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ABSTRACT
Objective To assess the association between educational 
level and cardiovascular age acceleration metric derived 
from ECG, and to determine whether this association is 
mediated by established cardiovascular disease (CVD) risk 
factors.
Design Prospective population- based cohort study (the 
Tromsø Study).
Setting General population of the Tromsø municipality, 
Norway.
Participants The study sample consisted of 4367 
participants of the Tromsø Study, who took part in both 
Tromsø6 (2007–2008) and Tromsø7 (2015–2016), had 
a 12- lead ECG obtained at Tromsø7 and did not report a 
history of heart attack, stroke or atrial fibrillation.
Primary outcome measures δ-age, a biomarker of 
cardiovascular ageing, is defined as the difference (in 
years) between an individual’s ECG- predicted heart age 
and their chronological age. ECG- predicted heart age 
was estimated using a previously validated deep neural 
network.
Results Our findings indicate an inverse association 
between education and δ-age, with a regression 
coefficient per increment increase in education of −0.24 
(95% CI −0.41 to –0.07) in the overall sample, −0.38 
(95% CI −0.59 to –0.16) for women and −0.04 (95% 
CI −0.31 to 0.23) for men. Participants with the highest 
level of education (university/college for 4 or more 
years) had the lowest estimated δ-age with a regression 
coefficient of −0.69 years (95% CI −1.23 to –0.16) 
compared with the group with primary education for the 
overall sample, −1.05 years (95% CI −1.73 to –0.37) for 
women and −0.15 years (95% CI −1.03 to 0.73) for men. 
CVD risk factors mediated up to 75% of the association 
between overall education and δ-age, and 80% of the 
association among those with the highest education 
level (university/college for 4 or more years). Among 
women, 50% of the effect of overall education on δ-age 
was mediated by CVD risk factors, rising to 53% in the 
category with the highest level of education. However, 
in the subsample of men, there was no significant 
association between education and δ-age, and the 
mediation analysis produced natural direct and indirect 
effects pointing in opposite directions.

Conclusions Cardiovascular ageing is inversely 
associated with educational level, an effect that appears to 
be largely mediated through established risk factors.

INTRODUCTION
Ageing is a primary risk factor for diseases 
such as dementia, cardiovascular disease 
(CVD) and cancer.1 Ageing can be described 
as a wear and tear of physiological func-
tioning,2 3 ultimately leading to age- related 
illnesses or death. Since ageing does not 
progress uniformly for everyone, biological 
ageing biomarkers reflecting the physiolog-
ical deterioration of internal organs and body 
systems can be used to assess ageing.

Various biomarkers of biological ageing 
have been developed, including telomere 
length, the epigenetic clock, mitochondrial 
DNA copy number, inflammatory markers 
and biomarkers specific to certain organs 
and systems.4–8 It has been postulated that 
each represents a different aspect of ageing 
or ageing specific to different body systems. A 
novel ECG- based biomarker, δ-age, has been 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ ECG- based biomarker of cardiovascular ageing was 
estimated for the Tromsø Study cohort by applying a 
novel deep learning algorithm.

 ⇒ The Tromsø Study boasts a population- based de-
sign with high participation proportions and minimal 
missing questionnaire data.

 ⇒ Self- reported education levels that indicate socio-
economic position were validated against national 
registry data.

 ⇒ The prospective design establishes temporality be-
tween education, risk factors and δ-age and sup-
ports a causal mediation analysis.

 ⇒ Assumptions regarding unmeasured confounders 
for the execution of the causal mediation analysis 
cannot be definitively proven.
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developed using a deep neural network applied to ECG 
and defined as a discrepancy between the ECG- based 
age and the chronological age.7 As it is obtained directly 
from raw, digitalised ECG waveforms, it is easy and afford-
able to collect. It has also been shown that δ-age is an 
independent predictor of all- cause and cardiovascular 
mortality.7 9 The essential feature of δ-age in compar-
ison to other ageing biomarkers is that it appears to be 
measuring actual changes of the heart reflecting struc-
tural damage or dysfunction, which in turn may represent 
overall ageing specific to the cardiovascular system.

The process of biological ageing is intricate and is 
impacted by both hereditary and environmental factors.10 
Previous studies have found that telomere and epigenetic 
ageing occurs at a faster pace in people with lower educa-
tion and socioeconomic position (SEP), resembling the 
pattern of association between SEP and morbidity.11 12 
This association is explained by higher exposure to risk 
factors among people with lower levels of education due 
to lifestyle and poor access to healthcare.13 14

Although the relationship between SEP and CVD 
has been studied extensively, there have not been any 
studies performed on SEP and biomarkers of cardiovas-
cular ageing15 mainly due to the lack of an adequate and 
specific ageing biomarker for the cardiovascular system. 
The advantage of exploring such an association is that it 
would give insights into whether SEP is related to damage 
to the cardiovascular system which precedes symptomatic 
or routinely detectable disease.

