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ABSTRACT

BACKGROUND Prenatal stress is a potential risk factor for cardiovascular disease, but its association with heart failure
(HF) is unknown.

OBJECTIVES The purpose of this study was to investigate whether prenatal stress, defined as maternal bereavement,
was associated with HF risk up to middle-age.

METHODS This cohort study included 6,758,560 live singleton births from the Danish (1973-2016) and the Swedish
(1973-2014) Medical Birth Registers. The authors retrieved information on death of the mothers' close family members
(partner, older children, parents, and siblings) and offspring's HF (up to 2016 in Denmark and 2020 in Sweden) from
nationwide registers. They estimated HRs and 95% Cls for HF in the offspring according to maternal bereavement.

RESULTS During up to 48 years of follow-up, 4,812 offspring (0.07%) had a diagnosis of HF. Maternal loss of any close
family member was not associated with HF in the offspring (adjusted HR: 1.04; 95% Cl: 0.88-1.23). However, the most
severe forms of bereavement, ie, death of a partner or an older child (adjusted HR: 1.47; 95% Cl: 1.06-2.04) and un-

natural death of a relative (adjusted HR: 2.77; 95% Cl: 1.49-5.17), were associated with increased risks of HF. Congenital
heart disease and preterm birth contributed substantially to the association of maternal loss of a partner or older child

with HF risk in the offspring.

eart failure (HF) affects 64.3 million indi-
viduals worldwide and 1% to 2% of the
general adult population in developed

countries.” Although HF is considered to be

CONCLUSIONS Maternal loss of a partner or older child and loss of a close relative caused by unnatural causes the
year before or during pregnancy were associated with increased risk of HF in offspring. (JACC Heart Fail 2024;12:
1353-1362) © 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

primarily a disease of the elderly,” studies from
several Western countries reported that HF inci-
dence rates in early adulthood (age <50 years)
have increased by about 50% over the past 3
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ABBREVIATIONS
AND ACRONYMS

CHD = congenital heart disease
CVD = cardiovascular disease
HF = heart failure

SGA = small for gestational age

decades, and this group currently repre-
sents 10% of all patients with HF.>® The
etiology of early-onset HF may differ from
that presenting in older ages,®> but knowl-
edge regarding risk factors for early HF is
very limited. Given the loss of productive
years and the high health care costs associ-

ated with HF at a young age, better knowledge
regarding the etiology of HF in young is warranted.

Based on the “Developmental Origin of Health and
Disease” theory,

7 maternal stress shortly before or

during pregnancy may lead to an adverse intrauterine

environment, which in turn may increase the risk of

adverse pregnancy outcomes (fetal growth restric-
tion,® preterm birth,° and congenital heart disease),'°
worsen the cardiovascular risk profile (eg high blood
pressure,'’ diabetes,'” and excessive adiposity)"® and
increase the risk of cardiovascular diseases (CVD)
later in life.'**® Nevertheless, only a few studies

investigated the association between maternal stress
during pregnancy and the risk of overall or specific
early-onset CVD and their findings have been incon-
sistent.’”?* To our knowledge, no study examined
the link between maternal stress during pregnancy

and HF risk in the offspring.

Several classification systems of sources of stress

rate the death of a close relative as one of the most
severe sources of stress;*>*° this event is likely to
emotionally affect most individuals regardless of
coping skills and social support. We hypothesize that
if prenatal stress during pregnancy plays a role in the

development of HF in young age, an association be-

tween bereavement, a severe form of stress, shortly
before or during pregnancy and the risk of early-onset
HF is likely.?* In this binational cohort study, we

investigated whether maternal loss of a close family

member the year before or during pregnancy was
associated with an increased risk of HF in the
offspring.

METHODS

STUDY POPULATION AND DESIGN. We conducted a
cohort study by linking several Danish and Swedish
national registers through the unique personal iden-
tification number assigned to all residents in the 2
countries.>*?” A description of the registers included
in the study is provided in Supplemental Table 1. The
study population included all live singleton births
from the DMBR (Danish Medical Birth Register)®®
during 1973 to 2016 and from the SMBR (Swedish
Medical Birth Register)*® during 1973 to 2014. After
excluding live births whose mother had a missing
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personal identification number (n = 7,925) or whose
mothers could not be linked to any close family
member (n = 81,144), our study population consisted
of 6,758,560 live births. The study was approved by
the Danish Data Protection Agency (number 2013-41-
2569) and the Research Ethics Committee at Kar-
olinska Institute in Stockholm (number 2016/288-31/1,
2021-03315).

