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AbstrACt
Introduction Recent reviews have found substantial links 
between a toxic childhood environment including child abuse 
and severe household dysfunction and adult cardiovascular 
disease (CVD). Collectively referred to as adverse childhood 
experiences (ACEs), this toxic environment is prevalent 
among children, with recent Canadian estimates of child 
abuse at 27%–32%, and severe household dysfunction 
at 49%. Based on these prevalence rates, the potential 
effect of ACEs on CVD is more significant than previously 
thought. Yet, how ACEs amplify the risk for later CVD remains 
unclear. Lifestyle risk factors only partially account for this 
connection, instead directing attention to the interaction 
between psychosocial factors and physiological mechanisms 
such as inflammation. The Niagara Longitudinal Heart Study 
(NLHS) examines how ACEs influence cardiovascular health 
(CVH) from childhood to early adulthood. Integrating the 
stress process and biological embedding models, this study 
examines how psychosocial and physiological factors in 
addition to lifestyle factors explain the relationship between 
ACEs and CVH.
Methods This follow-up study combines three baseline 
studies from 2007 to 2012 that collected CVH measures 
including child blood pressure, heart rate, left ventricular 
structure and function, arterial stiffness indices and 
baroreflex sensitivity on 564 children. Baseline data also 
include anthropometric, biological, lifestyle, behavioural, and 
psychosocial measures that varied across primary studies. 
Now over 18 years of age, we will recruit and retest as many 
participants from the baseline studies as possible collecting 
data on ACEs, CVH, anthropometric, lifestyle and psychosocial 
measures as well as blood, saliva and hair for physiological 
biostress markers.
Ethics and dissemination Ethics approval has been 
received for the NLHS follow-up. Written consent to 
participate in the follow-up study is obtained from each 
participant. Results testing all proposed hypotheses will be 
submitted for publication in peer-reviewed journals.

IntroduCtIon
A toxic childhood environment, referred to 
as adverse childhood experiences (ACEs), 
includes physical, sexual and emotional 

abuse, severe household dysfunction 
including substance abuse or serious mental 
illness, forced separation from parents 
and family and severe neglect, exposure to 
violence and crime in the home or neighbour-
hood, material disadvantage or homeless-
ness, natural disasters and serious illnesses, 
accidents or injuries.1–3 These exposures are 
linked to adult physical health issues and 
diseases as well as other outcomes including 
poor school performance, mental disorder, 
criminality, substance abuse and general 
life instability.1–3 Recent reviews have found 
links between ACEs and adult cardiovascular 
disease (CVD).4–11 It is largely thought that 
child abuse, neglect and severe household 
dysfunction are rare occurrences and their 
effect on the overall health of the popula-
tion is minimal. However, child adversity is 
common, with recent retrospective Canadian 

strengths and limitations of this study

 ► The same standardised methods and measures to 
assess cardiovascular health are used across all 
three baseline studies ensuring comparability of 
data across studies and over time.

 ► Data are collected on lifestyle, psychosocial and 
physiological markers identified in previous re-
search linking adverse childhood experiences and 
cardiovascular disease in adults.

 ► This study focuses on a non-clinical, popula-
tion-based sample.

 ► Lifestyle, behavioural, psychosocial, mental health 
and biostress measures vary across baseline 
studies.

 ► While retrospective measures of childhood adver-
sity are collected from all participants, prospective, 
parent-reported measures of childhood adversity 
are only available on a subset of participants and 
exclude child maltreatment.
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estimates of child abuse at 27%–32%,12–14 and severe 
household dysfunction at 49%.13 Since CVD is a leading 
cause of death, the potential effect of ACEs is far more 
significant than formerly thought based on these preva-
lence rates.12 13 Yet, how ACEs amplify the risk for CVD 
later in life remains unclear.

Linking ACEs to CVd: retrospective ACEs studies on adult 
populations
Most ACEs studies have been conducted on adult popula-
tions finding a moderate to strong link with adult blood 
pressure (BP) and CVD endpoints including myocardial 
infarction, stroke, and ischaemic and coronary heart 
disease.1 2 4–12 15–18 However, these studies are limited in 
three ways. First, they focus on decades-long, retrospec-
tive recall of ACEs which may be under-reported.1 12 
While work supports the reliability of long-term recall,19 
others argue that it is essential to get ACEs information 
as early in the life course as possible for accuracy and reli-
ability of recall.19–21 Second, these studies are dependent 
on whether a cardiovascular condition or CVD has been 
diagnosed. Many people with heart conditions or CVD 
may not yet have a diagnosis leading to a bias of under-re-
porting. Third, these studies provide a one-time snapshot 
that does not permit examination of the developmental 
process of cardiovascular health (CVH) leading to CVD. 
This cross-sectional design impedes their ability to 
examine development of the cardiovascular system long 
before CVD is identified limiting their ability to provide 
causal explanations of why ACEs are linked to CVD.

