
TaggedEndTaggedFigure

TaggedEnd TaggedFigure TaggedEnd

Available online at www.sciencedirect.com

Journal of Sport and Health Science 12 (2023) 312�323
Original article

TaggedH1Heart rate response and recovery during exercise predict future delirium

risk—A prospective cohort study in middle- to older-aged adults TaggedEnd

TaggedPLei Gao a,b,c,*, Arlen Gaba b, Peng Li b,c, Richa Saxena a,e,f, Frank A.J.L. Scheer c,d,
Oluwaseun Akeju a, Martin K. Rutter f,g, Kun Hu b,c,d

TaggedEnd

TaggedP

aDepartment of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA
bMedical Biodynamics Program, Brigham and Women’s Hospital, Boston, MA 02115, USA

cDivision of Sleep Medicine, Harvard Medical School, Boston, MA 02115, USA
d Broad Institute of Massachusetts Institute of Technology and Harvard, Cambridge, MA 02142, USA

e Center for Genomic Medicine, Massachusetts General Hospital, Boston, MA 02114, USA
fDivision of Diabetes, Endocrinology and Gastroenterology, School of Medical Sciences, Faculty of Biology, Medicine and Health,

Manchester Academic Health Science Centre, University of Manchester, Manchester M13 9PL, UK
gDiabetes, Endocrinology and Metabolism Centre, Manchester University National Health Service Foundation Trust, Manchester M13 9WL, UK
TaggedEnd Received 27 July 2021; revised 10 Nov
ember 2021; accepted 17 November 2021

Available online 13 December 2021

2095-2546/� 2023 Published by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

TaggedPAbstract

Background: Delirium is a neurocognitive disorder characterized by an abrupt decline in attention, awareness, and cognition after surgical/

illness-induced stressors on the brain. There is now an increasing focus on how cardiovascular health interacts with neurocognitive disorders

given their overlapping risk factors and links to subsequent dementia and mortality. One common indicator for cardiovascular health is the heart

rate response/recovery (HRR) to exercise, but how this relates to future delirium is unknown.

Methods: Electrocardiogram data were examined in 38,740 middle- to older-aged UK Biobank participants (mean age = 58.1 years, range:

40�72 years; 47.3% males) who completed a standardized submaximal exercise stress test (15-s baseline, 6-min exercise, and 1-min recovery)

and required hospitalization during follow-up. An HRR index was derived as the product of the heart rate (HR) responses during exercise (peak/

resting HRs) and recovery (peak/recovery HRs) and categorized into low/average/high groups as the bottom quartile/middle 2 quartiles/top quar-

tile, respectively. Associations between 3 HRR groups and new-onset delirium were investigated using Cox proportional hazards models and a

2-year landmark analysis to minimize reverse causation. Sociodemographic factors, lifestyle factors/physical activity, cardiovascular risk,

comorbidities, cognition, and maximal workload achieved were included as covariates.

Results: During a median follow-up period of 11 years, 348 participants (9/1000) newly developed delirium. Compared with the high HRR group

(16/1000), the risk for delirium was almost doubled in those with low HRR (hazard ratio = 1.90, 95% confidence interval (95%CI): 1.30�2.79,

p = 0.001) and average HRR (hazard ratio = 1.54, 95%CI: 1.07�2.22, p = 0.020)). Low HRR was equivalent to being 6 years older, a current

smoker, or �3 additional cardiovascular disease risks. Results were robust in sensitivity analysis, but the risk appeared larger in those with better
cognition and when only postoperative delirium was considered (n = 147; hazard ratio = 2.66, 95%CI: 1.46�4.85, p = 0.001).

Conclusion: HRR during submaximal exercise is associated with future risk for delirium. Given that HRR is potentially modifiable, it may prove

useful for neurological risk stratification alongside traditional cardiovascular risk factors.
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TaggedH11. Introduction TaggedEnd

TaggedPDelirium is a distressing and complex neurocognitive

syndrome characterized by an acute change in attention,
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awareness, and cognition.1 The incidence dramatically

increases with aging and, even after recovery, is linked to

increased risks for morbidity, mortality,2 and Alzheimer’s

disease3 leading to substantially higher healthcare costs.4 The

etiology of delirium is complex, such that a multimodal

approach for risk stratification in earlier life is desperately

needed.5 “Stressors” such as acute medical illness, drug use or
g exercise predict future delirium risk—A prospective cohort study in middle-
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withdrawal trauma, or surgery/anesthesia are the usual circum-

stances that typically trigger an episode of delirium.1 Previous

studies have often centered on the predictive value of cognitive

impairment or medical comorbidities, but advances in our

understanding of the role of cardiovascular health factors have

shown them to be closely associated with brain health.6 Given

that many of these factors are also risk factors for neurocogni-

tive disorders, and are modifiable, there is an active drive to

focus public health attention on understanding how cardiovas-

cular health is linked to specific neurocognitive disorders such

as delirium.6 TaggedEnd

TaggedPOne way of assessing cardiovascular health has been exer-

cise stress testing, which is commonly used for evaluating

cardiopulmonary diseases, particularly prior to surgery, or in

the management of ischemic heart disease.7 The response and

recovery from submaximal and peak exercise involves the

pulmonary, cardiovascular, hematopoietic, neuropsycholog-

ical, and skeletal muscle systems.7 Disorders in many of these

systems are thought to be implicated in the etiology of

delirium.5 Specifically, the heart rate (HR) response to exercise

is thought to reflect chronotropic competence,8 whereas

recovery after exercise is more specific to parasympathetic

reactivation9 after the sympathetic surge. Both chronotropic

incompetence and muted parasympathetic reactivation have

been associated with increased morbidity and mortality.10,11

For example, in a small study of 313 patients, a 6-min walk

test was found to be a potential predictor of delirium following

elective cardiac surgery.12 However, to date, no large prospec-

tive study has examined the link between heart rate response/

recovery (HRR) to exercise and future delirium risk. This is in

part due to testing being more commonly done in middle

age,13 when delirium incidence is relatively low,14 thus

requiring many years of follow-up before events occur.TaggedEnd
TaggedFigure
Fig. 1. Flowchart of participant selection and distribution of HRR. (A) Flowchart

HRR index and categorization into high (top quartile >2.55), low (bottom quartile

to right panel box plot for IQR and outliers whiskers as 1.5£ IQR). ECG = electroc
TaggedPTo address these gaps in the literature, we analyzed results

from a large community sample of 38,740 participants from

the UK Biobank who took part in a 7-min submaximal exercise

stress test. We hypothesized that acute cardiovascular adapta-

tion to exercise (via HRR) might predict future delirium onset.

