
Background: As industrialization and urbanization are accelerating, the distribution of green areas is decreasing, particularly in de-
veloping countries. Since the 2000s, the effects of surrounding greenness on self-perceived health, including physical and mental 
health, longevity, and obesity have been reported. However, the effects of surrounding green space on chronic kidney disease are not 
well understood. Therefore, we investigated the impact of residential greenness on the mortality of chronic kidney disease patients 
and progression from chronic kidney disease to end-stage renal disease (ESRD). 
Methods: Using a large-scale observational study, we recruited chronic kidney disease patients (n = 64,565; mean age, 54.0 years; 
49.0% of male) who visited three Korean medical centers between January 2001 and December 2016. We investigated the hazard 
ratios of clinical outcomes per 0.1-point increment of exposure to greenness using various models. 
Results: During the mean follow-up of 6.8 ± 4.6 years, 5,512 chronic kidney disease patients developed ESRD (8.5%) and 8,543 
died (13.2%). In addition, a 0.1-point increase in greenness reduced all-cause mortality risk in chronic kidney disease and ESRD pa-
tients and progression of chronic kidney disease to ESRD in a fully adjusted model. The association between mortality in ESRD pa-
tients and the normalized difference vegetation index was negatively correlated in people aged >65 years, who had normal weight, 
were nonsmokers, and lived in a nonmetropolitan area. 
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Introduction

According to the World Health Organization’s report in 2016, 

23% of all deaths worldwide (around 12.6 million) were 

attributable to environmental factors (e.g., air pollutants), 

and these factors accounted for 22% of the global burden 

of disease [1]. As industrialization and urbanization are 

accelerating, the distribution of green areas is decreasing, 

particularly in developing countries. Since the 2000s, the 

effects of surrounding greenness on self-perceived health, 

including physical (e.g., fatigue) and mental health (e.g., 

mood), longevity, and obesity have been reported [2]. 

Greenness has been hypothesized to benefit health by 

reducing exposure to air pollution, extreme heat, and noise, 

providing opportunities for physical activity and social 

engagement, and decreasing psychological stress and 

depression through direct contact with nature [3]. In recent 

years, it has been reported that a decrease in green areas 

adversely affects specific clinical outcomes, such as mortality 

due to cardiovascular (CV) disease, respiratory disease, and 

kidney disease, as well as birth outcomes and mental and 

physical health. 

Chronic kidney disease (CKD) has become a critical public 

health issue worldwide, with a steadily increasing prevalence 

and poor clinical outcomes, and it imposes a high medical 

cost burden. Approximately 26 million adults in the United 

States and 4.6 million adults in Korea have CKD [4], and the 

annual per-person medical cost attributable to CKD was 

$1,700 for stage 2, $3,500 for stage 3, and $12,700 for stage 4 

[5]. Individuals with CKD are 8- to 10-fold more likely to have 

CV mortality than those without renal dysfunction [6]. The 

traditional risk factors for CKD are diabetes mellitus (DM), 

hypertension, dyslipidemia, smoking, old age, and male sex 

[7]. Although the management of these factors has advanced 

considerably, the risk of CKD and its complications remain 

significant. 

Accordingly, it is important to investigate and control new 

threats as well as traditional risk factors in order to establish 

a new perspective on CKD management. Recent reports 

have provided evidence that environmental factors, such as 

air pollution and sunlight exposure, also play important roles 

in kidney disease [8]. However, there is limited evidence for 

the impact of greenness on CKD patients. 

Therefore, we have investigated the impact of residential 

greenness on mortality in CKD and end-stage renal disease 

(ESRD) patients and on disease progression from CKD to 

ESRD using a large-scale observational cohort from multiple 

metropolitan hospitals in Korea.

Methods 

Study population

A cohort of 66,492 patients who visited three medical 

centers (Seoul National University Hospital, Seoul 

National University Bundang Hospital, and Seoul National 

University Boramae Medical Center) in Korea were followed 

from January 2001 to December 2016. We defined CKD 

patients according to the 2012 Kidney Disease: Improving 

Global Outcomes (KDIGO) Clinical Practice Guideline 

for the Evaluation and Management of CKD report [9]. 

