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Association of left ventricular
ejection fraction with risk of
cardiovascular diseases: a
prospective cohort study

Jun Xiao%?*, Han Wu?, Ziting Gao*, Hongye Wei* & Wugqing Huang***

Left ventricular ejection fraction (LVEF) is the most ubiquitous parameter in cardiac imaging
examinations, we aimed to investigate the associations between subtle changes of LVEF and risk

of common cardiovascular diseases. This is a prospective cohort study based on UK Biobank. LVEF
was obtained from cardiac magnetic resonance. Incident cardiovascular disease was the outcome,
including heart failure, atrial fibrillation, ischemic heart disease, and myocardial infarction. Cox
proportional hazard model was the main method. A U-shaped relationship was observed between
quantified LVEF and cardiovascular events risk with the nadir at the LVEF of 55-64%. As compared
to moderate LVEF (55-64%), both low (40-54%) and high LVEF (> 5%) were related to higher risk of
cardiovascular diseases after adjusting for confounders (HR,, = 1.15, 95%Cl =1.02-1.30; HRh =
1.34, 95%Cl =1.05-1.72). Specifically, low LVEF was associated with increased risk of heart failure
while high LVEF predominantly predicted elevated risk of ischemic heart diseases, both low and high
LVEF were related to a borderline higher incidence of atrial fibrillation. Besides, associations with
specific cardiovascular diseases varied by age, sex or comorbidities. There was a U-shaped relationship
between LVEF and cardiovascular events risk with the nadir at the LVEF of 55-64%, while these
associations were disease-specific and varied by age, sex or comorbidities.
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Left ventricular ejection fraction (LVEF) is the most commonly-used measure for left ventricular systolic function
assessment. The major strength of LVEF is universally known, broadly accepted, and easy to be obtained by using
any cardiac imaging technique, such as echocardiography and cardiovascular magnetic resonance (CMR)'.
The threshold of LVEF (< 40%) has been recognized to define heart failure with reduced ejection fraction, and
studies of LVEF always focused on the outcome of heart failure!~’”. Recently, some studies have investigated the
association between quantified LVEF levels and survival in populations with cardiovascular disease®!!. For
example, both clinical cohorts from US and New Zealand observed the lowest mortality in participants with
LVEF of 60.0-65.0%, while another Australia register-based cohort found that the mortality was lowest among
participants with LVEF of 65.0-69.9%%°. Although LVEF has been linked to cardiovascular mortality, fewer
studies focused on the role in the incidence of cardiovascular diseases (except for heart failure), even rarely
studied among specific populations. A recent cohort study has explored the relationship between supranormal
LVEF and risk of major adverse cardiovascular events'? In this study, we aimed to explore the association of
LVEF with the risk of common cardiovascular diseases among population free of cardiovascular diseases at
imaging in the UK Biobank cohort.

Methods

Study design and population

As reported previously, over 500 000 individuals with the age of 40-69 years were enrolled from the UK.
Baseline information were collected between March 2006 and July 2010 via online or/and verbal questionnaires,
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a series of physical measurements, and biological sample tests from 22 assessment centers. Individuals lack of
baseline assessment were excluded.

In the present study, only individuals who attended imaging visit were included in analyses, and individuals
were excluded if they:! had a history of cardiovascular disease before imaging visit?, had a LVEF of <40%, or?
were followed up for less than 180 days. Finally, a total of 35,277 individuals without cardiovascular disease and
without recognized-reduced ejection fraction at baseline were included (Fig. 1).

Cardiac magnetic resonance

Cardiac magnetic resonance (CMR) was performed for participants during the imaging visit (instance 2) based
on a pre-determined protocol. The details of the protocol have been described elsewhere!*-!¢. Briefly, CMR
imaging was performed on a clinical wide bore 1.5 Tesla scanner (MAGNETOM Aera, Syngo Platform VDI3A,

All participants:N=502,411

Inclusion of participants
attending imaging vistit

N=39,618

Exclusion of participants with history
of cardiovascular diseases

N=36,011

Exclusion of participants
with LVEF<40%
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Exclusion of participants
with follow-up<180 days
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Fig. 1. Flowchart of the study population selection.
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Siemens Healthcare, Erlangen, Germany) in Cheadle, United Kingdom. Three long axis cines (horizontal long
axis, vertical long axis and left ventricular outflow tract cines including both sagittal and coronal) and a complete
short axis stack of balanced steady state free precession (bSSFP) cines were acquired for the left ventricle at one
slice per breath hold!*°. Fully automated quality-controlled image analysis pipeline was applied to obtain CMR
indices, including LVEF, which was previously validated in the subpopulation of UK Biobank!7-°.