We derived an HRR index and tested whether it, and its indi-

vidual components, predicted incident delirium during

11 years of follow-up. TaggedEnd

TaggedH12. Materials and methods TaggedEnd

TaggedH22.1. Study population and data sourceTaggedEnd

TaggedPBetween August 2009 and December 2010, community-based

participants from across the United Kingdom were

recruited to participate in an exercise stress test as part of

baseline recruitment to the UK Biobank.15,16 Total 38,740

participants (mean age = 58.1 years, range: 40�72 years;

47.3% males) entered our analysis (Fig. 1A). Participants

completed extensive questionnaires on demographics, life-

style choices, and medical conditions. Prospective data on

the cohort were analyzed in February 2021, after partici-

pants had been followed up for a median time period of

11 years using reported procedures.17 TaggedEnd
TaggedH22.2. Standard protocol approvals, registrations, and patient

consents TaggedEnd

TaggedPThe UK Biobank received National Health Service (NHS)

Research Ethics Committee Approval, and participants gave

written informed consent. This study was conducted under the

terms of UK Biobank access Number 40556 and Mass General

Brigham institutional review board approval (2020P002097)

and in accordance with the Code of Ethics of the World
of participants included for analysis of incident delirium; (B) Distribution of

<1.83), and average (middle 2 quartiles: 1.83�2.55, which are corresponding

ardiogram; HRR = heart rate response/recovery; IQR = interquartile range. TaggedEnd
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Medical Association (Declaration of Helsinki, 1964 and

Declaration of Tokyo, 1975, as revised in 1983). TaggedEnd

TaggedH22.3. Protocol TaggedEnd

TaggedPThe UK Biobank assigned participants to individualized,

submaximal bicycle protocols; this was done to increase the

number of participants with exposure information and reduce

the risk of adverse health events during exercise testing. The

best test for assessing aerobic capacity, i.e., the maximal

oxygen uptake measured during a graded exercise test cali-

brated to reach exhaustion in about 10 min,18 was considered

unfeasible in this large epidemiological study involving indi-

viduals with a wide range of abilities.19 TaggedEnd

TaggedPThe testing protocol and maximal desired participant effort

were calculated from the risk category (determined from

cardiovascular disease (CVD) risk factors), and the predicted

maximal workload was determined from age, height, resting

HR, and sex. Exercise testing was performed using an incre-

mental ramp cycle ergometer test. A 4-lead electrocardiogram

(ECG) was performed during a seated pre-exercise rest period

(15 s), throughout exercise (6 min), and during recovery

(1 min). The 6-min exercise period started with a 2-min phase

at constant workload (30 watts (W) for women and 40 W for

men) and was followed by a 4-min ramp phase with graded

increases in power (in 10�30 W increments up to every 30 s)

up until their individually assigned peak power (or cycling at

constant workload if chest pain with physical activity), ending

with a 1-min rest phase; subjects were instructed to maintain

cadence at 60 revolutions per minute (rpm) throughout. If the

participant achieved their desired maximal workload during

the test, then the exercise test was terminated. To investigate

the relationships between HRR and delirium risk, independent

of participant effort, we controlled for the achieved maximal

oxygen uptake during exercise as estimated from the age,

height, weight, resting HR, sex, and the maximal HR of each

participant. The maximal oxygen uptake was expressed in

metabolic equivalent of task (MET), previously well-defined

in the UK Biobank cohort as a measure of cardiorespiratory

fitness (CRF).19�22
TaggedEnd

TaggedPOut of 77,938 UK Biobank participants invited for an exer-

cise test, 14,543 (19%) were unable to complete the exercise

test or had a resting ECG assessment only. We further

excluded participants with missing information on HR and/or

workload/METs or participants with resting or recovery HRs

< 40 beats per minute (bpm) or > 200 bpm as unlikely to be

physiological; those who were unable to generate an HR

higher than the resting HR (i.e., response ratio (= peak HR

achieved/resting HR) < 1) were also excluded. A total of

57,404 (74% of the invited participants) had useable exercise

test data (see Fig. 1A for flowchart of participant selection). TaggedEnd

TaggedH22.4. Assessment of HRR index TaggedEnd

TaggedPTo assess HR, normal R-waves were detected from ECG

recordings using the modified Aristotle algorithm of QRS

detection23,24 and were consistent with our prior study.25

Mean resting HR was determined from pre-exercise value,
peak HR during exercise was the maximal rate achieved, and

the recovery HR was determined at 1-min from cessation of

exercise. In order to gauge a participant’s HR responses from

rest to peak and subsequent recovery, regardless of preset

workload, we determined: (1) response ratio = peak HR

achieved/resting HR, (2) recovery ratio = peak HR /recovered

HR (lowest HR in final rest phase), and (3) their combined

product, HRR index = response ratio£ recovery ratio. Higher

HRR product represented greater response and/or recovery.

