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ABSTRACT
Objectives Chronic kidney disease of undetermined 
or non- traditional aetiology (CKDu or CKDnT) has been 
reported in Mesoamerica among farmers under heat 
stress. Epidemiological evidence was lacking in Asian 
countries with similar climatic conditions. The objective of 
this study was to investigate the prevalence of CKDu and 
possible risk factors.
Methods We used the data from the Changhua 
Community- based Integrated Screening programme 
from 2005 to 2014, which is the annual screening for 
chronic diseases in Taiwan’s largest rice- farming county 
since 2005. Our study population included farmers and 
non- farmers aged 15–60 years. CKDu was defined as 
an estimated glomerular filtration rate <60 mL/min/1.73 
m2 at age under 60 years without hypertension, 
diabetes, proteinuria, haematuria or using Chinese 
herbal medicine. We estimated the adjusted prevalence 
OR (POR) of CKDu by farmers, age, sex, education, 
urbanisation, smoking, body mass index, hyperuricaemia, 
hyperlipidaemia, heart disease and chronic liver disease.
Results 5555 farmers and 35 761 non- farmers were 
included in this study. CKDu accounted for 48.9% of 
all CKD cases. The prevalence of CKDu was 2.3% in the 
farmers and 0.9% in the non- farmers. The crude POR of 
CKDu in farmers compared with non- farmers was 2.73 
(2.13–3.50), and the adjusted POR was 1.45 (1.10–
1.90). Dehydration (blood urea nitrogen- to- creatinine 
ratio >20) was found in 22% of the farmers and 14% of 
the non- farmers.
Conclusions Farmers in subtropical Asian countries 
are at increased risk of CKDu. Governments should take 
the CKDu epidemics seriously and provide farmers with 
occupational health education programmes on thermal 
hazards.

INTRODUCTION
Chronic kidney disease (CKD) is an important 
contributor to mortality and morbidity. The 
global prevalence of CKD was 9.1% (95% CI 
8.5% to 9.8%).1 The traditional risk factors for 
CKD mainly include diabetes and hypertension.2 
However, in recent years, CKD of undetermined 
or non- traditional aetiology (CKDu or CKDnT) has 
been reported in agricultural workers in Central 
America, South Asia and Africa, along with other 
suspected areas including the Middle East and 
North America.3 4 The risk of CKDu differed by 

type of crops, characteristics of jobs and countries. 
A study on Nicaraguan sugarcane cutters (n=128) 
during harvest in 2017–2018 reported the highest 
risk of CKDu (OR=11.80, 95% CI 3.93 to 35.41) 
compared with other sugarcane workers,5 followed 
by a study on Sri Lankan rice farmers (n=815) in 
2005–2010 (OR=9.17, 95% CI 4.17 to 20.06) 

Key messages

What is already known about this subject?
 ► Chronic kidney disease of undetermined 
aetiology (CKDu) has been reported in labourers 
in Central American and farmers and labourers 
South Asian countries.

 ► Heat stress, high physical workload, 
agrochemicals and heavy metals have been 
considered important contributors to CKDu.

 ► Evidence on the prevalence and risk of CKDu 
in East Asian countries with similar climatic 
conditions is limited.

What are the new findings?
 ► CKDu accounted for 48.9% of all CKD cases in 
our study population aged 15–60.

 ► The prevalence of CKDu was 2.3% (age 
standardised by WHO world population 2000–
2025, 0.7%) in Taiwanese farmers and 0.9% 
(age standardised, 0.6%) in non- farmers.

 ► Taiwanese farmers have a 45%–63% increased 
risk of CKDu compared with the non- farmers.

 ► Dehydration status is common in Taiwanese 
farmers, which is potentially related to heavy 
work in a hot environment and subsequently to 
CKDu.

How might this impact on policy or clinical 
practice in the foreseeable future?

 ► The governments must provide farmers with 
occupational health education programmes for 
heat stress.

 ► There are urgent needs for government 
support on further exposure assessment and 
intervention for CKDu high- risk populations.