Assessment of outcomes

The primary outcome was incident cardiovascular disease, defined as any investigational cardiovascular event in
this study, including heart failure, atrial fibrillation and flutter, ischemic heart diseases and myocardial infarction.
The secondary outcome was incident specific cardiovascular disease. Heart failure, atrial fibrillation and flutter,
and ischemic heart diseases were identified from fields of “First occurrence (Category ID: 1712)” by using the
International Classification of Disease 10 (ICD-10) I50 (Field ID:131355), 148 (Field ID:131351), 120-125 (Field
ID:131297, 131299, 131301, 131303, 131305 and 131307), respectively. Myocardial infarction were identified
from fields of “Algorithmically-defined outcomes (Category ID: 42)” by using Field ID of 42,001, details of ICD
codes are described elsewhere?. Both fields of “First occurrence” and “Algorithmically-defined outcomes” were
derived from self-reported medical conditions, primary health care, hospital admission data and death registry
data for the entire cohort.

Assessment of covariates

Age was calculated by using difference between birth year and year of imaging. Sex, ethnic and educational
background were recorded from self-reported at baseline of UK Biobank. Ethnic background was dichotomized
as British or not. Education was recorded as seven categories (i.e., College or University degree, Advanced [A]
levels/Advanced Subsidiary [AS] levels or equivalent, Ordinary [O] levels/General Certificate of Secondary
Education [GCSE] or equivalent, Certificate of Secondary Education [CSE] or equivalent, National Vocational
Qualification [NVQ] or Higher National Diploma [HND] or Higher National Certificate [HNC] or equivalent,
other professional qualifications, and unknown qualifications). Socioeconomic status was recorded as the
Townsend deprivation index at baseline, which is calculated based on the preceding national census output
areas?!. Smoking status was obtained from self-report at imaging visit and recorded as never, former, current
and unknown. Alcohol intake frequency was obtained from self-report at imaging visit and categorized into
daily, often (i.e., one to four times a week), seldom (i.e., one to three times a month or special occasions only),
never and unknown. Body mass index (BMI) was measured at imaging visit. Physical activity was assessed as a
continuous variable of summed metabolic equivalent (MET) minutes per week for all activity?>?*. Average heart
rate was obtained during CMR. Comorbidities (i.e., diabetes, high cholesterol or hypertension) were defined
by combining self-report medical conditions, self-report medications and biochemistry data at imaging visit
(Glycosylated haemoglobin>48 mmol/mol, total cholesterol>7 mmol/L, and systolic blood pressure> 140
mmHg or diastolic blood pressure>90 mmHg, respectively).

Statistical analysis

Participants were followed up from the date of imaging to the date of any cardiovascular event, date of death, date
of loss-to-follow, or the censoring date (May 20, 2022), whichever came first. Cox proportional hazard model
with categorized LVEF (per 5-unit increment) or with restricted cubic spline (three knots) were first used to assess
the association between LVEF and risk of cardiovascular events. Adjustments were made for age at imaging, sex,
ethnic background, education, townsend deprivation index, BMI, heart rate, physical activity, smoking, alcohol
intake and comorbidities. Based on results from Cox proportional hazard model with categorized LVEF (per
5-unit increment) or with restricted cubic spline mentioned above, participants were divided into three groups
based on LVEF (Low: 40-55%; Moderate: 55-64%; High: > 65%) for descriptive analyses and incidence rate
calculations. Continuous variables are described as mean and SD, and categorical variables described as the
frequencies and percentages. Cox proportional hazard models were further conducted by using the group with
moderate LVEF as the reference group, and stratified analyses were performed by sex, age and comorbidities.
And proportional hazard assumption was tested by Schoenfeld residuals test (Supplementary Fig. 1). All analyses
were conducted in SAS 9.4 or R 4.1.2 and P-value of <0.05 was considered as statistical significance.

