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Summary
Background Prior studies on the relationship between chronic kidney disease (CKD) and physical activity (PA) mainly
relied on subjective PA data and rarely considered the genetic risk. This study aims to thoroughly investigate this
relationship by utilizing both accelerometer-measured and questionnaire-measured PA data.

Methods This prospective cohort study encompasses two cohorts from the UK Biobank. The questionnaire-based
cohort involves 448,444 CKD-free participants who completed an International Physical Activity Questionnaire
between 2006 and 2010 and had genetic data. PA was categorized into distinct activities: leisure, housework, job-
related, and transportation. The accelerometer-based cohort involves 89,296 CKD-free participants who provided a
full week of accelerometer-based physical activity data between 2013 and 2015 and had genetic data. PA was
classified as light-intensity, moderate-intensity, vigorous-intensity, moderate to vigorous-intensity PA (LPA, MPA,
VPA, MVPA), and total PA. Incident CKD was ascertained from linked hospital inpatient and death records.
Genetic risk was assessed using polygenic risk scores. Cox proportional hazard models with restricted cubic
splines were used for the analysis.

Findings In the questionnaire-based cohort, 18,184 (4.05%) participants developed CKD during 13.6 years of follow-
up. Engaging in strenuous sports, other exercises, walking for pleasure, stair climbing, and heavy DIY were
associated with a reduced risk of CKD. In the accelerometer-based cohort, 2297 (2.57%) participants developed
CKD during 7.9 years of follow-up. Higher levels [highest quartile vs lowest quartile] of MPA (HR 0.639, 95% CI
0.554–0.737), VPA (HR 0.639, 95% CI 0.549–0.745), MVPA (HR 0.630, 95% CI 0.545–0.729), and total PA (HR
0.649, 95% CI 0.563–0.750) were associated with a lower CKD risk. There were significant interactions between
MPA and genetic risk on the risk of CKD incidence (P for interaction = 0.025). A linear dose–response
relationship was observed between MPA, total PA, and the risk of CKD incidence with no minimal or maximal
threshold. These associations are robust in different subgroups and a series of sensitivity analyses.

Interpretation Engaging in multiple types of PA and higher levels of total PA, MPA, VPA, and MVPA may be
associated with a lower risk of developing CKD, regardless of genetic risk. This finding holds substantial implications
for clinical approaches to CKD prevention and provides evidence to inform future PA guideline development.
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Research in context

Evidence before this study
We conducted a comprehensive search on PubMed for studies
published until July 01, 2023, using search terms including
accelerometer, device, physical activity, PA, exercise, sports,
kidney, chronic kidney disease, CKD, renal function, and renal
disease, with these terms present in abstracts, titles, or MESH
headings. We also searched references listed in the identified
papers. Some previous studies suggest a protective role for
physical activity (PA) in chronic kidney disease (CKD).
However, previous studies mainly relied on subjective
questionnaire data, and subjective PA data may have
limitations in accurately capturing the intensity and duration
of full-day PA, and there is potential recall bias and
measurement error during data collection. In contrast, data
collected from wrist-worn accelerometers provide a
comprehensive assessment of PA by capturing its intensity
and duration. It is crucial to investigate the relationship
between PA and CKD using PA data measured by wrist-worn
accelerometers.

Added value of this study
Our study thoroughly investigated the relationship between
PA and the risk of CKD incidence by utilizing both

accelerometer-measured and questionnaire-measured PA
data. We found that engaging in multiple types of PA and
higher levels of total PA, MPA, VPA, and MVPA were
associated with a lower risk of developing CKD, regardless of
genetic risk. A linear dose–response relationship was observed
between accelerometer-measured MPA, total PA, and the risk
of CKD incidence. Individuals can still benefit from engaging
in higher levels of PA even after meeting the recommended
levels by the WHO. Besides, there were significant interactions
between MPA and genetic risk on the risk of CKD incidence.

Implications of all the available evidence
Our study and prior research provide evidence for considering
PA as a potential intervention measure for both preventing
and treating CKD. The current PA guidelines mainly rely on
subjective PA data. Our study, along with other
accelerometer-based studies, provides evidence to inform
clinical treatment strategies and future revision of PA
guidelines. By incorporating objective PA data, these
guidelines can provide more accurate recommendations for
individuals to reduce the burden of NCDs.
Introduction
Chronic kidney disease (CKD), typically characterized by
a low glomerular filtration rate (GFR) or elevated albu-
minuria,1 has emerged as a significant global public
health concern.2 CKD has contributed to a considerable
number of deaths and disabilities globally,3 placing a
heavy burden on the global healthcare system. Accord-
ing to the Global Burden of Disease 2019 study, CKD
ranked as the 11th leading cause of death, resulting in
1.4 million deaths in 2019.3 Furthermore, CKD has
experienced a significant rise in its burden on disability-
adjusted life years (DALYs), moving from 29th rank in
1990 to 18th in 2019.3 Additionally, CKD-related com-
plications such as cardiovascular disease, end-stage
renal disease, kidney transplant, and mortality signifi-
cantly burden the global healthcare system.1,4 By 2040,
CKD is projected to become the 5th most common
cause of years of life lost worldwide.5,6 Since CKD is
largely preventable and treatable, finding a reliable
approach to mitigate the global burden of CKD is of
utmost importance.
Physical activity (PA), as a modifiable lifestyle factor,
has been shown to effectively reduce the risk of car-
diovascular disease (CVD), cancer, and all-cause mor-
tality.7,8 However, the correlations between PA and the
risk of CKD incidence are inconsistent based on the
evidence from previous studies.9–13 Besides, limited
research investigating the relationship between different
types of PA and the risk of CKD incidence. A recent
meta-analysis of 12 cohort studies involving 1.2 million
participants reported that individuals who are most
physically active have a lowered risk (RR: 0.91 [95%CI:
0.85, 0.97]) of CKD incidence compared to those who
are not or least physically active.14 It is worth noticing all
the PA data from the 12 cohort studies were collected
through questionnaires. This method of data collection
has limitations in accurately capturing the intensity and
duration of full-day PA, as well as energy expenditure.
There is also a potential recall bias and measurement
error during data collection. In contrast, data collected
from wrist-worn accelerometers provide a comprehen-
sive assessment of PA by capturing its intensity and
www.thelancet.com Vol 66 December, 2023
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duration,15 and the energy expenditure could be accu-
rately estimated through the accelerometer-based PA
data.16–18 A cross-sectional study found PA measured by
accelerometer may be associated with a lower risk of
CKD in community-based older adults.19 However, the
strength of the evidence is limited due to its moderate
sample size (n = 1268) and the inherent limitations of
cross-sectional studies. Besides, it remains unknown
whether genetic risk may modify the effect of PA on the
risk of CKD incidence. In sum, the evidence regarding
the relationship between PA and CKD from previous
studies may have certain limitations.