Linking ACEs to CVd: long-term longitudinal studies of child 
cardiovascular development
Long-term, longitudinal studies of cardiovascular devel-
opment provide one opportunity to address the limita-
tions outlined above. Several long-term prospective 
studies beginning in the 1970s, 80s and 90s identify 
childhood origins of heart disease.15 16 18 22–24 While these 
studies provide knowledge about the precursors of CVD, 
they have two principal limitations. First, they began prior 
to research identifying ACEs as a risk factor and collected 
these data much later, suffering the same limitation of 
long-term recall identified in restrospective ACEs studies. 
However, they still report significant connections between 
ACEs and CVH. For example, the Georgia Stress and 
Heart Study, beginning in 1989, examined changes in BP 
in 16 waves over 20 years in a growth curve analysis but 
they only measured ACEs in wave 15 (2008–2010).16 They 
found a significant interaction between ACE score and 
faster rising systolic and diastolic BP (SBP and DBP) after 
age 30. Most importantly, they found the difference in BP 
was not explained by traditionally identified risk factors, 
specifically physical activity, body mass index, smoking 
and family history of disease. They argue that other path-
ways may mediate the effect of ACEs on CVH through 
dysregulation of BP, specifically, the hypothalamic–pitu-
itary–adrenal axis (HPA), sympathetic–adrenal–medul-
lary axis (SAM) and elevated levels of inflammation.16

Second, these studies are limited by cardiovascular 
measures collected in the early waves during childhood 
and young adulthood. Initially, these studies focused on 
BP which, as noted above, may not manifest differences 
until much later in life,16 while the studies that did collect 
more sensitive markers of cardiovascular structure and 
function predictive of future CVD did so in much later 
waves when participants were adults.22–27 This limits their 
ability to examine developmental changes in measures 
of CVH prospectively from childhood to early adulthood 
when persons appear to be more predisposed biologically 
to the negative effects of ACEs.28

summary and synthesis
While the above studies are informative, we are left 
with a significant mechanistic gap and an incomplete 
conceptual framework, hindering our understanding 
of how ACEs and CVD are linked. Moreover, much of 
this research does not account for other childhood risk 
factors such as family socioeconomic status and parental 
health behaviours nor the accumulation and/or inter-
action of ACEs with these other factors.29–34 Many of 
these additional childhood stressors such as poverty and 
bullying have been included in an expanded view of 
ACEs.1–3 Finally, most research attempting to explain the 
connection between ACEs and CVD are domain specific, 
examining the relationship through (1) behaviour/
lifestyle processes,29 (2) physiological systems30 31 or (3) 
positive and negative psychosocial and mental health 
factors.7 29 30 32 34 In this study, we integrate these domains 
in a multidimensional, prospective analysis to identify 
intersections between these domains and cardiovascular 
development. The importance of incorporating this 
multidimensional focus is supported by recent ACEs 
research and reviews that show that previously identified 
traditional and behavioural risk factors including family 
history, smoking, physical activity, alcohol use and obesity, 
while important in their own right, do not explain away 
the relationship between ACEs and CVD.4–11

But what is unique about this connection between 
ACEs and CVH that traditional risk factors are unable to 
explain? Some reviews point to psychosocial and mental 
health factors such as depressed affect, anger and social 
stress as mediating mechanisms.4 7 These findings direct 
research to focus on psychosocial factors that mediate the 
connection between ACEs and CVD. The stress process 
model35 36 provides a framework outlining how social 
stressors affect health outcomes and the role of psycho-
social risk and protective factors.37 Aligning this model 
with cardiovascular research, studies have found that 
both depressed affect and anger were stronger media-
tors than traditional lifestyle risk factors (ie, smoking, 
physical activity, obesity, diabetes and hypertension) 
explaining the association between ACEs and ischaemic 
heart disease.7