Low HRR index was defined as bottom quartile, average HRR

index was the middle 2 quartiles, and high HRR index was the

top quartile. In summary, predictors included in this study

were HRR index and its individual components (resting HR,

recovery HR, response ratio, and recovery ratio). TaggedEnd

TaggedH22.5. Assessment of incident delirium, postoperative delirium

(POD), and non-dementia-related delirium TaggedEnd

TaggedPThe UK Biobank has access to hospitalization records

linked to study participants during NHS follow-up. Incident

delirium diagnosis was derived as the first date of occurrence

of the International Classification of Disease-Tenth Version-10

Code F05 included in hospital admissions health records

during follow-up, which is in keeping with the practices of

similar studies using this data.26,27 We further searched for

operation codes prior to delirium for each participant, and if an

operation was performed within 3 days, we recorded this as

POD28 and tested this group separately. Finally, we identified

a non-dementia-related group after exclusion of those who had

“delirium superimposed on dementia” (F05.1; n = 54). We

excluded 61 cases where delirium pre-dated HRR assessment. TaggedEnd

TaggedH22.6. Assessment of covariates TaggedEnd

TaggedPWe assessed participant medical history at the baseline

assessment through a combination of self-reported question-

naire data, nurse-led interview data, and/or health record data

including medication use. Covariates were grouped into demo-

graphics (age, sex, ethnicity, education, and deprivation), life-

style factors (body mass index, physical activity, smoking, and

alcohol), and CVD risk, HR controlling medications (beta-

blockers and non-dihydropyridine calcium channel blockers),

morbidity, and cognitive function. Age at exercise assessment

was calculated in years based on date of birth. Sex (male/

female) and ethnicity (European and non-European, given that

the majority (91%) self-identified as of British or Caucasian

European descent) were self-reported. Education was college-

level (yes/no). Townsend deprivation index, a score based on

national geographic census data immediately prior to partici-

pant enrollment, was dichotomized by the median into higher

vs. lower groups. Body mass index was calculated as weight

(kg) divided by height squared (m2); physical activity was the

summed metabolic equivalent minutes (MET-min) per week

for all activities; smoking included never, former, and current;

and alcohol use was <4 drinks vs. �4 drinks per week. Signifi-
cant CVD risk included a risk score (0�5) based on the pres-

ence of hypertension, high cholesterol, diabetes, ischemic

heart disease, and peripheral vascular disease. We derived a
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morbidity burden based on the summed presence (yes/no) of

cancer (in response to “Has a doctor ever told you that you

have had cancer?”) or of any respiratory/neurological/gastroin-

testinal/renal/hematological/endocrine/musculoskeletal/

connective tissue/infectious diseases/disorders by self-report;

the burden was classified as none (without any condition), low

(1 condition), or high (2 or more conditions). Both HRR and

delirium risk may be affected by drugs that specifically target

HR, so we coded for and derived an HR-influencing drug (yes/

no) based on answers self-reported to a nurse. Participants also

completed a cognitive test of timed symbol matching, similar

to the common card game “Snap”; scores for this task reflected

the mean response time in milliseconds across trials that

consisted of matching pairs.29 Cronbach’s a for this task and

consistency with other cognitive domains has been reported as

high as 0.85.30 TaggedEnd
TaggedH22.7. Statistical analysis TaggedEnd

TaggedPDescriptive characteristics are presented for the whole

study group, by 3 HRR groups, with means and standard devi-

ations (SDs) for quantitative variables that were normally

distributed, and as medians with interquartile range for those

that were non-normally distributed. Categorical variables are

presented as frequencies and percentages. Associations

between exercise HRR measures and delirium incidence were

investigated using Cox proportional hazard models and

reported as hazards ratios and corresponding 95% confidence

intervals (95%CIs). TaggedEnd

TaggedPIn Model 1, the core model controlled for demographics.

Model 2 further adjusted for lifestyle factors. Model 3 addi-

tionally accounted for CVD risk, HR-control medications,

morbidity, and cognition. In Model 4, a final adjustment for

the maximal METs achieved was added to Model 3 to account

for the confounding effects of effort and individualized proto-

cols. Sensitivity analyses were performed to examine the rela-

tionship between exercise HRR and delirium by setting (i.e.,

postoperative) and after exclusion of dementia-related cases.

In addition, we explored the interaction effects of HRR and

other covariates, including age (<65 years/�65 years), sex,

CVD risk (none/any), physical activity (lower/higher),

maximal METs achieved (lower/higher), any HR-control

drugs taken (yes/no), and mental reaction time (slower/faster),

in which HRR was included as a continuous variable and

continuous covariate were dichotomized (e.g., “lower/higher”

and “slower/faster”) based on the median values. We included

number of hospitalization episodes in all models. TaggedEnd

TaggedPTime-to-event was calculated as the time interval in years

between date of HRR assessment and date of delirium. For

those who remained delirium-free, we censored participant

follow-up in February 2021, the latest date of available

records. To minimize possible reverse causality, all analyses

were done using a 2-year landmark analysis, where partici-

pants who experienced events prior to or within 2 years of

exercise testing were excluded (n = 7). The proportional

hazards assumption was assessed using the global x2 test in R-

package cox.zph (survival package; R Core Team, Vienna,
Austria) incorporating methods described by Grambsch and

Therneau.31 All other statistical analyses were performed

using John’s Mcintosh Project Pro (Version 15.0; SAS Insti-

tute, Cary, NC, USA). A p value< 0.05 was used for statistical

significance. TaggedEnd

TaggedH22.8. Data availability TaggedEnd

TaggedPData are available from the UK Biobank upon submission

of application (https://www.ukbiobank.ac.uk/enable-your-

research/apply-for-access). The syntax for conducting the

analysis will be provided to UK Biobank and made freely

available upon request. TaggedEnd

TaggedH13. Results TaggedEnd

TaggedH23.1. Participant characteristics TaggedEnd

TaggedPThis prospective study included 38,740 participants

(age = 58.1 § 8.0 years (mean § SD), range: 40�72 years;

47.3% males) who had data available for HRR assessment,

were free from prior delirium before the assessment, were

hospitalized at least once after the assessment, and had covari-

ates available (Fig. 1A). The cohort was followed for a median

period of 10.8 years (interquartile range: 10.7�11.0 years)

after HRR assessment upon conclusion of the 2-year landmark

period. During this period, 348 participants (9/1000) newly

developed delirium.TaggedEnd

TaggedPThe HRR index (2.24 § 0.60) was categorized into groups

(high: top quartile > 2.55; average: middle 2 quar-

tiles: 1.83�2.55; and low: bottom quartile < 1.83; Fig. 1B).