The guideline defined CKD as abnormalities of kidney 

structure or function which were present for >3 months with 

implications for health. We excluded those whose residences 

were unclear (n = 7) and who were followed up for less 

than 3 months (n = 1,920). Therefore, 64,565 CKD patients 

were eventually enrolled in the study. We investigated the 

effect of greenness on three types of clinical outcomes; all-

cause mortality in CKD patients, ESRD development in CKD 

patients, and all-cause mortality in ESRD patients. The date 

of death was confirmed from Statistics Korea. During follow-

up, the date of ESRD outcome is selected as the earliest 

of the dates when the diagnostic code was entered, the 

dialysis prescription was first ordered, or when surgery for 

dialysis access (arteriovenous fistula or catheter insertion for 

peritoneal dialysis) was performed.

Conclusion: Chronic kidney disease patients who live in areas with higher levels of greenness are at reduced risk of all-cause mortal-
ity and progression to ESRD.
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Ethical aspects

The study complied with the Declaration of Helsinki and 

received full approval from the Institutional Review Board 

of Seoul National University Hospital (No. J-1704-121-

848), Seoul National University Bundang Hospital (No. 

B-1706/401-402), and Seoul National University Boramae 

Medical Center (No. 20170414/16-2017-65/051). The written 

informed consent waiver was also approved.

Normalized difference vegetation index

Green space was defined using the normalized difference 

vegetation index (NDVI) derived from the Moderate-

Resolution Image Spectroradiometer (MODIS) Terra 

satellite images, which are generated every 16 days at 250-m 

spatial resolution by NASA [10]. Previous studies have used 

NDVI as a representative indicator of green space [11]. The 

NDVI is calculated as the ratio of the sum and the difference 

between red and near-infrared (NIR) light (NDVI = [NIR 

– Red]/[NIR + Red]), based on fact that the mesophyll leaf 

structure reflects NIR, whereas chlorophyll in plants absorbs 

the red frequencies of visible light [12]. It ranges from –1 to 

1, with higher positive values indicating dense vegetation 

areas and higher negative values representing bare soil, 

water, and snow [13]. Patients’ exposure to vegetation was 

estimated using the average NDVI in summer (June–August) 

within a radius of 250 m and 1,250 m around participants’ 

residences. We assigned the summer NDVI with high 

vegetation at 1 year before cohort enrollment as an estimate 

of maximum exposure [14]. NDVI within 250 m and 1,250 m 

around the participants’ residences in the year before their 

cohort entry was used to investigate the long-term effects, 

as NDVI measured from MODIS images was available from 

2000. Measurement within a radius of 250 m indicated the 

directly accessible greenness, whereas vegetation within a 

radius of 1,250 m around each patient’s residence referred 

to greenness accessible within a 10- to 15-minute walkable 

distance [15].

Covariates

The following covariates were included: age at baseline, 

sex (one, male; two, female), hemoglobin, hypertension, 

DM, estimated glomerular filtration rate (eGFR), average 

concentration of particulate matter less than 10 μm (PM10), 

population density, financial independence rate, and 

number of hospital beds. We calculated eGFR as follows [16]: 

eGFR = 175 × Creatinine–1.154 × Age–0.203 × 0.742 (if female) 

Subjects were defined as having hypertension if they were 

prescribed antihypertensive medications, were registered 

with diagnostic codes for hypertension on the electronic 

medical chart, and met the following hypertension criteria 

at the time of blood pressure measurement; systolic blood 

pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 

mmHg. In addition, subjects were defined as having DM 

if they were being prescribed DM medication, or were 

registered with diagnostic codes for DM on the electronic 

medical chart at the time of enrollment. The hourly PM10 was 

obtained from 274 monitoring stations nationally through 

the Urban Atmospheric Monitoring Network between 

2000 and 2016. Average PM10 values of monitoring stations 

within 3 km, 5 km, and 10 km radii around participants’ 

residences were used, since the monitoring stations are not 

distributed equally throughout the country. Therefore, PM10 

was not assigned if there was no observatory within 3 km (n 

= 15,798), 5 km (n = 7,365), and 10 km (n = 4,172) from the 

residence. In addition, the mean concentration of PM10 was 

updated every year, from 1 year before entry into the cohort, 

to reflect the time variance in this parameter. We included 

geographic characteristics by examining the population 

density, financial independence rate, and the number of 

hospital beds in the districts of each participant’s residence.