Other studies and reviews that focus on the physio-
logical mechanisms linking ACEs and CVD also redirect 
us back to psychosocial factors by proposing a process 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2019-030339 on 16 July 2019. D

ow
nloaded from

 

http://bmjopen.bmj.com/


3Wade TJ, et al. BMJ Open 2019;9:e030339. doi:10.1136/bmjopen-2019-030339

Open access

of amplified inflammatory responses to social stress as 
adults.8–11 These studies suggest a biological embedding 
model28 or psychoneuroimmunology model8 in which 
the embedding of stress into cells that regulate inflamma-
tion during ACEs in childhood through the HPA and/or 
SAM axis results in an elevated, chronic proinflammatory 
state altering the adaptive immune responses to future 
stressors affecting one’s CVH trajectory. Consistent with 
this process, two reviews argue future research is neces-
sary to link physiological and psychosocial domains. One 
review suggests a life course interaction between psycho-
social and physiological processes through emotional 
problems linking ACEs to CVD. In essence, this creates a 
heightened, lifelong physiological susceptibility to social 
stress resulting in a chronic arousal of stress response 
systems.10 The other review examining ACEs in relation to 
biomarkers, specifically C reactive protein (CRP), inter-
leukin-6 (IL-6) and fibrinogen measured in childhood, 
identified a mediational psychobiological pathway linking 
elevated acute inflammatory responses to psychosocial 
stress.9 This is further supported by evidence from animal 
and human studies that identify early stress as disrupting 
the HPA and SAM axes,38–41 and adaptive immune func-
tions42 43 lending support to the biological embedding 
model.28 And while inflammation is normally tightly 
controlled by the body, when inflammation becomes 
chronic, pathological tissue damage results. For example, 
the Dunedin study showed a link between ACEs and CRP 
among adults at 32 years of age, a strong marker of CVH 
and a key mediator of inflammatory events.44 In another 
study, IL-6 was detected at elevated levels in adults with 
child maltreatment histories.45 These proinflammatory 
mediators accelerate harmful adaptations in cardiovas-
cular structure and function, leading ultimately to heart 
disease/stroke.1 28 46

study objectives and hypotheses to be tested
Combining the stress process model34–37 and the biolog-
ical embedding model,28 we investigate the psychosocial 
and physiological mediating pathways between ACEs and 
CVH. For the stress process model, we focus on both posi-
tive and negative psychosocial factors. For the biological 
embedding model, we focus on adaptive stress responses 
and inflammation identified as important in the 

literature,1 7–11 38 39 47 specifically chronic cortisol levels, 
CRP, cytokines regulating inflammation such as IL-1β, 
IL-2, IL-4, IL-6, IL-8 and IL-10, interferon-γ (IFN-γ) and 
tumour necrosis factor (TNFα). We also examine prema-
ture cellular ageing as measured by telomere length 
which has been associated with ACEs,48 49 inflammation, 
and CVD50 (see figure 1).

This study will prospectively test these pathways 
building on baseline data from three previous research 
projects (see methods section below). In our previous 
work examining baseline data in one of these studies, 
parent-reported ACEs predicted early obesity, increased 
waist circumference and elevated heart rate (HR),51 and 
systemic arterial stiffness but only among boys.52 Because 
these were parent-reported ACEs when the participants 
were 11–13 years, they did not include abuse but focused 
on parent-reported ACEs more generally. In this study, we 
collect self-reported ACEs from the participants who are 
now young adults.

To our knowledge, the effect of ACEs on preclin-
ical CVH indices has not been studied in a prospective 
manner from childhood to early adulthood. The hypoth-
eses of the study are:
1. Greater exposure to ACEs will result in lowered arteri-

al compliance, distensibility and baroreflex sensitivity 
as well as elevated BP, HR, carotid artery intima–me-
dia thickness (IMT), left ventricular mass (LVM) and 
pulse-wave velocity going from childhood to early 
adulthood.4

2. The relationship between ACEs and changes in CVH 
will be mediated by psychosocial and/or physiological 
factors.4 7–9 Elevated physiological markers will mediate 
the relationship between changes in psychosocial fac-
tors and changes in CVH.10 11 40 48 Those with elevated 
levels of inflammatory markers will be more suscepti-
ble to changes in psychosocial factors (eg, social stress) 
linked to CVH (ie, moderation—biological embed-
ding hypothesis making one physiologically less able to 
adapt to environmental stress).10 11 40 48

3. The relationship between ACEs and CVH will differ 
across males and females.4 52 The process linking ACEs 
to changes in CVH through psychosocial and physio-
logical factors will differ across males and females.4 52

MEthods
The Niagara Longitudinal Heart Study (NLHS) builds on 
three previously funded research projects in the Niagara 
region, Canada, from 2007 to 2012. Each baseline study 
varied in its collection of demographic, psychosocial, 
lifestyle and biological measures (see table 1). However, 
all three studies used the same standardised methods to 
assess CVH ensuring comparability of data across studies 
and over time (see table 2). The Health Behavioural and 
Environmental Assessment Team (HBEAT) Study also 
collected parent-reported ACEs.51 52