Cohort characteristics by HRR categories are shown in

Table 1. Compared to participants with high HRR index, those

with low HRR index were more likely to be older, female,

deprived, European, and less likely to have attended college.

For lifestyle factors, low HRR index participants had higher

body mass index, drank alcohol more frequently, and reported

lower weekly physical activity. They were also more likely to

have high morbidity burden and CVD risks, to be taking HR-

control medications, and to score slower on reaction times

than individuals with high index. Last, when compared to indi-

viduals with high or average HRR index, those with low index

had higher resting and recovery HRs but lower METs and

lower peak HRs achieved. This translated into lower response

and recovery ratios in those with low index (Table 1).TaggedEnd

TaggedH23.2. HRR index predicts higher incidence of deliriumTaggedEnd

TaggedPThe associations between HRR groups and delirium were

estimated using Cox proportional hazard models (Table 2). In

Model 1, adjusting for demographics (age, sex, education,

ethnic background, and deprivation), individuals with average

(hazard ratio = 1.60, 95%CI: 1.09�2.23, p = 0.010) and low

(hazard ratio = 2.24, 95%CI: 1.56�3.22, p < 0.001) HRR

indexes had significantly higher risk for delirium compared

with high HRR index individuals. These graded increases in

risk from high (reference group) to average or to low HRR are

shown in Fig. 2A and are demonstrated to have resulted in

higher cumulative incidence of delirium over time (Fig. 2B).
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TaggedEndTable 1

Baseline characteristics by HRR index.

All High HRR index Average HRR index Low HRR index p

(n = 38,740) (n = 9054) (n = 19,575) (n = 10,111)

Demographics

Age at baseline (year) 58.1 § 8.0 55.7 § 8.0 58.2 § 8.0 60.0 § 7.0 <0.001

Male 47.3% 42.9% 46.7% 52.6% <0.001

College attendance 33.6% 36.6% 34.0% 30.2% <0.001

Ethnic background (European) 90.9% 88.5% 91.0% 92.9% <0.001

Deprivation index (higher) 49.5% 50.0% 48.7% 50.4% 0.007

BMI and lifestyle

BMI (kg/m2) 27.5 § 4.4 26.0 § 3.9 27.5 § 4.3 28.7 § 5.0 <0.001

Alcohol (�4 drinks/week) 47.2% 45.7% 47.4% 48.0% 0.005

Physical activity level (MET-min)a 2719 § 2688 2911§ 2768 2712 § 2685 2535 § 2613 <0.001

Cardiovascular risk and comorbidity

Morbidity burden (high) 26.9% 24.8% 26.7% 29.3% <0.001

CVD risk scoreb 0.55 § 0.80 0.35 § 0.70 0.52 § 0.80 0.77 § 0.90 <0.001

Reaction time (ms) 568 § 121 560 § 118 568 § 120 575 § 123 <0.001

HR-control drugsc 13.9% 8.9% 13.2% 19.7% <0.001

Exercise metrics

Resting HR (bpm) 71 § 10 62 § 8 71 § 9 80 § 12 <0.001

Peak exercise HR (bpm) 111 § 15 116 § 15 111 § 14 107 § 16 <0.001

Recovery HR (bpm)d 81 § 13 71 § 13 81 § 13 89 § 15 <0.001

Peak exercise METse 3.4 § 0.6 3.5 § 0.6 3.4 § 0.5 3.2 § 0.6 <0.001

Response ratio 1.6 § 0.1 1.9 § 0.2 1.6 § 0.1 1.3 § 0.1 <0.001

Recovery ratio 1.4 § 0.1 1.7 § 0.2 1.4 § 0.1 1.2 § 0.1 <0.001

HRR index 2.2 § 0.1 3.1 § 0.6 2.2 § 0.2 1.6 § 0.2 <0.001

Note: UK Biobank participants selected for the exercise electrocardiogram characteristics at baseline expressed as mean § SD or percentage of total for each quar-

tile of HRR index for categorical variables.
a Physical activity level: Summed MET minutes per week for all activities.
b CVD risk score: Presence of hypertension, cholesterol, diabetes mellitus, smoking status, or ischemic heart disease.
c HR controlling medications (beta-blockers and non-dihydropyridine calcium channel blockers).
d HR at 1 min from cessation of exercise.
e Maximal oxygen uptake during exercise as estimated from the age, height, weight, resting HR, sex, and the maximal HR of each participant.

Abbreviations: BMI = body mass index; bpm = beat per minute; CVD = cardiovascular disease; HR = heart rate; HRR = heart rate response/recovery; MET =meta-

bolic equivalent of task.

TaggedEndTable 2

Associations between exercise HRR group and delirium incidence.