To overcome these limitations, we conducted
analyses in two cohorts: a questionnaire-based and an
accelerometer-based cohort. In the questionnaire-based
cohort, we initially examined the association between
various types of PA and the risk of CKD incidence using
questionnaire-based PA data collected at recruitment
from the UK Biobank. In the accelerometer-based cohort,
we examined the association between PA, energy expen-
diture, and the risk of CKD incidence using objective
accelerometer-based PA data obtained from a subsample
of the UK Biobank. The analysis also fully explored the
potential interaction between PA categories and different
genetic risks of developing CKD. By incorporating both
questionnaire-based and accelerometer-based analyses,
this study aims to strengthen the evidence regarding the
association between PA and CKD, providing a more ac-
curate depiction of the magnitude and nature of this
relationship.
Methods
Data source and study design
The UK Biobank is a population-based prospective study
with approximately 500,000 participants aged 40–69
years recruited in 2006–2010 from across the UK.20

Participants received examinations in one of the 22
assessment centres at enrollment. Their baseline infor-
mation on social demography, lifestyle, health, and
physical assessments was collected through touch-
screen questionnaires and physical measurements.21 In
addition, participants who had provided valid email ad-
dresses were randomly invited to wear an accelerometer
for 7 consecutive days between February 2013 and
December 2015, and 103,712 raw accelerometer datasets
were received at the end.22 Participants who agreed to
participate in accelerometer measurements had similar
baseline demographic and health-related characteristics
as those who declined the measurements.23 The UK
Biobank received ethical approval from the North West
Multicentre Research Ethical Committee and all partic-
ipants signed written consent. This study was per-
formed under UK Biobank application number 77195.

In this study, we investigated the associations be-
tween PA and the risk of CKD incidence in two cohorts:
a questionnaire-based and an accelerometer-based
www.thelancet.com Vol 66 December, 2023
cohort. To analyse the association between
questionnaire-measured PA and the risk of CKD inci-
dence, among 498,423 individuals who had
questionnaire-measured PA data, we excluded partici-
pants with prevalent CKD before baseline (n = 8035),
and participants who failed genetic data quality control
(Lost genetic data, n = 13,326; Inconsistent sex, n = 348;
Biologically relatedness >0.125, n = 28,270), leaving
448,444 participants in the questionnaire-based cohort.
To analyse the association between accelerometer-
measured PA and the risk of CKD incidence, among
103,662 individuals who had raw accelerometer-
measured PA records, we excluded participants who
failed accelerometer data quality control (Failed cali-
bration, n = 3056; Insufficient data, n = 4382; Insuffi-
cient wear time, n = 1884), participants who with
prevalent CKD before accelerometer wearing (n = 1422),
and participants who failed genetic data quality control
(Lost genetic data, n = 2121; Inconsistent sex, n = 50;
Biologically relatedness >0.125, n = 1451), leaving
89,296 participants in the accelerometer-based cohort.

Assessment of physical activity (Questionnaire-
based and Accelerometer-based)
In the questionnaire-based cohort, the data collected
from a well-validated short self-reported International
Physical Activity Questionnaire at recruitment were
used to assess physical activity for each individual.24 This
questionnaire includes five different types of physical
activities, namely physical activity in leisure time
(strenuous sports, other exercises, walking for pleasure,
and climbing a flight of stairs), housework-related ac-
tivity (heavy DIY and light DIY), job-related activity (job
involved standing or walking and the job involved heavy
manual or physical activity), transportation for work (by
walk, cycle, car, and public transport), and trans-
portation for others (by walk, cycle, car, and public
transport). Participants reported their attendance (yes or
no), frequency (days per week), and duration (minutes
per day) for specific physical activity within the first 2
categories. Additional information is available in
Supplemental Table S1.

In the accelerometer-based cohort, the data collected
from Axivity AX3 wrist-worn triaxial accelerometers
were used to assess objective physical activity for each
individual. More details about data collection and pro-
cessing can be found elsewhere.22 We selected 5 in-
dicators, including light-intensity PA (LPA), moderate-
intensity PA (MPA), vigorous-intensity PA (VPA),
moderate to vigorous-intensity PA (MVPA), and total
volume of PA to observe the relationship between PA
and the risk of CKD incidence. According to the PA
guidelines from WHO, on an absolute scale, LPA rep-
resents an activity that is performed between 1.5 and 3
metabolic equivalent of tasks (METs), such as slow
walking, bathing, or other incidental activities. MPA
represents an activity that is performed between 3 and 6
3
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METs, such as fast walking, riding a bike, slow swim-
ming, or other aerobic activities. VPA represents an
activity that is performed over 6.0 METs, such as fast
running, fast swimming, tennis ball, or other aerobic
activities. MVPA represents an activity that is performed
over 3 METs.7 One MET is the energy equivalent
expended by an individual while seated at rest, usually
expressed as ml O2/kg/min.7 In our study, minutes of
LPA, MPA, and VPA per week were determined as the
percentage of time spent in 30 mg–125 mg, 125 mg–
400 mg, and above 400 mg, respectively.16,18 To simul-
taneously consider intensity and duration, total PA and
MVPA were transformed into physical activity energy
expenditure (PAEE) from total PA and MVPA,17,18 which
had been validated by previous study.16 PAEE from total
PA and MVPA were expressed as the total METs mi-
nutes per week.25

Ascertainment of CKD
CKD in the UK Biobank was ascertained through hos-
pital inpatient and death records. The dates and causes
of hospital admissions were identified by record linkage
to Hospital Episode Statistics (England and Wales) and
the Scottish Morbidity Record (Scotland). The data on
dates and causes of death were obtained from the death
registries of the National Health Service Information
Centre (England and Wales) and the National Health
Service Central Register (Scotland). Further detailed
information on linkage procedures is available at http://
content.digital.nhs.uk/services. CKD was identified
through medical assessments during subsequent visits,
following KDIGO 2012 clinical practice guideline for the
evaluation and management of chronic kidney disease.26

