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Abstract

Background

Chronic kidney disease, which is defined as having a reduced kidney function (estimated

glomerular filtration rate (eGFR)) and/or signs of kidney damage (albuminuria), is highly

prevalent in Western society and is associated with adverse health outcomes, such as car-

diovascular disease. This warrants a search for risk factors of lower eGFR and higher albu-

minuria. Physical activity and sedentary behavior may be such risk factors.

Objective

To examine associations of physical activity (total, high, low), sedentary time and seden-

tary behavior patterns (breaks, prolonged bouts, average bout duration) with eGFR and

albuminuria.

Methods

We examined these associations in 2,258 participants of the Maastricht Study (average age

60.1±8.1 years; 51.3% men), who wore an accelerometer 24h/day on 7 consecutive days.

Associations with continuous eGFR and categories of urinary albumin excretion (UAE; <15

[reference category], 15-<30,�30 mg/24h) were evaluated with linear regression analyses

and multinomial logistic regression analyses, respectively.
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Results

After adjustment for potential confounders, each extra hour of total physical activity was

associated with a more favorable kidney function (betaeGFR = 2.30 (95%CI = 1.46; 3.14)),

whereas each extra hour of sedentary behavior was associated with a more adverse kidney

function (betaeGFR = -0.71 (-1.08; -0.35)). Also, compared to individuals with the lowest lev-

els of total physical activity, individuals with the highest levels had less kidney damage

(OR15-<30mg/24h = 0.63 (0.41; 0.96), OR�30mg/24h = 0.84 (0.53; 1.35). An extra hour of seden-

tary behavior was associated with more kidney damage (OR15-<30 mg/24h = 1.11 (1.01; 1.22),

OR�30 mg/24h = 1.10 (0.99; 1.22)). Further, a highly sedentary pattern was associated with a

more adverse kidney function, but no association was seen with kidney damage.

Conclusions

Physical activity and sedentary behavior were associated with kidney function and kidney

damage. Additionally, sedentary behavior patterns were associated with kidney function.

Causal studies are required to examine whether this indeed implicates that prevention

strategies should focus not only on increasing physical activity, but on reducing sedentary

behavior as well.

Introduction

Reduced kidney function (estimated glomerular filtration rate (eGFR) <60 ml/min/1.73m2)

and kidney damage (albuminuria�30 mg/24h), which together define chronic kidney disease

(CKD), have become highly prevalent in modern Western society [1]. Both have been associ-

ated with end-stage renal disease [2], acute kidney injury [3], and cardiovascular disease

(CVD) risk [2]. Therefore, it is important to identify factors that contribute to the development

of reduced eGFR and albuminuria, which are amenable for intervention.

A possibly important factor is physical activity, which includes not only moderate to vigor-

ous physical activity (MVPA) like brisk walking or running, but also light intensity physical

activity such as casual walking and household work [4]. Further, adults spend most time of the

day in sedentary behaviors [5–8], such as watching TV, using the computer or driving. Seden-

tary behavior has been associated with metabolic and CVD risk factors, independent of physi-

cal activity [9]. Therefore, sedentary behavior should be examined next to the different levels

of physical activity. Several studies have reported on associations of physical activity [10–15]

and sedentary behavior [12,16] with eGFR [10,12,14,15], albuminuria [11–13,16], or both

combined as CKD [12]. However, these studies have used self-reported measures of physical

activity and sedentary behavior, which may be biased and the reported results have been

inconsistent.

Since several years the complete daily activity spectrum, from sedentary behavior to

MVPA, can be objectively measured with an accelerometer. To date only a few studies have

described associations between accelerometry data and kidney function [17,18]. These studies

have not reported on the pattern of sedentary time, i.e., the manner in which sedentary time

was accumulated. Since not all sedentary time is bad (certain amounts are needed for rest and

recovery) and particularly prolonged uninterrupted sedentary time may be harmful, sedentary

patterns should be examined. These patterns can be expressed by sedentary breaks, which

refers to the frequency with which sedentary time was interrupted (transitions from sitting to

Physical activity and sedentary behavior are associated with kidney function and kidney damage

PLOS ONE | https://doi.org/10.1371/journal.pone.0195306 April 4, 2018 2 / 18

Management Team (research.dms@mumc.nl) and

the last author (A. Koster) may be contacted to

request data.

Funding: The Maastricht Study was supported by

the European Regional Development Fund via OP-

Zuid; the Province of Limburg, the Dutch Ministry

of Economic Affairs (grant 31O.041); Stichting De

Weijerhorst (Maastricht, the Netherlands); the

Pearl String Initiative Diabetes (Amsterdam, the

Netherlands); the Cardiovascular Center (CVC,

Maastricht, the Netherlands); CARIM School for

Cardiovascular Diseases (Maastricht, the

Netherlands); CAPHRI Care and Public Health

Research Institute (Maastricht, the Netherlands);

NUTRIM School for Nutrition and Translational

Research in Metabolism (Maastricht, the

Netherlands); Stichting Sint Annadal (Maastricht,

the Netherlands); Health Foundation Limburg

(Maastricht, the Netherlands); Janssen-Cilag B.V.

(Tilburg, the Netherlands; unrestricted grant), Novo

Nordisk Farma B.V. (Alphen aan den Rijn, the

Netherlands; unrestricted grant); and Sanofi-

Aventis Netherlands B.V. (Gouda, the Netherlands;

unrestricted grant). In addition, this study was

supported by an unrestricted grant from Fresenius

Medical Care (Bad Homburg, Germany). AK has

received funding from the European Union Seventh

Framework Programme (FP7-PEOPLE-2011-CIG)

under grant agreement PCIG09-GA-2011-293621.

The funders had no role in study design, data

collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0195306
mailto:research.dms@mumc.nl


standing) and sedentary bouts, which refers to uninterrupted periods of sedentary time of a

certain duration (e.g., 30 min). Previous studies have demonstrated that sedentary patterns

were associated with detrimental health outcomes, including a larger waist circumference and

a higher body mass index, higher levels of triglycerides and glucose, and the metabolic syn-

drome [19,20].

Therefore, we measured total amount and patterns of physical activity and sedentary behav-

ior with an accelerometer in a large sample of adults aged 40–75 years who participated in The

Maastricht Study. The aim of this study was to examine associations of physical activity (total,

high, low), sedentary time and sedentary behavior patterns (breaks, prolonged bouts, average

bout duration) with eGFR and albuminuria.

Materials and methods

Study population and design

We used data from The Maastricht Study, an observational prospective population-based

cohort study. The rationale and methodology have been described previously [21]. In brief, the

study focuses on the etiology, pathophysiology, complications and comorbidities of type 2 dia-

betes mellitus (T2DM) and is characterized by an extensive phenotyping approach. Eligible par-

ticipants were all individuals aged between 40 and 75 years and living in the southern part of

the Netherlands. Participants were recruited through mass media campaigns and from the

municipal registries and the regional Diabetes Patient Registry via mailings. Recruitment was

stratified according to known T2DM status, with an oversampling of individuals with T2DM,

for reasons of efficiency. The present report includes cross-sectional data from the first 3,451

participants, who completed the baseline survey between November 2010 and September 2013.