 ► Doctors should be careful of farmers with 
impaired renal function for no apparent reason. 
A detailed clinical assessment and occupational 
history taking is warranted.
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compared with the non- farmers.6 The proposed potential causes 
include heat stress and toxins/toxicants (eg, agrochemicals, 
heavy metals, silica).2 3 7

Taiwan is an island country in East Asia with a humid climate 
and more susceptible to global warming; from 1911 to 2005, 
Taiwan’s temperature has warmed up by 1.4°C, which is about 
twice as fast as the northern hemisphere (0.7°C).8 In Taiwan, 
most farmers are small- scale self- employment without any 
health and safety regulations or education. Similar to other 
CKDu endemic area, Taiwanese farmers are widely exposed 
to heat stress and agrochemicals (online supplemental table 
1). Currently, there is no research on CKDu among the agri-
cultural population in Taiwan, the country which reported the 
highest prevalence and the second incidence of end- stage renal 
disease in the world.9 The prevalence of CKDu among farmers 
in Taiwan is still unclear.

The objective of this study was to investigate the prevalence 
of CKDu and the risk of CKDu among Taiwanese farmers. 
The study location was in Changhua County, the largest 
rice- farming county in Taiwan (figure 1). The average daily 
temperature is 28–30℃ during the summer. A brief introduc-
tion of the rice- farming industry and environmental hazards in 
Changhua area was presented in online supplemental appendix 
1 and online supplemental figures 1 and 2. We hypothesized 
that working as a farmer is independently associated with an 
increased risk of CKDu.

METHODS
Screening programme
Taiwan’s Community- based Integrated Screening programmes 
originated from Keelung City in 1999, followed by Nantou 

County in 2001. Taiwan’s Ministry of Health and Welfare 
designated Taiwan Public Health Association (TPHA) to 
publish the guidelines for conducting community- based 
Integrated Screening programmes in 2003.10 Staff members 
including medical and nursing professionals in local health 
bureau receive continuing education and training to ensure 
comprehensiveness and consistency of the health screening 
programmes.11 Since the government works closely with 
academia, including TPHA and National Taiwan University 
(NTU), there have been several academic papers published 
based on these programmes.12–16

In Changhua area, adults over 40 years old are the target group 
for active invitation to Changhua Community- based Integrated 
Screening (CHCIS), based on the responsibility of local health 
bureau to conduct Adult Health Examination Service, which 
is ideally performed on adult residents every 3 years.17 Chan-
ghua County Public Health Bureau (CCPHB) has conducted 
the annual programme since 2005 to integrate National Health 
Insurance Adult Preventive Healthcare and Add- on Health 
Program to screen for chronic diseases (eg, hyperlipidaemia, 
hypertension, hyperglycaemia and liver and kidney disease) and 
malignancies (eg, hepatocellular carcinoma, colorectal cancer, 
breast cancer, cervical cancer and oral cancer). All adult residents 
in Changhua County can participate in the programme without 
additional expenses. Under the jurisdiction of CCPHB Health 
Centre, there are local public health centres in every Township 
of Changhua County. They are responsible to launch events for 
integrated health screening, which usually take place in activity 
centres in local schools. Before the event, staff members of local 
public health centres use email, telephone and related notices, 

Figure 1 Changhua county and its townships.

copyright.
 on D

ecem
ber 2, 2021 at N

ew
castle U

niversity. P
rotected by

http://oem
.bm

j.com
/

O
ccup E

nviron M
ed: first published as 10.1136/oem

ed-2021-107369 on 9 June 2021. D
ow

nloaded from
 

https://dx.doi.org/10.1136/oemed-2021-107369
https://dx.doi.org/10.1136/oemed-2021-107369
https://dx.doi.org/10.1136/oemed-2021-107369
https://dx.doi.org/10.1136/oemed-2021-107369
https://dx.doi.org/10.1136/oemed-2021-107369
http://oem.bmj.com/


851Chang JC- J, Yang H- Y. Occup Environ Med 2021;78:849–858. doi:10.1136/oemed-2021-107369

Workplace

etc., to invite their town residents who belong to the target 
group.

During the health screening events, onsite personnel includes 
doctors and nurses in primary care clinics, staff members of the 
local health centre and volunteers. All personnel are trained to 
perform their assigned task and standardised procedures. For 
example, volunteers are educated to operate portable height 
and weight machines under supervision of nurses. Blood pres-
sure measurements are performed twice by nurses, including 
one after the interview and another after the laboratory tests, 
and the lower one is used for screening hypertension cases. For 
data quality control, CCPHB printed, delivered and collected 
the health survey questionnaires. CCPHB is also responsible for 
quality control of biochemical laboratory tests. After the tests are 
done in local certified laboratories, the urine, serum and blood 
cells samples are treated and transported to freezers in NTU.