MEASURES. Exposure. We defined exposure as
maternal loss of a close family member, ie, an older
child, partner (ie, the index child’s father), sibling, or
parent, the year before or during the index preg-
nancy. We did not include pregnancy losses in our
definition of exposure. Family members were iden-
tified from the Danish Civil Registration System and
the Swedish Multi-generation Register. Information
on their date and cause of death was retrieved from
the Danish and the Swedish Cause of Death Register.
In case of several losses during the exposure period,
we treated the date of the first loss as the date of
exposure. We categorized exposure also according to
the following: 1) the mother’s relationship to the
deceased (older child or partner vs parent or sibling);
2) the deceased family member’s cause of death (un-
natural death vs natural death, based on the Inter-
national Classification of Diseases [ICD] codes shown
in Supplemental Table 2); and 3) the time of the loss
(the year before pregnancy and first, second, and
third trimester of pregnancy).?*

Outcome. Information on the first diagnosis of HF
(defined using the ICD codes in Supplemental Table 2)
was retrieved from the DNPR (Danish National Patient
Registry) and the SPR (Swedish Patient Register),
whereas information on death caused by HF was
retrieved from the Danish and the Swedish Cause of
Death Register. Follow-up started at birth and ended
at the first diagnosis of HF, death, emigration, or the
latest date with available data (December 31, 2016, in
Denmark and December 31, 2020, in Sweden),
whichever came first.

Covariates. We retrieved information on the off-
spring’s sex, calendar year at birth, gestational age,
and birth weight, and the following maternal char-
acteristics: age at delivery (=19, 20-24, 25-29, 30-34,
or =35 years), parity (1, 2, =3), smoking status
(collected since 1991 in Denmark and since 1982 in
Sweden), and body mass index (BMI) in early preg-
nancy (<18.5, 18.5-24.9, 25.0-29.9, or =30 kg/m?,
measured at the first antenatal visit, which usually
takes place between 10 to 14 weeks of gestation and
available since 2003 in Denmark and since 1982 in
Sweden) from the DMBR and the SMBR. We defined
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preterm birth as gestational age <37 completed weeks
at birth and small for gestational age (SGA) as a birth
weight <10th percentile of the sex and gestational
age-specific standard curve for normal fetal growth.>°
We extracted offspring’s diagnoses of congenital
heart disease (CHD), hypertension, and diabetes
during the follow-up (prior to HF) in the offspring
from the DNPR and the SPR using ICD codes
(Supplemental Table 2).

Information on maternal country of origin and

marital status was extracted from the Danish Civil
Registration System and the Swedish Total Popula-
tion Register. Maternal highest attained education
was obtained from the Danish Integrated Database for
Labour Market Research and the Swedish Register of
Education, respectively. Data on maternal diabetes,
hypertensive disease, and psychiatric disorders
before or during pregnancy were retrieved from the
DNPR and the SMBR. We obtained information on
maternal family history of CVD, ie, CVD diagnoses of
the mother’s parents and siblings, from the DNPR and
the SPR using the ICD codes in Supplemental Table 2.
If we identified any CVD diagnoses for a parent or
sibling of the mother, we classified her as having a
family history of CVD; otherwise, she was categorized
as having no family history of CVD.
STATISTICAL ANALYSES. We ran Kaplan-Meier
curves to visualize the cumulative incidence of HF
by exposure. We estimated HRs and 95% CIs for HF
according to maternal bereavement using Cox pro-
portional hazard models. The log-minus-log survival
curves suggested a potential violation of the propor-
tional hazard assumption (Supplemental Figure 1).
Hence, we employed a flexible parametric survival
model®' to visualize the time-varying association. In
addition, we cut off follow-up at 18 years of age to
investigate the associations in childhood and young
adulthood. We further analyzed whether the associ-
ation differed by the time of the relative’s death
(1 year before pregnancy, first, second, and third
trimester), the mother’s relationship to the deceased
(older child or partner vs parent or sibling), and the
deceased family member’s cause of death (unnatural
death vs natural death).”* The latter 2 analyses aimed
to investigate the presence of dose-response re-
lationships between bereavement and HF, consid-
ering that losses of children or partners or
unexpected deaths are more severe source of stress
than other types of losses.?®

In the main model, we adjusted for the offspring’s
sex, country, and calendar year at birth, and maternal
characteristics such as country of origin, age,
education, and marital status at delivery; parity;
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hypertensive disorders; diabetes; psychiatric disor-
ders; and family history of CVD before delivery.
Because data on maternal smoking and BMI in early
pregnancy were not collected throughout the whole
study period, we repeated our analyses with addi-
tional adjustment for these 2 covariates among those
who had such data.