The examinations of each participant were performed within a time window of three months.

For the present study, we used complete cases, so participants were excluded when: having

another diabetes type than T2DM (n = 41); they did not receive an accelerometer due to logis-

tics (n = 668), their accelerometer measurement failed (n = 135), eGFR was missing (n = 20),

24h urine collections were either collected erroneously (<20h or>28h) or were not handed

in at all (n = 23), or having other missing data (n = 306). A total of 2,258 participants were

included in the present study.

The study has been approved by the institutional medical ethical committee (NL31329.068.10)

and the Minister of Health, Welfare and Sports of the Netherlands (Permit 131088-105234-PG),

and was conducted in accordance with the Declaration of Helsinki. All participants gave written

informed consent.

Materials

Accelerometry data. Daily activity levels were measured using the activPAL3™ physical

activity monitor (PAL Technologies, Glasgow, UK), as described elsewhere [20]. The device

was attached directly to the skin in front of the right thigh, after the device had been water-

proofed. Participants were asked to wear the accelerometer for 8 consecutive days, without

removing it at any time. Data from the first day were excluded from the analysis because par-

ticipants performed physical function tests at the research center after the device was attached.

Participants were included if they provided at least 1 valid day (�10h of waking data).

The total amount of physical activity was based on the stepping posture and calculated as

the mean time spent in stepping during waking time per day. The method used to determine

waking time has been described elsewhere [22]. Physical activity (stepping time) was further

classified into higher intensity physical activity (HPA; minutes with a step frequency >110

steps/min during waking time) and lower intensity physical activity (LPA; minutes with a step
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frequency�110 steps/min during waking time; standing time was not included). The total

amount of sedentary time was based on the sedentary posture (sitting/lying), and calculated as

the mean time spent in a sedentary position during waking time per day. Three constructs of

sedentary behavior patterns were identified: number of sedentary breaks, number prolonged

sedentary bouts, and average sedentary bout duration. The number of sedentary breaks during

waking time was determined as each transition from a sitting/lying position to standing or

stepping with a duration of at least 1 min, and the mean number of breaks/day was calculated.

Sedentary time accumulated in a consecutive period�30 min was defined as a prolonged sed-

entary bout, and the mean number of prolonged sedentary bouts/day was calculated. Average

bout duration was calculated by dividing total sedentary time by total number of sedentary

bouts of any duration.

Kidney function. GFR was estimated with the Chronic Kidney Disease Epidemiology

Collaboration (CKD-EPI) equation based on the combination of serum creatinine and serum

cystatin C (eGFRcrcys) [23]. Serum creatinine and serum cystatin C were assessed as described

elsewhere [24]. To assess urinary albumin excretion (UAE), participants were requested to col-

lect two 24h urine collections, as described elsewhere [24]. Only urine collections with a collec-

tion time between 20h and 28h were considered valid. If needed, UAE was extrapolated to a

24h excretion. These analyses were preferably based on the average of two (available in 92.6%

of the participants) 24h urine collections.

Potential confounders or mediators. Potential confounders or mediators were extracted

from questionnaires and included sex, age, smoking behavior, alcohol consumption, daily

energy intake, mobility limitation (having any difficulties with walking in the previous week),

noncardiovascular comorbidity (the presence of (a history of) non-skin cancer, inflammatory

respiratory disease or Parkinson’s disease), and history of CVD. Level of education and use of

antihypertensive and lipid-modifying medication were assessed by interview.

Other potential confounders or mediators were obtained from physical examination and

laboratory assessment as described elsewhere [21], and included waist circumference, total

cholesterol, high-density lipoprotein (HDL)-cholesterol, triglycerides, office blood pressure,

24h average ambulatory blood pressure, and glucose metabolism status.

Statistical analyses

Characteristics of the total study population and according to sex-specific quartiles of seden-

tary time (to obtain equal distributions of men and women) were summarized as means with

standard deviations (SD) or as numbers and percentages. Non-normally distributed variables

were described using the median and the interquartile range.

General linear models were used to obtain adjusted levels of physical activity and sedentary

behavior variables according to categories of eGFRcrcys and albuminuria. eGFRcrcys was catego-

rized into:�90 ml/min/1.73m2, 60-<90 ml/min/1.73m2, and<60 ml/min/1.73m2 [24]. Albu-

minuria was categorized into: <15 mg/24h, 15-<30 mg/24h, and�30 mg/24h [24].

Associations of total physical activity (h/day), HPA (10 min/day), LPA (h/day), sedentary

time (h/day), sedentary breaks (10/day), prolonged sedentary bouts (#/day), and average sed-

entary bout duration (min) with eGFRcrcys (ml/min/1.73m2) as dependent variable were evalu-

ated with multivariable linear regression analyses. The associations of the physical activity and

sedentary behavior variables with albuminuria were evaluated with categories of albuminuria

using multinomial logistic regression analyses, because UAE was highly positively skewed and

could not be transformed adequately using common transformations [25]. Total physical

activity and LPA were categorized into quartiles as the association with categorical albumin-

uria was non-linear.
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The associations in models 1 were adjusted for the following variables which may confound

associations of physical activity and sedentary behavior with kidney function and kidney dam-

age: age, sex, glucose metabolism status, educational level (as an indicator of socioeconomic

status), smoking status, alcohol consumption, energy intake, noncardiovascular comorbid dis-

ease, mobility limitation, and waking time (to exclude the possibility that estimated effects

were biased due to differences in waking hours). In models 2 the associations with the seden-

tary behavior variables were additionally adjusted for HPA, to examine whether the effects

were independent of the amount of HPA since HPA has been identified as an important health

factor [26]. In models 3 the associations with HPA and the sedentary pattern variables were

additionally adjusted for sedentary time, to examine whether the effects were independent of

the amount of sedentary time. In models 4 all associations were additionally adjusted for vari-

ables which may confound but also mediate associations of physical activity and sedentary

behavior with kidney function and kidney damage. These variables included office systolic

blood pressure, use of antihypertensive medication, waist circumference, total-to-HDL choles-

terol ratio, triglycerides, use of lipid-modifying medication, and prevalent CVD. Glucose

metabolism status may also be a mediator in the associations examined. However, to control

for the oversampling of individuals with T2DM in The Maastricht Study, glucose metabolism

status was added in models 1. In an additional analyses, we repeated models 1 without adjust-

ment for glucose metabolism status.

Variance inflation factors were<3.5 for all non-multiplicative variables, indicating absence

of multicollinearity.

