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Abstract: People born preterm are at risk of developing both cardiac and brain abnormalities. We
aimed to investigate whether cardiovascular physiology may directly affect brain structure in young
adulthood and whether cardiac changes are associated with modifiable biomarkers. Forty-eight
people born preterm, followed since birth, underwent cardiac MRI at age 25.1 ± 1.4 years and brain
MRI at age 33.4 ± 1.0 years. Term born controls were recruited at both time points for comparison.
Cardiac left and right ventricular stroke volume, left and right ventricular end diastolic volume and
right ventricular ejection fraction were significantly different between preterm and term born controls
and associated with subcortical brain volumes and fractional anisotropy in the corpus callosum in
the preterm group. This suggests that cardiovascular abnormalities in young adults born preterm
are associated with potentially adverse future brain health. Associations between left ventricular
stroke volume indexed to body surface area and right putamen volumes, as well as left ventricular
end diastolic length and left thalamus volumes, remained significant when adjusting for early life
factors related to prematurity. Although no significant associations were found between modifiable
biomarkers and cardiac physiology, this highlights that cardiovascular health interventions may also
be important for brain health in preterm born adults.

Keywords: preterm; cardiac; brain; young adult; MRI; heart-brain axis

1. Introduction

Each year approximately 15 million infants are born prematurely [1]. The disruption
of developmental processes caused by preterm birth can have long-term consequences.
Abnormalities in the heart and the brain have been independently reported in people born
preterm from infancy through to young adulthood [2,3]. People born preterm have altered
cardiac structure and function [4,5] as well as higher peripheral arterial stiffness [6]. In the
brain, consequences of preterm birth are primarily characterised as lower integrity of the
white matter [7–9], which also contributes to secondary neuronal degeneration [10], causing
a reduction in subcortical volumes [11–14]. Importantly, the pathways most vulnerable to
dysmaturation will also predispose to further injury and prevent repair [15].

Until now, the effects of preterm birth on both cardiac and brain outcomes have been
investigated separately. The underlying assumption is that early life factors associated with
preterm birth, for example, the effect of early exposure to the extrauterine environment or
injury during infancy [16], affect both organs independently. However, it is also possible
that cardiovascular disease across the life span leads to abnormalities in the developing
and adult brain [17].

The link between cardiovascular and brain health has been observed in the general
population in mid- to later life [18–21]. Left ventricular (LV) dysfunction may result in
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lower perfusion in the brain, hindering development and potentially accelerating neurode-
generation, resulting in lower brain volumes and lower white matter integrity [18–22],
while right ventricular (RV) dysfunction results in suboptimal perfusion into the lungs
and thus lower oxygenation and inability to maintain cardiac output during exercise [23].
Reduced oxygen availability in the brain can result in white matter damage [24]. In addi-
tion, vascular stiffness and high blood pressure have been associated with white matter
damage [18,25]. The corpus callosum, the internal capsule and the corona radiata may be
the most vulnerable regions [25]. In people born preterm, brain structure is particularly
vulnerable and cardiac alterations have developed since the start of life. Preterm infants
and infants with congenital heart disease show signs of a white matter dysmaturation
disorder, which could explain how even those who survive without major sequelae can
have neurodevelopmental deficits [26]. The window of opportunity for repeated injury
thus covers their whole lifespan and can likely be detected much earlier than in the general
population. The corpus callosum, the internal capsule and the corona radiata already show
vulnerability in preterm infants around term-equivalent age [27]. Similarly, lower subcor-
tical volumes (thalamus, hippocampus and putamen) are already observed in preterm
infants around term-equivalent age [28,29], but this suboptimal development could be
exacerbated by cardiovascular dysfunction [30].

Although there are reports of both cardiac and brain abnormalities by adulthood in
people born preterm, these are often studied in different cohorts and can therefore not
be directly linked. Furthermore, there is a paucity of research on the long-term impact of
premature birth due to limited survival rates of preterm infants prior to the 1980s and the
dearth of long-term follow-up of preterm cohorts. Improvements in preterm infant care
have boosted survival rates of preterm infants, but cardiovascular abnormalities remain
common in people born preterm [3]. As the first large cohorts of surviving preterm infants
have now reached young adulthood, it is important to investigate and potentially mitigate
the effect cardiovascular abnormalities may have on impaired neurodevelopment and
potential later neurocognitive decline [17].

This study aims to investigate if cardiac alterations in young adults born preterm can
have consequences for the brain. This will be done in the following steps: (1) identifying
cardiac alterations in young adults born preterm as compared to term born controls,
(2) investigating in the preterm group whether these cardiac alterations are associated with
brain structures five to 10 years later and (3) investigate whether brain structure associated
with cardiac alterations in step 2 are “abnormal”, i.e., different between preterm and term
born young adults. In addition, potential targets for intervention to protect long-term
health will be identified by examining whether the cardiac alterations are associated with
modifiable biomarkers in young adulthood.

2. Materials and Methods
2.1. Demographics

Between 1982 and 1985, 926 infants with birth weights below 1850g without ma-
jor congenital abnormalities were recruited for a nutritional intervention trial from five
paediatric neonatology units in England (Cambridge, Ipswich, King’s Lynn, Norwich
and Sheffield) [31]. Information was recorded prospectively by research staff during the
hospital stay on the infant (gestational age, birthweight, sex, the Apgar score at 5 min,
administration of steroids (yes/no), number of days on ventilation, recorded infection
confirmed by a positive blood culture and the percentage of mother’s milk in their diet) as
well as on the mother (hypertension during pregnancy (yes/no), current smoking (yes/no)
and education level (no qualifications/O-levels or GCSEs/A-levels and/or university or
post-school training).

Of those subjects, 102 participated in a follow-up study for detailed cardiovascular
phenotyping, including cardiac MRI, between 22 and 28 years of age. In addition, 102 age
and sex frequency matched young adults (aged 20–30 years) born at term to uncomplicated
pregnancies were recruited from the general population as a comparison group for this
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population [5]. Both preterm and control participants were screened to exclude those with
congenital abnormalities.