Because maternal bereavementisrelated to preterm
birth,® SGA birth,® CHD,'° diabetes,'> or hyperten-
sion,?* which are known risk factors for HF,'#:15:32734
we investigated their role as potential mediators of
the studied associations. Given that we observed an
association between maternal loss of a partner or
older child and offspring’s HF risk, we performed a
causal mediation analysis based on a counterfactual
framework®> to examine the potential mediating
role of preterm birth, SGA birth, CHD, diabetes,
or hypertension. A detailed description of the
approach used is provided in the Supplemental
Methods. Furthermore, to explore whether the
contribution of CHD to the association between
maternal bereavement and offspring’s HF risk var-
ied across the main CHD types, we performed
additional mediation analyses according to the
following CHD subtypes®®*7: 1) conotruncal defects;
2) nonconotruncal defects; 3) coarctation of the
aorta; 4) ventricular septal defect; 5) atrial septal
defect; and 6) other CHD. Similarly, given the
important changes in the treatment and survival of
CHD patients during the study period, we also
investigated whether the proportion mediated by
CHD differed by birth year. We also attempted to
perform similar mediation analyses in case of the
association between unnatural death and HF, but
the low number of exposed to unnatural deaths
and of the HF cases in this subgroup limited our
possibilities to examine the contribution of these
potential mediators.

We conducted stratified analyses and formal tests
of interaction to investigate effect modification by
sex, country, and calendar year at birth. Because the
familial genetic or environmental risk factors that
contributed to the death caused by CVD or CHD in the
relative may also increase the risk of CVD in the index
child,**?® we repeated our main analyses after
excluding mothers who lost a relative because of CVD
or CHD during the exposure period. To reduce the
uncertainty related to HF defined based on mortality
data, we ran further sensitivity analyses with HF
cases identified only from national patient registers.
As for the mothers who lacked register links to par-
ents and siblings, we are likely to have an under-
reporting of the family history of CVD; therefore, we
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TABLE 1 Baseline Characteristics of the Study Population

Exposure to Maternal Bereavement the
Year Before or During Pregnancy

TABLE 1 Continued

Exposure to Maternal Bereavement the
Year Before or During Pregnancy

No
(n = 6,591,368)

Yes
(n =167,192)

No
(n = 6,591,368)

Yes
(n =167,192)

Characteristics of offspring

Country
Denmark
Sweden

Calendar year at birth
1973-1978
1979-1984
1985-1990
1991-1996
1997-2002
2003-2008
2009-2016

Sex
Male
Female

Congenital heart disease
No
Yes

Preterm birth
No
Yes
Unknown

Small for gestational age®
No
Yes
Unknown

Hypertension
No
Yes

Diabetes
No
Yes

Maternal characteristics

Country of origin identical
with the study country

No
Yes
Unknown
Age at child's birth, y
=19
20-24
25-29
30-34
=35

2,604,134 (39.5)
3,987,234 (60.5)

959,288 (14.5)
836,051 (12.7)
940,130 (14.2)
1,001,026 (15.2)
865,761 (13.1)
933,308 (14.2)
1,055,804 (16.0)

3,386,993 (51.4)
3,204,375 (48.6)

6,493,879 (98.5)
97,489 (1.5)

5,870,702 (89.1)
300,593 (4.5)
420,073 (6.4)

5,537,572 (84.0)
611,269 (9.3)
442,527 (6.7)

6,616,719 (99.2)
51,671 (0.8)

6,626,593 (99.4)
41,797 (0.6)

867,902 (13.1)
5,711,884 (86.7)
11,582 (0.2)

200,358 (3.0)
1,329,209 (20.2)
2,345,796 (35.6)
1,848,468 (28.0)