All analyses were performed with IBM SPSS Statistics Version 22.0 (IBM Corp., Armonk,

NY, USA).

Results

Population characteristics

Of the total study population, 51.3% were men and the average age was 60.1±8.1 years

(Table 1). eGFRcrcys was on average 87.9±14.6 ml/min/1.73m2 in the total study population,

and 4.3% had an eGFRcrcys of<60 ml/min/1.73m2. The median UAE was 6.6 mg/24h, and

8.8% of the total study population had a UAE of�30 mg/24h. The accelerometer was worn on

average 6.3±1.2 days (95.7% of the participants provided at least 4 valid days of data, 57.5% of

the participants provided 7 valid days of data). Average waking time was 15.7±0.9 h/day, of

which most time was spent sedentary (9.4±1.7h), and only 2.0±0.7h was spent being physically

active. The amount of LPA was on average 1.6±0.6 h/day, and the median HPA was 18.4 [9.0–

31.4] min/day. Fig 1 shows the daily percentages of sedentary time, standing time and time

spent physically active (stepping) according to eGFRcrcys and albuminuria categories. Partici-

pants with a lower eGFRcrcys and those with a higher UAE spent more time sedentary, so less

time standing and physically active in comparison with those with a higher eGFRcrcys and

those with a lower UAE. Sedentary time was interrupted on average 37.4±8.5 times per day

(sedentary breaks). The daily number of prolonged sedentary bouts (accumulated in a conse-

cutive period�30 min) was on average 4.9±1.6, and the median average sedentary bout dura-

tion was 10.7 [8.7–13.2] min (Table 1).

Daily activity and eGFR

Table 2 presents the adjusted means of the physical activity and sedentary behavior variables

according to eGFRcrcys categories. Table 3 presents the associations of these variables with

eGFRcrcys. More daily total physical activity and LPA were associated with a higher eGFRcrcys

after adjustment for confounders (Btotal = 2.30 (95%CI = 1.46; 3.14) ml/min/1.73m2 per 1 h
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Table 1. Characteristics of the total study population and stratified according to quartiles of total amount of sedentary time.

Sex-specific quartiles of total amount of sedentary time

Total (n = 2258) Q1 (n = 563) Q2 (n = 565) Q3 (n = 565) Q4 (n = 565)

Range of sedentary time (h/day) in men 4.3–15.9 4.3–8.9 8.9–10.0 10.0–11.0 11.0–15.9

Range of sedentary time (h/day) in women 2.5–14.4 2.5–7.8 7.8–8.8 8.8–9.9 9.9–14.4

Age (years) 60.1 ±8.1 58.8 ±8.3 61.0 ±7.7 60.6 ±8.2 60.2 ±8.0

Men 1159 (51.3) 289 (51.3) 290 (51.3) 290 (51.3) 290 (51.3)

Educational level

Low 370 (16.4) 97 (17.2) 96 (17.0) 77 (13.6) 100 (17.7)

Intermediate 971 (43.0) 264 (46.9) 245 (43.4) 235 (41.6) 227 (40.2)

High 917 (40.6) 202 (35.9) 224 (39.6) 253 (44.8) 238 (42.1)

Smoking behavior (% current) 281 (12.4) 61 (10.8) 54 (9.6) 58 (10.3) 108 (19.1)

Alcohol consumption (% high) 581 (25.7) 135 (24.0) 151 (26.7) 159 (28.1) 136 (24.1)

Energy intake (kcal/day) 2170 ±602 2217 ±608 2153 ±586 2177 ±593 2136 ±619

Body mass indexa 27.0 ±4.5 26.1 ±4.3 26.7 ±4.2 26.9 ±4.1 28.4 ±5.0

Waist circumference (cm)

Men 101.7 ±12.0 97.7 ±11.1 100.5 ±11.0 101.9 ±11.2 106.7 ±12.9

Women 89.5 ±12.6 86.3 ±11.6 87.8 ±11.0 89.3 ±11.2 94.4 ±14.8

Office systolic blood pressure (mmHg) 135.2 ±18.2 134.7 ±18.7 135.3 ±18.3 134.8 ±17.3 136.3 ±18.7

Office diastolic blood pressure (mmHg) 76.2 ±9.9 76.1 ±10.1 75.9 ±10.0 75.9 ±9.3 77.1 ±10.2

Hypertension 1298 (57.5) 275 (48.8) 333 (58.9) 323 (57.2) 367 (65.0)

Antihypertensive medication 920 (40.7) 175 (31.1) 211 (37.3) 235 (41.6) 299 (52.9)

Glucose metabolism status

Normal glucose metabolism 1268 (56.2) 363 (64.5) 345 (61.1) 320 (56.6) 240 (42.5)

Prediabetes 351 (15.5) 91 (16.2) 81 (14.3) 87 (15.4) 92 (16.3)

Type 2 diabetes 639 (28.3) 109 (19.4) 139 (24.6) 158 (28.0) 233 (41.2)

Total cholesterol (mmol/l) 5.2 ±1.2 5.4 ±1.1 5.3 ±1.2 5.3 ±1.2 5.1 ±1.2

HDL cholesterol (mmol/l)

Men 1.4 ±0.4 1.5 ±0.4 1.4 ±0.4 1.3 ±0.4 1.2 ±0.3

Women 1.8 ±0.5 1.9 ±0.5 1.9 ±0.5 1.7 ±0.5 1.6 ±0.5

LDL cholesterol (mmol/l) 3.0 ±1.0 3.1 ±1.0 3.1 ±1.0 3.1 ±1.1 2.9 ±1.1

Triglycerides (mmol/l) 1.23 [0.89–1.73] 1.09 [0.83–1.51] 1.19 [0.87–1.58] 1.26 [0.91–1.75] 1.40 [1.01–1.97]

Total-to-HDL cholesterol ratio 3.6 ±1.1 3.5 ±1.1 3.5 ±1.1 3.6 ±1.1 3.8 ±1.2

HbA1c (%)b

No type 2 diabetes 5.5 ±0.4 5.5 ±0.4 5.5 ±0.4 5.5 ±0.4 5.5 ±0.4

Type 2 diabetes 6.9 ±1.0 6.8 ±1.0 7.0 ±1.0 6.8 ±0.9 7.0 ±1.1

Lipid-modifying medication 837 (37.1) 169 (30.0) 192 (34.0) 214 (37.9) 262 (46.4)

Prevalent cardiovascular disease 378 (16.7) 79 (14.0) 93 (16.5) 94 (16.6) 112 (19.8)

Noncardiovascular comorbidity (% with comorbidity) 292 (12.9) 65 (11.5) 65 (11.5) 64 (11.3) 98 (17.3)

