of exposed and unexposed children by perinatal and
demographic characteristics. We then compared the crude mean scores in mathematics and
language arts at age 9, 12 and 15 years according to children’s exposure status.

For the main study analysis, we utilized linear mixed effects models to model differences in
mean test scores between exposed and unexposed children across grade levels while adjusting
for covariates. In the analyses, we considered gestational age, and 5-minute Apgar scores [31]
as possible mediators in the hypothesized association, as they could be part of the causal mech-
anism between exposure to preeclampsia, characterized by inhospitable intra-uterine environ-
ment, and subsequent neurodevelopment. Similarly, ADHD was also considered as a potential
mediator of the association of interest [26-28]. These variables were then introduced sepa-
rately. The adjusted model yielded parameter estimates for the fixed effects of the exposure on
test outcomes at each grade level and an interaction term between exposure and grade level,
while adjusting for all relevant covariates. The model included a random effect associated with
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each child. This approach is robust to the unbalanced nature of our data where not all partici-
pants share the same outcome measurement pattern due to attrition [32].

For our main analysis we utilized a top-down modelling strategy, identical for the language
arts and mathematics. Following the procedures of Singer and Willett [33] we fitted an uncon-
ditional means model, to assess intra- and inter-individual outcome variation, before intro-
ducing exposure status and grade and level to assess the crude association between exposure
and mean test scores.

All available (time invariant and time varying) covariates, apart from suspected mediators,
were then introduced simultaneously, including birth year and when the child took the test rel-
ative to peers of the same age, into our models to control for potential cohort effects and to
estimate the relationship between exposure and outcome independently, before introducing
place of test administration as a measurement level covariate. Next, we dropped non-signifi-
cant fixed-effect parameters, first by verifying interactions with grade level before testing asso-
ciations with mean test scores. As a last step in model definition, we introduced the suspected
mediators to assess the direct effect of exposure on academic outcomes. We used deviance
information criteria and Akaike’s information criteria to compare model fit through our
modelling process using maximum likelihood estimation methods.

For graphical analysis all covariates are centered on their reference categories in cases of
categorical predictors and mean values in cases of numerical predictors, except for birth year
of child which is centered on the minimum value. The reference categories can be observed as
the first listed category in Table 1.

We used R version 3.2.5 [34] and Ime4 [35] for our main analysis and ggplot2 [36] for
graphical representations.

This study was approved by the Icelandic National Bioethics Committee (VSNb2012040011/
03.07) and Data Protection Authority (2014081095TS/—). The parliaments in the Nordic coun-
tries have on behalf of their populations given informed consent to be included in the national
registers and the information recorded can be used for research purposes. Therefore, we did
not obtain an informed written consent from participants in the study population. All personal
information was anonymized and de-identified prior to analysis.

Results
Cohort characteristics

Of the 68,580children in our initial study population, 5,566 (8.1%) had no available academic
outcome measures and were therefore not part of the main analysis. The prevalence of expo-
sure to preeclampsia did not vary between children with and without recorded academic out-
comes (3.2% vs. 3.4%). The distribution of missing academic data is presented in the
Supporting Information (S2 Table).

Among the 63,014 children available for analysis, 2,026 (3.2%) were exposed to preeclampsia
in-utero. As demonstrated in Table 1, several maternal and perinatal characteristics varied by
exposure status. Children exposed to preeclampsia had a lower maternal age and shorter gesta-
tional period compared with those unexposed. Moreover, they were more likely to be SGA,
have lower Apgar scores and be born in urban places than those unexposed (Table 1). The dis-
tribution of exposure by birth year is presented in the Supporting Information (S3 Table).

Academic outcomes

Crude comparisons of mean test scores in the language arts and mathematics among exposed
versus unexposed children, revealed no differences in mean scores at age 9, 12 or 15 years
(Table 2).
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Table 1. Maternal, perinatal and child characteristics by exposure status.

Normotensive Preeclampsia/eclampsia
(N = 60988) (N =2026)
Continuous variables M (SD) M (SD)
Maternal age at birth (years) 28.3 (5.6) 27.4(5.9)
Gestational age at birth (days) 279.3 (11.6) 268.2 (19.8)
Categorical variables n (%) n (%)
Maternal marital status *
Married/cohabiting 55798 (91.5) 1822 (89.9)
Not married 4262 (7.0) 182 (9.0)
Widowed/divorced 917 (1.5) 22 (1.1)
Maternal occupational status *
Employed 43093 (71.7) 1464 (73.2)
Student 6938 (11.5) 322 (16.1)
Unemployed/welfare, other aid 754 (1.3) 37 (1.8)
Homemaker 9329 (15.5) 178 (8.9)
Maternal citizenship *
Icelandic 59832 (98.1) 1985 (98.0)
Foreign 1152 (1.9) 41 (2.0)
Place of birth
Urban 41280 (67.7) 1680 (82.9)
Rural 19698 (32.3) 346 (17.1)
Parity
Primipara 22136 (36.3) 1209 (59.7)
Multipara 38852 (63.7) 817 (40.3)
Singleton birth
Yes 59109 (96.9) 1831 (90.4)
No 1879 (3.1) 195 (9.6)
Infant sex
Boy 30847 (50.6) 1028 (50.7)
Girl 30141 (49.4) 998 (49.3)
Small for gestational age
No 60058 (98.5) 1827 (90.2)
Yes 930 (1.5) 199 (9.8)
5-minute Apgar score
>7 59783 (98.0) 1932 (95.4)
<7 1205 (2.0) 94 (4.6)
ADHD prescriptions
Not present 54901 (90.0) 1807 (89.2)
Present 6087 (10.0) 219 (10.8)
Place of test administration
Urban 36253 (59.6) 1255 (62.0)
Rural 24618 (40.4) 769 (38.0)
Test participation relative to peers
Concurrent with peers 59129 (97.0) 1969 (97.2)
Ahead of peers 1783 (2.9) 52(2.6)
(Continued)
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Table 1. (Continued)