Statistical analyses

We applied Cox proportional hazard models to estimate 

the hazard ratios (HRs) and their 95% confidence intervals 

(CIs) for the associations between 0.1-point increases in 

residential greenness (NDVI) and clinical outcomes in 

four types of models. (1) Model 1 was a crude model that 

analyzed the effects of NDVI. (2) Model 2 was additionally 

stratified by 5-year age groups from 20 to 90 years of age 

and was adjusted for sex, eGFR, hemoglobin, hypertension, 

and DM. (3) Model 3 was additionally modified by PM10 

within 3 km, 5 km, and 10 km around patients’ residences. 

(4) Model 4 (fully adjusted model) was additionally adjusted 

for geographical variables, such as population density, 
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financial independence rate, and the number of hospital 

beds. In addition, we stratified all models by the entrance 

year into the cohort, to reflect the different cohort entries of 

participants. We used Schoenfeld residuals to test whether 

the hazard rate was constant in time by the proportional 

hazard assumption. Tests for nonlinearity were conducted 

using the ordinal for each quartile. Observation periods were 

calculated from the entrance into the cohort, censored at the 

date of clinical outcomes or the end of follow-up (December 

31, 2016). We conducted stratified analysis by potential 

confounders: urbanity, smoking, alcohol (yes vs. no), body 

mass index (BMI, <25.0 kg/m2 vs. ≥25.0 kg/m2), and age 

(<65 years vs. ≥65 years). Urban environment included 

seven major cities in Korea (Seoul, Busan, Incheon, Daegu, 

Daejeon, Gwangju, and Ulsan) with over 1 million people. 

All analyses were conducted using R software (ver. 3.4.3; R 

Foundation for Statistical Computing, Vienna, Austria).

Results

Supplementary Fig. 1 (available online) shows the flow chart 

of 64,565 participants in the cohort. Table 1 presents the 

baseline characteristics of the study population with several 

exclusions in Supplementary Fig. 1. The average age was 

54.0 years, and 49.0% of patients were male. Those who were 

living in the highest quartile of the 250-m NDVI tended to be 

slightly older, had lower hemoglobin levels, air pollutants, 

and financial independence rates, and more likely to live 

in nonmetropolitan areas compared to those living in the 

lowest 250-m NDVI quartile. During a mean follow-up 

period of 6.8 years, 8,546 deaths occurred in the cohort 

(13.2%) and 5,512 CKD patients developed ESRD (8.5%). 

The mortality rate of ESRD patients was 23.5% (n = 1,918). 

The mean eGFR of participants was 62.6 mL/min/1.73 m2. 

In addition, more than half of the CKD patients (55.0%) lived 

in metropolitan areas. The mean concentration of PM10 

was measured within 3 km, 5 km, and 10 km. Fig. 1 shows 

the NDVI distribution in Korea, in June, from 2001 to 2015. 

The green environment had improved substantially by 

2015 as compared to 2001. The average summer residential 

greenness before a year of enrollment, within 250 m and 

1,250 m of the participant’s residence, was 0.38 and 0.41, 

respectively. There was a greener environment within a 10- 

to 15-minutes walkable distance from patients’ residences 

than near their homes (Supplementary Table 1, available 

online). Participants in the cohort resided throughout the 

country, including the islands in the west, Ulleungdo in 

the east, and Jeju Island in the south. Supplementary Fig. 2 

provides the regional distribution of all-cause mortality in 

CKD patients, ESRD development in CKD patients, and all-

cause mortality in ESRD patients; most participants with 

adverse outcomes were concentrated in dense population 

areas. 