Study 1: The HBEAT study was conducted in two phases, 
from 2007 to 2012, The first phase was cross-sectional 

Figure 1 Conceptual linkages between ACEs 
and CVH through psychosocial and physiological 
factors. ACEs, adverse childhood experiences; 
CVH, cardiovascular health.
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examining the social determinants of childhood BP. 
It included a large, school-based sample of 1913 chil-
dren aged 11–14 years (grades 6–8) across 50 schools in 
a local school board. Of these, 1285 completed both a 
parent and child survey. From these, 224 were selected for 
detailed cardiovascular assessments stratified across BP 
levels of the 1913 children (high BP-BP ≥95th percentile; 
high-normal BP-BP <95th percentile and ≥90th percen-
tile; normal BP-BP <90th percentile adjusting for age, sex 
and height). The second phase was an intervention study 
across 10 of the 50 schools (5 intervention and 5 compar-
ison schools). In this phase, 647 students had their BP 
measured in spring, 2011 in grades 5–7 (10–13 years 
of age) of which 551 completed both parent and child 
questionnaires. Stratified using the above cut-points, 
110 participants were selected equally across the inter-
vention and control schools for detailed cardiovascular 
assessments. Students were then tested again in spring, 
2012 (grades 6–8) and again completed the parent and 
child questionnaires. Combining both phases, the total 
HBEAT laboratory subsample for the NLHS includes 

a total possible 334 children. The battery of additional 
measures included family demographics, family history 
of CVD and related diseases, anthropometric measures, 
lifestyle, physical activity and a broad array of psychoso-
cial and mental health measures. The 224 from phase 1 
also had a 12 hours fasting lipid profile and the 110 from 
phase 2 are measured longitudinally having two annual 
waves of data during the transition from grades 5–7 to 
grades 6–8 (table 1).

Study 2: Physical Health and Activity Study Team 
(PHAST) was a 10-wave study conducted from 2004 to 
2010. The first wave screened a grade 4 cohort (8–9 years) 
in fall, 2004 from 75 of 92 schools (81.5%) in a local 
school board for developmental coordination disorder 
(DCD) to examine its connection to health and activity. 
Students were tracked and tested twice per year up to 
the 2006/2007 school year. In fall 2007, testing was done 
annually. In fall, 2007, a laboratory subsample of 126 
participants were selected when they were 12–14 years 
(grades 7–8) stratified equally across those at risk for DCD 
(rDCD) (n=63) and a sex, school and grade-matched 

Table 1 Disposition and uniformity of measurement domains for NLHS follow-up study and cardiovascular baseline study 
subsamples across three Niagara area studies

Wave 2 Baseline (wave 1)

NLHS HBEAT PHAST BAM

Sample disposition

  Years data collected 2017–2021 2007–2012 2008–2012 2010–2013

  Population Local school district Local school district Community

  Study design Cross-sectional 
(longitudinal) samples

Longitudinal sample Longitudinal sample

  Full study sample n/a 1836 (310) 2278 291

  Cardiovascular laboratory subsample TBD
(Pilot n=76; Max n=564)

334 (110) 126 104

  Lab subsample age (years) TBD 10–14 12–15 8–18

  Lab subsample stratification — BP rDCD None

Measurement domains

  Adverse childhood experiences (ACEs) X (S) X (P)* — — 

  Cardiovascular measures X X X X

  Family demographics and socioeconomic 
status

X (S) X (P) X (P) — 

  Family history of cardiovascular health X (S) X (P) X (P) — 

  Lipid profile X X X X

  Physiological stress biomarkers (blood 
serum)

X — — X

  Anthropometric measures X X X X

  Lifestyle and behaviour measures X (S) X (S, P) X (S, P) X (S)

  Psychosocial measures X (S) X (S) X (S) — 

  Medical history X (S) X (P) X (P) X (S, P)

  Prenatal and postnatal birth information — X (P) — — 

*Parent-reported ACEs exclude maltreatment items relating to sexual, physical and emotional abuse.
BAM, Brock Active Movement; BP, blood pressure; HBEAT, Heart Behavioural and Environmental Assessment Team; max N, maximum 
sample size (assuming 100% recontact and recruitment); NLHS, Niagara Longitudinal Heart Study; P, parent-report data; PHAST, Physical 
Health and Activity Study Team; rDCD, at risk for developmental coordination disorder; S, self-report data; TBD, to be determined;  X, data 
collected. 
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control group (n=63). This resulted in three annual 
waves of cardiovascular assessments, family demographics 
and family history of CVD and related diseases, anthro-
pometric measures, physical activity, fasting lipid profiles 
and psychosocial and mental health measures up to grade 
10 (16 years).