Limited mobility (% limited) 367 (16.3) 67 (11.9) 73 (12.9) 82 (14.5) 145 (25.7)

eGFRcrcys (ml/min/1.73m2) 87.9 ±14.6 90.8 ±13.8 87.8 ±13.7 87.0 ±15.0 86.1 ±15.7

eGFRcrcys categories

�90 ml/min/1.73m2 1078 (47.7) 308 (54.7) 265 (46.9) 256 (45.3) 249 (44.1)

60-<90 ml/min/1.73m2 1082 (47.9) 243 (43.2) 281 (49.7) 279 (49.4) 279 (49.4)

<60 ml/min/1.73m2 98 (4.3) 12 (2.1) 19 (3.4) 30 (5.3) 37 (6.5)

Urinary albumin excretion rate (mg/24h) 6.6 [3.9–12.3] 6.0 [3.8–11.0] 6.3 [3.7–11.2] 6.6 [3.9–12.6] 7.9 [4.2–15.8]

Urinary albumin excretion categories

<15 mg/24h 1812 (80.2) 479 (85.1) 465 (82.3) 458 (81.1) 410 (72.6)

15-<30 mg/24h 247 (10.9) 50 (8.9) 55 (9.7) 62 (11.0) 80 (14.2)

(Continued)
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daily total physical activity; BLPA = 2.10 (1.08; 3.12) ml/min/1.73m2 per 1 h daily LPA; model

1). After additional adjustment for potential mediators (models 4), the effect sizes were

approximately 30% smaller. More daily HPA was also associated with a higher eGFRcrcys after

adjustment for confounders and sedentary time (B = 0.53 (0.21; 0.85) ml/min/1.73m2 per 10

min daily HPA), but after further adjustment for potential mediators in model 4, the effect size

became approximately 40% smaller and the 95% confidence interval included zero (B = 0.31

(-0.02; 0.64) ml/min/1.73m2 per 10 min daily HPA). More daily sedentary time was associated

with a lower eGFRcrcys (B = -0.71 (-1.08; -0.35) ml/min/1.73m2 per h daily sedentary time),

after adjustment for confounders including HPA (model 2). After additional adjustment for

potential mediators (model 4), the effect size became approximately 30% smaller. A larger

number of daily sedentary breaks was associated with a higher eGFRcrcys in model 2 (B = 0.80

(0.12; 1.47) ml/min/1.73m2 per 10 daily sedentary breaks), but after additional adjustment for

sedentary time in model 3, the effect size was smaller and the 95% confidence interval included

zero (B = 0.59 (-0.10; 1.27) ml/min/1.73m2 per 10 daily sedentary breaks). Having more daily

prolonged sedentary bouts and having a longer average sedentary bout duration were both

associated with a lower eGFRcrcys, even after adjustment for confounders and potential media-

tors in models 3 and 4 (Bprolonged bouts = -0.57 (-1.14; -0.01) ml/min/1.73m2 per daily prolonged

sedentary bout; Bbout duration = -0.23 (-0.41; -0.04) ml/min/1.73m2 per minute of average seden-

tary bout duration).

Daily activity and albuminuria

Table 4 presents the adjusted means of the physical activity and sedentary behavior variables

according to albuminuria categories. Table 5 presents the associations of these variables with

albuminuria. More daily total physical activity was associated with lower ORs for higher UAE,

although this was not evident for all quartiles. After adjustment for potential mediators in

model 4, effect sizes were largely similar, particularly for a UAE of 15-<30 mg/24h. LPA and

HPA were not associated with albuminuria after adjustment for confounders (models 1 and

Table 1. (Continued)

Sex-specific quartiles of total amount of sedentary time

Total (n = 2258) Q1 (n = 563) Q2 (n = 565) Q3 (n = 565) Q4 (n = 565)

�30 mg/24h 199 (8.8) 34 (6.0) 45 (8.0) 45 (8.0) 75 (13.3)

Valid days (#) 6.3 ±1.2 6.2 ±1.3 6.4 ±1.0 6.4 ±1.0 6.1 ±1.2

Waking time (h/day) 15.7 ±0.9 15.6 ±0.9 15.6 ±0.9 15.7 ±0.9 16.1 ±0.9

Sedentary time (h/day) 9.4 ±1.7 7.4 ±0.9 8.9 ±0.6 9.9 ±0.6 11.4 ±0.9

Standing time (h/day) 4.3 ±1.3 5.6 ±1.2 4.5 ±1.0 3.9 ±0.9 3.2 ±0.8

Total physical activity (h/day) 2.0 ±0.7 2.5 ±0.6 2.1 ±0.6 1.8 ±0.5 1.5 ±0.5

Lower intensity physical activity (h/day) 1.6 ±0.6 2.0 ±0.5 1.7 ±0.5 1.5 ±0.4 1.2 ±0.4

Higher intensity physical activity (min/day) 18.4 [9.0–31.4] 25.3 [14.3–39.6] 19.9 [11.0–31.8] 16.8 [8.1–29.0] 12.4 [5.3–23.0]

Sedentary breaks (#/day) 37.4 ±8.5 38.3 ±9.6 38.1 ±8.3 37.4 ±7.7 35.8 ±8.2

Prolonged sedentary bouts (#/day) 4.9 ±1.6 3.4 ±1.0 4.5 ±1.0 5.2 ±1.1 6.4 ±1.3

Average sedentary bout duration (min) 10.7 [8.7–13.2] 8.7 [7.2–10.3] 10.1 [8.5–12.1] 11.2 [9.6–13.4] 13.2 [11.0–15.7]

Note: Data are presented as n (%), mean ±standard deviation, median [interquartile range] or range (only for range of sedentary time).

Abbreviations: eGFRcrcys, estimated glomerular filtration rate based on serum creatinine and serum cystatin C; HbA1c, hemoglobin A1c (glycated hemoglobin); HDL

cholesterol, high-density lipoprotein cholesterol; LDL cholesterol, low-density lipoprotein cholesterol.
a Body mass index was available in n = 2257.
b HbA1c was available in n = 2254.

https://doi.org/10.1371/journal.pone.0195306.t001
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3). In contrast, more daily sedentary time was associated with a higher odds for a UAE of

15-<30 mg/24h (OR15-<30mg/24h = 1.11 (95%CI = 1.01; 1.22)) and a UAE of�30 mg/24h

(OR�30mg/24h = 1.10 (0.99; 1.22)) in model 2. After adjustment for potential mediators in

model 4, the strength of the association with a UAE of 15-<30 mg/24h was similar to the asso-

ciation in model 2 (OR15-<30mg/24h = 1.10 (1.00; 1.22)), but the association with a UAE�30

mg/24h decreased with approximately 35% (OR�30mg/24h = 1.06 (0.95; 1.19)). The daily num-

ber of sedentary breaks was not associated with albuminuria in any model. Having more daily

prolonged sedentary bouts and having a longer average sedentary bout duration were only

associated with a higher odds for a UAE of 15-<30 mg/24h and�30 mg/24h in models 1.

