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Abstract 

Background:  Resting heart rate (RHR) has been linked with an increased risk of dementia. However, evidence char‑
acterizing the associations of RHR with different dementia subtypes and their underlying mechanisms remains scarce. 
This study aims to investigate the relationships of RHR with different dementia types, cognitive function, and brain 
structural abnormalities.

Methods:  Three hundred thirty-nine thousand nine hundred one participants with no prior diagnosis of dementia 
from the UK biobank were analyzed. Cox regression and restricted cubic spline models examined the associations 
between RHR with all-cause dementia (ACD) and its major subtypes—Alzheimer’s disease (AD) and vascular demen‑
tia (VaD). Logistic regression models assessed the associations of RHR with cognitive function, and linear regression 
models estimated the associations with hippocampal subfield volume and white matter tract integrity indexed by 
magnetic resonance imaging data.

Results:  During an average of 3148 (± 941.08) days of follow-up, 4177 individuals were diagnosed with dementia, 
including 2354 AD and 989 VaD cases. RHR ≥ 80bpm was associated with ACD (HR: 1.18, 95% CI: 1.08–1.28, P < 0.001) 
and VaD (HR: 1.29, 95% CI: 1.08–1.54, P = 0.005) but not AD in multi-adjusted models. A 10-bpm increment of RHR 
demonstrated non-linear effects in VaD, consisting of J-shape relationships. Several heterogeneities were indicated 
in stratified analysis, in which RHR measures only showed associations with dementia incidents in relatively younger 
populations (age ≤ 65) and females. Apart from dementia analysis, elevated RHR was associated with worsening 
performance in fluid intelligence and reaction time of cognitive tasks, decreased hippocampal subfields volume, and 
poor white matter tract integrity.
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Background
Dementia, characterized by a progressive deterioration 
in cognitive capacities, is one of the leading causes of 
morbidity and mortality in elderly individuals. Approxi-
mately 47 million were affected by dementia on a global 
scale, and this number is anticipated to triple in 2050 
with a transitioning demographics of an aging popula-
tion [1].

Owning to the absence of disease-modifying treat-
ment, the current therapeutics strategy for demen-
tia has been fundamentally centered on prevention. 
Aggressive management of cardiovascular risk factors, 
including diabetes, obesity, smoking, and hyperten-
sion, has been mightily advocated as published works 
show their associations with not only cardiovascular 
diseases (CVD) but also different dementia types [2]. 
Specific CVD subjecting to similar epidemiological 
profiles, such as atrial fibrillation and heart failure, has 
also been identified as at-risk conditions that increase 
dementia incidences [3, 4]. Still, these factors may only 
recapitulate partial aspects of dementia’s development, 
and their presence may have indicated a long-standing 
detriment that remains undetected. The challenge, 
therefore, is to widen the window of interventional 
opportunities by identifying novel targets preceding the 
emergence of relevant factors.

Resting heart rate (RHR), a crucial determinant for 
myocardial performance and blood perfusion, has been 
established as a prognostic and modifiable marker for 
CVD [5]. In recent years, there has been growing rec-
ognition of the predictivity of RHR beyond CVD, par-
ticularly for dementia. Several prospective studies 
have demonstrated that elevated RHR is associated 
with increased risks of cognitive decline and dementia 
in long-term follow-up [6, 7]. However, their relation-
ships have courted controversy as null associations are 
yielded [8]. Furthermore, it is unclear whether RHR is 
distinctively associated with different dementia sub-
types because the subsistent approaches have been 
constrained to all-cause dementia (ACD).

In terms of the neurobiological underpinnings 
between RHR and dementia, no definite conclusion has 
been given due to the nature of prima facie evidence. 
Yet, studies have unveiled brain structural abnormali-
ties, including subcortical lesions, silent infarcts, and 

white matter hyperintensity volume, in the elderly with 
elevated RHR, complementing its underlying role in 
promoting dementia [9, 10].

Given the ambiguity, a prospective investigation 
embedded with a large population size may overcome the 
existing limitations of statistical power and sample rep-
resentation. Additionally, the further incorporation of 
dementia subtypes and imaging may also provide greater 
pellucidity on the effects of RHR. Herein, we leverage the 
UK biobank’s magnitude participants and longitudinal 
follow-up to examine the associations of RHR with ACD 
and its subtype—Alzheimer’s disease (AD) and vascu-
lar dementia (VaD)—to elucidate the potential linkages 
extensively. We also extrapolate that individuals with 
elevated RHR will carry greater risks of structural altera-
tions in the hippocampus based on the indicative evi-
dence from preliminary investigations.

Method
Study population and design
The UK Biobank is a large population-based prospec-
tive cohort, constituting 502,493 individuals who were 
40–69 years of age at the time of recruitment between 
2006 and 2010 [11]. At enrollment, participants provided 
electronically signed consent and were invited to attend 
1 of the 22 centers for baseline assessments. The exten-
sive information was collected via touchscreen question-
naires, interviews, physical measures, health records, and 
biological samples. A detailed description of the cohort 
and protocol can be found on the official webpage (http://​
www.​ukbio​bank.​ac.​uk/​wpcon​tent/​uploa​ds/​2011/​11/​UK-​
Bioba​nk-​Proto​col.​pdf ).

Individuals with confirmed diagnoses of dementia at 
baseline and missing information on RHR and Apolipo-
protein E (APOE 4) status were excluded. In total, there 
were 339,901 dementia-free participants eligible for the 
analyses. The illustration of the study workflow is pre-
sented in Supplementary Materials 1.

Measurement of RHR
The primary study exposure was RHR, and its measure-
ment was based on the pre-defined standard operating 
procedure at the initial study visit. Briefly, the partici-
pant was requested to sit in a relaxed position, with their 
lower limbs parallel to each other, feet flat on the floor, 

Conclusions:  RHR is associated with increased risks of ACD and VaD but also presented with few heterogeneities 
across different sex and age groups. Elevated RHR also appears to have deleterious effects on cognitive function and 
is distinctively associated with volume reduction in hippocampal subfields and impaired white matter tract integrity.
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and their arm on the desktop. Any restrictive cloth-
ing was either loosened or removed, and staff members 
were informed to avoid verbal contact. The measurement 
was taken from the mid-point circumference of the left 
arm, whereas the right arm was used in case of an infea-
sible scenario (shunt, amputee, mastectomy, and axillary 
clearance). The Omron 705 IT electronic blood pressure 
monitor (OMRON Healthcare Europe B.V. Kruisweg 577 
2132 NA Hoofddorp) was used as the primary device, 
and the readings of blood pressure and pulse rate were 
displayed in Omron’s monitor and auto-populated to the 
electronic records. The heart rate readings were then uti-
lized in the analysis.