Our study aims to estimate the association of SEP 
indexed by education level, a widely acknowledged key 
SEP indicator due to its influence on health behaviours 
and resource access,16 and accelerated ageing specific to 

the cardiovascular system indexed by ECG- based δ-age. 
We undertake a causal mediation analysis in order to 
understand if this association can be explained by expo-
sure to CVD risk factors, namely high blood pressure 
(BP) and low- density lipoprotein (LDL) cholesterol, 
obesity, diabetes, physical inactivity, BP medication usage 
and smoking.

METHODS
Study design and sample
The Tromsø Study is a population- based study conducted 
in 1974 in the municipality of Tromsø, Norway.17 It consists 
of seven waves, known as Tromsø1 through Tromsø7, and 
a total of 45 473 people attended one or more surveys. 
Questionnaires, biological samples and health exam-
inations were used to collect data. The present study 
includes data collected in Tromsø6 (2007–2008) and 
Tromsø7 (2015–2016).18 Selected samples and whole 
birth cohorts of individuals in the age range 30–87 were 
invited to Tromsø6, and 12 984 participated (66%). All 
residents of Tromsø municipality aged 40 years or older 
were invited to Tromsø7, and 21 083 (65%) participated. 
The Tromsø7 study consisted of two visits: the first visit 
was attended by all participants and included question-
naires and a collection of basic measurements such as 
height, weight, BP, blood lipids, etc. The second visit was 
attended by a subsample of 8346 participants, and 12- lead 
ECGs were collected for 7779 participants who consented 
to ECG. Our study included participants who took part 
in both Tromsø6 and Tromsø7 and had ECG measure-
ments in Tromsø7 (N=5017), after excluding those with 
self- reported history of heart attack, stroke or atrial 

Figure 1 Flow chart displaying participants’ inclusion and exclusion in the final study sample.
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fibrillation, leading to a final sample of 4367 participants, 
as shown in the flow chart in figure 1.

Measurements
In the second visit of Tromsø7, 12- lead resting ECGs were 
recorded with a computer- based electrocardiograph 
(Cardiovit AT- 104 PC; Schiller AG, Baar, Switzerland). To 
estimate ECG- based age, these digital ECGs were directly 
input into a pretrained convolutional neural network 
(CNN) algorithm developed and trained by our team 
using Mayo Clinic data.7 9 The outcome variable, δ-age, 
was calculated as the difference between the CNN- derived 
ECG age and the chronological age.

The exposure variable was a self- reported education 
collected from the questionnaire in Tromsø6 with four 
levels: (1) primary/secondary school, modern secondary 
school, (2) upper secondary education or high school 
diploma, (3) college/university less than 4 years and (4) 
college/university 4 years or more. Diabetes status (yes/
no), physical activity (PA), daily smoking status (yes/no) 

and BP medication usage (yes/no) were collected with 
questionnaires in Tromsø6 and included as mediator 
variables in the causal mediation analysis. PA level was 
assessed using the Saltin and Grimby leisure- time PA ques-
tionnaire19 and categorised as sedentary, light activity, and 
moderate- to- vigorous activity. A history of heart attack, 
stroke and atrial fibrillation was self- reported. The medi-
ators such as height, weight, diastolic BP (DBP), systolic 
BP (SBP), LDL cholesterol and high- density lipoprotein 
(HDL) cholesterol were collected as part of health exam-
ination during Tromsø6. SBP and DBP were measured 
on the right arm, three times with 1 min intervals after 
2 min seated rest by a Dinamap ProCare 300 monitor 
(GE Healthcare, Norway), and the mean of the two last 
readings was used in the analyses. Non- fasting blood 
samples were obtained by venepuncture and analysed at 
the Department of Laboratory Medicine at the Univer-
sity Hospital of North Norway (ISO certification NS- EN 
ISO 15189:2012) within 48 hours. HDL- cholesterol was 
measured after separating apoB- containing lipoproteins 

Table 1 Descriptive characteristics by the level of education*

Education (exposure)†

Primary education
Upper secondary /
high school

University/college <4 
years

University/college 
≥4 years

n=4367 1174 (26.9%) 1490 (34.1%) 799 (18.3%) 863 (19.8%)

Outcome

  δ-age 0.05 (5.7) 0.1 (6.0) −0.24 (6.3) −0.41 (6.0)

Covariates†

  Age (years) 70.45 (7.50) 67.18 (8.49) 65.57 (8.87) 64.57 (8.66)

  Sex (women) 772 (66%) 832 (56%) 377 (47%) 515 (60%)

Mediators

  BMI (kg/m2) 27.29 (4.23) 27.02 (4.01) 26.85 (3.96) 25.87 (3.89)