We investigated the HRs of clinical outcomes per 0.1-point 

increment of exposure to greenness using various models 

(Supplementary Table 2, available online). In model 1, 

every 0.1-point increase in NDVI within both the 250 m and 

1,250 m radii was associated with an increased risk of all-

cause mortality and occurrence of ESRD in CKD patients. 

However, we found protective effects of green space on the 

mortality risk of ESRD patients in the crude model. After 

adjustment for individual-level covariates (model 2), the 

increased risk effects of NDVI were reduced. HRs by 0.1-point 

NDVI increase in green space within the 1,250 m and 250 

m were 0.98 (95% CI, 0.96–1.01) for mortality and 1.00 (95% 

CI, 0.98–1.02) for progression to ESRD, respectively. The 

impact of a green environment on reducing mortality risk 

and progression to ESRD was stronger when the model was 

additionally adjusted for the mean concentration of PM10, 

regardless of radius.  

In the fully adjusted model, we found a consistent 

association between both continuous values and quartiles 

of greenness and clinical outcomes (Table 2). Patients living 

in the highest quartile of greenness according to the 1,250-

m radius CKD and ESRD patients had a 1.1% (0%–2.3%) 

and 2.3% (0.4%–4.1%) lower mortality risk, respectively 

than those living in the lowest greenness quartile. In 

addition, CKD patients living in the highest quartile of 

NDVI, according to the 250-m radius, showed less frequent 

progression to ESRD than those living in the lowest NDVI 

quartile (HR, 0.996; 95% CI, 0.99–1.01). We confirmed the 

linear trend of association between mortality and NDVI 

(p-values of 0.006–0.046). Greenness within 1,250 m had 

significant protective effects against mortality in CKD 

patients (HR, 0.96; 95% CI, 0.93–0.996) and ESRD patients 

(HR, 0.91; 95% CI, 0.87–0.97). The HR for each 0.1-point 

increase in NDVI in the 250-m radius on progression to 

ESRD was 0.98 (95% CI, 0.95–1.01). 

Table 3 shows the results of stratified analyses by model 

4, which was adjusted for potential confounders such as 
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urbanity, smoking, alcohol, age, and BMI. Strong protective 