Ascertainment of covariates
Age and gender were attained during the first study visits. 
Education was self-reported with six response categories, 
and it was further recoded into an ordinal scale from 0 to 
10 based on the years of full-time formal education(0: 0 
years, 1: 1–4 years, 2: 5–9 years, 3: 10–11 years, 4: 12–13 
years, 5: 14–15 years, 6: 16–17 years, 7: 18–19 years, 8: 
20–21 years, 9: 22–23 years, 10: > 24 years of education) 
[12]. APOE 4 status was determined by the presence of 
carriers through the genetic database. Tobacco use was 
self-reported by participants and categorized into never, 
former, and current smokers. Body mass index (BMI) 
was calculated with the weight of the individual in kilo-
grams divided by the square of the individual’s standing 
height in meters. Metabolic equivalent minutes per week 
(MET-min/wk) was used to represent the amount of total 
physical activities, which was derived from the modi-
fied version of the international physical activity ques-
tionnaire [13]. Diabetes mellitus and hypertension were 
determined either by the self-reported response or con-
firmed diagnosis from a doctor. CVDs, including heart 
failure, atrial fibrillation, ischemic heart disease, and cer-
ebrovascular diseases, were ascertained by self-reported 
conditions, hospital records, and death registry. For heart 
rate modifying medications, the following self-reported 
usage was considered: beta-blockers, digoxin, and non-
dihydropyridine calcium channel blockers. Serum total 
cholesterol was measured at baseline.

Ascertainment of incident dementia
The primary outcomes in this study were ACD and its 
major components—AD and VaD. The ascertainment of 
dementia types used the hospital inpatient records on 
admissions and diagnoses from Hospital Episodes Sta-
tistics for England, Scottish Morbidity Record data for 
Scotland, and the Patient Episode Database for Wales. 
Death register data were also collected from the National 
Health Service Digital for England and Wales and the 
Information and Statistics Division for Scotland to detect 

additional cases. We defined outcomes in accordance 
with International Classification of Diseases (ICD) 9 and 
10 codes: ACD (A81.0, F00, F01, F02, F03, F05.1, F10.6, 
G31.0, G31.1, and G31.8), AD (331.0, F00, and G30), and 
VaD (290.4, F01, and I67.3). Read codes versions 2 and 3 
were also used for primary care records.

Cognitive function
Cognitive tasks were bespoke to UK biobank and evalu-
ated at baseline and imaging visit through touch-screen, 
covering different aspects of cognitive capacity. Further 
information is described on the website. In this study, we 
conducted screening across 5 cognitive tasks, including 
fluid intelligence, reaction time, numeric memory, pro-
spective memory, and pairs matching. We then focused 
on fluid intelligence and reaction time tasks as they were 
administrated throughout two visits and presented with 
statistical significance in initial analysis (Supplementary 
Materials 2). Cognitive decline as dichotomous vari-
ables were defined if the score of fluid intelligence was 
decreased by at least 1 point and reaction time slowed 
by at least 100 milliseconds in the follow-up assessment. 
Cognitive decline as continuous variables were defined by 
the absolute changes in cognitive scores between baseline 
and the follow-up assessment.

Hippocampal subfield imaging and diffusion‑tensor 
imaging data
MRI imaging protocols were designed by the UK Biobank 
Imaging Working Group (http://​www.​ukbio​bank.​ac.​uk/​
expert-​worki​ng-​groups). Details regarding image acqui-
sition and processing can be assessed in the previously 
published article [14]. Briefly, MRI data were acquired 
in a single Siemens Skyra 3T scanner with a 32-channel 
radiofrequency receive head coil located at the recruit-
ment center at Stockport. The T1-weighted scans were 
obtained using three-dimensional magnetization-pre-
pared rapid gradient-echo (resolution 1 mm3 isotropic 
voxels) and analyzed with the Functional Magnetic Reso-
nance Imaging of the Brain Software Library (http://​fsl.​
fmrib.​ox.​ac.​uk/​fsl). The volumes of the whole hippocam-
pus and its subfield regions (i.e., CA1, CA3, CA4, fimbria, 
granule layer-molecular layer-dentate gyrus boundary 
(GC-ML-DG), hippocampal-amygdaloid transition area 
(HATA), hippocampal tail, hippocampal fissure, parala-
minar nucleus, subiculum, and presubiculum) were sub-
sequently generated (N = 23,714). Fractional anisotropy 
(FA) values of 27 white matter tracts were imaged using 
diffusion tensor imaging (DTI), where higher FA values 
suggest better brain integrity. Outlier data points, defined 
as being further than ± 4 SD from the mean, were 
excluded (< 1% of values).

http://www.ukbiobank.ac.uk/expert-working-groups
http://www.ukbiobank.ac.uk/expert-working-groups
http://fsl.fmrib.ox.ac.uk/fsl
http://fsl.fmrib.ox.ac.uk/fsl
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Statistical analysis
The baseline characteristics were presented as numbers 
(percentages) for categorical variables and as means 
(standard deviation) for continuous variables and com-
pared with one-way analysis of variance and chi-square 
test. The multiple imputations by chained equation were 
applied for missing covariates to avoid potential bias 
using the MICE package in R.

RHR was categorized into < 60, 60–69 (reference), 
70–79, and ≥ 80 bpm according to prior studies and also 
treated as continuous variable (per 10 bpm increment) 
for evaluation. We applied Cox proportional hazards 
regression models to examine the longitudinal associa-
tions of RHR with dementia and its subtypes. Model 1 
minimally adjusted for age, sex, education, and APOE 4 
Status; model 2 furtherly adjusted for behavioral risk fac-
tors (smoking, physical activity, and BMI); and model 3 
completely adjusted for the above-mentioned alongside 
vascular risk factors (diabetes, hypertension, and total 
cholesterol), CVDs (ischemic heart disease, atrial fibril-
lation, heart failure, and cerebrovascular diseases), and 
medications. The results were presented in Hazard ratios 
(HR) and 95% confidence intervals (95% CI). For continu-
ous RHR measures, the non-linearity was tested using 
cubic splines with three knots set as 10th, 50th, and 90th 
percentiles to facilitate comparison against the models 
with linear terms. Moreover, since APOE genotype data 
was missing in about six thousand participants, we con-
ducted sensitivity analyses with APOE status unadjusted. 
Next, we performed two sensitivity analyses to consoli-
date the robustness of the results by excluding partici-
pants with any outcome events that occurred within the 
first 5  years of follow-up and by excluding participants 
who developed at least one of the CVDs at baseline to 
minimize confounding effects. Subsequently, interaction 
terms for age and sex were utilized to estimate whether 
the strata effect existed (P < 0.1). After that, we con-
ducted two subgroup analyses through stratification of 
sex and age (i.e., ≤ 65 years and > 65 years). Furthermore, 
we evaluated whether there is an interaction between 
RHR and heart rate reducing medication by interaction 
terms and stratified analyses.