At age 31–35 years, 71 participants from the original infant cohort were followed
up for detailed brain MRI. In addition, a new sample of 72 term born control subjects
aged 25–40 years with no history of neurological disease was recruited from the general
population as a comparison group for this study.

Fifty of the preterm subjects were included in both the cardiac and the brain MRI
follow-up studies (Figure 1). The data from this preterm group is used in all analyses in
this study.
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Figure 1. Participant flow chart.

2.2. Cardiac Follow-Up

At the cardiovascular follow-up, waist and hip circumference as well as blood pressure
were recorded. The last two out of three brachial blood pressure measurements recorded on
the left arm (HEM-705CP, OMRON, Tokyo, Japan) were averaged for analysis. Aortic blood
pressure was assessed by left radial artery applanation tonometry to derive ascending
aortic pressure waveforms (SphygmoCor Analysis System, Sydney, Australia). In addition,
a blood sample was taken from which cholesterol (total, HDL and LDL), insulin, glucose
and triglyceride levels were measured. Self-reported current smoking behaviour was
collected via a questionnaire. Cardiac MRI was performed on a 1.5-T Siemens Sonata
scanner (Siemens Medical Solutions, Erlangen, Germany). Following acquisition of pilot
images of the cardiac anatomy, long-axis steady-state free precession cine images (echo
time: 1.5 ms; repetition time: 3.0 ms; flip angle: 60◦) were acquired. These were then used
to plan and acquire a steady-state free precession short-axis cine stack aligned to the LV to
obtain coverage of the entire LV and RV for each participant (slice thickness of 7 mm and an
interslice gap of 3 mm). All cardiac MRI was prospectively ECG-gated with a pre-cordial
3-lead ECG and acquired during end-expiration breath holding. Parameters reflecting LV
and RV volumes and function were extracted from the images (Argus, Siemens Medical
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Solutions, Erlangen, Germany). LV and RV volumes were indexed to body surface area.
LV and RV stroke volumes were calculated by subtracting end systolic volumes from end
diastolic volumes, and ejection fractions were calculated by dividing the stroke volume
by the end diastolic volume ×100%. LV global longitudinal systolic strain was quantified
with TomTec 2D Cardiac Performance Analysis MR (TomTec Diogenes, Munich, Germany).
The software tracked the motion of related features adjacent to the endocardial border over
the cardiac cycle to produce endocardial strain parameters.

2.3. Brain Follow-Up

Brain MRI was performed on a 3T Siemens Prisma scanner (Siemens Medical Solutions,
Erlangen, Germany) using a self-shielding gradient set with maximum gradient strength
of 80 mT m−1 and a 64 channel quadrature head coil. T1-weighted volumes were acquired
with 1mm isotropic voxels (echo time: 2.74 ms, repetition time: 2300 ms). The T1-images
were also processed using the FMRIB Software Library (FSL) [32,33]. The FSL Anat pipeline
was used for brain extraction and FSL’s FIRST tool for parcellation (ventricle, thalamus,
hippocampus and putamen on both sides of the brain) [33]. Multi-shell diffusion MRI
was acquired with 2mm isotropic voxels using multi-band echo-planar diffusion-weighted
images with an optimized two-shell protocol: two 60-direction shells of b = 1000 s mm−2

and b = 2200 s mm−2, interleaved with 14 T2-weighted (b = 0) volumes (echo time: 60 ms,
repetition time: 3050 ms). FSL was also used to fit a diffusion tensor and create tensor
maps [34]. Subsequently, probabilistic neighbourhood tractography, an automated method
for extraction of major white matter tracts using reference tracts as a topological guide [35],
was used to delineate white matter tracts. As the study sample only included young
adults without major morphological brain abnormalities in the white matter (such as
large lesions, which were checked for visually), a pretrained model was used for the
reference tracts. Fractional anisotropy (FA) values were averaged across the voxels of tracts
in each participant (corpus callosum, left and right internal capsule, and left and right
corona radiata).

2.4. Statistical Analysis

The mean and standard deviation (SD) are presented for the parameters within each
group. Group differences between preterm and term born participants (step 1 and 3 in
Figure 2) were examined with an analysis of covariance (ANCOVA). The relationships
between cardiac and brain outcomes in the preterm group (step 2 in Figure 2) as well as the
analyses between modifiable late life factors and cardiac outcomes in the preterm group
were examined with general linear regression analysis and presented as the unstandard-
ised β coefficient and corresponding 95% confidence interval (CI). p-values < 0.01 were
considered to be statistically significant.

Sex was included as a covariate in all analyses. Age at the time of the brain scan was
added as a covariate in analyses with a brain parameter as the dependent variable, while
age at the time of the cardiac scan was included as a covariate in analyses with a cardiac
variable as the dependent variable. For analyses adjusting for early life factors (gestational
age, birth weight, days of ventilation, patent ductus arteriosus, Apgar score at 5 min,
steroids, infection, percentage of mother’s milk in diet, hypertensive pregnancy, maternal
smoking and maternal education), the parameters that were significantly associated with
either the dependent or the independent variable, when adjusted for age and sex, were
included as covariates.
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cardiac alterations in young adults born preterm as compared to term born controls, (2) investigating
in the preterm group whether these cardiac alterations are associated with brain structures five to
10 years later and (3) investigate whether the brain structures associated with cardiac alterations in
step 2 are different between preterm and term born young adults.