Study population
We used the data of CHCIS program from 2005 to 2014. Our 
study population comprises the full- time farmers and non- 
farmers aged 15–60 who participated in the CHCIS programme. 
Because the present study focused on CKDu, which is usually 
found in young adult workers, we excluded participants with 
ages less than 15 years or above 60. The non- farmers included all 
remaining participants with full- time employment. Participants 
who reported that they worked part- time without a specified 
occupation were excluded because we had concerns that the 
reasons for not working full- time might involve the capability of 
entering the job market. Therefore, we only included full- time 
employees or workers to eliminate the potential healthy worker 
effect.

Covariates
Information about past medical history, personal history, 
height, weight, blood pressure were collected and measured by 
public health nurses who had undergone standardised training. 
Physicians performed physical examinations. Blood and urine 
samples were collected and analysed by technicians under the 
standardised protocol. The serum creatinine measurement was 
traceable to an Isotope Dilution Mass Spectrometry reference 
measurement procedure. All identifiers were not disclosed to 
researchers for the protection of patient privacy and confiden-
tiality. At time of data acquirement (9 April 2020), we were not 
able to identify whether patients repeatedly attend the annual 
programme.

Data collected in the study included the following: (1) Demo-
graphic variables: birthday, sex, education, occupation, resi-
dential location and date of examination; (2) Exam variables: 
body height, body weight, blood pressure, blood glucose (all 
blood and urine samples were taken after 8 hour fasting), serum 
haemoglobin, serum creatinine, blood urea nitrogen (BUN), 
serum lipid profiles, serum urate, urinalysis (dipstick) and bone 
mineral density; (3) Lifestyle: smoking status and use of Chinese 
herbal medicine; (4) Medical history: kidney disease, urolithi-
asis, hypertension, diabetes, hyperlipidaemia, heart disease, 
stroke, osteoporosis, chronic liver disease, gout and asthma; (5) 
Education level was categorised as elementary school or below, 
middle school (junior high school and high school), and college 
or above; (6)The urbanisation level of residential location, which 
was categorised by a national standard in Taiwan18; (7) Body 
height and weight were used to calculate the body mass index 
(BMI), which was then categorised as overweight (BMI ≥24), 
underweight (BMI <18.5) or normal (24>BMI≥18.5).

We confirmed the disease status and comorbidities by past 
medical history and laboratory tests. Diabetes was determined 
by history or a fasting serum glucose over 126 mg/dL. Hyperlip-
idaemia was determined by past history or a serum low- density 
lipoprotein over 130 mg/dL or serum triglycerides over 150 mg/
dL. Hyperuricaemia was defined as a serum uric acid of more 
than 7 mg/dL. Anaemia was defined as a serum haemoglobin less 
than 11 g/dL in females or less than 13 g/dL in males. Proteinuria 
was determined by a positive protein test (>2+) on a dipstick 
urinalysis. Haematuria was determined by the presence of red 
blood cells (>2+) on a dipstick urinalysis. Other comorbidities 
were determined solely by history.

Outcome variables
The outcome of interest was CKDu. The Kidney Disease 
Improving Global Outcomes (KDIGO) collaboration provides 
internationally accepted criteria for the clinical identification of 
CKD.19 Although the KDIGO definition of CKD requires two 
measurements of estimated glomerular filtration rate (eGFR), 
given the asymptomatic nature and other attributes of CKDu, the 
International Society of Nephrology’s International Consortium 
of Collaborators on Chronic Kidney Disease of Unknown Aeti-
ology recommended the population- based detection methods 
for CKDu need to be based on a single eGFR measures.20

Definition of CKD
We adopted CKD- Epidemiology Collaboration formula to 
calculate the eGFR. Based on a single laboratory test of serum 
creatinine, we defined CKD as an eGFR <60 mL/min/1.73 m2, 
which is the eGFR of stage 3–5 CKD.

Definition of CKDu
The definition of CKDu for epidemiological studies depends on 
the ability to exclude traditional aetiologies of CKD from data 
available. In our study, we primarily defined CKDu as a reduced 
kidney function (eGFR <60 mL/min/1.73 m2) under the age of 
60 years excluding cases of hypertension, diabetes, haematuria, 
proteinuria and currently taking Chinese herbal medicine (CKDu 
definition 1). For sensitivity analysis and for better comparison 
among studies, we also used other definitions of CKDu:

 ► CKDu definition 2: reduced kidney function (eGFR <60 
mL/min/1.73 m2) under the age of 60 years excluding cases 
of hypertension, diabetes, haematuria, proteinuria.