effects of both a 250-m and 1,250-m buffer of greenness 

in terms of reducing mortality risk were seen in CKD 

patients older than 65 years. In the association between 

greenness and progression from CKD to ESRD, we observed 

inverse HRs in nonmetropolitan residents as compared to 

metropolitan residents, but the differences between groups 

were not significant (p for interaction = 0.44). A green 

environment within a 1,250-m radius reduced the mortality 

risk of ESRD patients in an urbanity-, smoking-, age-, and 

BMI-specific association. We found stronger protective 

effects of greenness in patients with normal weight who 

lived in metropolitan areas than in individuals with BMI 

over 25.0 kg/m2 living in nonmetropolitan areas, although 

Table 1. Baseline characteristics of the study population (n = 64,565) according to the quartile of the NDVI within a 250-m radius
Characteristic Total Quartile 1 Quartile 2 Quartile 3 Quartile 4
NDVI
  250 m 0.38 ± 0.15 0.22 ± 0.03 0.31 ± 0.02 0.41 ± 0.04 0.60 ± 0.09
  1,250 m 0.41 ± 0.14 0.25 ± 0.04 0.34 ± 0.03 0.45 ± 0.03 0.61 ± 0.07
Age (yr) 54.0 ± 17.0 53.3 ± 16.7 54.0 ± 17.2 54.4 ± 17.2 54.4 ± 16.9
Sex
  Male 31,613 (49.0) 7,580 (47.0) 7,933 (49.2) 7,889 (48.9) 8,206 (50.8)
  Female 32,952 (51.0) 8,559 (53.0) 8,206 (50.8) 8,250 (51.1) 7,934 (49.2)
Body mass index (kg/m2)
  <25 28,079 (43.5) 6,350 (39.3) 7,183 (44.5) 7,332 (45.4) 7,211 (44.7)
  ≥25 13,676 (21.2) 2,983 (18.5) 3,398 (21.1) 3,594 (22.3) 3,699 (22.9)
  Missing 22,810 (35.3) 6,806 (42.2) 5,558 (34.4) 5,213 (32.3) 5,230 (32.4)
Observation period (yr) 6.8 ± 4.5 8.1 ± 4.7 6.5 ± 4.4 6.1 ± 4.2 6.2 ± 4.2
Hypertension
  Yes 20,634 (32.0) 4,971 (30.8) 5,250 (32.5) 5,292 (32.8) 5,127 (31.8)
  No 43,931 (68.0) 11,168 (69.2) 10,889 (67.5) 10,847 (67.2) 11,013 (68.2)
Diabetes mellitus
  Yes 14,239 (22.1) 3,466 (21.5) 3,411 (21.1) 3,599 (22.3) 3,761 (23.3)
  No 50,326 (77.9) 12,673 (78.5) 12,728 (78.9) 12,540 (77.7) 12,379 (76.7)
eGFR (mL/min/1.73 m2) 62.6 ± 31.9 64.0 ± 29.1 63.4 ± 33.4 62.0 ± 32.0 61.2 ± 32.6
Hemoglobin (g/dL) 12.9 ± 2.2 13.1 ± 2.2 12.9 ± 2.2 12.9 ± 2.2 12.8 ± 2.2
Smoking
  Yes 3,321 (5.1) 869 (5.4) 926 (5.7) 781 (4.8) 744 (4.6)
  No 27,427 (42.5) 8,622 (53.4) 7,792 (48.3) 6,067 (37.6) 4,944 (30.6)
  Missing 33,817 (52.4) 6,648 (41.2) 7,421 (46.0) 9,291 (57.6) 10,452 (64.8)
Alcohol
  Yes 4,774 (7.4) 1,244 (7.7) 1,389 (8.6) 1,130 (7.0) 1,009 (6.3)
  No 25,963 (40.2) 8,245 (51.1) 7,325 (45.4) 5,715 (35.4) 4,677 (29.0)
  Missing 33,828 (52.4) 6,650 (41.2) 7,425 (46.0) 9,294 (57.6) 10,454 (64.8)
PM10 (µg/m3)
  3 km 56.5 ± 12.7 59.4 ± 14.6 55.7 ± 12.2 54.7 ± 11.1 55.13 ± 11.12
  5 km 56.7 ± 11.8 59.6 ± 12.9 55.9 ± 11.5 55.3 ± 10.8 55.7 ± 10.9
  10 km 57.2 ± 11.2 60.2 ± 12.6 56.2 ± 10.9 55.7 ± 9.9 56.4 ± 10.3
Metropolitan resident 35,528 (55.0) 14,548 (90.1) 10,926 (67.7) 6,824 (42.3) 3,230 (20.0)
Population density (person/km2) 11,064 ± 8,265 16,481 ± 6,599 13,125 ± 7,692 9,380 ± 7,847 5,124.64 ± 6,389
Financial independence rate (%) 48.5 ± 18.6 48.2 ± 18.2 46.6 ± 17.9 47.4 ± 17.8 45.3 ± 19.1
The number of hospital beds 2,596 ± 1,273 2,773 ± 1,460 2,665 ± 1,209 2,514 ± 1,123 2,198 ± 1,096
Data are expressed as mean ± standard deviation or number (%).
eGFR, estimated glomerular filtration rate; NDVI, normalized difference vegetation index; PM10, particulate matter less than 10 μm.
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there was no significant difference between these groups (p 

for interaction = 0.43–0.46). When stratified by age, exposure 

to greenness had positive effects in people older than 65 

years (HR, 0.89; 95% CI, 0.82–0.96), although the difference 

between groups was not significant (p = 0.24). We also 

confirmed that nonsmokers had a greater protective effect 

of greenness against progression to ESRD compared to 

smokers.