Additional analyses

In additional analyses, office systolic blood pressure was replaced with 24h average ambulatory

systolic blood pressure (n = 1,996). The effect sizes of the associations of all variables with

Fig 1. Percentage of waking time spent sedentary, standing, and physically active according to categories of

eGFRcrcys (panel A) and albuminuria (panel B). Distribution of participants in the eGFRcrcys categories:�90 ml/min/

1.73m2 n = 1073, 60-<90 ml/min/1.73m2 n = 1077,<60 ml/min/1.73m2 n = 97. Distribution of participants in the

albuminuria categories: <15 mg/24h n = 1804, 15-<30 mg/24h n = 246,�30 mg/24h n = 197.

https://doi.org/10.1371/journal.pone.0195306.g001
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eGFRcrcys were somewhat smaller in models 4 and the 95% confidence interval included zero

for sedentary time, prolonged sedentary bouts and average sedentary bout duration (S1

Table). However, these analyses were hampered by a loss of statistical power. The effect sizes

of the associations of all physical activity and sedentary behavior variables with albuminuria

were largely similar (S2 Table). Further, results were similar when participants with<4 valid

days (�10h of waking data) were excluded (S3 and S4 Tables, n = 2,162). Glucose metabolism

status may not only be a confounder (to control for the oversampling of individuals with

T2DM in The Maastricht Study), but may be a mediator of the associations of physical activity

and sedentary behavior with kidney function and kidney damage as well. When models 1 were

not adjusted for glucose metabolism status, results were similar for eGFRcrcys, whereas most

Table 2. Adjusted means of physical activity and sedentary behavior variables according to eGFRcrcys categories.

�90 ml/min/1.73m2 (n = 1078)

Mean (95%CI)

60-<90 ml/min/1.73m2 (n = 1082)

Mean (95%CI)

<60 ml/min/1.73m2 (n = 98)

Mean (95%CI)

P value

Overall

Total physical activity

(h/day)

Model 1 2.05 (2.01; 2.09) 1.94 (1.91; 1.98) 1.82 (1.69; 1.94) < 0.001

Model 2 N/A N/A N/A N/A

Model 3 N/A N/A N/A N/A

Model 4 2.02 (1.99; 2.06) 1.96 (1.92; 2.00) 1.87 (1.75; 2.00) 0.022

Lower intensity physical activity

(h/day)

Model 1 1.65 (1.61; 1.68) 1.58 (1.55; 1.61) 1.50 (1.40; 1.61) 0.006

Model 2 N/A N/A N/A N/A

Model 3 N/A N/A N/A N/A

Model 4 1.63 (1.60; 1.67) 1.59 (1.56; 1.62) 1.53 (1.43; 1.64) 0.087

Higher intensity physical activity

(min/day)

Model 1 20.49 (19.59; 21.42) 18.58 (17.72; 19.44) 15.58 (13.08; 18.30) 0.001

Model 2 N/A N/A N/A N/A

Model 3 20.17 (19.31; 21.05) 18.79 (17.98; 19.62) 16.51 (14.04; 19.18) 0.014

Model 4 19.79 (18.96; 20.66) 19.07 (18.26; 19.90) 17.39 (14.87; 20.11) 0.203

Sedentary time

(h/day)

Model 1 9.31 (9.21; 9.40) 9.50 (9.41; 9.59) 9.78 (9.48; 10.08) 0.002

Model 2 9.34 (9.25; 9.43) 9.47 (9.39; 9.56) 9.66 (9.37; 9.95) 0.045

Model 3 N/A N/A N/A N/A

Model 4 9.38 (9.29; 9.46) 9.45 (9.36; 9.53) 9.57 (9.28; 9.86) 0.351

Sedentary breaks

(#/day)

Model 1 37.99 (37.50; 38.47) 36.83 (36.35; 37.31) 37.46 (35.87; 39.06) 0.006

Model 2 37.92 (37.43; 38.40) 36.88 (36.40; 37.36) 37.70 (36.11; 39.28) 0.013

Model 3 37.85 (37.37; 38.33) 36.93 (36.46; 37.40) 37.91 (36.35; 39.48) 0.025

Model 4 37.82 (37.34; 38.30) 36.95 (36.48; 37.42) 37.99 (36.41; 39.56) 0.034

Prolonged sedentary bouts

(#/day)

Model 1 4.70 (4.61; 4.79) 4.97 (4.88; 5.06) 5.24 (4.94; 5.54) < 0.001

Model 2 4.73 (4.64; 4.82) 4.95 (4.87; 5.04) 5.13 (4.84; 5.42) 0.001

Model 3 4.79 (4.73; 4.84) 4.91 (4.85; 4.97) 4.95 (4.76; 5.14) 0.010

Model 4 4.79 (4.73; 4.85) 4.91 (4.85; 4.97) 4.93 (4.74; 5.12) 0.018

Sedentary bout duration

(min)

Model 1 10.38 (10.20; 10.57) 11.01 (10.83; 11.21) 11.27 (10.62; 11.95) < 0.001

Model 2 10.44 (10.26; 10.62) 10.98 (10.78; 11.17) 11.05 (10.43; 11.69) < 0.001

Model 3 10.53 (10.37; 10.69) 10.91 (10.75; 11.08) 10.78 (10.27; 11.32) 0.005

Model 4 10.54 (10.38; 10.70) 10.90 (10.74; 11.06) 10.73 (10.22; 11.27) 0.011

Note: Means represent adjusted means of the dependent variables in each eGFRcrcys category. The means in models 1 were adjusted for age, sex, glucose metabolism

status, waking time, educational level, smoking behavior, alcohol consumption, energy intake, comorbid disease, mobility limitation; in models 2 the means of the

sedentary behavior variables were additionally adjusted for HPA; in models 3 the means of HPA and the sedentary behavior pattern variables were additionally adjusted

for sedentary time; in models 4 all means were additionally adjusted for office systolic blood pressure, use of antihypertensive medication, waist circumference, total-to-

HDL cholesterol ratio, triglycerides, use of lipid-modifying medication, prevalent cardiovascular disease. All analyses were based on complete cases (n = 2,258).

Abbreviations: CI, confidence interval; eGFRcrcys, estimated glomerular filtration rate based on serum creatinine and serum cystatin C; HPA, higher intensity physical

activity; HDL cholesterol, high-density lipoprotein cholesterol, N/A, not applicable.

https://doi.org/10.1371/journal.pone.0195306.t002
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associations of albuminuria were somewhat stronger (S5 and S6 Tables, n = 2,258). Further,

results were similar when waist circumference was replaced with body mass index (S7 and

S8 Tables, n = 2,257). Finally, we explored whether there was statistical interaction between

sedentary time and HPA. These analyses showed that the association of sedentary time with

eGFR was weaker at higher levels of HPA (P value of the interaction term between sedentary

time and HPA (Pinteraction) 0.021 in model 2). We observed no interaction for the association

of sedentary time with albuminuria (Pinteraction 0.283 for UAE15-<30mg/24h and 0.644 for

UAE�30mg/24h in model 2).