Average HRR index (n = 19,575) Low HRR index (n = 10,111)

Hazard ratio (95%CI) p Hazard differencea Hazard ratio (95%CI) p Hazard differencea

Delirium incidence, all settings (n = 348)

Model 1 1.60 (1.09 � 2.23) 0.01 — 2.24 (1.56 � 3.22) <0.001 —

Model 2 1.59 (1.11 � 2.29) 0.01 �0.01 2.22 (1.53 � 3.24) <0.001 �0.02

Model 3 1.57 (1.09 � 2.26) 0.01 �0.02 2.05 (1.41 � 2.98) <0.001 �0.17

Model 4 1.54 (1.07 � 2.22) 0.02 �0.03 1.90 (1.30 � 2.79) 0.001 �0.15

Postoperative deliriumb (n = 147)

Model 1 1.53 (0.81 � 2.52) 0.21 — 2.87 (1.64 � 5.02) <0.001 —

Model 2 1.53 (0.85 � 2.74) 0.15 0 2.89 (1.61 � 5.20) <0.001 +0.02

Model 3 1.53 (0.85 � 2.75) 0.15 0 2.75 (1.53 � 4.96) <0.001 �0.14

Model 4 1.52 (0.84 � 2.73) 0.16 �0.01 2.66 (1.46 � 4.85) 0.001 �0.09

Non-dementia-related deliriumc (n = 294)

Model 1 1.56 (1.06 � 2.29) 0.02 — 2.29 (1.55 � 3.38) <0.001 —

Model 2 1.54 (1.04 � 2.26) 0.02 �0.02 2.13 (1.43 � 3.18) <0.001 �0.16

Model 3 1.51 (1.03 � 2.22) 0.03 �0.03 1.97 (1.32 � 2.95) <0.001 �0.16

Model 4 1.49 (1.01 � 2.19) 0.04 �0.02 1.87 (1.25 � 2.82) 0.002 �0.10

Notes: Delirium incidence was estimated using hospitalization data. Participants in the top quartile (high) HRR index were used as reference. All analyses were

done using a 2-year landmark analysis, excluding participants who experienced events prior to or within the first 2 years of follow-up (n = 69). Model 1 included

sociodemographic variables (age, sex, education, ethnicity, and deprivation). Model 2 further included lifestyle factors (physical activity, body mass index,

smoking, and alcohol intake). Model 3 further included CVD risk score (high blood pressure, cholesterol, diabetes, ischemic heart disease, and peripheral vascular

disease), HR-control medications, morbidity burden, and reaction time at baseline. Model 4 included the final adjustment made for maximal METs achieved.
a Risk difference from prior model.
b Operation occurring within 3 days prior.
c After exclusion of delirium superimposed on dementia.

Abbreviations: 95%CI = 95% confidence interval; CVD = cardiovascular disease; HRR = heart rate response/recovery; MET =metabolic equivalent of task.

TaggedEnd316 L. Gao et al.



TaggedFigure

Fig. 2. HRR quartiles risk for incident delirium over time. (A) Hazard ratios (§95%CIs) by HRR index groups (average and low) and risk for delirium compared

to participants with high HRR as referenced using Cox proportional hazards regression models adjusted for age, sex, education, ethnicity, and socioeconomic

deprivation. (B) Cumulative incidence plot (§95%CI shaded) showing percentage of cohort with a first diagnosis of delirium over time in each of the 3 HRR

index groups. 95%CI = 95% confidence interval; HRR = heart rate response/recovery. TaggedEnd
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These associations were slightly attenuated if adjusted for life-

style factors (1% decrease in hazards for average HRR index

and 2% decrease for low HRR index; Model 2 in Table 2).

Once CVD risk, HR-control medications, comorbidities, and

reaction time were included, average HRR index individuals

remained at a similarly elevated risk (2% decrease; hazard

ratio = 1.57, 95%CI: 1.09�2.26, p = 0.010) when compared

with high index individuals, but there was more attenuation

for the low HRR individuals (17% decrease; hazard

ratio = 2.05, 95%CI: 1.41�2.98, p < 0.001; Model 3). Finally,

after adjusting for individual protocol and effort achieved via

the peak exercise METs, average HRR index individuals still

had a 54% higher risk (hazard ratio = 1.54, 95%CI: 1.07�2.22,

p = 0.020), while low HRR individuals had a 90% higher risk

(15% decrease; hazard ratio = 1.90, 95%CI: 1.30�2.79,

p = 0.001; Model 4). The latter (hazard ratio = 1.90) is equiva-

lent to the risk from being 6.2 years older, being a current

smoker, or having 3 additional CVD risk factors (by comparing

log estimates from the full model in Supplementary Table 1).TaggedEnd
TaggedEndTable 3

Individual components of exercise HRR, maximal METs, and their association with

Model 1 Model 2

Hazard ratio (95%CI) p Hazard ratio (95%CI)

Resting HRa 1.12 (1.03�1.22) 0.009 1.10 (1.01�1.20)

Peak HRb 1.00 (0.99�1.01) 0.610 1.00 (1.00�1.01)

Recovery HRa 1.10 (1.02�1.18) 0.010 1.08 (1.00�1.16)

Response ratiob 1.29 (1.14�1.47) <0.001 1.27 (1.11�1.45)

Recovery ratiob 1.37 (1.18�1.59) <0.001 1.32 (1.14�1.54)

Maximal METsb 1.43 (1.21�1.69) <0.001 1.38 (1.17�1.57)

Notes: Delirium incidence was estimated using hospitalization data. All analyses w

enced events prior to or within the first 2 years of follow-up (n = 69). Model 1 incl

tion). Model 2 further included lifestyle factors (physical activity, body mass index

blood pressure, cholesterol, diabetes, ischemic heart disease, and peripheral vascu

baseline. Model 4 included the final adjustment made for maximal METs achieved (
a Per 1-SD increase.
b Per 1-SD decrease.
c HRR index was included.

Abbreviations: 95%CI = 95% confidence interval; CVD = cardiovascular disease; H

lent of task.
TaggedH23.2. HRR index in POD TaggedEnd

TaggedPIn the subset of participants who experienced POD within

3 days of an operation (42%, n = 147), those with average

HRR index at baseline had a similar magnitude hazard ratio

for delirium when compared to the full cohort, but this did not

reach significance (hazard ratio = 1.52, 95%CI: 0.84�2.73,

p = 0.160; Model 4 in Table 2). However, participants with

low HRR index remained at higher risk (hazard ratio = 2.66,

95%CI: 1.46�4.85, p = 0.001; Model 4 in Table 2) compared

to those with high HRR index. TaggedEnd

TaggedH23.3. HRR index in non-dementia-related delirium TaggedEnd

TaggedPAfter exclusion of 54 delirium cases associated with

dementia, (leaving 84%, n = 294), participants with average

HRR index (hazard ratio = 1.49, 95%CI: 1.01�2.19,

p = 0.040) and low HRR index (hazard ratio = 1.87, 95%CI:

1.25�2.82, p = 0.002) still experienced higher delirium risks

compared to those with high HRR (Table 2). TaggedEnd
delirium incidence.