3. Results
3.1. Demographics

Ninety-six preterm born subjects and 101 term born subjects had cardiac MRI scans of
sufficient quality for analysis. Sixty-eight preterm subjects and 71 term born subjects had
brain MRI scans of sufficient quality for analysis. Forty-eight subjects had both cardiac MRI
and brain MRI scans of sufficient quality for analysis. One out of the 48 preterm subjects
did not have central pulse pressure or blood pressure measures. Participant characteristics
for those participants with MRI scans of both their heart and brain are summarized in
Table 1. The mean age was 25.1 (±1.4) years at the cardiac follow-up and 33.4 (±1.0) years
at the brain follow-up. The preterm and term groups at the cardiac follow-up did not differ
significantly in age (t = −0.32, p = 0.75) or sex (χ2 = 0, p > 0.99). At the brain follow-up,
there was a significant difference in age (t = −5.25, p < 0.001), but not in sex (χ2 = 0.01,
p = 0.91) between the preterm and the term group.

Table 1. Participant characteristics of the cardiac and brain cohort.

Cardiac + Brain MRI Cohort (n = 48)

Gestational age (weeks), mean (SD) 29.7 (2.4)
Birthweight (grams), mean (SD) 1251 (280)
Days of ventilation, mean (SD) 5.6 (9.7)

Patent ductus arteriosus (%) 27.1
Apgar score at 5 min, mean (SD) 7.9 (1.9)
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Table 1. Cont.

Cardiac + Brain MRI Cohort (n = 48)

Steroid use (%) 14.6
Maternal smoking (%) 22.9

Infant infection confirmed by blood culture (%) 6.3
Necrotising enterocolitis confirmed (%) 4.2

Percentage of maternal milk in diet, mean (SD) 48.6 (38.2)
Born to hypertensive pregnancy (%) 27.1

Maternal education level A-levels or higher (%) 22.9

3.2. Step 1: Cardiac—Preterm/Control

Table 2 shows differences in cardiac features derived from cardiac MRI scans between
young adults born preterm compared to young adults born at term. Young adults born
preterm have lower LV stroke volume and end diastolic volume, lower LV global longi-
tudinal peak systolic strain, lower LV length, lower RV end diastolic volume and stroke
volume, higher aortic stiffness, higher central systolic blood pressure and higher central
pulse pressure. There were no differences in LV ejection fraction between groups.

Table 2. Cardiac structure and function in preterm born participants who also participated in the brain follow-up study
compared to term born controls.

Preterm Group (n = 48) Term Group (n = 101) Adjusted Mean Difference
(95% CI)

LV ejection fraction, % 64.1 (6.6) 64.1 (4.9) 0.0 (−1.9, 1.9)
LV stroke volume, mL/m2 44.6 (6.9) 51.3 (8.9) −6.9 (−9.7, −4.0) **

LV end diastolic volume, mL/m2 69.6 (7.8) 80.2 (11.7) −10.8 (-14.2, −7.4) **
LV end diastolic length, mm 9.1 (0.6) 9.8 (0.7) −0.7 (−0.9, −0.5) **

LV global longitudinal strain, % −14.8 (2.9) −17.9 (4.1) 3 (1.7, 4.4) **
RV ejection fraction, % 56.2 (7.8) 60 (5.3) −3.7 (−5.8, −1.5) *

RV stroke volume, mL/m2 42.9 (9.7) 52.9 (7.2) −10.1 (−12.8, −7.4) **
RV end diastolic volume, mL/m2 75.9 (12.4) 88.5 (11.8) −12.8 (−16.5, −9.1) **

Pulse wave velocity, m/s 5.9 (0.7) 5.5 (0.6) 0.4 (0.2, 0.6) **
Central systolic blood pressure, mmHg 107.9 (10.9) 97.4 (8.8) 10.6 (7.2, 13.9) **

Central pulse pressure, mmHg 33 (7) 27.8 (5.6) 5.2 (3.1, 7.3) **

Data per group presented as Mean (SD). Analyses are adjusted for sex and age at the time of cardiac MRI. * p < 0.01, ** p < 0.001.

3.3. Step 2: Cardiac/Brain—Preterm

Of the parameters that were significantly different between preterm and term born
groups, an increase of 1 mL/m2 indexed LV stroke volume was associated with a
31.8 (95% CI: 8.0, 55.5) mm3 increase in right putamen volumes (p = 0.010). An increase of
1 mm in LV end diastolic length was associated with an increase of 707.1 (95% CI: (248.5,
1165.8) mm3 left thalamus volume (p = 0.003). An increase of 1% RV ejection fraction was as-
sociated with a decrease of 278.1 (95% CI: −484.9, −71.3) mm3 in left brain ventricle volume
(p = 0.01) as well as with an increase of 0.003 (95% CI: 0.001, 0.004) in FA in the corpus callo-
sum (p = 0.002). A 1 mL/m2 indexed RV stroke volume was also associated with an increase
of 0.002 (95% CI: 0.0007, 0.004) in FA in the corpus callosum (p = 0.004), and a 1 mL/m2

indexed RV end diastolic volume was associated with a 19.6 (95% CI: 5.3, 33.8) mm3 right
putamen volume (p = 0.008).

The associations between indexed LV stroke volume and the right putamen (β = 31.8,
95% CI: 8,55.5, p = 0.01) and LV end diastolic length and left thalamus volumes (β = 664.6,
95% CI: 191.8,1137.4, p = 0.007) remained significant at p < 0.01 when adjusting for the early
life factors that were significantly associated with either the cardiac predictor or the brain
outcome variable (Figure 3).
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There were no significant associations between modifiable late life factors (current
smoking, waist to hip ratio, cholesterol level, HDL, LDL, insulin, glucose and triglycerides)
and indexed LV stroke volume and LV end diastolic length when adjusted for age at cardiac
scan, sex and early life factors that were significantly associated with the cardiac predictor.

3.4. Step 3: Brain—Preterm/Control

Left brain ventricle volume, left thalamus, right putamen and FA in the corpus cal-
losum were significantly associated with cardiac parameters. Compared to term born
controls, the left ventricle is significantly larger (p = 0.005) and the left thalamus signifi-
cantly smaller (p < 0.001) in the preterm born participants, as shown in Table 3.

Table 3. Comparison of areas showing significant relationships with cardiac parameters in preterm born participants who
also participated in the cardiac follow-up study with to term born controls.