Discussion

To our knowledge, this is the first study in which posture-based accelerometry data were used

to measure total amount and patterns of physical activity and sedentary behavior in order to

examine associations of the total daily activity spectrum with kidney function and kidney dam-

age. The results demonstrated that physical activity and sedentary behavior were associated

with eGFRcrcys and albuminuria. More physical activity was associated with a more favorable

kidney function and less kidney damage, more sedentary behavior was associated with a more

adverse kidney function and more kidney damage. Importantly, additional analyses suggested

that higher levels of HPA can somewhat attenuate (i.e., counterbalance) the adverse association

of more sedentary time with kidney function. Positive effects of HPA on health and on kidney

function in particular, have been described by others [10,11,13,14] and in this paper, which

supports the assumption. In addition, sedentary patterns, expressed by having more sedentary

bouts (of at least 30 min) or having a longer average sedentary bout duration, were associated

with a more adverse eGFR, even after adjustment for the amount of HPA and sedentary time.

This suggests that uninterrupted sitting periods of 30 minutes or longer could negatively affect

kidney function.

Remarkably, more total physical activity as well as more LPA and HPA were associated

with a more favorable kidney function, whereas only more total physical activity was associ-

ated with less kidney damage. The small numbers of participants in the quartiles of LPA may

have contributed to these findings. Alternatively, the amounts of LPA and HPA may have

Table 3. Associations of physical activity and sedentary behavior variables with eGFRcrcys.

Model 1

Beta (95%CI)

Model 2

Beta (95%CI)

Model 3

Beta (95%CI)

Model 4

Beta (95%CI)

Total physical activity (h/day) 2.30 (1.46; 3.14) N/A N/A 1.55 (0.69; 2.40)

Lower intensity physical activity (h/day) 2.10 (1.08; 3.12) N/A N/A 1.49 (0.47; 2.50)

Higher intensity physical activity (10 min/day) 0.70 (0.39; 1.02) N/A 0.53 (0.21; 0.85) 0.31 (-0.02; 0.64)

Sedentary time (h/day) -0.88 (-1.23; -0.53) -0.71 (-1.08; -0.35) N/A -0.47 (-0.84; -0.10)

Sedentary breaks (10/day) 0.93 (0.26; 1.61) 0.80 (0.12; 1.47) 0.59 (-0.10; 1.27) 0.51 (-0.17; 1.19)

Prolonged sedentary bouts (#/day) -0.96 (-1.32; -0.61) -0.82 (-1.19; -0.46) -0.66 (-1.23; -0.09) -0.57 (-1.14; -0.01)

Average sedentary bout duration (min) -0.41 (-0.57; -0.26) -0.35 (-0.51; -0.20) -0.27 (-0.45–0.08) -0.23 (-0.41; -0.04)

Note: Betas represent the difference in eGFRcrcys per one unit increase in the independent variable. Boldface indicates statistical significance (P <0.05). The associations

in models 1 were adjusted for age, sex, glucose metabolism status, waking time, educational level, smoking behavior, alcohol consumption, energy intake, comorbid

disease, mobility limitation; in models 2 the associations with the sedentary behavior variables were additionally adjusted for HPA; in models 3 the associations with

HPA and the sedentary behavior pattern variables were additionally adjusted for sedentary time; in models 4 all associations were additionally adjusted for office systolic

blood pressure, use of antihypertensive medication, waist circumference, total-to-HDL cholesterol ratio, triglycerides, use of lipid-modifying medication, prevalent

cardiovascular disease. All analyses were based on complete cases (n = 2,258).

Abbreviations: CI, confidence interval; eGFRcrcys, estimated glomerular filtration rate based on serum creatinine and serum cystatin C; HPA, higher intensity physical

activity; HDL cholesterol, high-density lipoprotein cholesterol, N/A, not applicable.

https://doi.org/10.1371/journal.pone.0195306.t003
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been insufficient to detect an association with albuminuria. Also, sedentary patterns were not

associated with kidney damage. Since more total sedentary time was associated with more kid-

ney damage, it could be suggested that the total amount of sedentary time may be more impor-

tant for kidney damage than the way in which it is accumulated. Additionally, even when

effect sizes are small, the potential impact on population level may still be relevant as sedentary

behavior is highly prevalent on both an inter- and intra-individual level: the majority of indi-

viduals has been shown to spend on average more than half of the waking day being sedentary

[5–8].

Table 4. Adjusted means of physical activity and sedentary behavior variables according to albuminuria categories.

<15 mg/24h (n = 1812)

Mean (95%CI)

15-<30 mg/24h (n = 247)

Mean (95%CI)

�30 mg/24h (n = 199)

Mean (95%CI)

P value

Overall

Total physical activity

(h/day)

Model 1 2.00 (1.98; 2.03) 1.94 (1.87; 2.02) 1.89 (1.80; 1.98) 0.033

Model 2 N/A N/A N/A N/A

Model 3 N/A N/A N/A N/A

Model 4 2.00 (1.97; 2.03) 1.95 (1.87; 2.03) 1.92 (1.83; 2.01) 0.177

Lower intensity physical activity

(h/day)

Model 1 1.62 (1.60; 1.65) 1.57 (1.51; 1.64) 1.54 (1.46; 1.61) 0.062

Model 2 N/A N/A N/A N/A

Model 3 N/A N/A N/A N/A

Model 4 1.62 (1.60; 1.64) 1.58 (1.51; 1.64) 1.55 (1.48; 1.63) 0.173

Higher intensity physical activity

(min/day)

Model 1 19.64 (18.97; 20.31) 18.85 (17.11; 20.68) 17.29 (15.41; 19.28) 0.087

Model 2 N/A N/A N/A N/A

Model 3 19.50 (18.87; 20.14) 19.36 (17.67; 21.12) 17.89 (16.06; 19.83) 0.306

Model 4 18.47 (18.81; 20.05) 19.41 (17.75; 21.15) 18.47 (16.62; 20.42) 0.653

Sedentary time

(h/day)

Model 1 9.37 (9.30; 9.44) 9.60 (9.41; 9.79) 9.64 (9.43; 9.85) 0.012

Model 2 9.38 (9.31; 9.45) 9.58 (9.40; 9.76) 9.57 (9.37; 9.78) 0.041

Model 3 N/A N/A N/A N/A

Model 4 9.39 (9.32; 9.45) 9.58 (9.40; 9.75) 9.53 (9.33; 9.73) 0.090

Sedentary breaks

(#/day)