Discussion

In this study, we evaluated the long-term effects of NDVI 

on mortality and progression to ESRD in patients with 

CKD in Korea between 2001 and 2016. Participants with 

CKD and ESRD exposed to a green space within a walkable 

distance of 10 to 15 minutes had markedly reduced 

mortality risks, while the risk of progression from CKD to 

ESRD was also significantly decreased by living within an 

area with directly accessible green space. We found that the 

benefits of residential greenness on mortality were greater 

in metropolitan residents who were 65 years or older with 

a healthy lifestyle (as indicated by nonsmoking and normal 

weight). 

Previously, several studies reported a lower mortality risk 

among people living in greener areas. An 11-year study using 

a large cohort of individuals living in Canada reported that a 

0.15-point increase in NDVI around participants’ residences 

reduced non-accidental, CV disease-, and respiratory 

disease-related deaths by 8.5%, 8.9%, and 10.1%, respectively 

[17]. In addition, US women living in the highest quintile 

of greenness within a 250-m radius had 12%, 13%, and 

34% lower risk of all-cause non-accidental, cancer-related, 

and respiratory disease-related mortality, respectively, 

than those living in the lowest quintile [15]. Several studies 

Figure 1. Normalized difference vegetation index distribution in Korea. In June 2001 (A), 2005 (B), 2010 (C), 2015 (D), and (E) the 
regional distribution of participants (n = 64,565), with monitoring stations for mean particulate matter less than 10 μm concentration 
(triangle).
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0.4

0.2

0

BA DC E

Table 2. Hazard ratio (95% confidence interval) for clinical outcomes by the NDVI within a radius of 250 m and of 1,250 m around the 
residences of CKD patients in the fully adjusted model
Variable NDVI buffer Quartile 1 Quartile 2 Quartile 3 Quartile 4 p for trenda Continuousb

CKD patient
  Mortality 250 m Reference 1.00 (0.99–1.00) 0.99 (0.98–1.00) 0.99 (0.98–1.00) 0.0458 0.97 (0.94–1.00)

1,250 m Reference 1.00 (0.99–1.00) 0.99 (0.98–1.00) 0.99 (0.98–1.00) 0.0255 0.96 (0.93–1.00)
  ESRD 250 m Reference 1.00 (0.99–1.01) 1.01 (1.00–1.02) 1.00 (0.99–1.01) 0.6603 0.98 (0.95–1.01)

1,250 m Reference 1.00 (0.99–1.01) 1.01 (1.00–1.02) 1.00 (0.99–1.01) 0.4745 1.01 (0.98–1.04)
ESRD patient
  Mortality 250 m Reference 1.00 (0.98–1.01) 0.99 (0.97–1.00) 1.00 (0.98–1.01) 0.3963 0.98 (0.93–1.03)

1,250 m Reference 0.98 (0.96–0.99) 0.97 (0.96–0.99) 0.98 (0.96–1.00) 0.0059 0.91 (0.87–0.97)
Multivariable fully adjusted model included covariates of age(5-year age groups from 20 to 90 years), sex, hypertension, diabetes, hemoglobin, estimated 
glomerular filtration ratio, average concentration of PM10 monitoring stations within 5 km around the residence, population density, financial independence 
rate, and the number of hospital beds.
CKD, chronic kidney disease; ESRD, end-stage renal disease; NDVI, normalized difference vegetation index.
aTest for linear trend using the ordinal for each quartile; b0.1 unit increase.
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have also reported a protective effect of greenness against 

infant mortality [18], anxiety and depression, and impaired 

fetal growth [19]. However, a meta-analysis of six studies 

conducted in 2016, which estimated the association between 

all-cause mortality and greenness showed nonsignificant 

results when greenness increased by 0.1 units (relative risk, 

0.992; 95% CI, 0.98–1.01) [20]. However, the results of the 

study were not generalizable, as this meta-analysis was 

performed using a relatively small number of studies. 