Model 3 Model 4

p Hazard ratio (95%CI) p Hazard ratio (95%CI) p

0.030 1.10 (1.01�1.20) 0.040 1.07 (0.98�1.18) 0.120

0.470 1.00 (0.99�1.01) 0.700 1.00 (0.99�1.01) 0.680

0.050 1.07 (0.99�1.15) 0.060 1.07 (0.99�1.14) 0.110

<0.001 1.24 (1.09�1.41) 0.001 1.21 (1.05�1.38) 0.007

0.001 1.27 (1.10�1.48) 0.001 1.25 (1.07�1.45) 0.004

<0.001 1.29 (1.09�1.53) 0.004 1.19 (0.99�1.42)c 0.060

ere done using a 2-year landmark analysis, excluding participants who experi-

uded sociodemographic variables (age, sex, education, ethnicity, and depriva-

, smoking, and alcohol intake). Model 3 further included CVD risk score (high

lar disease), HR-control medications, morbidity burden, and reaction time at

except for Maximal METs, which included the HRR index).

R = heart rate; HRR = heart rate response/recovery; MET =metabolic equiva-
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TaggedH23.4. Relationship between individual components of HRR

index and incident deliriumTaggedEnd

TaggedPIn multivariate analyses, resting HR (hazard ratio = 1.12,

95%CI: 1.03�1.22, p = 0.009), recovery HR (hazard

ratio = 1.10, 95%CI: 1.02�1.18, p = 0.010), response ratio

(hazard ratio = 1.29, 95%CI: 1.14�1.47, p < 0.001), and

recovery ratio (hazard ratio = 1.37, 95%CI: 1.18�1.59, p <

0.001) were each associated with delirium in models adjusted

for demographic factors (Model 1 in Table 3; hazard ratios

relate to a 1-SD difference in exposure at baseline). However,

only the response ratio (hazard ratio = 1.21, 95%CI:

1.05�1.38, p = 0.007) and recovery ratio (hazard ratio = 1.25,

95%CI: 1.07�1.45, p = 0.004) remained associated with

delirium in the fully-adjusted model (Model 4 in Table 3).

Interestingly, peak HR achieved was not associated with

delirium even in Model 1 (hazard ratio = 1.00, 95%CI:

0.99�1.01, p = 0.610). Maximal METs achieved was associ-

ated with delirium in Models 1�3, but the association was no

longer significant when HRR index was included (hazard

ratio = 1.19, 95%CI: 0.99�1.42, p = 0.060; Model 4 in

Table 3). TaggedEnd

TaggedPAs expected, HRR index was positively correlated with the

response (R2 = 0.750, p < 0.001) and recovery ratios

(R2 = 0.760, p < 0.001). It was also weakly correlated with

peak HR (R2 = 0.310, p < 0.001) and maximal METs achieved
TaggedFigure

Fig. 3. Subgroup analyses of delirium risk with HRR index. Forrest plot of hazar

predicting incident delirium based on subgroups of patients by age, sex, CVD risk

control drugs, and reaction time. “Lower/Higher” and “Slower/Faster” were dichoto

rate; HRR = heart rate response/recovery; MET =metabolic equivalent of task. TaggedEnd
(R2 = 0.025, p < 0.001), while negatively correlated with

resting HR (R2 = 0.310, p < 0.001) and recovery HR

(R2 = 0.220, p < 0.001) (Supplementary Fig. 1).TaggedEnd
TaggedH23.5. Incident delirium risk by subgroupsTaggedEnd

TaggedPWe further examined the HRR-associated risk for delirium

by subgroups in Fig. 3 and found that decreased HRR index

(per 1-SD) was equally predictive by age, sex, CVD risk, self-

reported physical activity level, use of HR-control drugs,

maximal METs, and morbidity burden. However, the associa-

tion appeared stronger in those with faster (below median;

hazard ratio = 1.78, 95%CI: 1.39�2.28) compared to those

with slower (below median; hazard ratio = 1.22, 95%CI:

1.03�1.46) baseline reaction times (p for interaction = 0.020). TaggedEnd
TaggedH14. Discussion TaggedEnd

TaggedPTo the best of our knowledge, this is the first large-scale

prospective study examining the link between HRR during

exercise and incident delirium in middle and older age over

almost 11 years of follow-up. The key novel finding from the

current study is that dynamic changes in HRs from resting to

peak exercise and recovery, rather than the average rates them-

selves, are most important in assessing future vulnerability to

delirium. In fully adjusted models, we found a 90% higher risk
d ratios with 95% confidence intervals for each 1-SD decrease in HRR index

, physical activity level, maximal METs achieved during exercise, use of HR-

mized based on the median values. CVD = cardiovascular disease; HR = heart
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for those with low HRR index compared with those with high

HRR index; the magnitude of association was equivalent to

being 6 years older, a current smoker, or having 3 or more

additional CVD risk factors. These effects appeared larger in

those with faster reaction times and may represent a feasible

addition to neurocognitive screening within an aging popula-

tion. TaggedEnd

TaggedPIn prior studies, HRR after exercise (i.e., the change from

resting HR and peak exercise HR, respectively) have been

shown to be predictors of morbidity and mortality.10,32 While

there is some evidence linking irregularity of heart beats and

delirium,33�36 there is a paucity of studies examining the prog-

nostic value of HRR during exercise stress testing. These

results show that the HRR index may be able to stratify risk

many years before delirium. The HRR index is a dynamic

measure that can be easily calculated from the product of both

response and recovery ratios. These ratios were individually

predictive of delirium in the final models, but they do not fully

capture the body’s adaption to exercise (each accounted for

75% of the variation in HRR; Supplementary Fig. 1). HR

response to exercise and recovery from exercise provide

complementary information about cardiac adaptability. A

robust HR response during exercise does not guarantee a swift

recovery of HR. For example, when participants achieved a

doubling of their resting HR during exercise (response ratio �
2.0), there remained great variation in their recovery ratio