Model 1 37.56 (37.20; 37.93) 37.06 (36.08; 38.05) 36.45 (35.33; 37.58) 0.156

Model 2 37.54 (37.18; 37.91) 37.09 (36.11; 38.08) 36.58 (35.46; 37.70) 0.238

Model 3 37.51 (37.15; 37.86) 37.24 (36.27; 38.21) 36.72 (35.62; 37.83) 0.405

Model 4 37.48 (37.12; 37.83) 37.31 (36.35; 38.28) 36.91 (35.80; 38.02) 0.637

Prolonged sedentary bouts

(#/day)

Model 1 4.81 (4.74; 4.88) 5.01 (4.82; 5.20) 5.08 (4.87; 5.29) 0.015

Model 2 4.82 (4.75; 4.88) 5.00 (4.82; 5.18) 5.03 (4.82; 5.23) 0.047

Model 3 4.85 (4.80; 4.89) 4.87 (4.76; 4.99) 4.91 (4.78; 5.04) 0.652

Model 4 4.85 (4.81; 4.89) 4.87 (4.75; 4.99) 4.89 (4.75; 5.02) 0.835

Sedentary bout duration

(min)

Model 1 10.61 (10.48; 10.76) 11.06 (10.65; 11.46) 11.27 (10.82; 11.75) 0.008

Model 2 10.63 (10.50; 10.77) 11.02 (10.64; 11.43) 11.16 (10.71; 11.61) 0.029

Model 3 10.68 (10.56; 10.79) 10.84 (10.52; 11.18) 10.98 (10.60; 11.36) 0.263

Model 4 10.69 (10.60; 10.82) 10.80 (10.49; 11.13) 10.87 (10.50; 11.26) 0.604

Note: Means represent adjusted means of the dependent variables in each albuminuria category. The means in models 1 were adjusted for age, sex, glucose metabolism

status, waking time, educational level, smoking behavior, alcohol consumption, energy intake, comorbid disease, mobility limitation; in models 2 the means of the

sedentary behavior variables were additionally adjusted for HPA; in models 3, the means of HPA and the sedentary behavior pattern variables were additionally adjusted

for sedentary time; in models 4 all means were additionally adjusted for office systolic blood pressure, use of antihypertensive medication, waist circumference, total-to-

HDL cholesterol ratio, triglycerides, use of lipid-modifying medication, prevalent cardiovascular disease.

All analyses were based on complete cases (n = 2,258).

Abbreviations: CI, confidence interval; eGFRcrcys, estimated glomerular filtration rate based on serum creatinine and serum cystatin C; HPA, higher intensity physical

activity; HDL cholesterol, high-density lipoprotein cholesterol; N/A, not applicable.

https://doi.org/10.1371/journal.pone.0195306.t004
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Table 5. Associations of physical activity and sedentary behavior variables with albuminuria.

Model 1

OR (95%CI)

Model 2

OR (95%CI)

Model 3

OR (95%CI)

Model 4

OR (95%CI)

Total physical activity

(h/day)

<15 mg/24h Reference N/A N/A Reference

15-<30 mg/24h Q1 Reference Reference

Q2 0.59 (0.40; 0.87) 0.59 (0.40; 0.88)

Q3 0.67 (0.45; 0.99) 0.67 (0.45; 1.00)

Q4 0.63 (0.41; 0.96) 0.65 (0.42; 1.00)

�30 mg/24h Q1 Reference Reference

Q2 0.75 (0.49; 1.15) 0.83 (0.53; 1.28)

Q3 0.59 (0.37; 0.95) 0.68 (0.42; 1.11)

Q4 0.84 (0.53; 1.35) 1.06 (0.64; 1.73)

Lower intensity physical activity

(h/day)

<15 mg/24h Reference N/A N/A Reference

15-<30 mg/24h Q1 Reference Reference

Q2 1.01 (0.70; 1.48) 1.03 (0.70; 1.50)

Q3 0.80 (0.54; 1.19) 0.81 (0.54; 1.21)

Q4 0.82 (0.54; 1.24) 0.85 (0.56; 1.29)

�30 mg/24h Q1 Reference Reference

Q2 1.00 (0.65; 1.52) 1.08 (0.70; 1.67)

Q3 0.54 (0.33; 0.88) 0.61 (0.37; 1.01)

Q4 1.02 (0.65; 1.59) 1.21 (0.77; 1.92)

Higher intensity physical activity

(10 min/day)

<15 mg/24h Reference N/A Reference Reference

15-<30 mg/24h 0.97 (0.89; 1.06) 1.00 (0.91; 1.09) 1.00 (0.91; 1.10)

�30 mg/24h 0.91 (0.82; 1.02) 0.94 (0.83; 1.05) 0.96 (0.85; 1.08)

Sedentary time

(h/day)

<15 mg/24h Reference Reference N/A Reference

15-<30 mg/24h 1.11 (1.01; 1.22) 1.11 (1.01; 1.22) 1.10 (1.00; 1.22)

�30 mg/24h 1.11 (1.01; 1.24) 1.10 (0.99; 1.22) 1.06 (0.95; 1.19)

Sedentary breaks

(10/day)

<15 mg/24h Reference Reference Reference Reference

15-<30 mg/24h 0.92 (0.77; 1.10) 0.93 (0.78; 1.11) 0.96 (0.80; 1.15) 0.97 (0.81; 1.16)

�30 mg/24h 0.85 (0.69; 1.04) 0.86 (0.70; 1.05) 0.89 (0.72; 1.09) 0.91 (0.74; 1.12)

Prolonged sedentary bouts

(#/day)

<15 mg/24h Reference Reference Reference Reference

15-<30 mg/24h 1.10 (1.00; 1.20) 1.09 (0.99; 1.20) 1.03 (0.89; 1.19) 1.02 (0.88; 1.18)

�30 mg/24h 1.11 (1.01; 1.23) 1.10 (0.99; 1.22) 1.06 (0.91; 1.25) 1.03 (0.88; 1.22)

Average sedentary bout duration

(min)

<15 mg/24h Reference Reference Reference Reference

15-<30 mg/24h 1.04 (1.00; 1.08) 1.04 (1.00; 1.08) 1.03 (0.98; 1.07) 1.02 (0.98; 1.07)

�30 mg/24h 1.05 (1.01; 1.09) 1.04 (1.00; 1.09) 1.03 (0.99; 1.09) 1.02 (0.97; 1.07)

Note: The odds ratios (OR) represent the odds of having a urinary albumin excretion of 15-<30 mg/24h or a urinary albumin excretion of�30 mg/24h (with a urinary

albumin excretion of <15 mg/24h as reference category), respectively, relative to the odds in the first quartile for total physical activity and LPA, or per one unit increase

in HPA or the sedentary behavior variables. Boldface indicates statistical significance (P <0.05). The associations in models 1 were adjusted for age, sex, glucose

metabolism status, waking time, educational level, smoking behavior, alcohol consumption, energy intake, comorbid disease, mobility limitation; in models 2 the

associations of the sedentary behavior variables were additionally adjusted for HPA; in models 3 the associations of HPA and the sedentary behavior pattern variables

were additionally adjusted for sedentary time; in models 4 all associations were additionally adjusted for office systolic blood pressure, use of antihypertensive

medication, waist circumference, total-to-HDL cholesterol ratio, triglycerides, use of lipid-modifying medication, prevalent cardiovascular disease. All analyses were

based on complete cases (n = 2,258). Distribution of participants according to albuminuria categories: <15 mg/24h n = 1812, 15-<30 mg/24h n = 247,�30 mg/24h

n = 199.