  Diastolic BP (mm Hg) 78.13 (10.35) 78.55 (10.45) 78.16 (10.25) 77.49 (10.79)

  Systolic BP (mm Hg) 141.04 (21.51) 136.79 (21.23) 133.48 (20.4) 131.23 (21.01)

  LDL cholesterol (mmol/L) 3.86 (0.96) 3.72 (0.90) 3.64 (0.89) 3.53 (0.92)

  HDL cholesterol (mmol/L) 1.58 (0.42) 1.54 (0.43) 1.52 (0.43) 1.63 (0.45)

  Diabetes 38 (3%) 55 (4%) 43 (5%) 17 (2%)

  Physical activity‡

   Sedentary 209 (20%) 217 (16%) 115 (15%) 108 (13%)

   Light 710 (68%) 912 (65%) 473 (61%) 527 (63%)

   Moderate 119 (11%) 252 (18%) 172 (22%) 185 (22%)

   Heavy 4 (0%) 15 (1%) 17 (2%) 20 (2%)

  Daily smoker 259 (22%) 270 (18%) 106 (13%) 74 (9%)

  BP medication (yes) 337 (29%) 314 (21%) 137 (17%) 104 (12%)

The Tromsø Study 2007–2016.
*Age is measured at Tromsø7(2015–2016), other variables were measured at Tromsø6 (2007–2008).
†Values are mean (SD) or number (per cent); row percentage is presented for educational categories, column percentages are presented for 
other categorical variables.
‡Except for physical activity (6% missing values) all the other variables have less than 1% missing values.
BMI, body mass index; BP, blood pressure; HDL, high- density lipoprotein; LDL, low- density lipoprotein; δ-age, predicted ECG age–
chronological age.
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by using heparin and manganese chloride, total choles-
terol and triglycerides were measured by CHOD- PAP 
enzymatic colorimetric methods with commercial kits 
by Roche Diagnostics (Mannheim, Germany), LDL- 
cholesterol (mmol/L) was derived with Friedewald Equa-
tion.20 Body mass index (BMI) (kg/m2) was calculated by 
dividing weight in kilograms by height in metres squared. 
The mediators were selected based on findings from 
numerous research that examined the factors underlying 
the relation between SEP and CVD.21

Statistical analysis
Pearson correlation coefficient and the mean abso-
lute error (MAE) between the ECG- based age and 
chronological age were calculated. Baseline charac-
teristics were presented as means and SD for contin-
uous variables, after visual inspection of histograms 
confirmed their approximately normal distribution. 
Numbers and percentages were presented for categor-
ical variables. A directed acyclic graph for the causal 
association between education and CVD was created 
based on the review of the literature (online supple-
mental figure S1). Regression analyses were used to 
estimate the association between education and the 
mediators, and between mediators and δ-age. Linear 
regression models were used for continuous outcome 
variables, logistic regression for binary outcomes, and 
ordinal logistic regression for PA as an outcome. All 
regression models included age as a covariate, and the 
overall model also included sex. In a separate model, 
we used a likelihood ratio test to assess a possible 
interaction between sex and education. The main 
analyses consisted of two parts: (1) a linear regression 

to determine the association between education and 
δ-age 2) a causal mediation analysis to determine how 
much of the former association can be explained 
by the CVD risk factors, both employed in a model 
adjusted for age, square of age and sex. We chose to 
present sex- specific models a priori based on existing 
evidence that there are sex differences in the manifes-
tation and pathophysiology of CVD among men and 
women.22 Participants with a history of heart attack, 
stroke and atrial fibrillation at baseline were excluded 
from the sample, as previous disease was likely to lead 
to lifestyle changes and medication use. A sensitivity 
analysis was performed to verify if results are robust 
after exclusion of participants who reported a history 
of heart attack, stroke or atrial fibrillation during 
follow- up (self- reported disease reported at Tromsø7).

The total effects (TEs) were estimated by employing 
linear regression between education and δ-age after 
adjusting for confounders. Natural effect models 
estimated the natural direct and indirect effects with 
a 95% CI based on the robust SE using the medflex 
package in R.23 In total, 396 cases had one or more 
missing values for BMI, SBP, DBP, LDL- cholesterol, 
HDL- cholesterol, diabetes status, PA, daily smoking 
status and BP medication. For all the regression and 
causal mediation analyses involving the risk factors 
or mediators and exposure, we used multiple impu-
tation by chained equations with 20 imputed datasets, 
incorporating auxiliary variables under the missing 
at random assumption; the resulting estimates were 
then pooled according to Rubin’s rule. Complete 
case data on 3971 participants were used in the 

Figure 2 Scatterplot for ECG- based age and chronological age for the Tromsø Study (N=7779), with men represented in red 
and women in blue.
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sensitivity analysis. All analyses were conducted using 
RStudio (Posit Team, 2025), V.2024.12.1+563 ‘Kousa 
Dogwood’.