867,537 (13.2)

60,442 (36.2)
106,750 (63.8)

23,980 (14.3)
24,097 (14.4)
28,845 (17.3)
28,606 (17.1)
21,475 (12.9)
20,062 (12.0)
20,127 (12.0)

85,448 (51.1)
81,744 (48.9)

164,480 (98.4)
2,712 (1.6)

152,860 (91.4)
8,952 (5.4)
5,380 (3.2)

144,738 (86.6)
16,461 (9.8)
5,993 (3.6)

165,633 (99.1)
1,559 (0.9)

165,931 (99.2)
1,261 (0.8)

7,267 (4.3)
159,828 (95.6)
97 (0.1)

3,297 (2.0)
25,079 (15.0)
52,522 (31.4)
52,438 (31.4)
33,856 (20.2)

Highest education at
child's birth

Primary and lower
secondary

Upper secondary
Bachelor or higher
Unknown

Marital status at
child's birth

Not married/not in
registered
partnership

Married/registered
partnership

Unknown
Parity at child's birth
1
2
=3

Smoking in early
pregnancy®

No
Yes
Unknown

Body mass index in early
pregnancy, kg/m*

<18.5
18.5-24.9
25.0-29.9
=30.0
Unknown

Diabetes before the
index birth

No
Yes

Hypertensive disease
before the index birth

No
Yes

Psychiatric disorders
before the index birth

No
Yes

Record of family history of
cardiovascular disease
before the index birth

No

1,448,436 (22.0)

2,987,452 (45.3)
2,054,889 (31.2)
100,591 (1.5)

3,043,143 (46.2)

3,391,506 (51.4)

156,719 (2.4)

2,873,825 (43.6)
2,427,636 (36.8)
1,289,907 (19.6)

3,676,214 (77.9)
766,790 (16.2)
279,805 (5.9)

124,220 (3.1)
1,954,973 (49.3)
746,934 (18.8)

319,918 (8.1)
823,281 (20.7)

6,492,800 (98.5)
98,568 (1.5)

6,362,481 (96.5)
228,887 (3.5)

6,304,508 (95.7)
286,860 (4.3)

3,584,263 (54.4)

39,797 (23.8)

76,489 (45.8)
49,994 (29.9)
912 (0.5)

76,032 (45.5)

85,641 (51.2)

5,519 (3.3)

54,613 (32.6)
36,478 (38.0)
49,101 (29.4)

84,807 (71.9)
25,518 (21.6)
7,588 (6.5)

2,736 (2.9)
43,954 (45.8)
17,959 (18.7)

8,474 (8.8)
22,845 (23.8)

164,259 (98.3)
2,933 (1.7)

160,937 (96.3)
6,255 (3.7)

158,442 (94.8)
8,750 (5.2)

63,610 (38.0)

Continued in the next column

repeated our main analyses after excluding births
where the mother lacked register links to her parents
or siblings. Finally, to consider the similarity among
children born by the same mother, we conducted a
sensitivity analysis using the “COVSANDWICH” op-
tion in SAS. Due to the limited statistical power, all
secondary analyses were conducted only for the

Yes 3,007,105 (45.6) 103,582 (62.0)

Values are n (%). Small for gestational age, birth weight below the 10th
percentile of the sex-specific standard curve for normal fetal growth. ®Data on
maternal smoking was available since 1991 in Denmark and since 1982 in Sweden.
“Data on maternal body mass index was available since 2003 in Denmark and since
1982 in Sweden.

overall bereavement and for bereavement classified
by type of deceased relative.

We conducted the statistical analyses using SAS
version 9.4, R version 3.6.3, and Stata version 15.1.
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RESULTS

In the cohort of 6,758,560 live births, 167,192 (2.5%)
study participants experienced prenatal stress caused
by maternal bereavement the year before or during
pregnancy. Compared with their unexposed coun-
terparts, the exposed were more likely to be born in
the same country as their mothers and to be preterm
(Table 1). Mothers in the exposed group were more
likely to be older, be married, be smokers, and have a
family history of CVD than mothers in the unexposed
group (Table 1).