Study 3: Brock Active Muscles Study (BAM) was a longi-
tudinal community study to examine physical activity in 
291 participants from 8 to 18 years. The laboratory subsa-
mple conducted in 2009 was a 1-wave study of a random 
sample of the original 291 who were 8–18 years and supple-
mented with other community participants (total n=104) 
to assess the effect of maturation on cardiovascular devel-
opment.53 The battery of measures included non-invasive 
cardiovascular assessments, fasting lipid profiles, blood 
serum and some sociodemographic characteristics.

study protocol
Contacting participants and recruitment
Available contact information is used from the three 
studies. However, this information is about 10 years 
old creating potential problems for follow-up for several 
reasons including families moving residences and 
changing phone numbers, families moving to cell phones 
and cancelling old ‘land lines’, and participants, now 
adults, no longer living at home. To address these issues 
and improve our recruitment rate, we are also employing 
a social media contact strategy. However, similar to using 
existing contact information, the use of social media 
recruitment may also lend itself to selective attrition as 

various groups of participants may not be captured. For 
example, while social media recruitment has greatly 
increased our ability to contact and retest participants 
who are otherwise inaccessible, we may still miss individ-
uals who may have moved, become institutionalised, have 
developed serious health problems, are deceased or are 
generally unreachable. Selective attrition will be iden-
tified using baseline data and dealt with as required in 
analyses.

Recruitment and laboratory visit
On successful contact through phone or social media, 
we explain the study and testing protocol to participants. 
We inform them that they will receive a CAD100 honou-
rarium to compensate them for their participation and 
travel to the university. In addition, for those coming from 
neighbouring cities outside the local area, we provide 
additional funding to compensate for added travel costs. 
Participants who have moved to other provinces or coun-
tries are offered a chance to complete testing while back 
visiting the region.

On scheduling the laboratory visit, participants are 
sent an information package (via mail, email or social 
media) containing a letter of introduction, directions to 
the university, a parking pass, confirmation of the sched-
uled testing time and laboratory contact information in 
case they need to cancel or reschedule. Participants are 
instructed to avoid vigorous physical activity, alcohol and 
caffeine for 12 hours and to fast for 4 hours prior to their 
visit.

Table 2 Niagara Longitudinal Heart Study measures across key concepts*

Anthropometric and 
cardiovascular

Psychosocial resources and 
mental health Physiological stress biomarkers Lifestyle and behavioural

Anthropometrics:
Height; body mass; waist 
circumference; hip circumference; 
fat mass; fat-free mass; body fat 
percentage
Cardiovascular indices-Sitting:
Resting oscillometric SBP, DBP, 
MAP, PP and HR.
Cardiovascular indices-Supine:
Resting manual SBP, DBP, 
MAP, PP; beat-by-beat BP, HR 
and R-R interval; cvBRS; CCA 
IMT; arterial distensibility and 
compliance; central pulse wave 
velocity (PWV) (carotid to femoral); 
peripheral PWV (femoral to 
toe); left ventricular mass; end-
diastolic volume; end-systolic 
volume; stroke volume; cardiac 
output; ejection fraction; fractional 
shortening.
Cardiovascular Indices-Head-up 
Tilt:
Beat-by-beat BP, HR and R-R 
interval; cvBRS.

Psychosocial resources:
Perceived Stress Scale; self-
esteem; perceived mastery;
Optimism; minimisation;
Perfectionism;
Family social support.
Executive function
Mental health:
Psychological distress scale 
(CESD); depression; anxiety; 
hostility; aggression.
Personal strengths: strengths 
knowledge; satisfaction with life.

Inflammatory biomarkers:†
APRIL/TNFSF13; BAFF/
TNFSF13B; sCD30/TNFRSF8; 
sCD163; Chitinase-3-like 1; 
gp130/sIL-6Rβ; IFN-α2; IFN-β; 
IFN-γ; IL-2; sIL-6Rα; IL-8; IL-10; 
IL-11; IL-12 (p40); IL-12 (p70); 
IL-19; IL-20; IL-22; IL-26; IL-
27 (p28); IL-28A/IFN-λ2; IL-29/
IFN-λ1; IL-32; IL-34; IL-35; LIGHT/
TNFSF14; MMP-1; MMP-2; MMP-
3; Osteocalcin; Osteopontin; 
Pentraxin-3; sTNF-R1; sTNF-R2; 
TSLP; TWEAK/TNFSF12.
C reactive protein 
Chronic cortisol level:
Past 3-month scalp hair cortisol 
level.
Cellular ageing biomarkers:
Telomere length; mitochondrial 
DNA.
Brain derived neurotrophic factor.