Patient and public involvement
Patients and/or the public were not involved in the 
design, or conduct, or reporting, or dissemination plans 
of this research.

RESULTS
Out of 7779 people who had the ECG records avail-
able in Tromsø7, 5017 participants had attended and 
had measurements of required risk factor variables in 
Tromsø6. Further analysis was based on 4367 partici-
pants who have reported no history of heart attack, stroke 
and atrial fibrillation. Among these 4367 participants, 

Table 2 Linear regression coefficients and ORs for the association between CVD risk factors and education*

Outcome variables
Primary 
education

Upper secondary
/high school

University/college <4 
years

University/college 
≥4 years

P value for 
trend

Overall (N=4367)

Linear regression coefficients (95% CI) P value

  BMI (1 SD kg/m2) 0 (Reference) −0.08 (−0.15 to 0.00) −0.13 (−0.22 to −0.04) −0.35 (−0.44 to −0.26) <0.001

  Diastolic BP (1 SD mm Hg) 0 (Reference) 0.00 (−0.07 to 0.08) −0.08 (−0.18 to 0.01) −0.06 (−0.15 to 0.03) 0.157

  Systolic BP (1 SD mm Hg) 0 (Reference) −0.07 (−0.14 to 0.00) −0.17 (−0.25 to −0.08) −0.20 (−0.28 to −0.12) <0.001

  LDL cholesterol (1 SD mmol/L) 0 (Reference) −0.11 (−0.19 to −0.04) −0.19 (−0.28 to −0.10) −0.28 (−0.37 to −0.19) <0.001

  HDL cholesterol (1 SD mmol/L) 0 (Reference) 0.03 (−0.05 to 0.10) 0.08 (−0.01 to 0.17) 0.26 (0.17 to 0.35) <0.001

ORs (95% CI)† P value

  Physical activity, per level 1 (Reference) 1.50 (1.28 to 1.77) 1.80 (1.48 to 2.18) 2.03 (1.68 to 2.45) <0.001

  Diabetes, yes/no 1 (Reference) 1.21 (0.79 to 1.85) 1.82 (1.15 to 2.88) 0.71 (0.39 to 1.27) 0.005

  Daily smoking, yes/no 1 (Reference) 0.71 (0.59 to 0.87) 0.47 (0.36 to 0.61) 0.27 (0.21 to 0.36) <0.001

  BP medication, yes/no 1 (Reference) 0.81 (0.67 to 0.97) 0.69 (0.54 to 0.87) 0.48 (0.38 to 0.62) <0.001

Women (N=2519)

Linear regression coefficients (95% CI) P value

  BMI (1 SD kg/m2) 0 (Reference) −0.13 (−0.23 to −0.03) −0.20 (−0.33 to −0.07) −0.36 (−0.48 to −0.25) <0.001

  Diastolic BP (1 SD mm Hg) 0 (Reference) 0.02 (−0.08 to 0.12) −0.10 (−0.23 to 0.03) −0.07 (−0.19 to 0.04) 0.158

  Systolic BP (1 SD mm Hg) 0 (Reference) −0.03 (−0.12 to 0.06) −0.13 (−0.25 to −0.02) −0.19 (−0.30 to −0.09) 0.001

  LDL cholesterol (1 SD mmol/L) 0 (Reference) −0.07 (−0.17 to 0.03) −0.20 (−0.32 to −0.07) −0.27 (−0.39 to −0.16) <0.001

  HDL cholesterol (1 SD mmol/L) 0 (Reference) 0.14 (0.04 to 0.24) 0.21 (0.08 to 0.34) 0.41 (0.29 to 0.53) <0.001

ORs (95% CI)† P value

  Physical activity, 4 levels 1 (Reference) 1.67 (1.32 to 2.10) 1.83 (1.37 to 2.45) 2.21 (1.69 to 2.88) <0.001

  Diabetes, yes/no 1 (Reference) 1.13 (0.61 to 2.11) 2.61 (1.35 to 5.04) 0.90 (0.40 to 2.03) 0.019

  Daily smoking, yes/no 1 (Reference) 0.76 (0.60 to 0.98) 0.40 (0.28 to 0.57) 0.25 (0.17 to 0.36) <0.001

  BP Medication, yes/no 1 (Reference) 0.79 (0.62 to 1.00) 0.55 (0.39 to 0.78) 0.41 (0.29 to 0.57) <0.001

Men (N=1848)

Linear regression coefficients (95% CI) P value

  BMI (1 SD kg/m2) 0 (Reference) 0.03 (−0.09 to 0.16) −0.01 (−0.15 to 0.12) −0.28 (−0.43 to −0.14) <0.001