In recent years, studies that explored the relationship 

between residential greenness and major causes of CKD, 

such as DM, hypertension, obesity, and dyslipidemia, have 

been reported. In 2014, the United Kingdom researchers 

reported that the risk of DM, the most common cause of 

CKD, was inversely associated with green space [21]. More 

recently, studies from China also reported that the risk 

of DM was reduced by greenness, which was measured 

using the NDVI [22]. The risk of hypertension, the second 

most important cause of CKD, has been consistently 

reported to be decreased by a green environment since 

the 2000s. The risk of metabolic syndrome, which involves 

obesity and dyslipidemia, has also been reported to be 

decreased in green spaces [23]. The specific mechanisms 

of the relationship between greenness and the major risk 

factors of CKD are not fully understood, but the reports 

commonly mentioned that green space would reduce 

ambient air pollution [24]. Ambient air pollutants, such 

as nitric oxide, PM10, and PM2.5, have been reported as risk 

factors for DM in several studies [25]. Air pollution also has 

been reported as a risk factor for hypertension, obesity, and 

dyslipidemia [26]. Other general positive effects of greenness 

included increased physical activity, social cohesion, and 

microbial exposure and decreased psychological stress, air 

temperature levels, exposure to volatile organic compounds, 

Table 3. Stratified hazard ratio (95% confidence interval) for clinical outcomes by the NDVIa

Variable
CKD patient ESRD patient

Mortality ESRD Mortality
NDVI 250 m NDVI 1,250 m 250 m 1,250 m 250 m 1,250 m

Urbanicity
  No 1.05 (0.99–1.10) 1.06 (1.00–1.13) 0.96 (0.93–1.00) 0.99 (0.94–1.04) 1.00 (0.93–1.08) 0.94 (0.86–1.03)
  Yes 0.97 (0.92–1.01) 0.97 (0.92–1.03) 0.98 (0.94–1.03) 1.00 (0.96–1.05) 0.97 (0.90–1.05) 0.91 (0.83–0.99)
  pinteract 0.35 0.97 0.44 0.49 0.56 0.46
Smoking
  No 0.98 (0.94–1.03) 0.98 (0.93–1.04) 0.99 (0.96–1.03) 1.01 (0.97–1.06) 0.99 (0.92–1.06) 0.90 (0.84–0.97)
  Yes 1.12 (0.99–1.26) 1.09 (0.95–1.25) 1.00 (0.90–1.11) 1.06 (0.94–1.20) 1.02 (0.82–1.26) 1.05 (0.83–1.33)
  pinteract 0.05 0.04 0.86 0.91 0.11 0.02
Alcohol
  No 1.00 (0.96–1.05) 1.00 (0.95–1.05) 1.00 (0.96–1.04) 1.02 (0.98–1.06) 1.00 (0.94–1.07) 0.93 (0.87–1.00)
  Yes 1.03 (0.91–1.16) 1.07 (0.94–1.22) 0.92 (0.82–1.03) 0.99 (0.87–1.12) 1.10 (0.84–1.46) 1.12 (0.81–1.55)
  pinteract 0.23 0.04 0.56 0.77 0.54 0.62
Age (yr)
  <65 1.03 (0.98–1.09) 1.00 (0.94–1.06) 0.98 (0.94–1.01) 1.01 (0.97–1.05) 1.00 (0.94–1.08) 0.94 (0.86–1.01)
  ≥65 0.94 (0.90–0.98) 0.95 (0.91–0.99) 0.99 (0.94–1.04) 1.02 (0.96–1.07) 0.95 (0.89–1.02) 0.89 (0.82–0.96)
  pinteract 0.001 0.045 0.52 0.72 0.22 0.24
Body mass index (kg/m2)
  <25 0.97 (0.93–1.02) 0.96 (0.92–1.01) 0.98 (0.95–1.01) 1.01 (0.97–1.04) 0.96 (0.90–1.02) 0.90 (0.84–0.96)
  ≥25 0.99 (0.91–1.07) 1.01 (0.92–1.10) 1.01 (0.95–1.08) 1.04 (0.97–1.11) 0.99 (0.86–1.14) 0.92 (0.79–1.08)
  pinteract 0.19 0.08 0.39 0.43 0.28 0.43
Multivariable fully adjusted model included covariates of age(5-year age groups from 20 to 90 years), sex, hypertension, diabetes, hemoglobin, estimated 
glomerular filtration ratio, average concentration of PM10 monitoring stations within 5 km around the residence, population density, financial independence 
rate, and the number of hospital beds.
CKD, chronic kidney disease; ESRD, end-stage renal disease; NDVI, normalized difference vegetation index; Pinteract, p for interaction between 
stratification variable and NDVI.
aNDVI 0.1 unit increase 
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and noise [27]. 