During the 166.8 million person-years at risk (me-
dian follow-up time was 24.2 years; Q1-Q3: 13.4-34.5
years), 4,812 offspring (0.07%) had a diagnosis of HF.
The HF incidence rates in the exposed and the unex-
posed groups were 0.32 and 0.29 per 10,000 person-
years, respectively (Table 2, Supplemental Figure 2).
Overall, maternal loss of any close family member the
year before or during pregnancy was not associated
with the risk of HF in the offspring (adjusted HR:
1.04; 95% CI: 0.88-1.23); HRs (95% ClIs) for the cova-
riates included in our main multivariable model are
shown in Supplemental Table 3. However, we
observed associations for the severe form of the
stress. Maternal loss of a partner or older child was
associated with an increased risk of HF in the
offspring (adjusted HR: 1.47; 95% CI: 1.06-2.04).
Similarly, unnatural (adjusted HR: 2.77; 95% CI: 1.49-
5.17) but not natural deaths (adjusted HR: 0.99;
95% CI: 0.83-1.18) were associated with increased HF
risks. The association did not substantially differ
when exposure was categorized according to the time
of bereavement in relation to pregnancy.

The flexible parametric model showed a relatively
constant increased risk for HF associated with
bereavement from birth to the age of 30 years and a
decline afterwards (Figure 1). When we split the follow-
up at the age of 18 years, we observed that the associ-
ation between theloss of a partner or an older child and
therisk of HF tended to be stronger for HF in childhood
(adjusted HR: 2.24; 95% CI: 1.27-3.97) than in adult-
hood (adjusted HR: 1.25; 95% CI: 0.84-1.86) (Table 3).

We found that CHD and preterm birth mediated a
substantial part of the association between maternal
loss of a partner or older child and the risk of HF
in offspring; the proportion mediated by SGA birth,
hypertension, and diabetes appeared to be modest
(Table 4). When exploring mediation by different
CHD types, we found that all investigated CHD
types, except for the
contributed considerably to the observed association
(Supplemental Table 4). The contribution of CHD to

coarctation of aorta,
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TABLE 2 Risk of Heart Failure According to Maternal Bereavement the Year Before or
During Pregnancy

Event Rate, HR (95% CI)
per 10,000
n Persons-Year Model 1? Model 2°
Unexposed 4,674 0.29 1.00 (Ref.) 1.00 (Ref.)
Any loss 138 0.32 1.06 (0.89-1.25) 1.04 (0.88-1.23)
Type of deceased relative®
Older child or partner? 37 0.52 1.56 (1.13-2.15)  1.47 (1.06-2.04)
Parent or sibling® 101 0.28 0.95 (0.78-1.15)  0.94 (0.77-1.15)
The deceased's cause of death®
Loss caused by unnatural cause 10 0.63 3.24 (1.74-6.02)  2.77 (1.49-5.17)
Loss caused by natural cause 128 0.31 1.01 (0.84-1.20) 0.99 (0.83-1.18)
Time of loss
1y before pregnancy 89 0.34 1.09 (0.88-1.35) 1.07 (0.87-1.33)
First trimester 17 0.36 1.18 (0.73-1.90)  1.17 (0.72-1.88)
Second trimester 17 0.26 0.86 (0.53-1.38) 0.85 (0.53-1.36)
Third trimester 15 0.31 1.01 (0.60-1.66) 0.99 (0.60-1.66)

3Model 1 was unadjusted. ®Model 2 was adjusted for sex, country, calendar year at birth, maternal country of
origin, parity, age, education and marital status at the time of birth, hypertensive disease, diabetes, psychiatric
disorders, and family history of cardiovascular diseases before the index delivery. “Differences in the strength of
associations between subtypes of maternal bereavement and heart failure in offspring were formally tested using
the CONTRAST statement in the SAS software. The P values corresponding to the difference in the association
when exposure was classified by type of deceased relative, cause of death, and time of loss were 0.007, 0.0004,
and 0.600, respectively. YAnalyses were restricted to children whose mother had register links to her partner
(n = 6,108,486) or at least a live older child (n = 6,031,945) at the start of the exposure period. ®Analyses
restricted to children whose mother had at least a live parent (n = 5,614,425) or a live sibling (n = 4,437,712) at
the start of the exposure period.

Ref. = Reference.

the association of interest did not differ substantially
according to the calendar year at birth (Supplemental
Table 4).