  Diastolic BP (1 SD mm Hg) 0 (Reference) 0.00 (−0.13 to 0.12) −0.05 (−0.19 to 0.09) −0.01 (−0.16 to 0.13) 0.882

  Systolic BP (1 SD mm Hg) 0 (Reference) −0.08 (−0.20 to 0.04) −0.17 (−0.30 to −0.03) −0.16 (−0.30 to −0.02) 0.048

  LDL cholesterol (1 SD mmol/L) 0 (Reference) −0.12 (−0.24 to 0.00) −0.12 (−0.26 to 0.02) −0.21 (−0.36 to −0.06) 0.040

  HDL cholesterol (1 SD mmol/L) 0 (Reference) −0.18 (−0.31 to −0.06) −0.14 (−0.27 to 0.00) −0.01 (−0.15 to 0.13) 0.006

ORs (95% CI) P value

  Physical activity, 4 levels 1 (Reference) 1.36 (1.07 to 1.73) 1.72 (1.32 to 2.25) 1.90 (1.43 to 2.52) <0.001

  Diabetes, yes/no 1 (Reference) 1.28 (0.70 to 2.33) 1.45 (0.76 to 2.75) 0.59 (0.25 to 1.39) 0.103

  Daily smoking, yes/no 1 (Reference) 0.62 (0.45 to 0.85) 0.53 (0.37 to 0.76) 0.30 (0.19 to 0.47) <0.001

  BP medication, yes/no 1 (Reference) 0.88 (0.65 to 1.19) 0.88 (0.63 to 1.23) 0.63 (0.43 to 0.93) 0.119

The Tromsø Study 2007–2016.
*Adjusted for age for and also for sex in the overall sample.
†ORs from binary or ordinal logistic regression models.
BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease; HDL, high- density lipoprotein; LDL, low- density lipoprotein; OR, Odds ratio.
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1174 (27.1%) had primary/secondary school level, 1490 
(34.4%) had an upper secondary or high school, 799 
(18.5%) had university college education with less than 4 
years duration, 863 (20%) had a university college educa-
tion with a duration greater than or equal to 4 years and 
the remaining had missing data(table 1). All continuous 
variables were approximately normally distributed and 
were described with means and SD in table 1. We observed 
that means and prevalence of the CVD risk factors such as 
BMI, DBP, SBP, LDL- cholesterol, diabetes, BP medication 
usage and smoking were lowest for participants with the 
highest education level.

The MAE and Pearson correlation coefficient between 
the chronological age and the ECG- based age are 6.9 
years and 0.72, respectively, compared with 6.9 years and 
0.83 for the original CNN model. Figure 2 further demon-
strates the sex- specific correlation between chronolog-
ical age and ECG- based age for the 7779 participants 
who underwent ECG examination in the Tromsø Study. 
Tables 2 and 3 present the age and sex adjusted associa-
tions between education (measured at Tromsø6) and the 
mediators, and between δ-age (calculated from Tromsø7) 
and the mediators, respectively, for the final study sample 
(N=4367). The differences in CVD risk factors between 
education groups were statistically significant: BMI, SBP, 
LDL- cholesterol and prevalence of diabetes, usage of BP 
medication and smoking were higher in the lower educa-
tional level, whereas HDL- cholesterol and PA were higher 
among higher educational levels (table 2). Table 3 shows 
that BMI, DBP, PA, diabetes, BP medication usage and 
smoking status were significantly associated with δ-age.

Linear regression was used to estimate the association 
between education and δ-age, yielding a TE of −0.24 
(95% CI −0.41 to –0.07) (table 4). There was a statisti-
cally significant (p<0.01) trend of decreasing δ-age across 
the levels of education. Participants with university/

college <4 years had an estimated −0.38 years difference 
as compared with those with primary education (95% CI 
−0.92 to 0.17), while those with university/college educa-
tion ≥4 years had the strongest estimate with −0.69 years 
(95% CI −1.23 to –0.16). In the sex- specific models, the 
same pattern of associations was observed among women 
with a TE of −0.38 years (95% CI –0.59 to –0.16) per 
increment in education level(with the strongest estimate 
among participants with university/college education ≥4 
years, −1.05 years (95% CI −1.73 to –0.37)). However, the 
association did not reach statistical significance for any 
of the education levels among men. These results were 
confirmed in the analysis with complete case data (TEs in 
online supplemental table S1).