Cognitive decline as dichotomous variables were 
analyzed by logistic regression models and cognitive 
decline as continuous variables and imaging data by lin-
ear regression models with identical adjustment of Cox 
regression analysis and reported as the Odds ratios (OR). 
False discovery rate (FDR) was used to correct P values 
[15].

R software version 4.1.0 and GraphPad Prism version 
8.00 (GraphPad Software, San Diego, CA) were used for 
statistical analyses and figure preparation. The signifi-
cance threshold was set at a P < 0.05 (two-sided).

Results
Basic characteristics of participants
Of the 339,901 participants without the dementia inci-
dents at baseline, the mean age was 57.29 (± 7.92) years, 
42% were women, and 28% were APOE 4 allele carriers. 
The higher RHR groups were more likely to be current 
smokers, less educated, less physically active, and to have 
higher BMI, TC levels, and fewer usages of heart rate 
reduction medications. There were no significant differ-
ences in the prevalence of CVDs between RHR groups. 
However, there were higher proportions of hypertension 
and diabetes in higher RHR groups (Table 1).

Associations between RHR and dementia outcomes
During an average of 3148 (± 941.08) days of follow-up, 
there were 4177 individuals diagnosed with dementia, 
which consists of 2354 AD and 989 VaD cases. In the 
fully adjusted models, participants with RHR ≥ 80 bpm 
demonstrated increased risks of developing ACD (HR: 
1.18, 95% CI: 1.08–1.28, P < 0.001) and VaD (HR: 1.29, 
95% CI: 1.08–1.54, P = 0.005) compared to those with 
RHR 60–69 bpm (Fig.  1). A 10-bpm increment of RHR 
was associated with a 6% greater hazard of ACD (HR: 
1.06, 95% CI: 1.03–1.09, P < 0.001) and VaD (HR: 1.07, 
95% CI: 1.01–1.12, P = 0.017). In models not adjusting 
for APOE 4 status, the magnitude and direction of RHR’s 
associations with dementia are sustained (Supplementary 
Materials 3). Using cubic spinal cubes, we found the pat-
terns of non-linearity appeared to be more generalized in 
VaD, consisting of J-shape associations (Supplementary 
Materials 4). However, there were no non-linear effects of 
RHR in model 3 for ACD (Fig. 2).

In the sensitivity analysis, the exclusion of individuals 
with CVD at baseline did not result in attenuation of sta-
tistical significances for ACD and VaD. When removing 
dementia incidents occurring within 5 years, the associa-
tions between RHR and ACD remained robust (HR: 1.06, 
95% CI: 1.03–1.09, P < 0.001), whereas the associations 
with VaD became insignificant (Supplementary Materials 
5). As indicated by the interaction effects by age and sex 
(Supplementary Materials 5), we performed age- and sex-
restricted models and identified several differences across 
different subgroups. Interestingly, for participants > 65 
years, during an average of 8.90 ± 2.6 years follow-up, no 
associations were identified between RHR and incidents 
of any dementia types, except for participants with RHR 
> 80 bpm. However, for participants ≤ 65 years, a 10-bpm 
increment of RHR was associated with 4% and 9% greater 
risks of ACD (HR: 1.04, 95% CI: 1.00–1.11) and VaD (HR: 
1.09, 95%CI: 1.01–1.18), respectively, in an average of 
8.56 ± 2.6 years of follow-up. Second, heterogeneity by 
gender was observed, and RHR, in both continuous and 
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categorical measures, was widely associated with the 
greater risks of ACD and VaD in females but not males 
(Supplementary Materials 5). Third, all the P value for 
interaction between RHR and heart rate reducing medi-
cation are > 0.1, and stratified analyses indicated consist-
ently significant between RHR and a greater risk of ACD 
in subgroups with or without heart rate reducing medi-
cation prescription. Interestingly, the only subgroup with 
heart rate reducing medication prescription presented 
a significant association between RHR and risk of VaD. 
However, this could possibly be explained by statistical 
power discrepancy in the two subgroups, with 25,458 
participants in the prescribing group and 311,255 in not 
prescribing group (Supplementary Materials 5).

Associations between RHR and cognitive function
Continuous measures of RHR were positively associ-
ated with reduced performance on fluid intelligence (OR: 
1.015, 95% CI: 1.01–1.02, P < 0.001) and reaction time 
(OR: 1.013, 95% CI: 1.01–1.03, P < 0.001). For categorical 
measures of RHR, the significant associations with wors-
ening cognitive performance were only observed in the 
test of reaction time, especially in participants with RHR 
70–79 bpm (OR: 1.024, 95% CI: 1.01–1.04, P < 0.001) and 

RHR ≥ 80bpm (OR: 1.028, 95% CI:1.01–1.04, P < 0.001) 
(Fig.  1). Similar to the findings of dementia, the asso-
ciations for continuous measures of RHR and decline in 
cognitive function remained significant after censoring 
participants with pre-existing CVDs and with a follow-
up duration of less than 5  years. The robustness of the 
associations was also supported in the subsequent sub-
group analysis, despite female- and age-specific models 
showing insufficient statistical power, potentially due to 
disproportional representation of outcomes after stratifi-
cation (Supplementary Materials 6).

Associations between RHR and brain structure
Since global hippocampal atrophy is considered a com-
mon feature of dementia, the linear regression analyses 
primarily focused on the associations of RHR and hip-
pocampal subfields. Surprisingly, We found that RHR 
was not related to the volume of the whole hippocampus, 
but RHR was significantly associated with the decreased 
volumes of several subfield regions, including fimbria 
and HATA at both hemispheres; CA3, CA4, GC-ML-
DG-head, and hippocampal tail at left hemisphere; and 
hippocampus fissure in the right hemisphere (Supple-
mentary Material 7).