Results

As shown in Table 1, a total of 35,277 participants were included in the study, consisting of 16,011 males (45.4%)
and 19,266 females (54.6%). Most participants had a LVEF of 55-59% (n =12,811, 36.32%), followed by 50-54%
(n=8,717, 24.71%) and 60-64% (n=7,893, 22.37%) (Supplementary Table 1). Overall, the mean age was 63.67
years, after a mean follow-up of 4.5 years, there were 1229 (3.5%) participants diagnosed with one or more
investigational cardiovascular events, 129 (0.4%) with heart failure, 446(1.3%) with atrial fibrillation or flutter,
610 (1.7%) with ischemic heart diseases, and 229 (0.7%) with myocardial infarction. Figure 2A presents results
from multivariable restricted cubic spline regressions, in which participants with a LVEF of 55-59% had the
lowest risk of overall cardiovascular events. Figure 2B showed the results from multivariable Cox proportional
hazard models with categorized LVEF (per 5-unit increment) by using the group with a LVEF of 55-59% as
reference, in which similar risk was observed between the reference group and those with a LVEF of 50-54% or
60-64%. Overall, both analyses indicated a U-shaped relationship between LVEF and cardiovascular events risk
with the nadir at the LVEF of 55-64%.

Based on results above, LVEF was further categorized into three groups: low (< 55%), moderate (55-64%)
and high (>65%). Table 1 presented the details of descriptive analyses between three groups. Table 2 presents
results from multivariable Cox proportional hazard models by using the group with moderate LVEF as the
reference group. As compared to the group with moderate LVEE, after adjusted for potential confounders in
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LVEF All 40-55% 55-64% > 65%
N(%) 35,277(100) | 12,753(36.2) | 20,704(58.7) | 1820(5.2)
Age at imaging 63.67+7.52 64.2+7.61 63.31+7.46 64.09+7.38
Sex

Male 16,011(45.4) | 5516(43.3) 12,442(60.1) | 1308(71.9)
Female 19,266(54.6) | 7237(56.8) | 8262(39.9) | 512(28.1)
Ethnic background

British 32,200(91.3) | 11,704(91.8) | 18,862(91.1) | 1634(89.8)
Others 3077(8.7) 1049(8.2) 1842(8.9) 186(10.2)
Education

College or University degree 17,395(49.31) | 6095(47.8) 10,372(50.1) | 928(51)
A levels/AS levels or equivalent | 4310(12.22) 1545(12.1) 2558(12.4) 207(11.4)
O levels/GCSEs or equivalent 6225(17.65) 2284(17.9) 3619(17.5) 322(17.7)

CSEs or equivalent 1310(3.71) 501(3.9) 750(3.6) 59(3.2)
NVQ or equivalent 1988(5.64) 817(6.4) 1083(5.2) 88(4.8)
Others 1713(4.86) | 610(4.8) 1013(4.9) 90(5)
Unknown 2336(6.62) 901(7.1) 1309(6.3) 126(6.9)
Townsend deprivation index -1.92+2.7 -1.914+2.71 | -1.93+£2.71 | -1.92+2.64
BMI, kg/m? 26.34+4.31 26.38+4.31 | 26.3+4.3 26.48 +4.46
Average heart rate, bpm 62.71+10.24 | 62.8+10.32 | 62.35+10.03 | 66.12+11.38
Summed MET, min/week 2453 +2419 250242481 | 2426+2386 | 2412+2344

Smoking status

Never 22,267(63.1) | 7837(61.5) | 13.252(64) | 1178(64.7)
Previous 11,472(32.5) | 4262(33.4) 6639(32.1) 571(31.4)
Current 1214(3.4) 532(4.2) 628(3) 54(3)
Unknown 324(0.9) 122(1) 185(0.9) 17(0.9)