In subgroup analysis, our results demonstrated that green 

space could reduce mortality in CKD and ESRD patients 

over 65 years of age. While previous reports did not reveal a 

significant association between age and greenness [28], at 

the beginning of 2020, studies from China reported more 

significant protective effects of greenness against metabolic 

syndrome in participants aged under 65 years [29]. The most 

problematic issue in the elderly population is frailty, which 

is a condition in which various physiological functions have 

deteriorated due to age. These individuals are vulnerable 

to sudden health problems caused by even minor stress 

events [30]. Our findings are consistent with frailty in elderly 

people. We also observed significant effects of greenness on 

subpopulations with BMI less than 25.0 kg/m2 who do not 

consume alcohol or smoke. These results indicate that the 

effect of greenness was more significant in CKD patients with 

well-controlled modifiable risk factors. Consequently, the 

results could suggest that deficiency of residential greenness 

is a new risk factor, in addition to well-identified, modifiable 

risk factors for CKD, such as obesity, alcohol, and smoking. 

We found that greenness affects not only mortality but 

also progression of CKD to ESRD. Although statistically 

significant associations were not shown in the main analysis, 

greenness reduced ESRD occurrence significantly in patients 

living in nonmetropolitan areas, indicating that a lack of 

green space contributes to progression of kidney disease, as 

well as to mortality in those with kidney disease. Moreover, 

our findings are consistent with previous studies showing 

that representative risk factors for CKD, such as DM, 

hypertension, obesity, and dyslipidemia, could be modified 

positively by greenness. 

Our study has several strengths. First, no previous study 

has reported a direct examination of the effect of greenness 

on mortality in CKD patients. Second, we adjusted for 

the comorbidities of DM and hypertension, biochemical 

indices that are important for predicting mortality risk, and 

socioeconomic factors, such as population density, financial 

independence rate, and the number of hospital beds. In 

addition, we estimated the greenness effect by modifying 

models by the time-varied measurement of particulate 

matter concentrations. Third, no previous study has reported 

the effects of greenness on progression of CKD to ESRD. 

This study had the following limitations. First, we 

obtained data based on residence at entry into the cohort, 

and changes in residence were not updated. NDVI values 

reflecting address relocation could provide more accurate 

exposure measures. Second, although the cohort data 

contained information on education and socioeconomic 

status in terms of three levels (low, middle, and high), this 

could not be used as a modifier in the main or stratified 

analyses because the response rate for these variables were 

35.5% and 9.0%, respectively. In addition, relevant individual 

risk factors, such as physical activity and social engagement, 

which are considered as modulators [31], were not available 

for this cohort. A study conducted in China found that adults 

65 years or older, living in the highest quartile of residential 

greenness, scored 28% more on activities of daily living than 

those living in the lowest quartile [32]. Thus, our study did 

not explore how much participants utilized the green space 

for exercise and relaxation. Third, unmeasured confounding 

factors of area-level socioeconomic status could have 

affected the association between greenness and clinical 

outcomes in CKD patients.

In conclusion, we report that greenness surrounding 

patients’ residences reduced the risk of mortality in CKD 

and ESRD patients and the progression from CKD to ESRD. 

This study suggests that a deficiency in residential greenness 

is a new modifiable risk factor for CKD.
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