(from 1.0 to 3.4) as well as maximal achieved METs (Supple-

mentary Fig. 1). Therefore, the HRR index was proposed to

capture the effects of both HR measures. TaggedEnd

TaggedPThe HRR index also appeared to be a better indicator of

delirium risk than the absolute HRs. For example, we did not

see an association between the peak HR and delirium risk. The

resting HRs (12% increased risk per 1-SD increase) and

recovery HRs (10% increased risk per 1-SD) were initially

predictive in the core model but became non-significant in the

final model once exercise capacity was adjusted for. This was

similarly observed in the POD subset (models not shown) and

is consistent with prior observations linking higher static meas-

ures of resting HRs and perioperative myocardial injury;37�39

however, no prior study had examined links to POD. Interest-

ingly, those in the low HRR index group were nearly 3 times

more likely to experience delirium within 3 days of surgery,

which is consistent with work by Ogawa et al.,12 linking

preoperative exercise capacity and POD. TaggedEnd

TaggedPWhether these results point to a causal role of cardiac

dysfunction in developing delirium or an unmasking of neuro-

degeneration-related cognitive vulnerability is unclear. Given

some evidence linking HR indices to dementia,40,41 early pre-

clinical cognitive decline may have confounded our results.

However, this cohort is relatively young (mean age = 58.1

years), and even in the younger group (<65 years), when there

is a lower likelihood of underlying neurodegenerative diseases,

observations are robust (Fig. 3). Results were also independent

of a domain of cognition (reaction time) and may even have

been stronger in those with better cognition (Fig. 3; faster reac-

tion time, p for interaction = 0.02). Finally, the association was

robust when underlying dementia was excluded. Thus, the
relationship between HRR index and delirium is unlikely to be

fully accounted for by concomitant or undiagnosed neuroge-

nerative pathology. Delirium etiology is likely complex, and

other potential pathways include autonomic nervous system

dysfunction, cardiometabolic disorders, and neuropsychiatric

changes, which can start in early adulthood42 and may be

reflected in low HRR index during exercise years before

delirium.TaggedEnd

TaggedPLow HR response to exercise (meaning the peak HR is

barely above the resting HR in a response ratio close to 1) has

been described as chronotropic incompetence and is thought to

reflect beta-adrenoreceptor dysfunction.8 On the other hand,

attenuated HR recovery after exercise (meaning the lowest

recovery HR remained close to the peak HR, resulting in a

recovery ratio close to 1) is thought to be a marker of reduced

parasympathetic reactivation and autonomic nervous system

imbalance.9 Tian et al.43 recently used Mendelian Randomiza-

tion to show causal evidence between autonomic function and

white matter intensity that has been associated with delirium.44

It is conceivable that both play a role in the inability to

augment cardiac output during illness or surgical stress,45

leading to subclinical cerebral vascular events or white matter

demyelination.46 For example, stroke after surgery is relatively

rare,47 but cerebral ischemia has been seen in up to 10% of

older surgical patients, which more than doubles the risk of

delirium.48 The caveat to this is that submaximal exercise

testing, while much more convenient in large and older

samples, is considerably distinct from maximal exercise

testing. However, Ogawa et al.12 did find that even a 6-min

walk test performance was protective, albeit modestly (odds

ratio = 0.98, p = 0.02), from POD. Considering the fact that

absolute value of peak HR matters very little, the risk differ-

ence between low and high HRR index individuals would

probably have been enhanced had subjects been pushed

further. Though future studies are required to formally test this

possibility, our finding that HRR from a “modest” exercise is

able to predict risk (whereas other studies have required

maximal exercise for links to mortality/CVD) adds clinical

relevance for risk stratification in a disease such as delirium

since most at-risk subjects are older than those tested for

mortality/CVD risk populations. TaggedEnd

TaggedPReduced parasympathetic reactivation may be a marker of

undiagnosed cardiopulmonary and/or autonomic impairment

associated with cardiometabolic disorders, such as subclinical

heart failure, diabetes, or metabolic syndrome.49 This may

result in a chronic imbalance between oxygen supply/demand

and subclinical myocardial injuries over time. For example,

some have recently observed that impaired pupillary constric-

tion (governed by the parasympathetic system) preceded

delirium.50,51 Despite controlling for CVD risks, low HRR

index remains predictive, which supports the hypothesis that

HRR may be a proxy for CVD risks that were yet to clinically

manifest. Whether low HRR index predisposes individuals to

worsening neurological insults and delirium risk merits further

investigation. TaggedEnd

TaggedPIn relation to the putative mechanisms above, this work

complements a growing body of literature using HR variability
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(HRV) measures (a surrogate indication of autonomic nervous

system activity, predominantly parasympathetic) during

exercise,52,53 psychopathology,54,55 and CVD.49,56,57 There is

now emerging evidence for the effect on HRV from POD

following hip fractures/orthopedic surgery34,58 as well as

intensive care delirium.36 However, few have used HRV for

the prediction of delirium. Recently, a pilot study of 30

patients by Echizen et al.59 did find lower preoperative high

frequency power, a surrogate for parasympathetic activity,

predictive of delirium following esophageal cancer surgery.