Alcohol intake frequency
Daily 5823(16.5) 2159(16.9) 3374(16.3) 290(15.9)
Often 19,353(54.9) | 6963(54.6) | 11,368(54.9) | 1022(56.2)
Seldom 7643(21.7) 2693(21.1) 4562(22) 388(21.3)
Never 2229(6.3) 853(6.7) 1269(6.1) 107(5.9)
Unknown 229(0.7) 85(0.7) 131(0.6) 13(0.7)

Comorbidity
Hypertension 17,971(50.9) | 6297(49.4) 10,509(50.8) | 1165(64)
High cholesterol 10,981(31.1) | 4087(32.1) 6303(30.4) 591(32.5)
Diabetes 384(4.9) 747(5.9) 961(4.6) 81(4.5)

Table 1. Baseline profile between different LVEF groups.

model 2, groups with low or high LVEF was significantly related to a higher risk of overall cardiovascular events
(HR10W=1.15,95%CI =1.02-1.30; HRy, ,=1.34,95%Cl = 1.05-1.72). Low LVEF was associated with increased
risk of heart failure (HR =1.69,95%CI=1.17-2.43) while high LVEF was related to higher risk of ischemic heart
disease (HR=1.56,95%CI=1.13-2.15), including myocardial infarction (HR=1.70,95%CI=1.00-2.88); both
high and low LVEF were associated with a borderline higher risk of atrial fibrillation (HR,  =1.21,95%CI=1.00-
1.48; HR, , =1.46,95%CI =0.98-2.17).

Stratified analyses suggested that the role of LVEF varied by age, sex and comorbidities. As shown in Table 3,
there was significant sex-based differences in the observed associations, in which a low LVEF was mainly
related to a higher risk of cardiovascular events in females (HR=1.16,95%CI=1.00-1.33), specifically heart
failure and atrial fibrillation; while high LVEF predominantly predicted an increased risk of cardiovascular
events in males (HR=1.41,95%CI=1.02-1.95), specifically ischemic heart disease, myocardial infarction and
atrial fibrillation. In Table 4, stratified analyses by age found that low LVEF played a more important role in
younger population (<65 years old), specifically associated with 2.46 times higher risk of heart failure; high
LVEF seemed to have similar associations between young and older population with cardiovascular diseases,
for example, with similar increased incidence of ischemic heart disease (HR _, . =1.66 vs. HR, oyrs = 1.52). In
Table 5, stratified analyses by comorbidities indicated interactions between LVEF and comorbidities. Both low
and high LVEF was significantly associated with higher risk of overall cardiovascular events among participants
with overweight/obesity or hypertension. Although stratified analyses by high cholesterol observed a significant
positive association between high LVEF and overall cardiovascular events risk among participants without high
cholesterol rather than those with, further analyses showed that the association of LVEF with ischemic heart
disease and myocardial infarction was stronger among participants with high cholesterol (Supplementary Table
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Fig. 2. Association between quantified LVEF and risk of cardiovascular outcomes. (A) Restricted cubic spline;
(B) Categorized LVEF (per 5-unit increment). *Adjusted for age, sex, ethnic background, education, townsend
deprivation index, BMI, heart rate, physical activity, smoking, alcohol intake and comorbidities.

Model 1? Model 2P

Outcome | Number of outcome | Follow up, months | IR, per 1000 person-years | HR(95%CI) p value | HR(95%CI) p value

Cardiovascular events

55-64% | 634 1,130,985 6.73 Ref Ref

< 55% 522 686,546 9.12 1.14(1.02,1.28) | 0.027 1.15(1.02,1.30) | 0.020
>65% 73 99,032 8.85 1.39(1.09,1.78) | 0.007 1.34(1.05,1.72) | 0.018
Heart failure

55-64% 54 1,130,985 0.57 Ref Ref

<55% 68 686,546 1.19 1.73(1.20,2.48) | 0.003 1.69(1.17,2.43) | 0.005
>65% 7 99,032 0.85 1.53(0.69,3.36) | 0.293 1.37(0.62,3.02) | 0.439
Atrial fibrillation and flutter