Table 1  Baseline characteristics of study participants by incident dementia status

Shown are numbers (%) or mean (SD). P-values are derived using either Student’s t-test or chi-square test

Abbreviations: APOE 4 apolipoprotein, BMI body mass index, CVDs cardiovascular diseases

Overall Non-dementia Incident dementia P

N 339901 335724 4177

Age (mean (SD)) 57.29 (7.92) 57.20 (7.91) 64.49 (4.51) < 0.001

Sex, female (%) 156895 (46.2) 154670 (46.1) 2225 (53.3) < 0.001

Education (mean (SD)) 4.81 (2.42) 4.82 (2.42) 4.12 (2.35) < 0.001

APOE 4 carrier (%) 97298 (28.6) 95020 (28.3) 2278 (54.5) < 0.001

Physical activity (mean (SD)) 2268.38 (2307.41) 2269.71 (2307.79) 2162.01 (2274.12) 0.003

BMI (mean (SD)) 27.52 (4.79) 27.51 (4.78) 27.76 (4.94) 0.001

Total cholesterol (mean (SD)) 5.70 (1.15) 5.71 (1.15) 5.52 (1.29) < 0.001

Smoking status (%) < 0.001

  Never smoked 181967 (53.5) 180060 (53.6) 1907 (45.7)

  Former smoker 122727 (36.1) 120877 (36.0) 1850 (44.3)

  Current smoker 35207 (10.4) 34787 (10.4) 420 (10.1)

Hypertension (%) 167914 (49.4) 165376 (49.3) 2538 (60.8) < 0.001

Diabetes (%) 17473 (5.1) 16898 (5.0) 575 (13.8) < 0.001

CVDs (%) 22391 (6.6) 21618 (6.4) 773 (18.5) < 0.001

Heart rate reducing medication (%) 25921 (7.6) 25226 (7.5) 695 (16.6) < 0.001

Resting heart rate (mean (SD)) 69.61 (11.74) 69.60 (11.72) 70.46 (12.64) < 0.001

Resting heart rate (%) < 0.001

  < 60 bpm 63711 (18.7) 62927 (18.7) 784 (18.8)

  60~70 bpm 118650 (34.9) 117309 (34.9) 1341 (32.1)

  70~80 bpm 95571 (28.1) 94427 (28.1) 1144 (27.4)

  > 80 bpm 61969 (18.2) 61061 (18.2) 908 (21.7)
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Regarding tract integrity indexed by FA, RHR was 
associated with left tracts of medial lemniscus radiation, 
posterior thalamic radiation, inferior frontal-occipital 
fasciculus radiation and right tracts of acoustic parahip-
pocampal part of cingulum, and posterior thalamic radia-
tion (Fig. 3).

Discussion
By leveraging UK biobank’s advantages of sample size 
and long-term follow-up, we identified that elevated 
RHR was associated with an increased risk of ACD and 
VaD but not AD (Fig.  4). Non-linear analyses indicated 
J-shape associations for VaD, with RHR being at approxi-
mately 70 bpm owning the lowest risk. Under the catego-
rization, participants with RHR ≥ 80 bpm demonstrated 
greater risks of developing ACD and VaD compared to 
those with RHR 60–69 bpm. Notably, further subgroup 

analyses indicated that RHR measures only showed asso-
ciations with dementia incidents in relatively younger 
populations (age ≤ 65) and females. Apart from dementia 
analyses, elevated RHR was linked with worsening per-
formance in fluid intelligence and reaction time, as well 
as hippocampal atrophy and poor white matter integ-
rity (Fig.  4). Collectively, our findings suggest RHR may 
be imperative for estimating the risk of dementia and 
underscore potential connections through structural 
abnormalities.

As one of the simplest parameters surrogating car-
diac autonomic function, RHR has been ubiquitously 
linked to the increased risks of CVD and all-cause 
mortality [5, 16, 17]. Although the precise pathophysi-
ological mechanism is still unclear, the evidence, from 
an epidemiological standpoint, has intuitively facili-
tated the investigations aiming to unveil the potential 

Fig. 1  Associations of resting heart rate with dementia outcomes and cognitive decline. A, B Illustration of multiple-adjusted hazard ratios of RHR 
with dementia outcomes and cognitive decline. RHR, resting heart rate; HR, hazard ratio; OR, odds ratio; 95% CI, 95% confidence interval
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entanglement with cognitive dysfunction. The Athero-
sclerosis Risk in Communities study has described that 
RHR, measured in mid-life, is prospectively associated 
with cognitive decline among stroke and atrial fibrilla-
tion-free individuals in 20 years of follow-up [6]. Most 
recently, the Swedish National Study on Aging and Care 
in Kungsholmen has brought more ascertainment to the 
findings, where RHR ≥ 80bpm is associated with accel-
erated cognitive decline and incident dementia after the 
exclusion of prevalent CVDs [7]. Contrarily, using RHR 
and heart rate variability to reflect autonomic imbalance, 
the Framingham study has shown that RHR was only pre-
dictive to stroke but not dementia in 10-year follow-up 
[8]. The Women’s Health Initiative Memory Study, con-
sisting of post-menstrual elderly women (≥ 63 years old), 
has also failed to establish associations between elevated 
RHR and cognitive impairment, despite increased brain 

lesion volumes were indicated on MRI [18]. Nevertheless, 
our results are mostly coherent with the literature sup-
porting the detrimental effect of RHR on dementia risk.

To depict the implications between RHR and demen-
tia, autonomic dysfunction has been greatly emphasized 
as a key etiologic factor, primarily due to negative effects 
on cardiac regulations. Yet, the disparity remains since 
this symptom is seemingly more apparent across synu-
cleinopathies [19]. However, new evidence has pointed 
out that autonomic dysfunction may be constantly over-
looked, as its occurrence is not unusual in mild cognitive 
impairment [20], a prodromal phase often leads to the 
development of dementia [21] as well as other demen-
tia subtypes [22, 23]. The failure of autonomic function 
is believed to be caused by the cholinergic depletion as 
part of the dementing process, which RHR, in turn, can 
be precipitated as a subsequence [24], augmenting the 

Fig. 2  Testing for non-linearity of resting heart rate in dementia analyses. A, B Non-linearity of continuous RHR with the risk of all-cause dementia 
and vascular dementia
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inadequacy of cerebral perfusion on a long-term basis. 
Moreover, since neurons are exceptionally vulnerable to 
persistent oxygen deficiency, the brain can undergo aci-
dosis and oxidative stress followed by a cascade of events 
that aggravates cognitive decline, such as neurovascular 
dysfunction, white matter abnormalities, and metabolic 
alterations [21, 25]. Intriguingly, this implication revolv-
ing around the cholinergic-autonomic link is mutually 
supported by the documentation of cholinesterase inhib-
itors, a commonly administrated drug to improve cogni-
tive function, where the cardioinhibitory side effects can 
lead to the distortions of heart rates [26]. En masse, we 
speculate that RHR may be indicative of potential auto-
nomic failure long before the manifestation of cognitive 

symptoms, and the J-shape relationships observed in 
our analyses could be partially explained by the cerebral 
hypoperfusion derived from RHR.