The associations between maternal bereavement
the year before or during pregnancy and HF did not
differ considerably according to sex, country or year
at birth (Supplemental Tables 5 to 7). Further
adjustment for maternal smoking and BMI during
early pregnancy did not substantially alter the
observed associations (Supplemental Table 8). The
results did not substantially change when we
repeated our main analyses after the following:
1) excluding mothers who lost a relative because of
CVD or CHD the year before or during the index
pregnancy; 2) restricting our definition of HF to cases
diagnosed in hospitals; 3) after excluding births
where the mother lacked register links to her
parents or siblings; or 4) applying the SAS
“COVSANDWICH” option to consider similarities
among individuals born by the
(Supplemental Tables 9 to 12).

same mother

DISCUSSION

In this large binational cohort study, we found no
overall association between prenatal stress, defined
as maternal exposure to the death of any close family
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FIGURE 1 Time-Varying HRs of HF According to Prenatal Stress

Hazard Ratio

T
0 10 20

Follow-up (Years)

T
30 40 50

We ran flexible parametric survival model to estimate adjusted HRs and 95% Cls for HF according to maternal bereavement 1 year before or
during pregnancy. A spline with 5 df (4 intermediate knots and 2 knots at each boundary, placed at quintiles of the distribution of events) was
used for the baseline rate, and a spline with 3 df was used for the time-varying effect. The reference group in case of the exposure variable was
that of individuals with no record of maternal loss of a close family member the year before or during pregnancy. We adjusted for sex
(reference group: girls); country (reference group: Denmark); calendar year at birth (reference group: 1973-1978); maternal country of
origin (reference group: having the same country of origin as the study country); parity (reference group: primiparous); age (reference group:
25-29 years), education (reference group: bachelor or higher), and marital status (reference group: married or in registered partnership) at the
time of birth; hypertensive disease (reference group: no record of hypertensive disease); diabetes (reference group: no record of diabetes);
psychiatric disorders (reference group: no record of psychiatric disorders); and family history of cardiovascular diseases (reference group: no
record of a family history of cardiovascular diseases) before the index delivery. HF = heart failure.

member, the year before or during pregnancy and the
risk of HF in the offspring. However, the most severe
types of prenatal stress, ie, the death of a partner or
older child and the unnatural death of a close family
member, were associated with increased risks of HF.
We also observed that CHD and preterm birth medi-
ated a substantial part of the association between
maternal loss of a partner or older child and the off-
spring’s risk of HF (Central Illustration).

COMPARISON WITH PREVIOUS STUDIES. To our
knowledge, this is the first study to investigate the
association between maternal stress shortly before or
during pregnancy and the risk of HF in the offspring.
Two Dutch birth cohort studies reported increased
risks of ischemic heart disease in adults prenatally
exposed to famine during World War IL'%*° while
another Dutch study did not find an association be-
tween a historical period of famine during pregnancy
and coronary artery disease in the offspring.”’
Conversely, a Finnish study reported a lower risk

of ischemic heart disease in individuals who were
prenatally exposed to wartime than in their unex-
posed counterparts.”” Only 2 previous studies in
this area measured stress at an individual level. A
study by our group found no association between
maternal exposure to bereavement shortly before or
during pregnancy and the risk of IHD and stroke.**
A Danish study involving 2.6 million individuals
observed a modest association between maternal
bereavement in the period before birth and the risk
of total CVD up to the age of 40 years in the
offspring.>> However, the study did not analyze HF
as an outcome, probably because of limited statis-
tical power.

According to several classification systems of
severity of sources of stress, death in the nuclear
family, ie, of a partner or of child, is likely to be
perceived as more stressful and to require a greater
life adjustment than deaths in the extended family.?®
Similarly, sudden, unnatural deaths are considered to
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be more stressful than natural deaths.® The fact that
an association between maternal bereavement and
HF in offspring was confined to the most severe forms
of stress, ie, loss of a partner or older child or unex-
pected loss, is suggestive of a dose-response effect.
The reasons for the slightly stronger association be-
tween the loss of a partner or older child and the risk
of HF during childhood than in young adulthood is
not clear, but we speculate about 2 plausible expla-
nations. First, pediatric HF is primarily caused by
CHD,“° the risk of which was reported to be increased
after maternal bereavement.'® Our finding that CHD
accounts for >50% of the observed association further
supports this explanation. With advancing age, HF
may increasingly be attributed to traditional HF risk
factors such as smoking, obesity, and hypertension.
Second, children born after the loss of an older sibling
may have received closer attention from the health
care system, eventually leading to a higher likelihood
to detect HF already in childhood.