55-64% | 223 1,130,985 2.37 Ref Ref

<55% | 195 686,546 341 1.20(0.99,1.46) | 0.069 | 1.21(1.00,1.48) | 0.052
> 65% 28 99,032 3.39 1.50(1.01,2.23) | 0.043 1.46(0.98,2.17) | 0.061
Ischemic heart diseases

55-64% | 320 1,130,985 3.40 Ref Ref

< 55% 248 686,546 4.33 1.06(0.90,1.25) | 0.492 1.07(0.90,1.27) | 0.434
>65% 42 99,032 5.09 1.63(1.18,2.25) | 0.003 1.56(1.13,2.15) | 0.008
Myocardial infarction

5-64% 114 1,130,985 1.21 Ref Ref

<55% 99 686,546 1.73 1.16(0.88,1.52) | 0.291 1.18(0.90,1.55) | 0.230
>65% 16 99,032 1.94 1.79(1.06,3.03) | 0.029 1.70(1.00,2.88) | 0.050

Table 2. Association between LVEF and risk of cardiovascular outcomes. 2Model 1 included age and sex as
covariates; "Model 2 included age, sex, ethnic background, education, townsend deprivation index, BMI, heart
rate, physical activity, smoking, alcohol intake and comorbidities as covariates. Significant values are in [bold].
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Male Female

Outcome | HR(95%CI)?* pvalue | HR(95%CI)* p value
Cardiovascular events

55-64% | Ref Ref

< 55% 1.13(0.92,1.40) | 0.242 1.16(1.00,1.33) | 0.048
>65% 1.41(1.02,1.95) | 0.038 1.26(0.87,1.84) | 0.220
Heart failure

55-64% | Ref Ref

<55% 1.41(0.76,2.61) | 0.273 1.89(1.19,3.00) | 0.007
>65% 1.1(0.38,3.17) 0.858 1.73(0.52,5.72) | 0.369
Atrial fibrillation and flutter

55-64% | Ref Ref

< 55% 1.08(0.76,1.54) | 0.661 1.27(1.00,1.62) | 0.046
>65% 1.73(1.05,2.84) | 0.031 1.12(0.57,2.2) 0.753
Ischemic heart diseases

55-64% | Ref Ref

<55% 1.05(0.77,1.44) | 0.757 1.08(0.88,1.31) | 0.476
>65% 1.63(1.04,2.55) | 0.034 1.47(0.92,2.36) | 0.110
Myocardial infarction

55-64% | Ref Ref

<55% | 0.98(0.55,1.73) | 0.936 | 1.23(0.90,1.69) | 0.192
>65% 2.11(1.05,4.26) | 0.037 1.23(0.54,2.84) | 0.622

Table 3. Association between LVEF and risk of cardiovascular outcomes stratified by gender. *Adjusted
for age, sex, ethnic background, education, townsend deprivation index, BMI, heart rate, physical activity,
smoking, alcohol intake and comorbidities. Significant values are in [bold].

<65 years old > 65 years old

Outcome | HR(95%CI)?* pvalue | HR(95%CI)* | p value

Cardiovascular events
55-64% | Ref Ref
< 55% 1.20(0.97,1.47) | 0.094 1.12(0.97,1.30) | 0.110
>65% 1.35(0.88,2.09) | 0.171 1.36(1.01,1.83) | 0.042

Heart failure
55-64% | Ref Ref
< 55% 2.46(1.15,5.25) | 0.020 1.48(0.98,2.24) | 0.066

> 65% 2.03(0.44,9.29) | 0.363 1.21(0.48,3.06) | 0.693

Atrial fibrillation and flutter
55-64% | Ref Ref
< 55% 1.18(0.80,1.75) | 0.407 1.22(0.97,1.53) | 0.088
>65% 1.73(0.82,3.64) | 0.149 1.38(0.87,2.21) | 0.173

Ischemic heart diseases
55-64% | Ref Ref
< 55% 1.07(0.81,1.41) | 0.652 1.06(0.86,1.31) | 0.570

> 65% 1.66(0.98,2.81) | 0.058 1.52(1.01,2.30) | 0.046

Myocardial infarction
55-64% | Ref Ref
<55% | 1.17(0.74,1.85) | 0.504 | 1.17(0.83,1.64) |0.373
>65% 2.11(0.94,4.74) | 0.071 1.46(0.73,2.93) | 0.290