The International Classification of Diseases (ICD) is
applied for CKD coding in the medical record. In our
study, CKD was defined using the ICD–10 codes (I12.0,
I13.1, I13.2, N18, N18.0, N18.1, N18.2, N18.3, N18.4,
N18.5, N18.8, N18.9) and ICD-9 codes (585, 5859).27 A
detailed description of these codes is given in
Supplementary Table S2. A baseline estimated glomer-
ular filtration rate (eGFR) of less than 60 ml/min/
1.73 m2 is utilized as a supplementary diagnostic crite-
rion for baseline CKD prevalence.26 Incident CKD was
defined as the first diagnosis of CKD. At the time of
analysis, hospital admission data were available for
participants until 31 October 2022. Due to variations in
follow-up frequency and medical visit intervals among
participants, we considered the first occurrence of CKD
in the follow-up visits as the end point for those who
developed CKD. Therefore, participants were censored
at the date associated with the incidence of CKD, date of
death, or last known follow-up (31 October 2022),
whichever occurred first.

Calculation of polygenic risk score for CKD
To construct the polygenic risk score (PRS) for CKD, we
obtained the imputed genotype data from the UK
Biobank and selected 251 single nucleotide poly-
morphisms (SNPs) associated with renal function.28

Detailed information about quality control and geno-
typing in UK Biobank was reported previously.29 The
information on the selected 251 SNPs is listed in
Supplementary Table S3. Using a weighted method,30

PRS = β1*SNP1 + β2*SNP2 + … + β251*SNP251, with
each SNP recoded as 0, 1, or 2, according to the number
of risk alleles. The β of each SNP was taken from the
reported meta-analysis.28 As the participant’s PRS in-
creases, their eGFR tends to be higher, leading to a
reduced risk of CKD occurrence. Therefore, participants
were classified into “low genetic risk,” “intermediate
genetic risk,” and “high genetic risk” based on the ter-
tiles of the PRS, arranged from high to low.

Covariate measurement
We evaluated potential confounders using various
sources of data, including touch-screen questionnaires,
anthropometric measurements, biochemical indexes,
accelerometer-measured variables, and medical history.
The variables considered as potential confounders
include age, sex (female/male), UK Biobank assessment
centre, Townsend deprivation index (categorized into
quarters), education level (degree or above/any other
qualification/no qualification), body-mass index (BMI)
categories [normal/underweight (<25 kg/m2)/over-
weight (25≤ to <30 kg/m2)/obese (≥30 kg/m2)], smok-
ing status (never/previous/current), frequency of
alcohol intake (not current/less than three times a week/
three or more times a week), diet (ideal/poor), baseline
eGFR (using 2021 Chronic Kidney Disease Epidemi-
ology Collaboration creatinine-based equation),31 genetic
ethnic group (White/Non-White), PRS, and the first 10
principal components of ancestry, baseline hyperten-
sion, baseline diabetes, and baseline CVD. In the
questionnaire-based cohort, age was calculated from
dates of birth and enrollment; Baseline hypertension,
diabetes, and CVD were diagnosed before enrollment.
In the accelerometer-based cohort, age was calculated
from dates of birth and the finish of accelerometer wear;
Baseline hypertension, diabetes, and CVD were diag-
nosed before the accelerometer wear; Besides, the sea-
son of accelerometer wear (Spring/Summer/Autumn/
Winter) was also included as confounders. For defining
an ideal or poor diet, we selected 7 dietary components.
For each dietary component, participants were assigned
1 point if they met the intake goal, and 0 points if they
did not. The sum of scores for all 7 dietary components
ranges from 0 to 7 points. A total diet score of 4 or
higher is considered an ideal diet. The variables and
codes used for disease diagnosis and 7 dietary compo-
nents are shown in Supplement Tables S4 and S5.

Statistical analyses
First, to investigate the association between different
types of PA and the risk of CKD incidence, we
www.thelancet.com Vol 66 December, 2023
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conducted analyses in the questionnaire-based cohort.
In the questionnaire-based cohort, baseline characteris-
tics by incident CKD or not were reported as mean ± SD
for continuous variables and frequencies with percent-
ages for categorical variables. We investigated the asso-
ciations of 21 questionnaire-based PA terms with the
risk of CKD incidence using Cox proportional hazard
regression models, with time at recruitment as the start
of follow-up. The Cox models were adjusted for age, sex,
recruitment centre, Townsend deprivation index, edu-
cation level, diet ideal or poor, cigarette smoking,
alcohol consumption, BMI category, history of diabetes,
history of hypertension, history of CVD, PRS of CKD,
genetic ethnic group, and first 10 principal components
of ancestry.

Second, to accurately elucidate the association be-
tween PA and the risk of CKD incidence and further
enhance the strength of evidence regarding PA, we
conducted analyses in the accelerometer-based cohort.
In the accelerometer-based cohort, baseline character-
istics by quartile of total PA in MET were reported as
mean ± SD for continuous variables and frequencies
with percentages for categorical variables. Using Cox
proportional hazard regression models, with the time
accelerometer wearing finished as the start of follow-up,
we investigated the associations of genetic risk cate-
gories, PA categories (LPA, MPA, VPA, total PA, and
MVPA), and their combination with the risk of CKD
incidence. Cox models were adjusted as in
questionnaire-based analysis and additionally for the
season of accelerometer wear. Moreover, we included an
interaction term involving PA categories and genetic
risk categories in the Cox models. Subsequently, a
likelihood ratio test was performed to assess the statis-
tical significance of this interaction. In addition, we
assessed the shape of the relationship between PA cat-
egories and the risk of CKD incidence using a restricted
cubic spline model. To minimize the influence of out-
liers on the model, we trimmed observations below the
5th percentile and above the 95th percentile based on
the distribution of the PA data (total PA, MVPA, LPA,
MPA, and VPA) from the lowest to the highest. Addi-
tionally, we specified the knots at the 25th, 50th, and
75th centiles, which were utilized for categorizing the
LPA, MPA, VPA, total PA, and MVPA. Furthermore, we
also performed several subgroup analyses to assess the
robustness of our findings and explore potential varia-
tions. These analyses were stratified by PRS (Low, In-
termediate, High), age (<65/≥ 65 years), sex (Female/
Male), BMI (<30/≥ 30 kg/m2), diabetes (Yes/No), hy-
pertension (Yes/No), and CVD (Yes/No). To enhance
the comprehensibility of our results while avoiding
redundancy, we placed the results of the LPA in the
Supplemental Materials.