 ► CKDu definition 3: reduced kidney function (eGFR <60 mL/
min/1.73 m2) under the age of 60 years excluding cases of 
hypertension and diabetes. This definition is comparable to 
a commonly used definition of CKDu by other researchers.21

Statistical analysis
We compared the prevalence rates of CKDu between farmers 
and non- farmers. Age- standardisation of the prevalence based 
on WHO World population 2000–2025 was conducted to 
enable comparison between CKDu study areas.22 In the multi-
variate analysis, we calculated the prevalence ORs (PORs) of 
CKDu by multivariate logistic regression. The explanatory 
variables included occupation (farmers vs non- farmers), age (in 
years), sex, education levels (college and above, middle school 
or elementary school and below), urbanisation level of residen-
tial location (urban, suburban, rural), cigarette smoking (current 
smoker or not), BMI (<18.5, 18.5–24, ≥24), and comorbidi-
ties (hyperuricaemia, hyperlipidaemia, heart disease and chronic 
liver disease). We estimated the ORs from three regression 
models.

copyright.
 on D

ecem
ber 2, 2021 at N

ew
castle U

niversity. P
rotected by

http://oem
.bm

j.com
/

O
ccup E

nviron M
ed: first published as 10.1136/oem

ed-2021-107369 on 9 June 2021. D
ow

nloaded from
 

http://oem.bmj.com/


852 Chang JC- J, Yang H- Y. Occup Environ Med 2021;78:849–858. doi:10.1136/oemed-2021-107369

Workplace

 ► Model 1 adjusted the OR for age, sex, education, 
urbanisation.

 ► Model 2 adjusted the OR for age, sex, education, urbanisa-
tion, BMI and comorbidities.

 ► Model 3 adjusted the OR for age, sex, education, urbanisa-
tion, BMI, comorbidities and use of Chinese herbal medicine 
(applied for CKDu definition 2 and 3 only).

The comparison of Model 2 and Model 3 was to explore the 
effect of using Chinese herbal medicine given the history of aris-
tolochic acid nephropathy in Taiwan.23 We also considered the 
assumption that smoking, BMI, and comorbidities might be on 
the causal pathway linking farming status with CKDu. There-
fore, we adjusted the OR only for demographic factors in Model 
1.

A two- tailed p value of 0.05 was considered to be statistically 
significant. All statistical analyses were conducted using SAS 
software (V.9.4; SAS Institute).

Additional analysis
The original estimation of PORs was based on a relatively 
large retrospective database, and there could be a tendency to 
yield significant results for small differences. Therefore, we 
conducted a cross- sectional matched case–control study as an 
alternative approach. For the sample size calculation, we applied 
the method of Dupont et al using StatsDirect statistical soft-
ware (V.3.3.4).24 25 With α =0.05, power= 0.8, ratio of cases 
to controls =2.0, case–control correlation=0.2, hypothetical 
proportion of exposure among controls =20%, OR=1.5 as a 
minimum of difference to be detected, the calculation yielded a 
minimal sample size of 478 cases and 956 controls. Since there 
were only 320 CKDu cases in our study population, all cases 
were matched 1:2 with non- CKDu participants, based on age 
(coarsened into groups of 3 years) and sex. The rest of the statis-
tical analysis was the same as the original study.

The main objective of this study was to determine whether 
Taiwanese farmers had a higher risk of CKDu. Since farmers are 
usually exposed to multiple occupational and environmental 
hazards (heat stress, agrochemicals, heavy metals from water 
contamination, etc), we also grouped farmers with other labor- 
intensive jobs and compared the CKDu risk among the labourers 
with the non- labourers. Major job groups were categorised using 
2015 Taiwan’s Standard Classification of Occupations (TSCO), 
which is a modified Chinese version of 2008 International Stan-
dard Classification of Occupations. Based on their occupations, 
the participants were categorised into labourers (TSCO group 
6–9) and non- labourers (TSCO group 0–5). The rest of the 
statistical analysis was the same as the original study.