Normotensive Preeclampsia/eclampsia
(N = 60988) (N =2026)
Behind peers 76 (0.1) 5(0.2)

SD, standard deviation; ADHD, attention-deficit/hyperactive disorder

* Some values were missing from the Medical Birth Register on maternal marital status (exposed n = 11), maternal occupational status (exposed n = 874; unexposed
n = 25) and maternal citizenship (exposed n = 4).

® Some values were missing from the Directorate of Education on place of test administration (exposed n = 117; unexposed n = 2).

https://doi.org/10.1371/journal.pone.0207884.t001

Comparing the unconditional mean models with the added grade level and exposure mod-
els, we observed lower model information criteria values when grade level and exposure status
were included, indicating a better model fit.

After centering and adjusting for all relevant covariates, apart from suspected mediators
and time-varying factors, and comparing those models with models where we had included
place of test administration as a time-varying predictor, we observed minor fluctuations in
parameter estimates. In the language arts the effects of birth place on the outcome were nulli-
fied by the inclusion of place of test administration, the interaction between place of birth and
grade level was therefore dropped from subsequent models. In mathematics the interaction
between birth year and grade level was dropped, the same applied to maternal citizenship for
both the language arts and mathematics.

A fully adjusted model comparing the overall differences between exposure groups, across
all grade levels combined resulted in differences of 0.20 points (95% CI: -0.20, 0.60) in the lan-
guage arts and 0.54 points (95% CI: 0.14, 0.95) in mathematics. Indicating that unexposed chil-
dren scored slightly higher on average on both academic subjects, although the difference was
only significant in mathematics (data not shown).

The final model containing adjusted parameter estimates comparing exposed and unex-
posed children grouped by grade level showed slight outcome differences in mathematics but
not in the language arts (Table 3). In mathematics children exposed to preeclampsia scored
significantly lower on average on each measurement occasion, at age 9, 12 and 15 years; the
observed differences were 0.44 points (95% CI: 0.00, 0.89), 0.59 points (95% CI: 0.13, 1.06) and
0.59 points (95% CI: 0.08, 1.10), respectively.

Fig 1 shows marginal predicted values and corresponding 95% confidence intervals
between academic subjects for children exposed to preeclampsia and unexposed children with
all covariates centered on their reference categories in cases of categorical predictors and mean
values in cases of numerical predictors, except for birth year of child which is centered on the

Table 2. Crude mean scores and standard deviations in the language arts and mathematics by children’s exposure status.

Language arts Mathematics

Normotensive Preeclampsia/eclampsia Normotensive Preeclampsia/eclampsia
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

4™ grade 30.1(9.9) 30.1(9.9) 30.0 (9.9) 29.4 (9.9)

(age 9)

7™ grade 30.2 (9.9) 30.1 (10.0) 30.0 (9.9) 29.3 (10.1)

(age 12)

10" grade 30.0 (9.8) 30.4 (10.2) 29.9 (9.9) 29.9 (9.9)

(age 15)

SD, standard deviation

https://doi.org/10.1371/journal.pone.0207884.t002
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Table 3. Adjusted” mean scores and differences in mean scores with 95% confidence intervals in the language arts and mathematics by children’s exposure status.

Normotensive Preeclampsia/eclampsia
Estimate Estimate Difference 95% CI
Language arts
4th grade 22.9 22.7 0.23 -0.20-0.66
(age 9)
8
7" grade 22.9 22.6 0.31 -0.14-0.76
(age 12)
10" grade 22,0 21.9 0.06 -0.42-0.55
(age 15)
Mathematics
4™ grade 23.0 226 0.4 0.00-0.89
(age 9)
7 grade 21.9 213 0.59 0.13-1.06
(age 12)
10™ grade 20.7 20.1 0.59 0.08-1.10
(age 15)

* Adjusted for the effects of maternal citizenship, maternal age, maternal marital status, maternal occupation, parity, singleton birth, birth year, birth place, ADHD

diagnosis, place of test administration, 5-minute Apgar score, SGA status, gestational age at birth and whether the child took the test concurrent, ahead or behind peers

of the same age.

https://doi.org/10.1371/journal.pone.0207884.t003

minimum value. The reference categories can be observed as the first listed category in

Table 1.