Additionally, we performed several sensitivity analyses
to ensure the reliability and robustness of our findings.
First, we calculated the Pearson correlation coefficients
www.thelancet.com Vol 66 December, 2023
for all types of PAs, and we put LPA, MPA, and VPA into
one model to mutually adjust for each other. Second, we
conducted the main analyses exclusively among partici-
pants with complete covariate data to minimize potential
biases due to missing information. Third, we excluded
events that occurred within two years after accelerometer
wearing to address any concerns regarding reverse cau-
sality. Fourth, we carried out the main analyses among
participants without diabetes, hypertension, and cardio-
vascular disease (CVD) to avoid the potential impact of
these comorbidities on the association between PA and
CKD risk. Fifth, considering death as a competing risk
for CKD incidence, we employed the Fine–Gray sub-
distribution hazards using the competing risk model to
examine any potential bias from competing risks.

To address any missing covariate values in the
questionnaire-based and accelerometer-based analysis,
we employed multiple imputations utilizing the “mice”
R package,32 ensuring the statistical power and mini-
mizing inferential bias. Supplementary Tables S6
and S7 provide detailed information on missing cova-
riates of participants in the questionnaire-based and
accelerometer-based analysis.

Throughout both of these analyses, we assessed the
proportionality of hazards assumption using the
Schoenfeld residuals technique and no violations were
observed.33 Moreover, we performed a correlation matrix
analysis to evaluate collinearity between all included
covariates, and no multicollinearity was detected. We
calculated hazard ratios (HRs) and their corresponding
95% confidence intervals (95% CIs) to quantify the as-
sociations. To account for multiple tests, we corrected P
values using the False Discovery Rate (FDR) via the
Benjamin-Hochberg method.34

This study followed the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)
reporting guideline for cohort studies. All statistical ana-
lyses were performed using R software version 4.0.5. We
employed two-sided tests for all statistical analyses,
considering a P value of less than 0.05 as statistically
significant.

Role of the funding source
The funders of the study had no role in the study design,
data collection, data analysis, data interpretation, or
writing of the report. The corresponding authors had
full access to all the data in the study and had final re-
sponsibility for the decision to submit for publication.
Results
Population characteristics
The flowchart of participant selection of the two cohorts
is shown in Fig. 1. Baseline characteristics of the
448,444 participants involved in the questionnaire-based
cohort are shown in Supplemental Table S8, by incident
CKD or not. The mean age was 56.9 (SD, 8.1) years, the
5
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mean BMI was 27.4 (SD, 4.8) kg/m2, the mean eGFR
was 94.9 (SD, 11.8) ml/min/1.73 m2 and 54.0% were
female. During a median follow-up of more than 13.6
years, there were 18,184 individuals were diagnosed
with CKD. Compared to the participants without CKD,
those with incident CKD were more likely to be older,
male, smokers, obese, less educated, lower baseline
eGFR, higher levels of materially deprived, less PA
(frequency and duration), and were more likely to have
CVD, diabetes, and hypertension.

Baseline characteristics of the 89,296 participants
involved in the accelerometer-based cohort are shown in
Table 1, by quarters of total PA. The mean age of them
was 62.2 (SD, 7.8) years, the mean BMI was 26.7
(SD, 4.5) kg/m2, the mean eGFR was 95.1 (SD, 11.5) ml/
min/1.73 m2 and 56.1% were female. Participants in the
highest category of total PA engaged in more
accelerometry-measured MPA and VPA. Compared with
participants in the highest category of total PA, partici-
pants in the lowest category were more likely to be older,
male, smokers, obese, less educated, lower baseline
eGFR, higher levels of materially deprived, and were
more likely to have CVD, diabetes, and hypertension.
During a median follow-up of 7.9 years, 2297 participants
were diagnosed with CKD. Besides, the characteristics of
the excluded participants were similar to those of the
included (Supplemental Table S9). Baseline characteris-
tics of the 89,296 participants are also shown in
Supplemental Table S10 by incident CKD or not.

Associations of genetic risk with the risk of CKD
incidence
As shown in Table 2, the risk of CKD exhibited a
consistent upward trend across genetic risk categories.
Individuals with a high genetic risk showed a 1.266-fold
higher risk of CKD incidence compared to those with a
www.thelancet.com Vol 66 December, 2023
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Characteristics Accelerometer-measured total PA, MET-min/week

Overall Q1 (≤3693) Q2 (3693–4487) Q3 (4487–5395) Q4 (≥5395)
Participants, n 89,296 22,347 22,317 22,316 22,316

PA-related factors (min/week, mean (SD))

Light intensity 2056.4 (442.6) 1646.7 (323.8) 2008.0 (313.1) 2199.4 (353.2) 2372.2 (406.8)

Moderate intensity 483.1 (234.7) 240.6 (91.1) 393.3 (87.3) 529.7 (103.8) 769.0 (207.2)

Vigorous intensity 31.8 (42.4) 8.2 (10.0) 17.5 (14.9) 29.8 (23.0) 71.6 (63.1)

Age at accelerometer measurement—(mean (SD)) 62.2 (7.8) 64.9 (7.3) 63.0 (7.6) 61.5 (7.7) 59.5 (7.6)

Genetic ethnic group, n (%)

White 76,823 (86.0) 19,543 (87.5) 19,246 (86.2) 19,153 (85.8) 18,881 (84.6)

Non-White 12,473 (14.0) 2804 (12.5) 3071 (13.8) 3163 (14.2) 3435 (15.4)

Sex, n (%)

Male 39,168 (43.9) 11,217 (50.2) 9671 (43.3) 9172 (41.1) 9108 (40.8)

Female 50,128 (56.1) 11,130 (49.8) 12,646 (56.7) 13,144 (58.9) 13,208 (59.2)