The pathophysiological pathways in relation to CVD 
can also bring commendable perspectives to associa-
tions between RHR and dementia. Abundant data has 
shown that elevated RHR can impose atrial stiffness and 
hemodynamic alterations, leading to increased cumula-
tive vascular shear stress, aberrant myocardial mechani-
cal load, and circumferential tensile stress [27–29]. These 
alterations may progressively facilitate inimical vascu-
lar and myocardial remodeling and therefore promotes 
endothelial dysfunction, acceleration of atherogenesis, 
and the likelihood of developing conditions susceptible 

Fig. 3  Associations of resting heart rate with white matter integrity indexed by fractional anisotropy measures. Overview of observed standardized 
regression coefficients for the associations between resting heart rate and fractional anisotropy-based DTI tracts. Standardized regression 
coefficients reflect the standard deviation (SD) change in FA per standard deviation change resting heart rate. Results were fully adjusted for all 
covariates
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to a higher risk of dementia, such as heart failure and 
ischemic heart diseases [30]. Increased blood viscosity, 
platelet activation, and pro-coagulant state prompted 
by hemodynamic disturbances may also exacerbate the 
instability of plaques, confronting a greater burden of 
thromboembolic events [31]. From this point of view, 
the prominent relations to VaD have implied, to a cer-
tain extent, that the underlying mechanism of RHR with 
dementia is still inclining towards the vascular origin, 
although whether the associations are eminently medi-
ated by the insidious CVDs cannot be fully precluded.

First, flow velocity (CBFV) and females had higher cer-
ebral blood flow velocity. Moreover, previous research 
has identified the female sex is an important risk factor. 
Second, therefore, the results of the stratified analyses 
toward younger and older age groups also presented few 
heterogeneities.

A recent review has highlighted the direct and indi-
rect role of amyloid-beta, a typical hallmark of AD, in the 
acceleration of arterial aging, atherosclerosis at the vari-
ous stages through activation of inflammatory pathways, 
which may take place long before the establishment of 

Fig. 4  Effects of resting heart rate with dementia, cognitive decline, and brain structures. Content explanation: A Kaplan-Meier survival curves for 
the associations of elevated resting heart rate and risk of dementia. B The linear relationships of resting heart rate and cognitive decline in fluid 
intelligence and reaction time tasks. C Associations of resting heart rate with hippocampal subfields and white matter integrity. Left: Colored boxes 
indicate the corresponding affected regions (certain boxes are presented in white due to the sectional limits). Right: Boxes indicated corresponding 
affected white matter tracts. Num. Memory, numeric memory tasks; Pros. Memory, prospective memory tasks, GL-ML-DG: granule layer-molecular 
layer-dentate gyrus boundary, HATA, hippocampal-amygdaloid transition area
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clinically overt CVDs [25]. To some degree, these find-
ings have invoked that the association between RHR and 
AD cannot be simply described by a single-directional 
relationship but rather a reciprocal interaction of system-
atic mechanisms. As studies have shown that dementia 
with “pure” characteristics constitutes a rare end upon 
neurohistological examination, the co-occurrence of 
vascular and AD pathological processes can act in par-
allel damages brain tissue, which can easily lead to the 
misclassification of dementia in accordance with ICD 
standards. Our results suggest that the RHR may not be 
conceived as an independent driver of AD. It is possible 
the null findings are due to the irrelevance to pathological 
hallmarks or the potential misclassification. However, the 
significant associations between RHR and ACD, along-
side previous literature, have still indicated that RHR is 
involved, or perhaps affected, in the deteriorating process 
of AD. Anyhow, we are aware of the fact it is still specula-
tive in nature and demands further evidence.

In the brain imaging analysis pertinent to the hip-
pocampus, although no significant association with the 
whole hippocampus was observed, we have shown that 
RHR is associated with decreased hippocampal subfield 
volumes, implicating that RHR may be a contributory 
factor to dementia via affecting the hippocampus. Yet, we 
have failed to establish the relationship between RHR and 
AD, despite global hippocampal atrophy is considered a 
major feature. Interestingly, a degree of variance regard-
ing the patterns of atrophy was identified in hippocampal 
subfields across different dementia types. For instance, 
asymmetric atrophy in terms of hemispheric and ante-
rior-posterior has been marked between patients with 
semantic dementia and AD [32]. Disproportional vol-
ume alterations in the CA1/2, GC-DG [33], and HATA 
subregions [34] have also been identified in patients 
with post-stroke dementia compared to AD, suggesting 
anoxic-ischemic insults may present distinctive volume 
reduction on hippocampal subfields. Together, these 
observations could partly explain the worsening perfor-
mance in fluid intelligence tasks but relative preservation 
in other cognitive functions, and the specific clusters of 
alterations of hippocampal subfields, opposed to wide-
spread volume reduction, among individuals with ele-
vated RHR.

Of note, our subgroup analyses have indicated dispar-
ity regarding RHR associations with incident dementia, 
in which only the female and aged < 65 years groups have 
yielded robust associations. There are several mecha-
nisms that might explain the findings. First, the differ-
ences in neural regulation of resting autonomic function 
could contribute to the distinctive associations between 
genders. Previous studies have shown that females 
tend to have greater parasympathetic modulation of 

cardiovascular activity compared to males, possibly due 
to the effects of estrogen [35]. In neuroimaging stud-
ies, a higher frequency of heart rate variability, a cardiac 
vagal activity measure, has been related to brain function. 
One has demonstrated associations with less perfusion 
in regions of the medial temporal lobe only in females, 
particularly in the left parahippocampal gyrus, right hip-
pocampus, and left amygdala [36]. Another has identi-
fied correlations with higher cerebral blood velocity in 
females [36], indicating that females are imposed with 
greater mechanical stress on the cerebral blood vessels. 
The findings have suggested that the autonomic control 
of the female heart is characterized by relatively dominat-
ing vagal and parasympathetic activities [35], and, in the 
case of autonomic dysfunction, females might be more 
susceptible to greater exposures of cerebral hypoperfu-
sion and cerebrovascular damage than males, resulting 
in an excess risk of dementia. Second, it is possible that 
medical treatment is different between genders. A UK 
biobank study investigating associations between major 
CVD factors and dementia has observed a dose-response 
relationship between systolic blood pressure and incident 
dementia in females only [37], which the authors argued 
that the findings could be derived from generally lower 
treatment adherence in females. Third, the only signifi-
cant estimates observed in the age < 65 groups could be 
explained by the general downward trend of RHR accom-
panied by aging. One study monitoring the RHR trajec-
tories in the digital device has shown that average RHR 
can increase until approximately 50 years of age and then 
begin to decline, with a narrower magnitude of interin-
dividual variation compared to younger counterparts 
[38]. It is also worth mentioning that our inclusion of the 
participants is more representative of healthy individu-
als, which contradicts similar studies that have a number 
of older adults carrying more high loads of cardiovascu-
lar pathologies and comorbidities [39]. Regardless, the 
different associations between age might be due to the 
nature of generally slower heart rate in healthy and older 
individuals, and an elevated RHR in a younger population 
could be more reflective of a loss of cardiac reserve, lead-
ing to more profound associations with dementia.