The natural indirect effect (NIE), for the overall 
sample, was −0.18 years (95% CI −0.24 to –0.13) per incre-
ment in education level. Compared with the primary- 
education group, the NIE was −0.55 years (95% CI −0.72 
to –0.39) for the highest education group, and −0.37 
years (95% CI:−0.50 to –0.24) for the university/college 
<4 years education group. Similar patterns were observed 
in women and men with the estimate per increment level 
of education of −0.19 years (95% CI:−0.26 to –0.12) and 
−0.17 years (95% CI −0.25 to –0.09), respectively. The 
NIE through CVD risk factors included as mediators 
(diabetes, SBP, DBP, BMI, smoking, BP medication, LDL- 
cholesterol, HDL- cholesterol and PA) mediated 75% 
(NIE/TE) of the TE between education (per level) and 
δ-age and 80% of the TE between the highest level of 
education relative to primary education and δ-age. In the 
sex- specific analysis (table 4), both the direct and indirect 
effects were somewhat stronger in women than in men. 
For women, 50% of the TE between education (per level) 
and δ-age is mediated by the risk factors. Even though 
the sex- specific analysis resulted in notably different 

Table 3 Linear regression coefficients for the association between δ-age and CVD risk factors*

Independent variables†

Overall (N=4367) Women (N=2519) Men (N=1848)

Coefficient (95% CI) P value Coefficient (95% CI) P value Coefficient (95% CI) P value

BMI (1 SD kg/m2) 0.18 (−0.02 to 0.37) 0.080 −0.04 (−0.30 to 0.21) 0.752 0.47 (0.17 to 0.78) 0.002

Diastolic BP (1 SD mm Hg) 0.57 (0.34 to 0.81) <0.001 0.41 (0.11 to 0.72) 0.008 0.80 (0.42 to 1.18) <0.001

Systolic BP (1 SD mm Hg) 0.18 (−0.08 to 0.44) 0.178 0.19 (−0.15 to 0.53) 0.280 0.14 (−0.26 to 0.54) 0.500

LDL cholesterol (1 SD mmol/L) 0.11 (−0.07 to 0.29) 0.241 0.18 (−0.06 to 0.42) 0.133 0.01 (−0.27 to 0.29) 0.922

HDL cholesterol (1 SD mmol/L) −0.11 (−0.31 to 0.08) 0.247 −0.21 (−0.46 to 0.04) 0.101 0.00 (−0.30 to 0.30) 0.986

Physical activity (per level) −0.51 (−0.80 to −0.21) 0.001 −0.75 (−1.19 to −0.31) 0.001 −0.28 (−0.68 to 0.13) 0.181

Diabetes (yes/no) 0.70 (−0.28 to 1.67) 0.161 0.00 (−1.42 to 1.43) 0.997 1.31 (−0.04 to 2.66) 0.056

Daily smoking (yes/no) 1.17 (0.69 to 1.65) <0.001 0.89 (0.28 to 1.50) 0.004 1.54 (0.77 to 2.32) <0.001

BP medication (yes/no) 0.72 (0.26 to 1.19) 0.002 0.90 (0.30 to 1.51) 0.004 0.47 (−0.26 to 1.20) 0.204

The Tromsø Study 2007–2016.
*Regression coefficients are presented per 1 SD unit for the continuous independent variables. All coefficients are adjusted for age and 
also for sex in the overall sample.
†Independent variables in this table were measured in Tromsø6.
BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease; HDL, high- density lipoprotein; LDL, low- density lipoprotein; 
δ-age, predicted ECG age–chronological age.
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effects for men and women, the test of interaction did 
not show a significant moderation effect by sex (p=0.15). 
These results were robust to the exclusion of participants 
who reported heart attack, stroke or atrial fibrillation at 
Tromsø7 in addition to that in Tromsø6 (online supple-
mental table S2).

DISCUSSION
In this study, we demonstrate that SEP indexed by educa-
tion is associated with a machine learning derived marker 
of cardiovascular ageing based on ECG (δ-age). A higher 
education level is associated with lower values of this ageing 
biomarker specific to the cardiovascular system with a 
statistically significant trend across the educational levels. 
Furthermore, we conducted a causal mediation analysis 
which demonstrated that up to 75% of the TE of educa-
tion level on δ-age is mediated by well- known CVD risk 
factors, like diabetes, LDL- cholesterol, HDL- cholesterol, 
PA, BMI, BP medication and smoking measured 7 years 
before ageing biomarker. Consequently, these results 
imply that interventions directed to decrease the preva-
lence of CVD risk factors would narrow the gap in ageing 
of the cardiovascular system among people with different 

levels of education. The sex- specific analyses showed a 
stronger association between education and δ-age among 
women; however, these results need confirmation as the 
statistical test for the moderation effect of sex was not 
significant and should be interpreted with caution. It is 
also important to note that tests for interaction are often 
underpowered, that is, real sex differences may exist but 
might not be detectable. The plausible reasoning behind 
the sex- specific result can be found from Bloomberg and 
Steptoe,24 where women and men show distinct physiolog-
ical ageing trajectories influenced by education. Women 
with lower education had accelerated ageing compared 
with men, while higher education preserved a younger 
physiological profile. These findings imply that educa-
tional attainment can moderate sex disparities in cardio-
vascular health. To the best of our knowledge, this is the 
first study examining the differences in ageing of the 
cardiovascular system indexed by ECG- based biomarker 
among groups with different levels of education.