Cigarette smoking, n (%)

Never 50,910 (57.2) 11,838 (53.1) 12,702 (57.1) 13,027 (58.5) 13,343 (59.9)

Previous 31,994 (35.9) 8467 (38.0) 8047 (36.2) 7841 (35.2) 7639 (34.3)

Current 6157 (6.9) 1977 (8.9) 1509 (6.8) 1386 (6.2) 1285 (5.8)

Alcohol consumption, n (%)

Not current 5004 (5.6) 1533 (6.9) 1194 (5.4) 1136 (5.1) 1141 (5.1)

Two or less times a week 40,456 (45.3) 10,614 (47.5) 10,099 (45.3) 9929 (44.5) 9814 (44.0)

Three or more times a week 43,772 (49.1) 10,184 (45.6) 11,007 (49.4) 11,239 (50.4) 11,342 (50.9)

Education level, n (%)

No qualification 7326 (8.3) 2472 (11.2) 1806 (8.1) 1603 (7.2) 1445 (6.5)

Any other qualification 42,757 (48.2) 10,757 (48.5) 10,574 (47.7) 10,722 (48.3) 10,704 (48.3)

Degree or above 38,619 (43.5) 8934 (40.3) 9796 (44.2) 9855 (44.4) 10,034 (45.2)

Townsend deprivation index, (mean (SD)) −1.7 (2.8) −1.6 (2.9) −1.8 (2.8) −1.8 (2.8) −1.7 (2.8)

Healthy diet, n (%)

Poor 52,647 (64.2) 13,718 (66.9) 13,160 (64.3) 13,044 (63.6) 12,725 (61.8)

Ideal 29,389 (35.8) 6774 (33.1) 7294 (35.7) 7467 (36.4) 7854 (38.2)

Season of accelerometer wear, n (%)

Spring 20,309 (22.7) 4759 (21.3) 4850 (21.7) 5232 (23.4) 5468 (24.5)

Summer 23,291 (26.1) 5306 (23.7) 5686 (25.5) 5990 (26.8) 6309 (28.3)

Autumn 26,570 (29.8) 6770 (30.3) 6789 (30.4) 6525 (29.2) 6486 (29.1)

Winter 19,126 (21.4) 5512 (24.7) 4992 (22.4) 4569 (20.5) 4053 (18.2)

eGFR, (ml/min/1.73 m2, mean (SD)) 95.1 (11.5) 92.7 (11.6) 94.6 (11.4) 95.6 (11.3) 97.4 (11.1)

BMI (kg/m2, mean (SD)) 26.7 (4.5) 28.4 (5.1) 26.9 (4.4) 26.2 (4.1) 25.2 (3.7)

BMI category (kg/m2), n (%)

<25 35,236 (39.5) 5715 (25.7) 8090 (36.3) 9466 (42.5) 11,965 (53.7)

25–30 36,760 (41.2) 9614 (43.2) 9646 (43.3) 9363 (42.0) 8137 (36.5)

≥30 17,130 (19.2) 6937 (31.2) 4549 (20.4) 3453 (15.5) 2191 (9.8)

Diabetes history, n (%) 2297 (2.6) 1057 (4.7) 567 (2.5) 402 (1.8) 271 (1.2)

Hypertension history, n (%) 3441 (3.9) 1690 (7.6) 819 (3.7) 586 (2.6) 346 (1.6)

CVD history, n (%) 20,627 (23.1) 7420 (33.2) 5463 (24.5) 4362 (19.5) 3382 (15.2)

Townsend deprivation index = a composite area-level measure of deprivation based on unemployment, non-car ownership, non-home ownership, and household
overcrowding; a higher score indicates higher deprivation. BMI, body mass index; CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular
filtration rate using 2021 Chronic Kidney Disease Epidemiology Collaboration creatinine-based equation; MET, metabolic equivalent of tasks; PA, physical activity; SD,
standard deviation.

Table 1: Baseline characteristics of participants involved in accelerometer-measured PA analysis by quarters of the total volume of PA.

Articles
low genetic risk (HR: 1.266, 95% CI: 1.141–1.405). It is
worth noting that these results remain robust even after
accounting for the accelerometer-based total PA (HR:
1.266, 95% CI: 1.141–1.405). This suggests that the ge-
netic risk for CKD is statistically independent of an in-
dividual’s level of PA.
www.thelancet.com Vol 66 December, 2023
Associations of questionnaire-based PA with the
risk of CKD incidence
Fig. 2 and Supplementary Table S11 present the hazard
ratios (HRs) for incident CKD in different
questionnaire-based PA terms. In terms of PA in leisure
time, all four terms (strenuous sports, other exercise,
7

www.thelancet.com/digital-health


Genetic risk Total no. of
participants

Events/person-years Model 1 Model 2 Model 3 Model 4

HR (95% CI); P HR (95% CI); P HR (95% CI); P HR (95% CI); P

Low genetic risk 29,765 586/232,382 1 [Ref] 1 [Ref] 1 [Ref] 1 [Ref]

Intermediate genetic risk 29,765 732/231,632 1.263 (1.133, 1.408);
<0.001

1.264 (1.134, 1.409);
<0.001

1.098 (0.985, 1.225);
0.092

1.100 (0.986, 1.226);
0.088

High genetic risk 29,766 979/230,718 1.713 (1.546, 1.899);
<0.001

1.725 (1.557, 1.912);
<0.001

1.266 (1.14, 1.405);
<0.001

1.266 (1.14, 1.405);
<0.001

P value for trend <0.001 <0.001 <0.001 <0.001

Analyses were conducted using Cox proportional hazard models. Model 1 adjusted for sex, age at accelerometer measurement, genetic ethnic group, and first 10 principal components of ancestry. Model 2
was adjusted as in Model 1 and for cigarette smoking, alcohol consumption, Townsend Deprivation Index, education level, diet ideal or poor, and recruitment centre. Model 3 was adjusted as in Model 2
and for BMI categories, history of diabetes, history of hypertension, history of CVD, and baseline eGFR. Model 4 additionally adjusted for an average accelerometer-measured total volume of PA, and season
of accelerometer wear. Ref, reference; CKD, chronic kidney disease; HR, hazard ratio; CI, confidence interval; BMI, body mass index; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate
using 2021 CKD-EPI creatinine equation.