Physical activity.
Sleep behaviour:
Sleep problems; weekday and 
weekend sleep duration; sleep 
quality.
Food behaviour:
Food type consumption patterns; 
eating habits.
Substance use:
Type of smoker; smoking 
locations; secondhand smoke 
exposure; other tobacco use; 
current alcohol use; alcohol 
frequency; current other illicit drug 
use.
Personal medical history:
Medical diagnoses; current 
prescription medication use; 
current over-the-counter 
medication use.
Family health history:
Hypertension; high cholesterol; 
heart disease; stroke; type I 
diabetes, type II diabetes.

*All acronyms in table are defined in the list of abbreviations.
†See http://www.bio-rad.com/en-ca/sku/171al001m-bio-plex-pro-human-inflammation-panel-1-37-plex?ID=171al001m
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If a participant is or was recently sick or identifies any 
recent antibiotic use, the appointment is rescheduled to 
prevent bias due to potentially elevated or suppressed 
inflammation. Participants are also asked to contact the 
laboratory if they feel sick within 2 days after testing. On 
arrival for testing, the study is again described to them 
and informed consent is completed. Finally, we gain 
signed permission to agree to allow us to keep their data 
on file for future analyses and future contact to address 
additional research questions that may arise.

Cardiovascular and anthropometric assessments
Prior to data collection, participants are asked to void 
their bladder to prevent the effect of bladder disten-
sion on BP.54 Afterwards, following 5 min of seated rest, 
six BP and HR measurements at 1 min intervals are 
taken using an automated oscillometric device (BpTRU 
Vital Signs Monitor, BPM-300, VSM, MedTech Devices , 
Coquitlam, BC, Canada). The final three measures are 
used to measure average BP and HR55–57 Standing height 
is measured (cm) using a stadiometer (STAT-7X, Ellard 
Instrumentations, Monroe, Washington). Body mass 
(kg) is measured with a digital scale (BWB-800S, Tanita, 
Tokyo, Japan). Waist and hip circumferences (cm) are 
measured at the iliac crest and widest gluteal protuber-
ance, respectively. Fat mass, fat-free mass and body fat 
percentage is measured via air-displacement plethysmog-
raphy (BODPOD, Life Measurement, Concord, Cali-
fornia, USA).58 59

Participants then undergo a series of non-invasive 
cardiovascular measures. Participants lay at rest in a supine 
position in a quiet, dimly lit room for all cardiovascular 
testing. Participants are outfitted with a standard single 
lead ECG for continuous R-R interval (ie, HR) measure-
ment throughout the data collection period. Participants 
are outfitted with a finger BP cuff (Nexfin, BMEYE, 
Amsterdam, Horton, Norway; NIBP Nano, ADInstru-
ments, Colorado Springs, USA) placed on the left middle 
finger to assess beat-by-beat BP throughout the duration 
of testing. Supine SBP and DBP are measured manually 
using a sphygmomanometer and stethoscope at the right 
brachial artery. Afterwards, 10 min of beat-by-beat R-R 
interval and BP data are collected. Beat-by-beat finger 
BPs are adjusted to the average manually obtained supine 
SBP and DBP as BP obtained at the finger overestimates 
brachial BP. Cardiovagal baroreflex sensitivity (cvBRS) is 
measured using beat-by-beat R-R interval (time between 
successive R-waves) and SBP. Matlab software is used to 
run a Fast Fourier Transform to determine low frequency 
(LF) (LF: 0.04–0.15 Hz) and high frequency (HF) (HF: 
0.15–0.4 Hz). We use a transfer function calculation of the 
LF region of SBP to R-R interval to measure cvBRS.52 53

Measures of arterial stiffness and thickness include 
pulse wave velocity (PWV), common carotid artery 
(CCA) distensibility and compliance, and IMT. Using 
a hand-held tonometer to obtain pressure waveforms 
(Millar Instruments, Houston, USA), PWV is determined 
for both central (carotid-to-femoral) and peripheral 