Although there is no gold standard measure for 
biological ageing, many putative biomarkers have been 
assessed.4–8 25 SEP is found to have a profound influ-
ence on individuals as well as overall population health 

Table 4 Mediation of association between education and δ-age by CVD risk factors*

NDE (coefficient, 
95% CI)†

NIE (coefficient, 
95% CI)†

TE (coefficient, 
95% CI)†

Proportion 
mediated (%)

Overall (N=4367)

  Primary education (reference) 0 (Reference) 0 (Reference) 0 (Reference) NA‡

  Upper secondary/high school 0.14 (−0.30 to 0.58) −0.19 (−0.29 to –0.09) −0.05 (−0.51 to 0.41) NA

  University/college <4 years −0.01 (−0.56 to 0.54) −0.37 (−0.50 to –0.24) −0.38 (−0.92 to 0.17) 97

  University/college ≥4 years −0.14 (−0.67 to 0.39) −0.55 (−0.72 to –0.39) −0.69 (−1.23 to –0.16) 80

  Total education (per level) −0.06 (−0.23 to 0.11) −0.18 (−0.24 to –0.13) −0.24 (−0.41 to –0.07) 75

Women (N=2519)

  Primary education (reference) 0 (Reference) 0 (Reference) 0 (Reference) NA

  Upper secondary/high school 0.25 (−0.31 to 0.81) −0.20 (−0.32 to –0.09) 0.04 (−0.54 to 0.63) NA

  University/college <4 years −0.20 (−0.97 to 0.56) −0.42 (−0.60 to –0.24) −0.62 (−1.37 to 0.12) 68

  University/college ≥4 years −0.49 (−1.17 to 0.19) −0.56 (−0.79 to –0.34) −1.05 (−1.73 to –0.37) 53

  Total education (per level) −0.19 (−0.41 to 0.03) −0.19 (−0.26 to –0.12) −0.38 (−0.59 to –0.16) 50

Men (N=1848)

  Primary education (reference) 0 (Reference) 0 (Reference) 0 (Reference) NA

  Upper secondary/high school 0.02 (−0.71 to 0.75) −0.15 (−0.34 to 0.05) −0.13 (−0.88 to 0.63) NA

  University/college <4 years 0.17 (−0.65 to 1.00) −0.28 (−0.49 to –0.07) −0.11 (−0.94 to 0.72) NA

  University/college ≥4 years 0.38 (−0.48 to 1.24) −0.53 (−0.79 to –0.26) −0.15 (−1.03 to 0.73) NA

  Total education (per level) 0.13 (−0.14 to 0.40) −0.17 (−0.25 to –0.09) −0.04 (−0.31 to 0.23) NA

The coefficients of NDE, NIE and TE and their corresponding 95% CI. The Tromsø Study 2007–2016.
*All models are adjusted for age and squared- age, and the overall sample adjusted for sex as well.
†TE is the overall causal effect of an exposure on an outcome, including both the NDE and the NIE. The coefficients of NDE quantify the 
direct impact of the exposure on the outcome, NIE implies the portion of the TE of the exposure on the outcome that is mediated by the 
mediators.
‡NA: the proportion mediated cannot be calculated because the NDE and NIE have opposite directions, a known limitation of this metric.
CVD, cardiovascular disease; NA, not applicable; NDE, natural direct effect; NIE, natural indirect effect; TE, total effect; δ-age, predicted ECG 
age–chronological age.
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indicated by various biological indicators.26 Numerous 
studies have repeatedly shown that higher education has 
a protective effect on biological ageing, which is consis-
tent with our findings for δ-age.11 12 For instance, studies 
of telomeres showed that lower educational attainment 
was significantly associated with shorter telomere length, 
while neither household income nor employment status 
was related to telomere length.27 28 A DNA methylation 
clock has also been consistently associated with different 
measures of SEP ranging from educational attainment 
to social disadvantage indices.12 29–31 In this study, we 
described a similar inverse relationship between a CNN- 
derived biomarker of vascular ageing based on ECG and 
SEP indexed by education and further explored the 
mechanism of this relationship by considering major 
CVD risk factors as mediators.