Table 2: Risk of incident CKD according to genetic risk.

Articles
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walking for pleasure, stair climbing) demonstrate a
protective effect against CKD, irrespective of frequency
and duration. Regarding housework-related activity,
Fig. 2: HRs for the associations between all questionnaire-based phys
enrollment, genetic ethic group, recruitment centre, cigarette smoking, alc
ideal or poor, BMI categories, history of diabetes, history of hypertension,
first 10 principal components of ancestry. All P values were corrected usin
than 0.05 was regarded as statistically significant. HR, hazard ratio; CI, con
Discovery Rate.
heavy DIY shows a protective effect against CKD
regardless of the frequency and duration, while light
DIY shows a protective effect only when the frequency
ical activity items and CKD incidence. All adjusted for sex, age at
ohol consumption, Townsend deprivation index, education level, diet
history of CVD, baseline eGFR, genetic risk, genetic ethnic group, and
g the FDR via the Benjamin-Hochberg method, and a P value of less
fidence interval; CKD, chronic kidney disease; Ref, reference; FDR, False
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ranges 1–3 times per week or the duration is 0.5–1.5 h.
However, no factors related to job-related activity exhibit
a protective effect against CKD. In terms of trans-
portation for work, only cycling and walking demon-
strate a protective effect against CKD. Additionally,
when it comes to transportation for others, walking,
cycling, and car shows a protective effect against CKD.
To further adjust for other PA terms, we put all the PA
terms as binary variables (yes or no) into an additional
model, the results indicated participating in strenuous
sports, other exercises, walking for pleasure, and heavy
DIY, are still exhibited a significant protective effect on
the risk of CKD incidence (Supplemental Table S12).

Associations of accelerometer-based PA with the
risk of CKD incidence
As shown in Fig. 3 and Supplementary Table S13, we
observed a significant inverse association between total
PA, MPA, VPA, and MVPA and the risk of CKD inci-
dence. Comparing the lowest quarter of MPA, the HRs
and 95% CIs for increasing quarters were 0.751 (0.676,
0.834), 0.735 (0.651, 0.83), and 0.639 (0.554, 0.737).
Similarly, for VPA, the corresponding values were 0.809
(0.719, 0.909), 0.712 (0.624, 0.813), and 0.639 (0.549,
0.745). Similar trends were observed for total PA and
MVPA in their association with the risk of CKD inci-
dence. Besides, comparing the lowest quarter of LPA,
Fig. 3: Risk of incident CKD by quarters of accelerometer-measured av
moderate-to vigorous-intensity physical activities in 89,296 UK Bio
surement, recruitment centre, season of accelerometer wear, cigarette sm
level, diet ideal or poor, BMI categories, history of diabetes, history of hype
risk, and first 10 principal components of ancestry. All P values were correc
ratio; CI, confidence interval; CKD, chronic kidney disease; MET, metabolic
moderate-to vigorous-intensity physical activity; PA, physical activity; V
Discovery Rate.

www.thelancet.com Vol 66 December, 2023
the HRs and 95% CIs for increasing quarters were 0.895
(0.803, 0.998), 0.893 (0.797, 1.000), and 0.776 (0.685,
0.879) (Supplemental Figure S1A). Notably, only the
highest quartile demonstrated a statistically significant
association with the risk of CKD incidence. These as-
sociations remained consistent even after correcting for
the FDR. These results with additional adjustment for
PRS indicated that the association between PA and the
risk of CKD incidence is independent of genetic risk. In
addition, Supplemental Table S14 showed the Pearson
correlation coefficient between all types of PA.

Further analyses stratified by genetic risk category
suggested that higher levels of MPA, VPA, total PA, and
MVPA were still associated with a lower CKD risk across
genetic groups, especially high genetic risk groups
(Supplementary Table S15). In addition, subgroup ana-
lyses stratified by age, sex, BMI, CVD, hypertension, and
diabetes revealed similar results with our main analysis,
indicating that the findings were consistent across
different subgroups (Supplementary Figures S2–S7,
Supplementary Tables S16–S21). It’s worth mentioning
that we found significant interactions between MPA
(P = 0.004, likelihood ratio test), VPA (P = 0.038), MVPA
(P = 0.011), and the age categories.

Furthermore, we observed a linear dose–response
relationship between MPA (P for non-linear: 0.106),
total PA (P for non-linear: 0.374), and the risk of CKD
erage total volume, moderate-intensity, vigorous-intensity, and
bank participants. All adjusted for sex, age at accelerometer mea-
oking, alcohol consumption, Townsend deprivation index, education
rtension, history of CVD, baseline eGFR, genetic ethnic group, genetic
ted via the FDR by using the Benjamin-Hochberg method. HR: hazard
equivalent of task; MPA, moderate-intensity physical activity; MVPA,
PA, vigorous-intensity physical activity; Ref, reference; FDR, False
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incidence with no minimal or maximal threshold
(Fig. 4). We also observed a non-linear relationship be-
tween VPA (P for non-linear: 0.009), MVPA (P for non-
linear: 0.032), and the risk of CKD incidence with no
minimal or maximal threshold (Fig. 4). Besides, we also
observed a decreasing trend in the risk of CKD inci-
dence with increasing levels of LPA (P for non-linear:
0.678) (Supplemental Figure S1B).

Joint association interaction of genetic risk and
accelerometer-based PA on the risk of CKD
incidence
Fig. 5 and Supplemental Figure S1C illustrate the risk of
incident CKD based on the combined categories of ge-
netic risk and accelerometer-based PA. In terms of
MPA, the strongest protective effect was observed
among participants with low genetic risk and the third
quarter of MPA (HR: 0.488, 95% CI: 0.383, 0.622)
compared to those with high genetic risk and the lowest
quarter of MPA. Similarly, for VPA, the strongest pro-
tective effect was observed among participants with low
genetic risk and the highest quarter of VPA (HR: 0.435,
95% CI: 0.325, 0.583). For total PA, individuals with low
Fig. 4: Restricted cubic spline for the association between acceleromet
intensity, and moderate-to vigorous-intensity physical activities and
measurement, recruitment centre, season of accelerometer wear, cigaret
ucation level, diet ideal or poor, BMI categories, history of diabetes, histor
ethnic group, and first 10 principal components of ancestry. The solid line
hazard ratio; CI, confidence interval; CKD, chronic kidney disease; MET, me
VPA, vigorous-intensity physical activity; PA, physical activity; MVPA, mo
genetic risk and the third quarter of PA demonstrated
the strongest protective effect against incident CKD
(HR: 0.471, 95% CI: 0.371, 0.597). For MVPA, the
strongest protective effect of incident CKD was observed
among participants with low genetic risk and the third
quarter of MVPA (HR: 0.499, 95% CI: 0.396, 0.630). For
LPA, the strongest protective effect of incident CKD was
observed among participants with low genetic risk and
the highest quarter of LPA (HR: 0.608, 95% CI: 0.483,
0.765). These associations remained statistically signifi-
cant after the FDR correction.