Preterm Group (n = 48) Term Group (n = 71) Adjusted Mean Difference (95% CI)

Left ventricle, mm3 9375.4 (5855.4) 6818.0 (4564.0) −2949.8 (−923.9, −4975.7) *
Left thalamus, mm3 7714.1 (940.8) 8343.1 (922.0) 701.9 (1019.6, 384.3) **

Right putamen, mm3 5030.2 (628.2) 5254.4 (560.5) 239.9 (443.6, 36.3)
FA corpus callosum 0.6 (0.1) 0.7 (0.0) −0.0176 (−0.0349, −0.0002)

Data per group presented as Mean (SD). Analyses are adjusted for sex and age at the time of brain MRI. * p < 0.01, ** p < 0.001.

4. Discussion

This is the first study directly linking cardiac structure and function with future brain
structure in preterm born young adults. Associations between LV stroke volume indexed
to body surface area and right putamen volumes as well as LV end diastolic length and
left thalamus volumes remained significant when adjusting for early life factors related
to prematurity.

In concurrence with the literature and previous reports of this cohort, this study
indicates that people born preterm have alterations in cardiac function as compared to
people born at term. The combination of lower end diastolic volume and stroke volume
with preserved ventricular ejection fraction on the left side of the heart [5] and lower end
diastolic volume, stroke volume and ventricular ejection fraction on the right side of the
heart [4] has previously been reported for the full cohort of 102 preterm-born young adults.
This, in combination with impaired LV systolic and impaired RV response to moderate
and high intensity physiological stress seen in other preterm populations, suggests a
reduction in myocardial functional reserve [36–38]. As previously described, these preterm
participants have been found to have higher central pulse pressure and systolic blood
pressure [4,5]. In addition, this study reports lower RV and LV end diastolic length and
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higher arterial stiffness (pulse wave velocity) in the preterm group as compared to the
term group.

In the current study, we found significant associations between altered cardiovascular
parameters and brain parameters measured five to 10 years later. Although causality
cannot be established, these findings are in line with patterns observed in older adults,
where a wealth of research has reported relationships between cardiovascular and brain
health. For instance, cardiac changes have been associated with current and future brain
changes [39], vascular risk factors have been associated with reduction in current and
future brain volume [40], increased blood pressure has been linked to reduced white matter
integrity [18], increased aortic stiffness to altered brain structure and function [19], left
atrial hypertrophy to reduced white matter integrity in midlife [20] and reduced cardiac
index to larger ventricles.

The mechanisms underlying the relationships between cardiac and brain outcomes in
young adults born preterm remain largely elusive. It is possible that both cardiac and brain
alterations have developed since birth. Preterm birth occurs at a time of rapid development
of both the heart and brain, and any disturbance during this critical phase can have long-
term consequences [41–44]. In this study, indexed LV stroke volume and end diastolic
length and RV ejection fraction and end diastolic volume were associated with higher
subcortical and lower brain ventricle volumes. There was also an association between RV
ejection fraction as well as indexed RV stroke volume and FA in the corpus callosum. To
account for potentially common causes of brain and heart alterations in the early infancy,
we adjusted for early life factors. Indexed LV stroke volume and LV end diastolic length
remained significant predictors of brain structure, suggesting that not all cardiac–brain
alterations in this population group are solely determined by preterm birth itself.

An alternative, yet not mutually exclusive, hypothesis is that the cardiovascular system
may play a role in these persisting structural alterations in the brain. A lower ability of the
heart to increase its output with increased demand in preterm-born young adults has been
shown to lead to reductions in systemic blood flow during exercise [45,46]. This may cause
repeated acute hypoperfusion of the brain. Changes in cardiac output, acute or chronic,
affect cerebrovascular blood flow (CBF), even when blood pressure remains stable or
within the autoregulatory range. Indeed, cardiac output is a key regulator of CBF [47]. CBF
reduction precedes cognitive decline and hippocampal atrophy [39], suggesting a negative
impact on subcortical brain volumes. Therefore, the association of LV dysfunction with
subcortical structures, adjusted for early life factors, in this study supports this hypothesis.
Hypoperfusion is associated with white matter damage near the subcortical nuclei in older
adults [48], and animal models show particular vulnerability of the hippocampus and
corpus callosum [49,50]. Nevertheless, although the effect of the cardiovascular system on
the brain is physiologically plausible, this study cannot fully disentangle whether those
cardiac–brain relationships that cannot be entirely attributed to early life factors are direct
causal relationships or whether these have another common cause.

There was an association between RV ejection fraction as well as indexed RV stroke
volume and FA in the corpus callosum. The RV of the heart pumps blood to the lungs
and a lower ability of the RV to increase its output with increased demand can result in
hypoxic hypoxemia (lower oxygenation of the blood) [51], which could affect the white
matter structure [24]. However, we did not observe this relationship when adjusting for
early life factors.

If it is the case that not all brain alterations are solely determined by preterm birth
and its immediate consequences but could in part be influenced by the cardiovascular
system, there may be opportunities to prevent the brain alterations observed in this study.
On the other hand, it also bears a warning as this could mean that the brain gets more
adversely affected over time in people born preterm due to reduced cardiovascular function.
The participants in this study were young, although one in four participants had early
stages of hypertension (systolic blood pressure >130 mmHg or diastolic blood pressure
>80 mmHg) [52] at the time of the cardiovascular assessment. The proportion of preterm
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participants classed as hypertensive and the severity of this hypertension are expected
to increase with time. In addition, the effects of cardiovascular abnormalities on the
brain are likely to become increasingly pronounced with age since the brain is more
resilient in adolescence and young adulthood than in midlife and older adulthood. It is
therefore critical to understand these early stages and identify potential avenues for early
intervention. Although we did not find an association between cardiovascular parameters
and a range of modifiable risk factors in young adulthood, future studies should investigate
to what extent lifestyle interventions could improve cardiovascular function and whether
this also preferentially modifies brain alterations in people born preterm. In addition, it can
be explored whether CBF plays a role in the heart–brain links and if these findings have
any relevance for cognitive ability.