Studies in different countries and populations showed 
that higher education is associated with a lower lifetime 
risk of CVD and has the inverse relation with CVD risk 
factor prevalence.15 32 33 Understanding the mechanisms 
through which education affects the risk of developing 
CVD and the potential mediating function of modifiable 
and lifestyle- related CVD risk factors has recently gained 
a lot of attention. However, the relationship is complex 
and multifaceted with various risk factors mediating21 34 
and confounding this association.35 In the Tromsø popu-
lation which our study was based on, lifestyle variables 
and biological CVD risk factors were found to mediate 
the effect of the area level SEP measured using income, 
education and house ownership.36

In comparison to blood- based or lifestyle risk factors 
which are used to predict CVD events in the distant 
future, the δ-age that we use may be a better risk indicator 
than traditional CVD risk factors measured at one point 
of time. δ-age is derived from an individual’s ECG record-
ings processed by a CNN that may reflect subtle variations 
in cardiac conduction properties and early alterations 
in cardiovascular physiology. By calculating δ-age as a 
continuous variable, researchers can assess CVD risk 
on a spectrum of values reflecting the cumulative expo-
sure to the range of risk factors through the life- course 
including measured and unmeasured (unknown) risk 
factors, before the ultimate occurrence of CVD events. 
It has been shown before that δ-age calculated with the 
similar CNN as we used in this study provides additional 
information to predict CVD mortality over traditional risk 
factors.37

We have shown that δ-age is positively associated with 
BMI, BP, smoking and diabetes and inversely with PA and 
HDL- cholesterol, which resembles the risk factor profile 
of CVD.38 While the mediation proportion was high 
(75%), this may be an underestimate due to measure-
ment error in reported behavioural and lifestyle risk 
factors, including the difficulty in measuring lifelong 
exposures, as the study included mediators measured 
at one time point, as well as unmeasured mediators not 
included in the natural effects model. Diet, sleeping 
habits, income, early life experiences, psychological 

stress and air pollution are some instances of unmea-
sured or unaccounted variables.15 39 40 These factors 
combined could have contributed to the natural direct 
effect of education on δ-age. It is thus remarkable that 
such a large proportion of association between education 
and δ-age was mediated by risk factors measured in our 
study, while studies that assessed mediated proportion for 
association between education/SEP and CVD reported 
a lower proportion of effect mediated by measured risk 
factors.21 41 Understanding the mediating pathways is 
crucial for developing effective interventions and policies 
that target specific risk factors, ultimately slowing down 
vascular ageing.

Strengths and limitations
An intrinsic strength of δ-age as a biomarker of cardio-
vascular system ageing is that it reflects specific electrical 
conduction patterns in the heart, potentially serving as 
early indicators of clinically detectable disease. This study 
has several other strengths: it is population- based with 
a high participation proportion, low number of missing 
values in the questionnaires and rigorous data collection 
procedures for medical tests. Even though the educational 
level is self- reported, Vo et al validated the completeness 
and correctness of self- reported education in Tromsø7 
against national registry data.42 This study has a prospec-
tive study design which is ideally suited to establish the 
temporal sequence of the associations between education 
attained prior to Tromsø6, mediators measured during 
Tromsø6, and δ-age obtained in Tromsø7.

One limitation of our study is that the Mayo model was 
trained on hospital patients and can reflect accelerated 
ageing, potentially biasing its application to a community 
cohort characterised with healthy ageing. However, the 
similar correlation and MAE between ECG- derived and 
chronological age support its utility in our population. 
Our study also relies on some self- reported data on vari-
ables such as PA, smoking status and diabetes, which may 
introduce some non- differential measurement error that 
could bias the association towards the null. The validity 
of assumptions regarding unmeasured confounders that 
is required for the mediation analysis cannot be defi-
nitely demonstrated, so caution should be exercised 
when extrapolating the results to other settings. While 
the Tromsø Study provides valuable insights into the 
health of the Tromsø population, the findings may not 
be directly applicable to other populations with different 
demographic, socioeconomic characteristics and ethnical 
composition.

CONCLUSIONS
SEP, indexed by level of educational attainment, was 
associated with ageing of the cardiovascular system. 
Participants with a higher level of education had lower 
values for CNN- derived biomarker of heart ageing based 
on ECG (the trend to decreasing values of δ-age across 
educational categories). This relationship remains 
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unchanged even after the exclusion of participants 
with CVD events during the study period, supporting 
the conclusion that education is associated with actual 
damage to the cardiovascular system preceding symptom-
atic or routinely detectable disease. This association was 
mediated by established cardiovascular risk factors. This 
is consistent with the pattern of associations shown for 
established biomarkers of heart disease and CVD inci-
dence. The findings of mediation analysis suggest that 
reducing inequalities due to differences in risk factor 
profiles between education groups may be an effective 
strategy to delay ageing of the cardiovascular system and 
prevent CVD. Our findings highlight the importance 
of addressing inequalities in SEP as a key public health 
intervention to enhance cardiovascular health and slow 
the ageing process.
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