We found significant interactions between MPA
(P = 0.025, likelihood ratio test), and the PRS on the risk
of CKD incidence. However, there was no significant
interaction between LPA (P = 0.391), VPA (P = 0.080),
total PA (P = 0.057), MVPA (P = 0.171), and the PRS
(Supplementary Table S15).

All findings remained robust and consistent across
a range of sensitivity analyses. These analyses included
incorporating LPA, MPA, and VPA into the same
model to mutually adjust for each other, using
competing risk regression, restricting the analysis to
participants with complete covariate data, excluding
er-measured average total volume, moderate-intensity, vigorous-
the risk of CKD incidence. All adjusted for sex, age at accelerometer
te smoking, alcohol consumption, Townsend deprivation index, ed-
y of hypertension, history of CVD, baseline eGFR, genetic risk, genetic
is the estimate (HR) and the shaded area is the 95% CI. HR indicates
tabolic equivalent of task; MPA, moderate-intensity physical activity;
derate-to vigorous-intensity physical activity.
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Fig. 5: Risk of incident CKD according to genetic and accelerometer-measured average total volume, moderate-intensity, vigorous-
intensity, and moderate-to vigorous-intensity physical activities in 89,296 UK Biobank participants. All adjusted for sex, age at accel-
erometer measurement, recruitment centre, season of accelerometer wear, cigarette smoking, alcohol consumption, Townsend deprivation
index, education level, diet ideal or poor, BMI categories, history of diabetes, history of hypertension, history of CVD, baseline eGFR, genetic
ethnic group, and first 10 principal components of ancestry. P values were corrected via the FDR by using the Benjamin-Hochberg method. HR,
hazard ratio; CI, confidence interval; Q, quartile; CKD, chronic kidney disease; MET, metabolic equivalent of task; MPA, moderate-intensity
physical activity; MVPA, moderate-to vigorous-intensity physical activity; PA, physical activity; and VPA, vigorous-intensity physical activity;
Ref, reference; FDR, false discovery rate.

Articles
events within the first two years of follow-up, and
excluding participants with CVD, diabetes, and hyper-
tension at baseline (Supplementary Tables S22–S26).
Discussion
In this study, in the questionnaire-based cohort, we
observed that engaging in strenuous sports, other ex-
ercises, walking for pleasure, stair climbing, and heavy
DIY, are associated with a lower risk of CKD incidence.
In the accelerometer-based cohort, we found that higher
levels of MPA, VPA, MVPA, and total PA were associ-
ated with a lower risk of CKD incidence across their full
range, and this association was even more pronounced
in the high genetic risk subgroup. Furthermore, there is
a linear dose–response protection between MPA, VPA,
total PA, and the risk of CKD incidence. However, the
association between LPA and the risk of CKD incidence
is not statistically significant. When examining the joint
associations of PA and genetic risk with CKD, in-
dividuals with a low genetic risk in combination with a
high level of PA were associated with a nearly 50%
reduction in the risk of CKD incidence compared to
www.thelancet.com Vol 66 December, 2023
those with a high genetic risk and low level of PA. Be-
sides, there were significant interactions between MPA
and genetic risk on the risk of CKD incidence. Addi-
tionally, our findings remained robust and consistent
across a range of subgroup analyses and sensitivity an-
alyses. To the best of our knowledge, this is the first
population-based prospective cohort study that
comprehensively investigates the association between
accelerometer-measured PA and the risk of CKD inci-
dence, considering genetic risk. These findings provide
valuable insights for future PA guidelines and robust
evidence of the association between PA and CKD.

The evidence on the prospective association between
PA and CKD is controversial. Some studies have re-
ported evidence of associations between physical activity
and a reduced risk of CKD, which was consistent with
our findings.9–11 However, two cohort studies and one
cross-sectional study reported no evidence of associa-
tions between PA and the risk of CKD.12,13,35 Besides, a
previous study investigated the association between
various types of PA and the risk of CKD in a working
population. They suggest that occupational PA is asso-
ciated with a lower risk of CKD, while leisure-time and
11
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commuting PA do not show a significant association
with CKD risk.36 On the contrary, our questionnaire-
based analysis showed job-related PA (Job involves
heavy manual or physical work, Job involves mainly
walking or standing) was not associated with a lower
CKD risk, while leisure-time PA (strenuous sports,
other exercises, walking for pleasure, and stair climb-
ing), and some housework-related activity (heavy DIY) is
associated with a lower risk of CKD. The inconsistent
findings between their study and ours may be attributed
to different sample sizes, the presence of recall bias and
misclassification due to questionnaire data, and the
distinctive characteristics of the study populations. In
2020, a meta-analysis of 8 cross-section studies and 6
cohort studies involving 353,975 participants reported
that PA was inversely associated with CKD risk (odds
ratio [OR]: 0.94 [95%CI: 0.91, 0.98]), and the risk of CKD
was reduced by 2% (OR: 0.98 [95% CI: 00.96, 1.00]) with
each 10 MET h/week increment of PA.37 However, this
meta-analysis was limited by its inclusion of a limited
number of observational cohort studies and its search
end date of March 2020. Recently, a novel meta-analysis
of 12 cohort studies involving 1.2 million participants
reported that individuals who engage in higher levels of
PA have a reduced risk (RR: 0.91 [95% CI: 0.85, 0.97]) of
CKD compared to those with lower or no PA.14 This
meta-analysis encompassed all available cohort studies
examining the association between PA and the risk of
CKD to date, including studies that reported both pos-
itive and null associations, providing a comprehensive
overview of the current evidence on this topic and
further supporting the association between PA and
CKD. Our study, based on accelerometer-measured PA
data, found higher levels of MPA, VPA, MVPA, and total
PA were associated with a lower risk of CKD incidence,
which further proved the association between PA and
the risk of CKD.