Table 4. Association between LVEF and risk of cardiovascular outcomes stratified by age at imaging. *Adjusted
for age, sex, ethnic background, education, townsend deprivation index, BMI, heart rate, physical activity,
smoking, alcohol intake and comorbidities. Significant values are in [bold].
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No Yes
Comorbidity | HR(95%CI)* pvalue | HR(95%CI)* p value
Overweight or obesity (BMI >25)
55-64% Ref Ref
<55% 1.04(0.85,1.29) | 0.685 1.21(1.05,1.40) | 0.010
>65% 1.01(0.63,1.59) | 0.984 1.53(1.15,2.05) | 0.004
Hypertension
55-64% Ref Ref
< 55% 1.10(0.89,1.35) | 0.394 1.18(1.02,1.36) | 0.027
> 65% 1.23(0.70,2.17) | 0.467 1.38(1.05,1.81) | 0.020
High cholesterol
55-64% Ref Ref
<55% 1.15(0.98,1.34) | 0.091 1.11(0.93,1.32) | 0.266
>65% 1.44(1.04,2.00) | 0.029 1.36(0.95,1.96) | 0.094
Diabetes
55-64% Ref Ref
< 55% 1.13(0.99,1.27) | 0.058 1.13(0.75,1.69) | 0.572
> 65% 1.37(1.06,1.77) | 0.016 1.68(0.75,3.75) | 0.205

Table 5. Association between LVEF and risk of overall cardiovascular events stratified by comorbidity.
2Adjusted for age, sex, ethnic background, education, townsend deprivation index, BMI, heart rate, physical
activity, smoking, alcohol intake and comorbidities. Significant values are in [bold].

4). A stronger but without significant association between high LVEF and overall cardiovascular events risk
among participants with diabetes was probably related to the relative smaller sample size. Details of stratified
analyses for specific cardiovascular disease are presented in Supplementary Tables 2-5.

Discussion

Despite widespread use of LVEF in clinical practice, the role of LVEF in the risk of cardiovascular events has
rarely been investigated. This study evaluated the associations between LVEF and risk of cardiovascular events
in general population from UK Biobank cohort. Analyses from both Cox proportional hazard model with
restricted cubic spline and categorized LVEF (per 5-unit increment) indicated a U-shaped relationship between
quantified LVEF and risk of cardiovascular diseases with the nadir at the LVEF of 55-64%. We then performed
analyses by using moderate LVEF (55-64%) as reference group. Interestingly, these observed associations were
disease-specific, low LVEF (40-54%) was mainly associated with increased risk of heart failure while high LVEF
(> 6%) predominantly predicted elevated risk of ischemic heart diseases, both low and high LVEF was related
to higher incidence of atrial fibrillation. Besides, associations with specific cardiovascular diseases varied by age,
sex or comorbidities. As compared to the group with moderate LVEF, for females, low LVEF was specifically
associated with an increased risk of heart failure and atrial fibrillation, while no association was found between
high LVEF and any cardiovascular disease. For males, in contrast, high LVEF but not low LVEF was associated
with an elevated risk of cardiovascular diseases, specifically with the risk of myocardial infarction, ischemic
heart disease and atrial fibrillation. The deviation of LVEF showed a stronger association with some specific
cardiovascular disease among younger participants and participants with comorbidities.

Left ventricle is the main chamber of heart, we thus hypothesized that LV function impairment was related
to the risk of cardiovascular diseases. LVEF is the most ubiquitous parameter to assess the systolic function of
left ventricle, and LVEF < 40% is recognized as the threshold of heart failure with reduced EE. Some studies have
investigated the relationships between LVEF and the prognosis of cardiovascular diseases®!!. For example, a
cohort study with 203,135 patients from US regional healthcare system showed a U-shaped relationship between
LVEF and all-cause mortality, with the lowest mortality at a LVEF of 60-65%°, besides patients with LVEF >70%
had similar mortality risk as those with LVEF of 35-40%°. Similar U-shaped relationships were observed in a
validation cohort with 35, 976 patients from New Zealand’. Another Australia cohort study with the largest-scale
population also showed a U-shaped relationship between LVEF and mortality, while the lowest mortality was
observed at LVEF of 65.0-69.9%%. However, the role of LVEF subtle changes in the incidence of cardiovascular
diseases was less studied. A recent pooled cohort study in US, including 6990 individuals with LVEF above 57%,
suggested that supranormal LVEF was associated with increased risk of major adverse cardiovascular events,
while the sample size is too small to investigate the relation with specific cardiovascular disease!2.