Limitations

To disentangle two possible mechanisms for cardiac and brain abnormalities (first,
that both cardiac and brain alterations have developed since birth, or second that the
cardiovascular system may play a role in these persisting structural alterations in the brain),
we statistically adjusted for early life factors in the aim of excluding the majority of their
potential impact on these relationships. However, given that the effect on the brain is
likely most notable in those subjects with the greatest cardiac dysfunction, which in turn is
strongly linked to early life factors, the cardiac–brain relationships may be underestimated
when adjusting for early life factors. Note that the heart and brain were not imaged at the
same time, and therefore it is not known if the same cardiac features persisted at the time
of brain imaging. However, the persistence of these cardiac changes may be inferred based
on consistent differences observed across developmental stages [3]. This gap in time is also
an advantage of the study, as the effect on the cardiac–brain relationship is likely minimal
if the causes of alterations lie solely around preterm birth, while this time gap is essential
to be able to pick up any negative effects that cardiac dysfunction may have on the brain
as these effects are often not instantaneous and only become evident with time. In fact, if
the aim of the study had been specifically to assess the effect of cardiac abnormalities on
brain structure, a longer time gap would have been preferable. In line with this, the cardiac
parameters were associated with a statistically significant, yet relatively small decrease
in brain white matter structure FA. At this point, such a small decrease is not clinically
significant, but could become so over time. Inevitably, the length of this time gap also
means that this study is not well suited to discover potential long-term effects of the brain
on the cardiovascular system. Future studies should follow-up this cohort to assess the
progression of these heart–brain relationships, to determine if other associations emerge
and explore whether cardiovascular changes precede brain changes or vice versa.

5. Conclusions

This study reveals that cardiovascular alterations observed in young adults born
preterm are associated with brain volume changes approximately five to 10 years later
when early life factors associated with preterm birth were accounted for. This highlights
the importance of cardiovascular health in relation to future brain health in young adults
who are at risk of cardiovascular abnormalities. In addition, it probes further investigation
of potential ways to improve cardiovascular health in this population to protect both the
heart and the brain throughout adulthood.

Author Contributions: Conceptualization, W.L. and A.J.L.; methodology, W.L., C.C., M.S.F., A.L.,
P.L., and A.J.L.; formal analysis, W.L. and A.J.L.; investigation, W.L. and A.J.L.; resources, C.C., M.S.F.,
A.L., and P.L.; data curation, W.L., M.S.F., A.L., and A.J.L.; writing—original draft preparation, W.L.
and A.J.L.; writing—review and editing, C.C., M.S.F., A.L., and P.L.; visualization, W.L.; supervision,
C.C., M.S.F., and P.L.; project administration, W.L. and A.J.L.; funding acquisition, W.L., C.C., M.S.F.,
A.L., P.L., and A.J.L. All authors have read and agreed to the published version of the manuscript.



J. Clin. Med. 2021, 10, 1285 10 of 12

Funding: The original trial in 1982 was supported by Farley Health Products, Plymouth, UK. The
cardiac follow-up study was funded by the British Heart Foundation. The brain follow-up was
funded by the UCL Great Ormond Street Institute of Child Health and the Rosetrees Trust. All
research at Great Ormond Street Hospital NHS Foundation Trust and UCL Great Ormond Street
Institute of Child Health is made possible by the NIHR Great Ormond Street Hospital Biomedical
Research Centre.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the relevant ethics committees of Oxfordshire Research
Ethics Committee A (06/Q1604/118) and University College London (6235/001) approval date is
15 February 2015.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data available on request due to restrictions on privacy. The data
presented in this study are available on request from the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Blencowe, H.; Cousens, S.; Oestergaard, M.Z.; Chou, D.; Moller, A.-B.; Narwal, R.; Adler, A.; Vera Garcia, C.; Rohde, S.; Say, L.;

et al. National, regional, and worldwide estimates of preterm birth rates in the year 2010 with time trends since 1990 for selected
countries: A systematic analysis and implications. Lancet 2012, 379, 2162–2172. [CrossRef]

2. de Kieviet, J.; Zoetebier, L.; van Elburg, R.; Vermeulen, J.; Oosterlaan, J. Brain development of very preterm and very low-
birthweight children in childhood and adolescence: A meta-analysis. Dev. Med. Child. Neurol. 2012, 54, 313–323. [CrossRef]

3. Telles, F.; McNamara, N.; Nanayakkara, S.; Doyle, M.P.; Williams, M.; Yaeger, L.; Marwick, T.H.; Leeson, P.; Levy, P.T.;
Lewandowski, A.J. Changes in the preterm heart from birth to young adulthood: A meta-analysis. Pediatrics 2020, 146. [CrossRef]

4. Lewandowski, A.J.; Bradlow, W.M.; Augustine, D.; Davis, E.F.; Francis, J.; Singhal, A.; Lucas, A.; Neubauer, S.; McCormick, K.;
Leeson, P. Right ventricular systolic dysfunction in young adults born preterm. Circulation 2013, 128.