Discussion

Our objective with this prospective population-based cohort study was to assess whether
hypertensive disorders during pregnancy, specifically preeclampsia, affect academic perfor-
mance in offspring as measured by standardized tests in the 4, 7" and 10™ grades of elemen-
tary schools in Iceland. Overall, our findings suggest that the effects of preeclampsia/eclampsia

The Language arts Mathematics
325 325
exposure
§ 32.01
Pel © Normotensive
A - i
i 115 Pre-eclampsia
31.0 11.04
o
o
@ 305 3054
[ =4
E T
30.01 30.0
£ T T K2 >
2
S 2951 205
=
<C
29.01 29.0 1
285 28.51
28.01 28.01
275 T 275
4th grade 7th grade 10th grade 4th grade 7th grade 10th grade

Fig 1. Marginal predicted scores” in language arts and mathematics by exposure to preeclampsia/eclampsia.

https://doi.org/10.1371/journal.pone.0207884.g001
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on academic performance are very small. Exposed children scored on average slightly, yet sig-
nificantly, lower on mathematics tests in at age 9, 12 and 15 years, vis-a-vis their unexposed
counterparts, but this difference is unlikely to have clinical implications.

Our study builds upon Barker’s landmark publication [14] from 1967 on obstetric compli-
cations and school performance, suggesting that toxaemia (preeclampsia) was associated with
slightly impaired verbal reasoning at age 11, independent of gestational age at birth and birth
order. Subsequent studies with short-to medium term follow-up periods have generally not
detected differences in cognitive abilities by exposure to hypertensive disorders in-utero [9, 15,
37]. But studies extending into early [13] and late [38] adulthood have reported small differ-
ences in cognitive functioning, including in arithmetic reasoning [39]. Tuovinen et al. [18]
speculated in their systematic review of maternal hypertensive pregnancy disorders and cogni-
tive functioning in the offspring whether this is due to the effects of maternal hypertension
manifesting later in life or merely due to a cohort effect reflected in improved treatment
options. Due to the longitudinal and progression focused nature of our analysis, our findings
are informative on this matter as they indicate that the effects of maternal preeclampsia on out-
comes in mathematics are present at age 9, 12 and 15 years. But it is unclear why mathematics
but not language abilities would be affected by an inhospitable intra-uterine environment.

This study has three prominent strengths. First, the large population-based study sample
gave us ample precision to detect any hypothesized effects of preeclampsia/eclampsia on aca-
demic outcomes. Given the nature of the study we believe the findings to generalizable to pop-
ulations beyond Iceland. Second, the longitudinal nature of our study is especially appropriate
for documenting progress of this kind and in covering the wide range of individual character-
istics both time-invariant and time-variant making adjustment for these factors possible.
Third, the outcome measurements are well suited for the study analysis, comprising individual
rankings on standardized test in two core subjects, measured on three occasions for the total
study population.

The major limitations of the present study include a lack of information on maternal BMI,
smoking and co-morbidity, such as diabetes—a known risk factor for preeclampsia [40]. Evi-
dence suggests that smoking during pregnancy may be inversely associated with preeclampsia
[41], and obesity is a strong risk factor for hypertension [20, 42]. Maternal BMI has also been
linked to child cognitive development including emotional symptoms, conduct problems and
autism [43], while maternal obesity has been associated with lower overall IQ scores (3.2
points) in children [44]. Similar associations have also been observed with maternal smoking
[45]. Accounting for maternal lifestyle and morbidity of this sort, would have been optimal to
avert residual confounding and to improve our understanding of the association under study.
Further, our analysis was based on children who participated in at least one standardized test.
Despite the high participation rate (>90%), non-participation due to children’s disability,
death or emigration may have biased our results towards the null. Finally, misclassification of
children’s exposure status is possible. We attempted to circumvent this by focusing on diagno-
ses with high specificity and excluded from the analysis children with maternal records of
other hypertensive disorders (i.e. gestational hypertension or chronic hypertension, essential
and secondary). Nevertheless, having accurate information on all hypertensive disorders in
pregnancy would have yielded a more complete picture of the hypothesized association.

Conclusion

Opverall our findings suggest a minimal, or no, effect of maternal preeclampsia/eclampsia on
children’s academic performance at ages 9 to 15 years. The findings are important given the
high number of women dealing with hypertensive disorders in pregnancy. They also provide
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reassuring information to clinicians and parents about the implications of preeclampsia on the
child’s development in the longer-term. In our analysis we were able to follow a nationwide
cohort of children from prenatal life and measure academic performance on three separate
occasions in childhood. The differences observed in mathematic scores between children
exposed and unexposed to preeclampsia/eclampsia were less than one tenth of a standard devi-
ation per measurement occasion.
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