Using FA to reflect axonal density and integrity, our 
findings have suggested that RHR is associated with poor 
overall white matter health. The posterior thalamic and 
medial lemniscus radiations associations are in agree-
ment with the prior studies, where the presence of 
dementia-associated factors may affect these tracts [33]. 
Notably, a previous DTI study has reported a more wide-
spread white matter damage involving thalamic radia-
tions in VaD compared to AD, which the authors believed 
the findings may be linked to tracts disconnection and 
may be beneficial for distinguishing VaD from other 
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dementias (35). With regard to the tracts of the inferior 
frontal-occipital fasciculus and parahippocampal part of 
the cingulum, the correlation was typically made in AD 
[34]. However, a UK biobank study analyzing APOE 4 
with 22 individual tract-specific FA values has not been 
able to reach the same conclusion [40]. Although the rea-
son for the discrepancy remains unknown, we suspect 
it is probably due to underlying mixed pathology, which 
indirectly argues that at least part of RHR’s contributory 
pathway to dementia is via vascular routes. For acoustic 
radiation tracts, one relevant mechanism is the negative 
compounding effect of vascular pathology on ascending 
auditory pathway and auditory cortex, which can dimin-
ish critical interaction and cognitive processing in the 
medial temporal lobe and cognitive reserve [41].

This study should be interpreted in the context of 
several limitations. First, the inclusion criteria of ACD 
were classified as a collective diagnosis involving sev-
eral unlisted dementias such as frontal-temporal lobe 
dementia and Lewy body dementia. We, therefore, could 
not furtherly distinguish subjects in more precise details. 
Yet, we were still able to provide the most comprehensive 
evaluation to date by incorporating AD and VaD, the two 
most prevalent subtypes, as distinctive outcomes. On top 
of that, cognitive tasks and imaging findings have allowed 
us to bring more clarity to the underlying mechanisms. 
Second, although multiple covariates were considered for 
adjustment, the effects of residual confounding remain a 
concern. It was especially challenging in CVDs, as sub-
clinical or undiagnosed cases might contribute to these 
associations. Regardless, we were still able to minimize 
the impact by excluding individuals with pre-existing 
CVDs. Moreover, the regularity/irregularity of RHR 
caused by some factors (e.g., stimulants, antibiotics, 
coffee, tea, and fast walking) could be implicated in the 
indicated associations. It would be more convincing to 
include Holter data to minimize the confounding effects, 
which is not provided in this study. Third, RHR was deter-
mined single time point at the UKB baseline assessment 
visit, and restriction of substances, such as coffee and tea, 
were not strictly limited. Thus, off-clinic measurements 
of RHR, perhaps using a portable device, might be more 
suitable for representation. However, the approach has 
yet to be widely adopted in existing research, consider-
ing feasibility and acceptability under the magnitude of 
cohorts. Fourth, despite the direction of observed effects 
being very unlikely to diverge, the inaccuracies relating to 
the measurement of the exposure could still cause minor 
variations. Fifth, since the imaging data were derived 
from cross-sectional data, we could not extrapolate the 
causality and timing linking RHR and structural altera-
tions. There is a possibility that the changes in brain mor-
phometry are affected by other precipitating factors. Still, 

it has provided complementary support to our longitudi-
nal analysis.

Lastly, the current findings might not be compelling for 
other ethnic-racial groups because the UK biobank popu-
lation was mainly constituted with European ancestry. It 
might be problematic when interpreting the involvement 
of CVDs since different racial backgrounds could exhibit 
different prevalence rates. On the other hand, it also 
minimizes potential bias as the population was strictly 
controlled.

Conclusion
In conclusion, RHR ≥ 80bpm was associated with 
increased risks of ACD and VaD, except AD. A 10-bpm 
increment of RHR showed a non-linear relationship with 
VaD, consisting of J-shape associations. Heterogenei-
ties across different sex and age groups were observed, 
in which RHR measures only showed associations with 
dementia incidents in relatively younger populations (age 
≤ 65) and females. Additionally, RHR was found to be 
associated with worsening cognitive function, decreased 
volumes of hippocampus subfields, and poor white mat-
ter integrity.

Abbreviations
ACD: All-cause dementia; AD: Alzheimer’s disease; APOE 4: Apolipoprotein 
E; BMI: Body mass index; CVD: Cardiovascular diseases; DTI: Diffusion tensor 
imaging; FA: Fractional anisotropy; GL-ML-DG: Granule layer-molecular layer-
dentate gyrus boundary; HATA​: Hippocampal-amygdaloid transition area; RHR: 
Resting heart rate; VaD: Vascular dementia.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13195-​022-​01088-3.

Additional file 1: Supplementary Materials 1. Study workflow. Sup‑
plementary Materials 2. Initial analysis for the associations between 
resting heart rate and different cognitive tests. Supplementary Materials 
3. Main analyses. Supplementary Materials 4. Testing for non-linearity 
of resting heart rate effects. Supplementary Materials 5. Sensitivity 
analyses of dementia. Supplementary Materials 6. Sensitivity analyses of 
cognitive decline. Supplementary Materials 7. Brain imaging analyses. 
Appendix 1. Field IDs and of UK Biobank. Appendix 2. Catalogue of rest 
heart rate reduction medications in UK biobank.

Acknowledgements
This study is conducted the under application number 19542 for UK Biobank 
Resource. We would like to express our sincere gratitude to all associated 
researchers of UK Biobank. Medical arts of central illustration used pictures 
from Servier Medical Art (http://​smart.​servi​er.​com/), licensed under a Creative 
Commons Attribution 3.0 Unported License (https://​creat​iveco​mmons.​org/​
licen​ses/​by/3.​0/).

Authors’ contributions
JTY and WC had full access to all of the data in the study and take responsibil‑
ity for the integrity of the data and the accuracy of the data analysis. Concept 
and design: JTY. Acquisition, analysis, or interpretation of data: all authors. 
Drafting of the manuscript: KK, YTD, BSW, WC, and JTY. Critical revision of the 
manuscript for important intellectual content: KK, YTD, BSW, YNO, LY, YRZ, SYH, 

https://doi.org/10.1186/s13195-022-01088-3
https://doi.org/10.1186/s13195-022-01088-3
http://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/


Page 12 of 13Deng et al. Alzheimer’s Research & Therapy          (2022) 14:147 

QD, JFF, WC, and JTY. Statistical analysis: KK, YTD, BSW, and WC. Obtained fund‑
ing: JFF, WC, and JTY. Administrative, technical, or material support: QD, JFF, 
WC, and JTY. All authors read and approved the final manuscript.