5. Lewandowski, A.J.; Augustine, D.; Lamata, P.; Davis, E.F.; Lazdam, M.; Francis, J.; McCormick, K.; Wilkinson, A.R.; Singhal, A.;
Lucas, A.; et al. Preterm heart in adult life. Circulation 2013, 127. [CrossRef]

6. Boardman, H.; Birse, K.; Davis, E.F.; Whitworth, P.; Aggarwal, V.; Lewandowski, A.J.; Leeson, P. Comprehensive multi-modality
assessment of regional and global arterial structure and function in adults born preterm. Hypertens. Res. 2016, 39, 39–45.
[CrossRef]

7. Eikenes, L.; Løhaugen, G.C.; Brubakk, A.M.; Skranes, J.; Håberg, A.K. Young adults born preterm with very low birth weight
demonstrate widespread white matter alterations on brain DTI. Neuroimage 2011, 54, 1774–1785. [CrossRef] [PubMed]

8. Allin, M.P.G.; Kontis, D.; Walshe, M.; Wyatt, J.; Barker, G.J.; Kanaan, R.A.A.; McGuire, P.; Rifkin, L.; Murray, R.M.; Nosarti, C.
White matter and cognition in adults who were born preterm. PLoS ONE 2011, 6, 1–9. [CrossRef]

9. Salvan, P.; Froudist Walsh, S.; Allin, M.P.G.; Walshe, M.; Murray, R.M.; Bhattacharyya, S.; McGuire, P.K.; Williams, S.C.R.; Nosarti,
C. Road work on memory lane-Functional and structural alterations to the learning and memory circuit in adults born very
preterm. Neuroimage 2014, 102, 152–161. [CrossRef] [PubMed]

10. Back, S.A.; Miller, S.P. Brain injury in premature neonates: A primary cerebral dysmaturation disorder? Ann. Neurol. 2014, 75,
469–486. [CrossRef] [PubMed]

11. Meng, C.; Bauml, J.G.; Daamen, M.; Jaekel, J.; Neitzel, J.; Scheef, L.; Busch, B.; Baumann, N.; Boecker, H.; Zimmer, C.; et al.
Extensive and interrelated subcortical white and gray matter alterations in preterm-born adults. Brain Struct. Funct. 2015, 1–13.
[CrossRef]

12. Nosarti, C.; Nam, K.W.; Walshe, M.; Murray, R.M.; Cuddy, M.; Rifkin, L.; Allin, M.P.G. Preterm birth and structural brain
alterations in early adulthood. Neuroimage Clin. 2014, 6, 180–191. [CrossRef]

13. Bäuml, J.G.; Daamen, M.; Meng, C.; Neitzel, J.; Scheef, L.; Jaekel, J.; Busch, B.; Baumann, N.; Bartmann, P.; Wolke, D.; et al.
Correspondence Between Aberrant Intrinsic Network Connectivity and Gray-Matter Volume in the Ventral Brain of Preterm Born
Adults. Cereb. Cortex 2014, i. [CrossRef] [PubMed]

14. Aanes, S.; Bjuland, K.J.; Skranes, J.; Lohaugen, G.C.C. Memory function and hippocampal volumes in preterm born very-low-
birth-weight (VLBW) young adults. Neuroimage 2015, 105, 76–83. [CrossRef] [PubMed]

15. Fleiss, B.; Gressens, P. Tertiary mechanisms of brain damage: A new hope for treatment of cerebral palsy? Lancet Neurol. 2012, 11,
556–566. [CrossRef]

16. Behrman, R.E.; Butler, A.S. Preterm Birth: Causes, Consequences, and Prevention; National Academies Press: Washington, DC, USA,
2007; ISBN 9780309101592.

17. Marelli, A.; Miller, S.P.; Marino, B.S.; Jefferson, A.L.; Newburger, J.W. Brain in Congenital Heart Disease Across the Lifespan.
Circulation 2016, 133, 1951–1962. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(12)60820-4
http://doi.org/10.1111/j.1469-8749.2011.04216.x
http://doi.org/10.1542/PEDS.2020-0146
http://doi.org/10.1161/CIRCULATIONAHA.112.126920
http://doi.org/10.1038/hr.2015.102
http://doi.org/10.1016/j.neuroimage.2010.10.037
http://www.ncbi.nlm.nih.gov/pubmed/20965255
http://doi.org/10.1371/journal.pone.0024525
http://doi.org/10.1016/j.neuroimage.2013.12.031
http://www.ncbi.nlm.nih.gov/pubmed/24368264
http://doi.org/10.1002/ana.24132
http://www.ncbi.nlm.nih.gov/pubmed/24615937
http://doi.org/10.1007/s00429-015-1032-9
http://doi.org/10.1016/j.nicl.2014.08.005
http://doi.org/10.1093/cercor/bhu133
http://www.ncbi.nlm.nih.gov/pubmed/24935776
http://doi.org/10.1016/j.neuroimage.2014.10.023
http://www.ncbi.nlm.nih.gov/pubmed/25451477
http://doi.org/10.1016/S1474-4422(12)70058-3
http://doi.org/10.1161/CIRCULATIONAHA.115.019881
http://www.ncbi.nlm.nih.gov/pubmed/27185022


J. Clin. Med. 2021, 10, 1285 11 of 12

18. Maillard, P.; Seshadri, S.; Beiser, A.; Himali, J.J.; Au, R.; Fletcher, E.; Carmichael, O.; Wolf, P.A.; DeCarli, C. Effects of systolic blood
pressure on white-matter integrity in young adults in the Framingham Heart Study: A cross-sectional study. Lancet Neurol. 2012,
11, 1039–1047. [CrossRef]

19. Cooper, L.L.; Himali, J.J.; Torjesen, A.; Tsao, C.W.; Beiser, A.; Hamburg, N.M.; DeCarli, C.; Vasan, R.S.; Seshadri, S.; Pase, M.P.;
et al. Inter-relations of orthostatic blood pressure change, aortic stiffness, and brain structure and function in young adults. J. Am.
Heart Assoc. 2017, 6. [CrossRef]

20. Cermakova, P.; Muller, M.; Armstrong, A.C.; Religa, D.; Nick Bryan, R.; Lima, J.A.C.; Launer, L.J. Subclinical cardiac dysfunction
and brain health in midlife: CARDIA (Coronary Artery Risk Development in Young Adults) brain magnetic resonance imaging
substudy. J. Am. Heart Assoc. 2017, 6. [CrossRef]

21. Jefferson, A.L.; Himali, J.J.; Beiser, A.S.; Au, R.; Massaro, J.M.; Seshadri, S.; Gona, P.; Salton, C.J.; DeCarli, C.; O’Donnell, C.J.; et al.
Cardiac index is associated with brain aging: The Framingham Heart Study. Circulation 2010, 122, 690–697. [CrossRef]