POSSIBLE UNDERLYING MECHANISMS. Several mecha-
nisms may contribute to the link between maternal
stress during pregnancy and HF risk in the offspring.
Maternal stress may induce a suboptimal intrauterine
environment through the prolonged activation of the
hypothalamic-pituitary-adrenal axis*' and of the
autonomic nervous system,*’ leading to adverse
changes in mental health, lifestyle, proinflammatory,
and cardiometabolic activity. Such intrauterine in-
sults may program the development of the fetal heart,
including structural and functional changes that may
increase the risk of HF later in life. Because fetal
cardiac development primarily occurs during the first
trimester of pregnancy,*® we expected that exposure
to stress in the year before pregnancy or during the
first trimester of pregnancy would have a stronger
association with HF than stress in later trimesters.
However, our study did not reveal differences in the
studied associations when we categorized exposure
by its timing. We speculate that such differences by
the time of exposure may present only in cases
involving severe forms of stress, such as the loss of a
partner or older child, or unnatural deaths. Unfortu-
nately, our study did not have sufficient statistical
power to investigate this hypothesis. Furthermore,
prenatal stress may lead to HF through adverse birth
outcomes such as preterm birth® and fetal growth
restriction,® or established risk factors for HF such as
diabetes' and hypertension.”®> Our mediation ana-
lyses suggested that CHD and preterm birth may
explain a substantial part of the studied associations.

An alternative explanation of the association be-
tween maternal loss of a close relative shortly before
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TABLE 3 Risk of Heart Failure According to Maternal Bereavement,
Stratified by Attained Age

Event Rate, HR (95% CI)
per 10,000
n Persons-Year Model 1° Model 2°
Attained age <18y
(n = 6,758,560)
Unexposed 1,211 0.12 1.00 (Ref.) 1.00 (Ref.)
Any loss 41 0.16 1.31(0.96-1.79) 1.26 (0.92-1.72)
Type of deceased relative
Older child or partner 12 0.29 2.50 (1.42-4.42) 2.24 (1.27-3.97)
Parent or sibling 29 0.13 1.09 (0.76-1.58) 1.06 (0.73-1.54)
Attained age =18 y
(n = 4,422,510)
Unexposed 3,463 0.59 1.00 (Ref.) 1.00 (Ref.)
Any loss 97 0.59 0.98 (0.80-1.20) 0.97 (0.79-1.19)
Type of deceased relative
Older child or partner 25 0.82 1.32 (0.89-1.95) 1.25(0.84-1.86)
Parent or sibling 72 0.53 0.90 (0.71-1.13) 0.90 (0.71-1.14)

index delivery.
Abbreviation as in Table 2.

2Model 1 was unadjusted. "Model 2 was adjusted for sex; country; calendar year at birth; maternal
country of origin; parity; age, education, and marital status at the time of birth; hypertensive
disease; diabetes; psychiatric disorders; and family history of cardiovascular diseases before the

or during pregnancy and the risk of HF in the
offspring is confounding by genetic and/or environ-
mental cardiovascular risk factors that cluster in
families. Nevertheless, exclusion of deaths caused by
CVD or CHD during the exposure period in older
children and partners did not substantial change the
associations between maternal loss of a partner or
older child the year before or during pregnancy and
the risk HF. Our finding that losses caused by un-
natural but not those caused by natural causes were
associated with HF risk in the offspring would also
provide support for other explanations than familial
confounding; unnatural deaths are less likely to be

Bereavement and Offsprings’' HF

HR (95% CI)*

TABLE 4 The Contribution of Potential Mediators to the Association Between Maternal

Proportion
Potential Mediator Total Effect® Direct Effect Mediated Effect  Mediated (%)
CHD 1.62 (1.15-2.27) 1.26 (0.91-1.75) 1.28 (1.15-1.43) 57.4
Preterm birth 1.64 (1.16-2.32) 1.48 (1.04-2.11) 1.11 (1.00-1.23) 25.4
SGA birth 1.64 (1.16-2.31) 1.63 (1.15-2.29)  1.01 (0.99-1.02) 2.2
Hypertension 1.54 (1.10-2.17) 1.54 (1.09-2.17)  1.00 (1.00-1.01) 13
Diabetes 1.46 (1.06-2.03) 1.46 (1.05-2.02) 1.00 (1.00-1.01) 0.5

dividuals with missing data in case of each mediator.