Funding
This study was supported by grants from the Science and Technology 
Innovation 2030 Major Projects (2022ZD0211600), National Natural Science 
Foundation of China (82071201, 82071997), Shanghai Municipal Science 
and Technology Major Project (2018SHZDZX01), Research Start-up Fund of 
Huashan Hospital (2022QD002), Excellence 2025 Talent Cultivation Program at 
Fudan University (3030277001), Shanghai Talent Development Funding for The 
Project (2019074), Shanghai Rising-Star Program (21QA1408700), 111 Project 
(B18015), and ZHANGJIANG LAB, Tianqiao and Chrissy Chen Institute, the State 
Key Laboratory of Neurobiology and Frontiers Center for Brain Science of Min‑
istry of Education, and Shanghai Center for Brain Science and Brain-Inspired 
Technology, Fudan University.

Availability of data and materials
According to European law (General Data Protection Regulation), data con‑
taining potentially identifying or sensitive patients’ information are restricted. 
However, for academic researchers, data could be available on request via the 
UK biobank.

Declarations

Ethics approval and consent to participate
UK Biobank received ethical approval from the National Information Govern‑
ance Board for Health and Social Care and the National Health Service North 
West Multi-Center Research Ethics Committee. All participants gave informed 
consent through electronic signature before enrollment in the study. Analyses 
were conducted under application number 1954. This research conforms to 
the Declaration of Helsinki.

Consent for publication
All participants provided written informed consent for their anonymous 
information to be used for health-related research purposes and the results to 
be published.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Neurology and Institute of Neurology, Huashan Hospital, State 
Key Laboratory of Medical Neurobiology and MOE Frontiers Center for Brain 
Science, Shanghai Medical College, Fudan University, 12th Wulumuqi Zhong 
Road, Shanghai 200040, China. 2 National Center for Neurological Disorders, 
Shanghai, China. 3 Department of Neurology, Qingdao Municipal Hospital, 
Qingdao University, Qingdao, China. 4 Institute of Science and Technology 
for Brain‑inspired Intelligence, Fudan University, Shanghai, China. 

Received: 27 April 2022   Accepted: 22 September 2022

References
	1.	 Livingston G, Sommerlad A, Orgeta V, Costafreda SG, Huntley J, Ames 

D, et al. Dementia prevention, intervention, and care. Lancet (London, 
England). 2017;390:2673–734.

	2.	 Baumgart M, Snyder HM, Carrillo MC, Fazio S, Kim H, Johns H. Sum‑
mary of the evidence on modifiable risk factors for cognitive decline 
and dementia: a population-based perspective. Alzheimer’s Dement. 
2015;11:718–26.

	3.	 Diener HC, Hart RG, Koudstaal PJ, Lane DA, Lip GYH. Atrial fibrillation and 
cognitive function: JACC review topic of the week. J Am Coll Cardiol. 
2019;73:612–9.

	4.	 Cermakova P, Johnell K, Fastbom J, Garcia-Ptacek S, Lund LH, Winblad B, 
et al. Cardiovascular diseases in ~30,000 patients in the Swedish demen‑
tia registry. J Alzheimer’s Dis. 2015;48:949–58.

	5.	 Böhm M, Reil JC, Deedwania P, Kim JB, Borer JS. Resting heart rate: risk 
indicator and emerging risk factor in cardiovascular disease. Am J Med. 
2015;128:219–28.

	6.	 Wang S, Fashanu OE, Zhao D, Guallar E, Gottesman RF, Schneider ALC, 
et al. Relation of elevated resting heart rate in mid-life to cognitive 
decline over 20 years (from the atherosclerosis risk in communities [ARIC] 
study). Am J Cardiol. 2019;123:334–40.

	7.	 Imahori Y, Vetrano DL, Xia X, Grande G, Ljungman P, Fratiglioni L, et al. 
Association of resting heart rate with cognitive decline and dementia in 
older adults: a population-based cohort study. Alzheimer’s Dement. 2021. 
https://​doi.​org/​10.​1002/​alz.​12495.

	8.	 Weinstein G, Davis-Plourde K, Beiser AS, Seshadri S. Autonomic imbal‑
ance and risk of dementia and stroke: the Framingham study. Stroke. 
2021;52:2068–76.

	9.	 Goldstein IB, Bartzokis G, Hance DB, Shapiro D. Relationship between 
blood pressure and subcortical lesions in healthy elderly people. Stroke, 
1998;29:765–72.

	10.	 Nakanishi K, Jin Z, Homma S, Elkind MSV, Rundek T, Lee SC, et al. Associa‑
tion between heart rate and subclinical cerebrovascular disease in the 
elderly. 2018;49:319–24.

	11.	 Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK 
biobank: an open access resource for identifying the causes of a 
wide range of complex diseases of middle and old age. PLoS Med. 
2015;12:e1001779.

	12.	 Lee JJ, Wedow R, Okbay A, Kong E, Maghzian O, Zacher M, et al. Gene 
discovery and polygenic prediction from a genome-wide association 
study of educational attainment in 1.1 million individuals. Nat Genet. 
2018;50:1112–21.

	13.	 Craig CL, Marshall AL, Sjöström M, Bauman AE, Booth ML, Ainsworth BE, 
et al. International physical activity questionnaire: 12-country reliability 
and validity. Med Sci Sports Exerc. 2003;35:1381–95.

	14.	 Alfaro-Almagro F, Jenkinson M, Bangerter NK, Andersson JLR, Griffanti L, 
Douaud G, et al. Image processing and quality control for the first 10,000 
brain imaging datasets from UK biobank. NeuroImage. 2018;166:400–24.

	15.	 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical 
and powerful approach to multiple testing. J R Stat Soc Series B Stat 
Methodol. 1995;57:289–300.

	16.	 Zhang D, Shen X, Qi X. Resting heart rate and all-cause and cardio‑
vascular mortality in the general population: a meta-analysis. CMAJ 
Can Med Assoc J= journal de l’Association medicale canadienne. 
2016;188:E53–e63.

	17.	 Sharashova E, Wilsgaard T, Mathiesen EB, Løchen ML, Njølstad I, Brenn T. 
Resting heart rate predicts incident myocardial infarction, atrial fibrilla‑
tion, ischaemic stroke and death in the general population: the Tromsø 
study. J Epidemiol Community Health. 2016;70:902–9.