The present study observed a similar U-shaped relationship between LVEF and the risk of incident
cardiovascular diseases with the nadir at LVEF of 55-64%, but the pattern was different across different
cardiovascular diseases. Previous study has suggested that subtle changes of LV systolic function independently
predicted an increased risk of heart failure in late life?%. Consistently, despite the LVEF was over 40%, a relatively
lower LVEF (40-54%) also predicted a significantly increased risk of heart failure in the future in this study.
Consistent with the US cohort study mentioned above, we also found a significant relationship between supra-
normal LVEF (> =65%) and increased incidence of cardiovascular diseases, but specifically related to higher risk
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of ischemic heart diseases, including myocardial infarction. Both low and high LVEF were related to borderline
higher risk of atrial fibrillation, it seemed plausible as both heart failure and ischemic heart disease were positively
associated with atrial fibrillation?. Although the underlying mechanism is unclear for the observed increased
risk of mortality or incidence of cardiovascular diseases in participants with supra-normal LVEF, several recent
cohort studies showed similar U-shaped relationships between LVEF and cardiovascular-related outcomes, thus
largely precluding false positive results. The US cohort found a significant effect modification in the association
between supra-normal LVEF and cardiovascular diseases by LV stroke volume, indicating that impaired diastolic
function might play a role in the observed association!?. Our study provided the evidence of disease-specific
associations, which might reflect the patholophysiological mechanism of these diseases and provide some clues
to explore the underlying mechanisms.

This study further found significant sex-based differences in these observed associations, in which low LVEF
had a greater impact for females with an increased risk of heart failure and atrial fibrillation, while males tended
to be affected by high LVEF with an increased risk of atherosclerotic diseases and atrial fibrillation. Australia
cohort study of cardiovascular mortality mentioned above also found sex-specific associations between LVEF
and cardiovascular-related mortality, in which the increased incidence in females with low LVEF were relatively
greater than that in males almost across the board, indicating a stronger impact of low LVEF for females®. A
retrospective study also reported HFpEF pathophysiologic differences between males and females?. These
findings indicated that females might be more sensitive to subtle LVEF reduction. Besides, the role of LVEF
seemed to be strengthened in young population or those with comorbidities.

There are some strengths of this study. Firstly, this study covered 35,277 participants, which allowed us to
explore disease-specific association. Secondly, cardiac parameters were measured by CMR in UK Biobank cohort,
which is recognized as the gold standard to obtain the value of LVEE Thirdly, information of cardiovascular
outcomes were collected from several sources by combining self-report data, health record data and death
registry data, minimizing misclassification of outcome. Fourthly, detailed baseline information allowed us to
account for potential confounders in the analyses. However, several limitations should be noted. The sample
size for investigation of specific cardiovascular disease is still relatively small, especially when analyses were
performed using LVEF categorized by per 5-unit increment. Thus, false negative results cannot be ruled out,
but the observed significant associations are more notable. Next, reverse causation or residual confounding
cannot be eliminated completely. However, we have excluded participants with less than 180 days of follow-up,
which we believe could contribute to reducing the probability of reverse causation. At last, most population were
European in UK biobank, therefore these findings should be interpreted with caution in other populations and
further studies in different populations are needed for validation.

In conclusion, this cohort study showed a U-shaped relationship between LVEF and risk of cardiovascular
diseases, and these associations were disease-specific and varied by sex, age and comorbidities.

Data availability
Data described in the manuscript, code book, and analytic code will be made available upon a data access appli-
cation to UK Biobank and reasonable request to the corresponding authors.
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