(femoral-to-toe) vascular segments.60 Distensibility is 
measured using the CCA due to its anatomical accessi-
bility, imaging capabilities and anatomical link to the 
carotid baroreceptors.61 The right CCA is visually assessed 
with B-mode ultrasound video clips and edge-tracking soft-
ware. Edge tracking software (MAUI, Hedgehog Medical, 
Waterloo, Canada) is used to determine changes in arte-
rial diameter during systole and diastole of the CCA. 
Change in arterial diameter and CCA pulse pressure are 
used to calculate compliance and distensibility. CCA IMT, 
a measure of arterial wall thickness, is measured on the 
far (deep) wall as it consistently provides more clarity. 
Cardiac size and function are measured and analysed 
using non-invasive echocardiography following American 
Society of Echocardiography guidelines. Images are taken 
using the parasternal long-axis view, which optimises the 
left ventricle, while participants lay in a supine position. 
Calculations of LVM are done using a validated equation 
indexed to height 2.7, which identifies left ventricular 
hypertrophy.62 We estimate stroke volume, cardiac output, 
ejection fraction and fractional shortening. Finally, partic-
ipants are subjected to a 60° head-up-tilt (HUT) to assess 
the ability of the body to respond an orthostatic-induced 
stressor. Throughout the HUT procedure, beat-by-beat 
R-R interval and BP are collected to examine cardiovas-
cular adaptations to HUT.63

Stress biomarkers
Blood, hair and saliva samples are then collected by a 
registered nurse. Blood is collected from the antecubital 
fossa of participants into two 5 mL SSTTM Serum Separa-
tion Tubes (BD Biosciences, #367986, Franklin Lakes, New 
Jersey, USA). Blood is given 30 min to clot at room tempera-
ture before being centrifuged at 3000 x g for 15 min at 4°C. 
Following centrifugation, serum is aliquoted and stored at 
−80°C until analysis. Inflammatory markers, including cyto-
kines and chemokines, are assessed using a custom magnetic 
bead-based multiplexing antibody assay (Bio-Rad) and anal-
ysed on a MagPix (Luminex)64 instrument. We measure 
37 inflammatory markers on a multiplex panel across four 
domains including TNF superfamily proteins, IFN family 
proteins, and T-cell cytokines including T regulatory and 
matrix metalloproteinases. CRP levels are analysed using a 
Human CRP Quantikine ELISA kit (R&D Systems, #DCRP00, 
Minneapolis, Minnesota, USA). Chronic glucocorticoid 
cortisol level is measured by processing hair samples to 
extract cortisol and employing a biochemical colorimetric 
assay.65 66 Assuming a 1 cm per month growth rate, we harvest 
a pencil-width sample of the first 3 cm of hair closest to the 
scalp providing a measure of 3-month chronic cortisol levels. 
Telomere length is assessed from saliva samples through 
DNA extraction using quantitative PCR.49

Self-report questionnaire
Due to the total length of the visit, after laboratory 
testing, participants are given a short break and are given 
a snack and beverage. They then complete a standardised 
questionnaire that is self-reported to minimise discomfort 
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and social response bias due to the sensitivity of ques-
tions. The questionnaire takes about 1 hour to complete 
at their own pace. Those recruited through social media 
are also given a  research ethics board mandated social 
media questionnaire supplement. To maintain confiden-
tiality, the questionnaire is given to the participant in an 
envelope with only their unique study ID. Participants 
are informed a third party with no access to personal 
identifiers will enter all data. The research coordinator is 
unobtrusively present in the room to assist with any clari-
fication required by the participant.

Questions focus on both positive and negative lifestyle, 
behavioural, psychosocial and mental health measures iden-
tified in the CVH, ACEs and stress process literature.35 37 67 
Many measures were already collected at baseline to allow 
for analyses of change (tables 1 and 2). Measures include 
physical activity and sedentary behaviour (International 
Physical Activity Questionnaire),68 sleep problems and sleep 
duration,69 70 food and eating habits, depression (Centre 
for Epidemiological Studies-Depression (CES-D)),71 anxiety 
and hostility (Symptom Checklist-90-Revised (SCL-90-R)),72 
aggression,73 stress appraisal (Perceive Stress Scale (PSS)),74 
psychosocial resources including self-esteem,75 perceived 
mastery,76 family social support and attachment, and exec-
utive function (Behaviour Rating Inventory of Executive 
Function (BRIEF)),77 and self-reported medical diagnoses 
and medications, and family history of CVD, high BP and 
diabetes. Additional measures include smoking, alcohol 
and illicit drug use, satisfaction with life,78 knowledge of 
personal strengths79 and perfectionism.80 We have baseline 
data on sociodemographic information reported by parents 
to control for heterogeneity across studies. We collect 
current sociodemographic information from study partici-
pants, specifically marital status, participant and spouse (if 
applicable) ethnicity, current occupation and/or schooling, 
education level and finally current living arrangements and 
a number of children living both with the participant or away 
from the participant. In addition to the primary focus on the 
ACEs–CVH relationship, our questionnaire components 
also allow for investigation of cumulative, mediating and/or 
moderating influences of other, previously identified child-
hood risk factors.29–34