RESULTS
There were 5555 farmers and 35 761 non- farmers in the study 
population. The non- farmers were largely composed of service 
and sales workers (21%), plant and machine operators (19%), and 
professionals (18%). The farmer group had a higher percentage 
of male gender than the non- farmer group did. The mean age of 
the farmer group was older than the non- farmer group. Educa-
tion level was lower among farmers than among non- farmers. 
Most farmers only attended elementary school or lacked formal 
education. In contrast, most non- farmers completed education 
from middle school, college or postgraduate school. The preva-
lence of current smokers was significantly higher among farmers 
than among non- farmers. More than half of the farmers (61%) 
were overweight (BMI ≥24) compared with 48% of the non- 
farmers. The farmers had higher prevalence of hypertension, 

diabetes, hyperlipidaemia, heart disease, stroke, gout and hyper-
uricaemia, compared with the non- farmers. Using a serum BUN 
to creatinine ratio greater than 20 as an indicator of dehydra-
tion, the farmer group had a higher proportion of dehydration 
(22% vs 14%) than the non- farmer group (table 1).

Table 2 summarises the prevalence of CKD and CKDu 
obtained using different definitions. The prevalence of CKD 
was 3.1% (age standardised, 0.9%) in the farmers and 1.3% (age 
standardised, 0.8%) in the non- farmers. For our primary defi-
nition of CKDu (definition 1), the prevalence was 2.3% (age 
standardised, 0.7%) in the farmers and 0.9% (age standardised, 
0.6%) in the non- farmers. CKDu accounted for 48.9% of all 
CKD cases in our study population.

Table 3 summarises the characteristics of the CKDu cases and 
controls. Compared with the non- CKDu participants, CKDu 
cases were older (52 vs 47 years), male- predominant (60% vs 
33%), and less- educated (elementary school or below, 42% vs 
22%). Skilled agricultural, forestry and fishery workers (28%) 
comprised most of the CKDu cases, followed by plant and 
machine operators (17%), and craft and related trades workers 
(15%). Compared with the non- CKDu participants, CKDu cases 
were significantly prone to have hyperuricaemia (27% vs 6%), 
gout (12% vs 2%) and heart disease (2.5% vs 1.4%).

The crude prevalence ratio of CKDu among the farmers 
compared with non- farmers was 2.73 (95% CI 2.13 to 3.50). 
Age, male gender and hyperuricaemia were positively associated 
with CKDu. Higher education was negatively associated with 
CKDu. After adjusting for demographic characteristics (age and 
sex), socioeconomic factors (education and urbanisation), life-
style (cigarette use), physique (BMI), and related comorbidities 
(hyperuricaemia, hyperlipidaemia, heart disease and chronic 
liver disease), the adjusted POR of CKDu among the farmers 
was 1.45 (95% CI 1.10 to 1.90) (table 4).

Table 5 summarises the risk estimation of CKD and CKDu 
in farmers compared with non- farmers under different model 
settings. For general CKD, the POR in farmers ranged from 1.23 
to 1.25. For CKDu, the POR in farmers ranged from 1.45 to 
1.46. Overall, the risk estimation was stationary under various 
models and case definitions (table 4, online supplemental tables 
2 and 3).

Additional analysis
For the matched case–control study, there were 320 CKDu 
cases and 640 controls (online supplemental table 4). Compared 
with the matched non- CKDu participants, CKDu cases had 
significantly higher percentage of skilled agricultural, forestry 
and fishery workers (28% vs 18%), and several comorbidities 
(anaemia, gout and hyperuricaemia). The crude prevalence ratio 
of CKDu among the farmers compared with non- farmers was 
1.76 (95% CI 1.28 to 2.43). Hyperuricaemia was highly and 
positively associated with CKDu. High education (college and 
above) was negatively associated with CKDu. The adjusted POR 
of CKDu among the farmers was 1.56 (95% CI 1.09 to 1.23) 
(online supplemental table 5).

Comparing labourers and non- labourers in the original study 
population (unmatched), the crude POR of CKDu in labourers 
was 2.08 (95% CI 1.65 to 2.63). After adjusting for demographic 
characteristics (age and sex), socioeconomic factors (education 
and urbanisation), lifestyle (cigarette use), physique (BMI) and 
related comorbidities (hyperuricaemia, hyperlipidaemia, heart 
disease and chronic liver disease), the adjusted POR of CKDu 
among the labourers was 1.15 (95% CI 0.88 to 1.50) (online 
supplemental table 6).
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DISCUSSION
Main findings
CKDu have not received much attention in East Asia. However, 
CKDu accounted for a non- negligible 48.9% of all CKD cases in 
Changhua area of Taiwan. Based on our various approaches for 
POR modelling, the risk of CKDu in the farmers was 45%–63% 
higher as compared with the non- farmers. To the best of our 
knowledge, this is the first study to report the prevalence and 
risk of CKDu among farmers in East Asian countries.