22. Armstrong, A.C.; Muller, M.; Ambale-Ventakesh, B.; Halstead, M.; Kishi, S.; Bryan, N.; Sidney, S.; Correia, L.C.L.; Gidding, S.S.;
Launer, L.J.; et al. Association of early left ventricular dysfunction with advanced magnetic resonance white matter and gray
matter brain measures: The CARDIA study. Echocardiography 2017, 34, 1617–1622. [CrossRef] [PubMed]

23. Sanz, J.; Sánchez-Quintana, D.; Bossone, E.; Bogaard, H.J.; Naeije, R. Anatomy, Function, and Dysfunction of the Right Ventricle:
JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2019, 73, 1463–1482. [CrossRef] [PubMed]

24. Giezendanner, S.; Fisler, M.S.; Soravia, L.M.; Andreotti, J.; Walther, S.; Wiest, R.; Dierks, T.; Federspiel, A. Microstructure and
cerebral blood flow within white matter of the human brain: A TBSS analysis. PLoS ONE 2016, 11, e0150657. [CrossRef] [PubMed]

25. Badji, A.; Sabra, D.; Bherer, L.; Cohen-Adad, J.; Girouard, H.; Gauthier, C.J. Arterial stiffness and brain integrity: A review of MRI
findings. Ageing Res. Rev. 2019, 53, 100907. [CrossRef] [PubMed]

26. Cainelli, E.; Arrigoni, F.; Vedovelli, L. White matter injury and neurodevelopmental disabilities: A cross-disease (dis)connection.
Prog. Neurobiol. 2020, 193, 101845. [CrossRef] [PubMed]

27. Rose, J.; Vassar, R.; Cahill-Rowley, K.; Guzman, X.S.; Stevenson, D.K.; Barnea-Goraly, N. Brain microstructural development at
near-term age in very-low-birth-weight preterm infants: An atlas-based diffusion imaging study. Neuroimage 2014, 86, 244–256.
[CrossRef]

28. Ball, G.; Boardman, J.P.; Rueckert, D.; Aljabar, P.; Arichi, T.; Merchant, N.; Gousias, I.S.; Edwards, A.D.; Counsell, S.J. The effect of
preterm birth on thalamic and cortical development. Cereb. Cortex 2012, 22, 1016–1024. [CrossRef]

29. Lao, Y.; Wang, Y.; Shi, J.; Ceschin, R.; Nelson, M.D.; Panigrahy, A.; Leporé, N. Thalamic alterations in preterm neonates and their
relation to ventral striatum disturbances revealed by a combined shape and pose analysis. Brain Struct. Funct. 2016, 221, 487–506.
[CrossRef]

30. Lamar, M.; Boots, E.A.; Arfanakis, K.; Barnes, L.L.; Schneider, J.A. Common Brain Structural Alterations Associated with
Cardiovascular Disease Risk Factors and Alzheimer’s Dementia: Future Directions and Implications. Neuropsychol. Rev. 2020, 30,
546–557. [CrossRef]

31. Lucas, A.; Gore, S.M.; Cole, T.J.; Bamford, M.F.; Dossetor, J.F.; Barr, I.; Dicarlo, L.; Cork, S.; Lucas, P.J. Multicentre trial on feeding
low birthweight infants: Effects of diet on early growth. Arch. Dis. Child. 1984, 59, 722–730. [CrossRef]

32. Jenkinson, M.; Beckmann, C.F.; Behrens, T.E.J.; Woolrich, M.W.; Smith, S.M. FSL. Neuroimage 2012, 62, 782–790. [CrossRef]
33. Patenaude, B.; Smith, S.M.; Kennedy, D.; Jenkinson, M. A Bayesian model of shape and appearance for subcortical brain

segmentation. Neuroimage 2011, 56, 907–922. [CrossRef] [PubMed]
34. Jbabdi, S.; Sotiropoulos, S.N.; Savio, A.M.; Graña, M.; Behrens, T.E.J. Model-based analysis of multishell diffusion MR data for

tractography: How to get over fitting problems. Magn. Reson. Med. 2012, 68, 1846–1855. [CrossRef] [PubMed]
35. Clayden, J.D.; Storkey, A.J.; Bastin, M.E. A Probabilistic Model-Based Approach to Consistent White Matter Tract Segmentation.

Ieee Trans. Med. Imaging 2007, 26, 1555–1561. [CrossRef]
36. Burchert, H.; Lewandowski, A.J. Preterm Birth Is a Novel, Independent Risk Factor for Altered Cardiac Remodeling and Early

Heart Failure: Is it Time for a New Cardiomyopathy? Curr. Treat. Options Cardiovasc. Med. 2019, 21, 8. [CrossRef]
37. Goss, K.N.; Haraldsdottir, K.; Beshish, A.G.; Barton, G.P.; Watson, A.M.; Palta, M.; Chesler, N.C.; Francois, C.J.; Wieben, O.;

Eldridge, M.W. Association between preterm birth and arrested cardiac growth in adolescents and young adults. Jama Cardiol.
2020, 5, 910. [CrossRef] [PubMed]

38. Haraldsdottir, K.; Watson, A.M.; Pegelow, D.F.; Palta, M.; Tetri, L.H.; Levin, T.; Brix, M.D.; Centanni, R.M.; Goss, K.N.;
Eldridge, M.M. Blunted cardiac output response to exercise in adolescents born preterm. Eur. J. Appl. Physiol. 2020, 120,
2547–2554. [CrossRef] [PubMed]

39. Ruitenberg, A.; den Heijer, T.; Bakker, S.L.M.; van Swieten, J.C.; Koudstaal, P.J.; Hofman, A.; Breteler, M.M.B. Cerebral hypoperfu-
sion and clinical onset of dementia: The Rotterdam study. Ann. Neurol. 2005, 57, 789–794. [CrossRef] [PubMed]