To ensure that ACE questions do not influence responses 
or prompt non-responses to subsequent questions, this 
component appears near the end of the questionnaire. 
We use two ACEs instruments to ensure complete capture. 
First, the Childhood Trust Events Survey-2.0 is a measure 
of ACEs for children and young adults modelled after 
the original Kaiser ACEs inventory2 providing informa-
tion on abuse and household dysfunctions81 but adding 
additional childhood stressful experiences including 
bullying, violent neighbourhood crime, separation from 
parents and family, severe material disadvantage, home-
lessness, natural disasters and serious illnesses, accidents 
or injuries. Second, the Child Trauma Questionnaire,82 
validated for young adult Canadian undergraduates 
directly relevant to our study population, asks multiple 
questions for each of the five dimensions of abuse to 

facilitate recall in screening for trauma.82 However, it 
does not capture anything about household dysfunction 
or other exposures. A potential concern in ACEs research 
is the willingness of participants to report experiences. 
However, researchers report that when conducted in a 
dignified manner, there is a high level of compliance, 
reliability and accuracy in reporting child maltreatment, 
household dysfunction, and other ACEs21 81 with kappas 
of 0.6–0.7 over 1 year.81 In contrast, a recent meta-analysis 
identifies poor overall agreement between prospective 
and retrospective assessments of childhood adversity,83 a 
limitation endemic to much of the current research on 
ACEs. We attempt to minimise this issue by including two 
instruments to increase the capture rate of ACEs and ask 
participants while still young adults lessening the length 
of time for retrospective recall in comparison to that of 
many published studies in the field.

Concluding the laboratory visit
After completing the questionnaire, the participant 
places it in the envelope and seals it to ensure confiden-
tiality. Participants are given an opportunity to express 
concerns about any of the questions verbally acknowl-
edging that some may be distressing. The research coor-
dinator also asks if the participant feels a need to speak 
to someone about any issues raised regarding the ques-
tions and informs them that we have established referral 
resources through Family Counselling Centre Niagara 
(FCC). An FCC pamphlet is attached to the back of the 
questionnaire for participants to take home outlining 
the confidential counselling available for issues such as 
past trauma, depression and anxiety. The FCC provides a 
free walk-in clinic for immediate and emergency services 
funded by the United Way. It is the participant’s decision 
to use FCC or any other counselling services.

At the end of the lab visit, participants are given their 
CAD100 honorarium and any additional reimbursement 
expenses for travel and thanked for participating.

Patient and public involvement
There was no patient or public involvement in this study 
protocol.

dIsCussIon
The motivation for this study is based on our prelim-
inary work examining parent-reported ACEs using 
the baseline HBEAT study. While unable to examine 
the full spectrum of ACEs using HBEAT, specifically 
child abuse and maltreatment, this work linked a 
toxic childhood environment to obesity, larger waist 
circumference and elevated HR, but interestingly, not 
elevated SBP.51 As well, using the cardiovascular assess-
ment data, we found a connection between ACEs and 
systemic arterial stiffness but only among boys.52 Based 
on these findings and other work examining ACEs 
and CVH and CVD, the NLHS builds on this work to 
prospectively test the effect of ACEs on cardiovascular 
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development from childhood to early adulthood. Inte-
grating the stress process and biological embedding 
theoretical frameworks, the NLHS study design will 
permit the investigation of the cumulative, mediating 
and/or moderating effects between ACEs and other 
childhood risk factors with stress biomarkers on CVH. 
To our knowledge, the effect of ACEs on preclin-
ical CVH indices has not been studied in a prospec-
tive manner from childhood to early adulthood nor 
has there been efforts to identify the psychosocial 
and physiological mediating and moderating path-
ways. The importance of incorporating this multidi-
mensional focus is clearly supported by recent ACEs 
research and reviews showing that previously identi-
fied traditional and behavioural risk factors including 
family history of disease, smoking, physical activity, 
alcohol use and obesity, while important in their own 
right, do not explain away the relationship between 
ACEs and CVD.4–11 This study places us in a novel posi-
tion given the current state of literature, the age of our 
cohorts, and the potentially large sample to examine 
changes in CVH from childhood to early adulthood 
associated with ACEs.
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