The benefits of PA on the kidney’s health may be the
result of various contributing factors. The reduction in
chronic systemic inflammation, involving decreased
inflammatory characteristics of immune cells and cyto-
kine release, is recognized as a key mechanism
contributing to the numerous beneficial effects of PA in
CKD.38 Besides, regular exercise can reduce angiotensin
II accumulation in the heart, which might improve
cardiovascular health.39 In addition, early evidence sug-
gests that a six-month exercise intervention may yield
positive impacts on insulin resistance among in-
dividuals with CKD.40 Moreover, PA may also protect
against the development of CKD by enhancing endo-
thelial function, reducing sympathetic overactivity, and
optimizing lipid metabolism, etc.38,41–43 It is worth
noticing that there is a gap between our findings and
conventional physiological knowledge. Conventional
physiological knowledge suggests that intense PA may
potentially increase the burden on the kidneys, which is
inconsistent with our findings. This highlights the need
for further research into the underlying mechanisms of
PA’s benefits on kidney health. An enhanced compre-
hension of these mechanisms could pave the way for
future CKD prevention and treatment strategies.

The significance of PA in promoting overall health is
well-established and is recommended by the WHO as a
key strategy for reducing the burden of non-
communicable diseases (NCDs).44 However, the cur-
rent PA guidelines do not explicitly state that PA can
reduce the risk of CKD incidence in adults. Our findings
serve as a valuable supplement to the current PA
guidelines by demonstrating that higher levels of PA are
inversely associated with the risk of CKD, and in-
dividuals can still benefit from engaging in higher levels
of PA even after meeting the recommended levels by the
WHO. Besides, the current WHO PA guidelines are
largely based on data obtained through questionnaires.
However, the mean MPA value observed in our
accelerometer-based analysis was 482.2 (SD: 234.8)
min/week, which was significantly higher than those
reported in other questionnaire-based studies. This in-
dicates that the PA data obtained through question-
naires may be subjective and may not accurately capture
the objective levels of PA. In general, our study, along
with other accelerometer-based studies, lays a robust
foundation for the future refinement of PA
guidelines.45–48 In addition, we found a significant
interaction between MPA and the genetic risk of CKD.
Our speculation regarding this is that MPA constitute
the main components of human PA, and their long
duration may facilitate potential interactions with ge-
netic risk. Further exploration is warranted.

Our study also has important implications for public
health in preventing CKD. Firstly, we identified a dose–
response relationship between MPA, VPA, MVPA, total
PA, and the risk of incident CKD with no minimal or
maximal threshold. This finding indicates that in-
dividuals should be encouraged to be as physically active
as possible to maximize the benefits. Second, our study
found higher levels of MPA, VPA, MVPA, and total
volume of PA were associated with a lower risk of CKD
incidence regardless of genetic CKD risk, and our
findings remained robust and consistent across a range
of subgroup analyses and sensitivity analyses. This in-
dicates individuals at high risk of CKD should be
encouraged to engage in regular PA to prevent the onset
of CKD. In general, our research, along with prior
studies, provides powerful evidence for considering PA
as a potential intervention measure for both preventing
and treating CKD.

This study has several important strengths. As we
know, the accelerometer is capable of measuring the
intensity and duration of PA throughout the wearing
time, although may not precisely identify different types
of PAs. The questionnaire gathers information
regarding their engagement in specific types of PA,
including the frequency and duration by asking
www.thelancet.com Vol 66 December, 2023
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respondents to recall. Still, it may overlook certain po-
tential patterns of PA that haven’t been mentioned. Both
of these approaches provide unique insights into the
relationship between PA and the risk of CKD incidence.
Consequently, we believe that both analyses comple-
ment each other, enhancing the overall understanding
of this relationship. Besides, we additionally adjusted for
the genetic risk of CKD, which was not accounted for in
previous studies. We also investigated the modification
effect of genetic risk on the association between PA and
the risk of CKD. The exclusion of genetic influence
strengthens the validity of our findings. Furthermore,
the strengths of this study also include the large sample
size, the prospective and population-based study design,
and the conclusions that were validated by multiple
sensitivity analyses and subgroup analyses.

However, this study still has several limitations.
First, in the questionnaire-based analysis, the analysis
was limited by potential recall bias and measurement
error when collecting data, and certain types of PA
were not fully investigated in terms of frequency and
duration. Second, in the accelerometer-based analysis,
the baseline for accelerometer data was set after
wearing the device, and the covariates used for
adjustment were measured at recruitment, which may
not accurately reflect the true baseline characteristics of
the participants. Third, although we accounted for the
season of accelerometer wear in our analysis, using
single time-point PA data limits our ability to infer
within-person changes or variability in physical activity
over time. Fourth, some types of activities such as
resistance exercise or cycling may not be appropriately
characterized using wrist accelerometry. Fifth, the
mean age of participants in the accelerometer-based
analysis was 62.6 (SD:7.8) years old, and there is evi-
dence suggesting the presence of healthy volunteer
selection bias in the UK biobank. Therefore, our
study’s conclusions may not apply to the other popu-
lation. Sixth, wrist accelerometers might not distinctly
differentiate between sedentary behaviors and LPA.
Seventh, we did not consider the role of timing of daily
PA. Recent studies suggest that PA at different times of
day may have varying effects on health.49,50 Such im-
pacts on health warrant further investigation. Eighth,
as with any observational study, our study cannot
establish causal relationships.

In conclusion, in the CKD-free participants from
the UK biobank, higher levels of accelerometer-
measured MPA, VPA, MVPA, and total PA are asso-
ciated with a lower risk of CKD incidence. Engaging in
multiple types of questionnaire-measured PA is also
associated with a decreased risk of CKD. These find-
ings provide robust evidence supporting the relation-
ship between PA and the risk of CKD incidence, which
can inform clinical treatment strategies for CKD and
serve as a reliable reference for the future development
of PA guidelines.
www.thelancet.com Vol 66 December, 2023
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