CHD = congenital heart disease; HF = heart failure; SGA = small for gestational age.

“We adjusted for sex; country; calendar year at birth; maternal country of origin; parity; age, education, and
marital status at the time of birth; hypertensive disease; diabetes; psychiatric disorders; and family history of
cardiovascular diseases before the index delivery. °The estimates for the total effect of prenatal stress on heart
failure may differ among models corresponding to each mediator because of differences in the number of in-
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CENTRAL ILLUSTRATION Maternal Bereavement the Year Before or During Pregnancy and the
Risk of Heart Failure in Offspring

Maternal bereavement the year

before or during pregnancy: Offspring’s heart
@ @ 5 167192 (2.5%) e QP failure:
é Maximal follow-up: 48 years ipig  4812(0:07%)
6,758,560 live singleton births : Eirstt:iagnosis el e
» Denmark (1973-2016) o E:1aigration
* Sweden (1973-2014) + 2016 (Denmark); 2020 (Sweden)
(Start of the follow-up) (End of the follow-up)

Proportion mediated: 57.4%

Congenital
heart disease

Maternal Offspring's
severe stress heart failure

Preterm
birth

Proportion mediated: 25.4%

Adjusted HR (95% CI)
Exposure
Any loss 1.04 (0.88-1.23) -1
Type of deceased relative
Older child or partner 1.47 (1.06-2.04) —
Parent or sibling 0.94 (0.77-1.15) —
The deceased's cause of death
Unnatural cause 2.77 (1.49-5.17)
Natural cause 0.99 (0.83-1.18) =
Time of loss
1 year before pregnancy 1.07 (0.87-1.33) B
First trimester 1.17 (0.72-1.88) —
Second trimester 0.85 (0.53-1.36) —_——
Third trimester 0.99 (0.60-1.66) e
0.:‘30 1.0 2.|0 4:0
HR (95% CI)

Yang F, et al. JACC Heart Fail. 2024;12(8):1353-1362.

We adjusted for sex, country, calendar year of birth, maternal country of origin, parity, age, education and marital status at the time of birth,
hypertensive disease, diabetes, psychiatric disorders, and family history of cardiovascular diseases before the index delivery.

affected by cardiovascular risk factors that cluster in  Danish and Swedish patient registers is high (88% in
families. the DNPR** and 95% in the SPR),*> we may have
STUDY LIMITATIONS. First, although the positive failed to identify some milder forms of HF from pri-
predictive value of the primary diagnosis of HF in the  mary care settings. Second, we could not fully rule
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out the possibility of residual confounding caused by
unmeasured genetic and familial lifestyle and health-
related factors. Third, caution is needed when inter-
preting the results from the mediation analyses
because this approach requires strong assumptions
about unmeasured confounding.*® We performed
further sensitivity analyses, and the results suggested
that the mediated effect would be slightly over-
estimated in the presence of unmeasured con-
founders (Supplemental Methods). Fourth, we did
not have information on mother’s participation in
psychotherapy or other interventions for bereaved
individuals and could thus not examine their poten-
tial role in the studied associations. Similarly,
because information on maternal medication use was
available only in Sweden after 2005, our ability to
study the importance of maternal psychotropic
medications in the subcohort with such data was
limited because of the low number of HF cases. Fifth,
our findings may be generalized only to individuals
living in countries that have a universal free health
care system and a socioeconomic context similar to
that of Denmark and Sweden.

CONCLUSIONS

We found that severe prenatal stress was associated
with an increased risk of HF in the offspring in the
first 5 decades of life and that CHD and preterm birth
substantially contributed to this
Future studies may
frequent but less severe sources of prenatal stress are
also involved in the development of early-onset HF.

association.
investigate whether more
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Individuals born
to mothers who experienced very severe stress during pregnancy
are at an increased risk of heart failure up to early middle-age.

TRANSLATIONAL OUTLOOK: If our findings are confirmed by
further studies, early screening and prevention may be imple-
mented among individuals prenatally exposed to very severe
stress to try to reduce their risk of heart failure later in life.
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