40. Pase, M.P.; Davis-Plourde, K.; Himali, J.J.; Satizabal, C.L.; Aparicio, H.; Seshadri, S.; Beiser, A.S.; DeCarli, C. Vascular risk at
younger ages most strongly associates with current and future brain volume. Neurology 2018, 91, e1479–e1486. [CrossRef]

41. Volpe, J.J. Brain injury in premature infants: A complex amalgam of destructive and developmental disturbances. Lancet Neurol.
2009, 8, 110–124. [CrossRef]

42. Aye, C.Y.L.; Lewandowski, A.J.; Lamata, P.; Upton, R.; Davis, E.; Ohuma, E.O.; Kenworthy, Y.; Boardman, H.; Wopperer, S.;
Packham, A.; et al. Disproportionate cardiac hypertrophy during early postnatal development in infants born preterm. Nat. Publ.
Gr. 2017, 82. [CrossRef]

http://doi.org/10.1016/S1474-4422(12)70241-7
http://doi.org/10.1161/JAHA.117.006206
http://doi.org/10.1161/JAHA.117.006750
http://doi.org/10.1161/CIRCULATIONAHA.109.905091
http://doi.org/10.1111/echo.13695
http://www.ncbi.nlm.nih.gov/pubmed/29114921
http://doi.org/10.1016/j.jacc.2018.12.076
http://www.ncbi.nlm.nih.gov/pubmed/30922478
http://doi.org/10.1371/journal.pone.0150657
http://www.ncbi.nlm.nih.gov/pubmed/26942763
http://doi.org/10.1016/j.arr.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31063866
http://doi.org/10.1016/j.pneurobio.2020.101845
http://www.ncbi.nlm.nih.gov/pubmed/32505757
http://doi.org/10.1016/j.neuroimage.2013.09.053
http://doi.org/10.1093/cercor/bhr176
http://doi.org/10.1007/s00429-014-0921-7
http://doi.org/10.1007/s11065-020-09460-6
http://doi.org/10.1136/adc.59.8.722
http://doi.org/10.1016/j.neuroimage.2011.09.015
http://doi.org/10.1016/j.neuroimage.2011.02.046
http://www.ncbi.nlm.nih.gov/pubmed/21352927
http://doi.org/10.1002/mrm.24204
http://www.ncbi.nlm.nih.gov/pubmed/22334356
http://doi.org/10.1109/TMI.2007.905826
http://doi.org/10.1007/s11936-019-0712-9
http://doi.org/10.1001/jamacardio.2020.1511
http://www.ncbi.nlm.nih.gov/pubmed/32432648
http://doi.org/10.1007/s00421-020-04480-9
http://www.ncbi.nlm.nih.gov/pubmed/32862247
http://doi.org/10.1002/ana.20493
http://www.ncbi.nlm.nih.gov/pubmed/15929050
http://doi.org/10.1212/WNL.0000000000006360
http://doi.org/10.1016/S1474-4422(08)70294-1
http://doi.org/10.1038/pr.2017.96


J. Clin. Med. 2021, 10, 1285 12 of 12

43. Cox, D.J.; Bai, W.; Price, A.N.; Groves, A.M.; Edwards, A.D.; Rueckert, D. Ventricular remodeling in preterm infants: Com-
putational cardiac magnetic resonance atlasing shows significant early remodeling of the left ventricle. Pediatr. Res. 2018, 1.
[CrossRef]

44. Risnes, K.; Bilsteen, J.F.; Brown, P.; Pulakka, A.; Andersen, A.-M.N.; Opdahl, S.; Kajantie, E.; Sandin, S. Mortality among young
adults born preterm and early term in 4 Nordic Nations. Jama Netw. Open 2021, 4, e2032779. [CrossRef]

45. Huckstep, O.J.; Williamson, W.; Telles, F.; Burchert, H.; Bertagnolli, M.; Herdman, C.; Arnold, L.; Smillie, R.; Mohamed, A.;
Boardman, H.; et al. Physiological Stress Elicits Impaired Left Ventricular Function in Preterm-Born Adults. J. Am. Coll. Cardiol.
2018, 71, 1347–1356. [CrossRef]

46. Huckstep, O.J.; Burchert, H.; Williamson, W.; Telles, F.; Tan, C.M.J.; Bertagnolli, M.; Arnold, L.; Mohamed, A.; McCormick, K.;
Hanssen, H.; et al. Impaired myocardial reserve underlies reduced exercise capacity and heart rate recovery in preterm-born
young adults. Eur. Heart J. Cardiovasc. Imaging 2020. [CrossRef]

47. Meng, L.; Hou, W.; Chui, J.; Han, R.; Gelb, A.W. Cardiac Output and Cerebral Blood Flow. Anesthesiology 2015, 123, 1198–1208.
[CrossRef] [PubMed]

48. Jefferson, A.L.; Tate, D.F.; Poppas, A.; Brickman, A.M.; Paul, R.H.; Gunstad, J.; Cohen, R.A. Lower cardiac output is associated
with greater white matter hyperintensities in older adults with cardiovascular disease. J. Am. Geriatr. Soc. 2007, 55, 1044–1048.
[CrossRef] [PubMed]

49. Quintana, D.D.; Ren, X.; Hu, H.; Engler-Chiurazzi, E.B.; Rellick, S.L.; Lewis, S.E.; Povroznik, J.M.; Simpkins, J.W.; Alvi, M. Gradual
common carotid artery occlusion as a novel model for cerebrovascular Hypoperfusion. Metab. Brain Dis. 2018, 33, 2039–2044.
[CrossRef] [PubMed]

50. Ueno, M.; Chiba, Y.; Matsumoto, K.; Murakami, R.; Fujihara, R.; Kawauchi, M.; Miyanaka, H.; Nakagawa, T. Blood-brain barrier
damage in vascular dementia. Neuropathology 2016, 36, 115–124. [CrossRef] [PubMed]
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