Abbreviations: CI, confidence interval; eGFRcrcys, estimated glomerular filtration rate based on serum creatinine and serum cystatin C; HPA, higher intensity physical

activity; HDL cholesterol, high-density lipoprotein cholesterol; N/A, not applicable.

https://doi.org/10.1371/journal.pone.0195306.t005
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From a pathophysiological perspective, albuminuria is hypothesized to be a biomarker of

generalized endothelial dysfunction (i.e., endothelial dysfunction in the micro- and macrocir-

culation) [27] and capillary rarefaction [28]. Hence, our results suggest that a sedentary life-

style may contribute to the development of generalized endothelial dysfunction and/or

capillary rarefaction. This notion may be supported by previous studies which have shown

effects of sedentariness on the endothelium [29,30]. Similarly, associations of physical activity

and sedentary behavior with eGFR many not only indicate associations with kidney function

but with extrarenal vascular function as well [31].

The associations of physical activity and sedentary behavior with eGFR and albuminuria

may be (partly) mediated by traditional risk factors such as T2DM [20,32,33], higher blood

pressure [34], adiposity [35–37], and dyslipidemia [9,35–37]. Therefore, the adjustment for

glucose metabolism status (to take into account the oversampling of participants with T2DM

in The Maastricht Study) could have resulted in overadjustment bias [38]. Analyses without

adjustment for glucose metabolism status suggested that the associations with albuminuria

may indeed have been somewhat underestimated. Further, the small changes of the regression

coefficients of both eGFRcrcys and albuminuria after adding potential mediators including

waist circumference, blood pressure, lipid profile and prior CVD in models 4 suggested that

these risk factors did not fully explain the associations reported. Therefore, physical activity

and sedentary behavior may be associated with eGFRcrcys and albuminuria via other mecha-

nisms such as low-grade inflammation [39], endothelial dysfunction [29,30,40], reduced activ-

ity of the renin-angiotensin system [41], reduced renal sympathetic nerve activity [40], and/or

currently unknown effects.

Adjustment for potential mediators may bias the estimate of the magnitude of the associa-

tions through collider bias when so-called mediator-outcome confounders are not addressed

adequately [42]. For example, when adjusting for the potential mediators blood pressure and

cholesterol in the association of physical activity with kidney function, other factors which

may influence the potential mediators and outcome, such as adiposity and smoking, may act

as mediator-outcome confounders. Therefore, several lifestyle variables which may be media-

tor-outcome confounders were added simultaneously in models 4 to reduce the risk of collider

bias.

In addition, some factors in models 4, such as adiposity may not only act as mediators, but

also as confounders. Given the uncertainty over the exact role of some factors which were

added in model 4 as confounders or mediators, and the possibility of collider bias, true effect

sizes may range from the values reported in the partly adjusted models to those reported in the

fully adjusted models.

Previously, studies have reported on associations of physical activity or sedentary behavior

with kidney function. Some studies did show associations of physical activity with eGFR

[10,12,14] or albuminuria [11,12], while others did not [13,15]. Similar inconsistent results

have been reported in studies on sedentary behavior and eGFR [12,16] or albuminuria [12,16].

This inconsistency could have been due to the use of self-reported measures for physical activ-

ity and sedentary behavior, which easily could have been subject to recall and reporting bias

[43]. Only a few studies have used accelerometry data to examine associations of physical activ-

ity and sedentary behavior with kidney function. In line with our results, it has been reported

that in individuals with reduced eGFR and/or albuminuria, smaller amounts of LPA and larger

amounts of sedentary time were associated with a lower eGFR [17]. In contrast, a small, longi-

tudinal, observational study conducted among individuals with T2DM has reported that

changes in total physical activity and sedentary time were associated with changes in serum

creatinine, but not with eGFR and UAE [18]. These inconsistencies with our results may have

been caused by differences in study design (cross-sectional vs. longitudinal), sample size and
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study population, but may also be due to differences in the determination of physical activity

and sedentary behavior. We used the activPAL accelerometer, which was worn on the thigh

for 24 hour per day. This device classifies activity using data on posture in combination with

acceleration, so our estimates of sedentary time were more accurate than those in other studies

which were based solely on acceleration [44,45].

The use of 24h posture-based accelerometry data and the measurement of total daily activ-

ity were major strengths of our study. In addition, we were the first to examine associations of

different constructs of sedentary patterns with eGFR and albuminuria. Another strength was

the adjustment for an extensive series of potential confounders, including mutual adjustment

for HPA and sedentary time, although residual confounding cannot be excluded.

Some limitations should also be mentioned, of which the most important is the cross-sec-

tional nature of our analyses. Therefore, we cannot make strong causal inferences, and reverse

causality cannot be excluded. The previously reported association between changes of daily

activity levels with changes in serum creatinine [18] supports the existence of an association in

the direction from daily activity levels to kidney function in individuals with a mildly to mod-

erately reduced eGFR. However, this study was small. Thus, larger, causal studies are needed

to confirm the direction of the association. Another limitation is that, due to missing data, we

had to exclude ~1,200 participants. However, the excluded participants did not differ from our

study sample with regard to demographic factors, accelerometry variables and kidney func-

tion. Further, LPA and HPA were based on step frequency, which is less precise than using

acceleration to determine intensity levels. However, it has been demonstrated that a step fre-

quency>~100 steps/minute equals a metabolic equivalent of task (MET) score of�3.0 [46]

and we used a cut-off point >110 steps/minute for HPA. Finally, our study population con-

sisted of a relatively healthy population of primarily Caucasians from European descent with

well-controlled individuals with T2DM. Therefore, the results might not be representative for

the general population of adults aged 40–75 years or other ethnicities.

To conclude, this large posture-based accelerometry study showed that both total physical

activity and sedentary behavior were associated with eGFRcrcys and albuminuria. Additionally,

sedentary patterns may be of importance for eGFRcrcys. Therefore, not only increasing physical

activity levels, but also decreasing the amount of sedentary time may prove to be relevant strat-

egies to prevent lower kidney function and kidney damage. However, causal accelerometry

studies are required to confirm our results and to further disentangle the associations of (pat-

terns of) daily activity with kidney function and kidney damage.
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