	18.	 Haring B, Liu J, Rapp SR, Shimbo D, Padula CB, Mozhui K, et al. Heart rate, 
brain imaging biomarkers and cognitive impairment in older (≥63 years) 
women. Am J Cardiol. 2020;129:102–8.

	19.	 Palma JA, Kaufmann H. Treatment of autonomic dysfunction in Parkinson 
disease and other synucleinopathies. Movement Disord. 2018;33:372–90.

	20.	 Collins O, Dillon S, Finucane C, Lawlor B, Kenny RA. Parasympathetic auto‑
nomic dysfunction is common in mild cognitive impairment. Neurobiol 
Aging. 2012;33:2324–33.

	21.	 van Buchem MA, Biessels GJ, Brunner la Rocca HP, de Craen AJ, van der 
Flier WM, Ikram MA, et al. The heart-brain connection: a multidisciplinary 
approach targeting a missing link in the pathophysiology of vascular 
cognitive impairment. J Alzheimer’s Dis. 2014;42(Suppl 4):S443–51.

	22.	 Idiaquez J, Roman GC. Autonomic dysfunction in neurodegenerative 
dementias. J Neurol Sci. 2011;305:22–7.

	23.	 Femminella GD, Rengo G, Komici K, Iacotucci P, Petraglia L, Pagano G, 
et al. Autonomic dysfunction in Alzheimer’s disease: tools for assessment 
and review of the literature. J Alzheimer’s Dis. 2014;42:369–77.

	24.	 Hampel H, Mesulam M-M, Cuello AC, Farlow MR, Giacobini E, Grossberg 
GT, et al. The cholinergic system in the pathophysiology and treatment of 
Alzheimer’s disease. Brain. 2018;141:1917–33.

	25.	 Tublin JM, Adelstein JM, Del Monte F, Combs CK, Wold LE. Getting to the 
heart of Alzheimer disease. Circ Res. 2019;124:142–9.

	26.	 Masuda Y. Cardiac effect of cholinesterase inhibitors used in Alzhei‑
mer’s disease--from basic research to bedside. Curr Alzheimer Res. 
2004;1:315–21.

https://doi.org/10.1002/alz.12495


Page 13 of 13Deng et al. Alzheimer’s Research & Therapy          (2022) 14:147 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	27.	 Fox K, Borer JS, Camm AJ, Danchin N, Ferrari R, Lopez Sendon JL, 
et al. Resting heart rate in cardiovascular disease. J Am Coll Cardiol. 
2007;50:823–30.

	28.	 Raisi-Estabragh Z, Cooper J, Judge R, Khanji MY, Munroe PB, Cooper 
C, et al. Age, sex and disease-specific associations between resting 
heart rate and cardiovascular mortality in the UK BIOBANK. PLoS One. 
2020;15:e0233898.

	29.	 Menown IBA, Davies S, Gupta S, Kalra PR, Lang CC, Morley C, et al. Resting 
heart rate and outcomes in patients with cardiovascular disease: where 
do we currently stand? Cardiovasc Ther. 2013;31:215–23.

	30.	 Custodis F, Schirmer SH, Baumhäkel M, Heusch G, Böhm M, Laufs U. 
Vascular pathophysiology in response to increased heart rate. J Am Coll 
Cardiol. 2010;56:1973–83.

	31.	 Palatini P, Julius S. Association of tachycardia with morbidity and mortal‑
ity: pathophysiological considerations. J Hum Hypertens. 1997;11(Suppl 
1):S19–27.

	32.	 Wardlaw JM, Valdés Hernández MC, Muñoz-Maniega S. What are white 
matter hyperintensities made of? Relevance to vascular cognitive impair‑
ment. J Am Heart Assoc. 2015;4:001140.

	33.	 Gray JC, Thompson M, Bachman C, Owens MM, Murphy M, Palmer R. 
Associations of cigarette smoking with gray and white matter in the UK 
biobank. Neuropsychopharmacology. 2020;45:1215–22.

	34.	 Madhavan A, Schwarz CG, Duffy JR, Strand EA, Machulda MM, Drubach 
DA, et al. Characterizing white matter tract degeneration in syndromic 
variants of Alzheimer’s disease: a diffusion tensor imaging study. J Alzhei‑
mer’s Dis. 2016;49:633–43.

	35.	 Koenig J, Thayer JF. Sex differences in healthy human heart rate variabil‑
ity: a meta-analysis. Neurosci Biobehav Rev. 2016;64:288–310.

	36.	 Allen B, Jennings JR, Gianaros PJ, Thayer JF, Manuck SB. Resting high-
frequency heart rate variability is related to resting brain perfusion. 
Psychophysiology. 2015;52:277–87.

	37.	 Gong J, Harris K, Peters SAE, Woodward M. Sex differences in the associa‑
tion between major cardiovascular risk factors in midlife and dementia: a 
cohort study using data from the UK biobank. BMC Med. 2021;19:110.

	38.	 Quer G, Gouda P, Galarnyk M, Topol EJ, Steinhubl SR. Inter- and intraindi‑
vidual variability in daily resting heart rate and its associations with age, 
sex, sleep, BMI, and time of year: retrospective, longitudinal cohort study 
of 92,457 adults. PLoS One. 2020;15:e0227709.

	39.	 Ogliari G, Mahinrad S, Stott DJ, Jukema JW, Mooijaart SP, Macfarlane PW, 
et al. Resting heart rate, heart rate variability and functional decline in old 
age. CMAJ Can Med Assoc journal = journal de l’Association medicale 
canadienne. 2015;187:E442–e449.

	40.	 Lyall DM, Cox SR, Lyall LM, Celis-Morales C, Cullen B, Mackay DF, et al. 
Association between APOE e4 and white matter hyperintensity volume, 
but not total brain volume or white matter integrity. Brain Imaging 
Behavior. 2020;14:1468–76.

	41.	 Griffiths TD, Lad M, Kumar S, Holmes E, McMurray B, Maguire EA, et al. 
How can hearing loss cause dementia? Neuron. 2020;108:401–12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Associations of resting heart rate with incident dementia, cognition, and brain structure: a prospective cohort study of UK biobank
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Method
	Study population and design
	Measurement of RHR
	Ascertainment of covariates
	Ascertainment of incident dementia
	Cognitive function
	Hippocampal subfield imaging and diffusion-tensor imaging data
	Statistical analysis

	Results
	Basic characteristics of participants
	Associations between RHR and dementia outcomes
	Associations between RHR and cognitive function
	Associations between RHR and brain structure

	Discussion
	Conclusion
	Acknowledgements
	References