However, maximal HR is essentially unaffected by aerobic or

CRF, while submaximal HR response is strongly influenced

by CRF.60 Thus, HRR during an incremental submaximal

exercise protocol is likely a combination of both CRF and

autonomic modulation, in which CRF predominates. Future

work should compare and/or combine HRR and HRV indices

with measures of CRF in order to determine their optimal

contributions to delirium risk. TaggedEnd

TaggedPExercise training has been shown to increase resting para-

sympathetic tone and decrease sympathetic tone in both

humans and animals,61�63 which has translated into improved

HR response64 and recovery.65 More specifically, neurobiologi-

cal studies have suggested that exercise can influence the

brain via angiogenesis, neurogenesis, and synaptogenesis.66

Others have shown that exercise and physical activity

decreases white matter hyperintensities67 and may slow the

accumulation of Ab and tau burden.68 Unfortunately, this has

yet to translate into proven reductions in delirium risk. A

recent randomized controlled trial comprised of enhanced

exercise and a cognitive program did not appear to reduce inci-

dent delirium in hospitalized patients.69 But, in this case, it

may be that the intervention came too late, as patients were

already in the hospital. In addition, those with low HRR index

also self-reported lower physical activity levels (Table 1), but

interestingly, physical activity level was not independently

predictive of future delirium risk after adjustment for age and

other lifestyle factors (Supplementary Table 1). This finding is

somewhat consistent with a recent study by Wu et al.70

showing that accelerometry-derived physical activity was not

causally related to common neurodegenerative diseases. This

points to the importance of an objective and dynamic HRR

assessment that could be used to guide future trial interven-

tions. Whether earlier-life optimization of HRR as part of a

multicomponent risk prevention strategy71 (e.g., sleep/circa-

dian health72,73 or muscle strength/motor function74) can

decrease risk for neurodegenerative diseases such as delirium

remains to be seen. TaggedEnd

TaggedPStrengths of this study included the large sample size and

prospective design with nearly 11 years of follow-up data

available. Despite these strengths, several limitations must be

acknowledged. UK Biobank participants are mostly Cauca-

sians of European descent and, therefore, the results may have

limited applicability to other ethnic groups. The UK Biobank

cohort is generally healthier than the background population,

but associations between risk factors and phenotypes have

been shown to be generalizable.75 In addition, those selected

for exercise testing were slightly healthier still (Supplementary
Table 2). The recruitment criterion for the exercise protocol,

coupled with the average age of 58.1 years, meant that the

population-wide incidence for delirium was relatively low.

While this may limit the generalizability and clinical relevance

of these results at this point in time, our observations were

robust in the higher and lower physical activity groups as well

as the higher and lower maximal MET groups (Fig. 3), and

they were consistent when the delirium setting/etiology was

limited to POD. By stratifying different subgroups, we were

able to control for a wide range of potential confounders, but

residual confounding in likely given the complex nature of

cardiovascular resilience and the heterogeneity of delirium. TaggedEnd

TaggedPIn addition, some factors could be on the causal pathway

between HRR index and delirium rather than being

confounders. For example, cognition could decline faster in

those with low HRR index and then go on to influence delirium

outcomes. This might have implications for the interpretation

of results, particularly the attenuation of risks in those who are

in the slower half of reaction times, where the true effects of

HRR are potentially underestimated. Furthermore, HRR was

assessed only at baseline and could have changed over time.

Although we were able to adjust our model for 1 cognitive

test, UK Biobank does not have other cognitive measurements,

such as the Mini-Mental State Examination or the Instrumental

Activities of Daily Living. Therefore, residual confounding

might have occurred due to baseline cognitive ability, which

could overestimate the association. TaggedEnd

TaggedPAnother major limitation is that the availability of clinical

data in the large UK Biobank cohort was limited to Interna-

tional Classification of Disease coding. Many have used this

approach for delirium26,27 and a variety of other diseases76�78

within this cohort. While this method is highly specific (up to

96%) for delirium,79 the sensitivity was only 53%�64% in

recent studies.79,80 Thus, we are likely missing cases, particu-

larly milder or hypoactive forms. However, our novel findings

remain valuable as a starting point for bridging research in

cardiovascular resilience and delirium as long as they are inter-

preted with caution. Similarly, we made the assumption that in

cases where an operation took place within 3 days prior to the

onset of delirium, the delirium was likely postoperative. It is,

however, conceivable that these occurrences were coincidental

and that another illness unrelated to the operation led to hospi-

talization. Additionally, we note that we may have limited

sufficient power for extensive delirium subtype (hypoactive/

hyperactive) analysis at this point. Further work is needed to

better classify delirium subtypes, especially as the cohort ages

and more cases accumulate, before conclusions can be drawn

for pre-hospitalization screening using HRR index. Finally,

this is an observational study and should not be interpreted as

causal. Although we adopted a 2-year landmark analysis,

which excluded participants who experienced events in the

first 2 years following HRR assessment, reverse causality

remains a possibility. TaggedEnd

TaggedPFinally, to estimate overall cardiac regulation, we used the

product of HR response and HR recovery ratios. There are

other alternative approaches. For instance, Duarte et al.,81

developed another approach whereby participant response and
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recovery ratios were divided into quintiles (1�5) and summed

into a dimensionless score (2�10) known as the Exercise

Heart Rate Gradient.82 Reassuringly, the performance of the

Exercise Heart Rate Gradient was comparable to HRR in this

cohort (Supplementary Fig. 2). Future work ought to compare

the relative merits of both methods, particularly in the context

of delirium, which has yet to be extensively explored with

exercise-related measures of HR.TaggedEnd
TaggedH15. Conclusion TaggedEnd

TaggedPLow HRR during exercise is associated with future risk for

delirium during hospitalization. These associations appear larger

in POD (not significant due to power limitations) and in those

with better cognition. Furthermore, among the individual compo-

nents, it was the dynamic changes in HR rather than the mean

HRs that contributed most. Given that HRR to exercise may be a

modifiable and non-cognitive proxy for resilience to inciting

stressors prior to delirium, it may prove useful for neurological

risk stratification alongside traditional cardiovascular risk factors.TaggedEnd
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