Interpretation
To distinguish CKDu from CKD of common aetiologies, we 
have either excluded comorbidities associated with CKD or 
adjusted the risk estimates for these comorbidities as available in 
our data. We found that the higher risk of CKD in the farmers 
could be partially explained by common risk factors for CKD, 
including hypertension and diabetes, as shown in our multi-
variate analyses. Indeed, early management of related chronic 
diseases plays an important role in preventing CKD, especially 
in farmers. However, an elevated risk of CKDu after excluding 
these comorbidities was still noted in the farmers. It may suggest 
that in order to reduce kidney damage in the farmers, there are 
non- traditional factors to be addressed, including management 
of environmental and occupational hazards in the agriculture 
communities.

Dehydration was detected in one- fourth of our farmer popula-
tion. Using a serum BUN- to- creatinine ratio higher than 20 as an 
estimate of dehydration status, we found that the farmers were 
twice more likely to experience dehydration than the non- farmers 
(22% vs 14%, the p value of the χ2 test <0.001). Previous studies 
have provided possible explanations of heat stress- related kidney 
injury.3 26–28 First, heat stress and physical exertion increase the 

Table 1 Characteristics of the farmers and non- farmers in the study 
population;

Variable Farmers (N=5555) Non- farmers (N=35 761)

Age (year) 52.6 (5.9) 47.1 (7.4)

  15–20 1 (0.02%) 3 (0.01%)

  20–30 4 (0.1%) 267 (0.7%)

  30–40 186 (3.3%) 5783 (16.2%)

  40–50 1335 (24.0%) 15 621 (43.7%)

  50–60 4029 (72.5%) 14 087 (39.4%)

Sex

  Female 3300 (59.4%) 24 073 (67.3%)

  Male 2255 (40.6%) 11 688 (32.7%)

Education

  High (college or 
postgraduate)

242 (4.4%) 9220 (25.8%)

  Medium (middle school) 2315 (41.8%) 19 277 (54.0%)

  Low (elementary school or 
below)

2986 (53.9%) 7200 (20.2%)

Urbanisation*

  Suburban 509 (9.2%) 12 506 (35.0%)

  Rural 5046 (90.8%) 23 255 (65.0%)

Occupation (TSCO classification)

  1: Managers – 191 (0.5%)

  2: Professionals – 6311 (17.6%)

  3: Technicians and associate 
professionals

– 5314 (14.9%)

  4: Clerical support workers – 811 (2.3%)

  5: Service and sales workers – 7388 (20.7%)

  6: Skilled agricultural, forestry 
and fishery workers

5555 (100.0%) 210 (0.6%)

  7: Craft and related trades 
workers

– 5127 (14.3%)

  8: Plant and machine 
operators, and assemblers

– 6858 (19.2%)

  9: Elementary occupations – 2731 (7.6%)

  0: Armed forces occupations – 11 (0.03%)

  Not classifiable – 809 (2.3%)

Cigarette use

  Not smoking 4558 (82.1%) 31 409 (87.8%)

  Current smoker 997 (17.9%) 4352 (12.2%)

BMI (kg/m2)

  Normal (18.5–24) 2057 (37.0%) 17 584 (49.2%)

  Under (<18.5) 116 (2.1%) 1137 (3.2%)

  Over (≥24) 3382 (60.9%) 17 034 (47.6%)

Renal function†

  CRE (mg/dL) 0.81 (0.30) 0.77 (0.23)

  BUN (mg/dL) 13.53 (4.14) 11.82 (3.61)

  eGFR (mL/min/1.73 m²) 93.04 (15.33) 98.78 (14.91)

CKD

  CKD stage 3 162 (2.9%) 443 (1.2%)

  CKD stage 4 4 (0.1%) 27 (0.1%)

  CKD stage 5 7 (0.1%) 11 (0.0%)

Disease status

  Hypertension 801 (14.4%) 3230 (9.0%)

  Diabetes 544 (9.8%) 1943 (5.4%)

  Hyperlipidaemia 2765 (49.8%) 16 217 (45.3%)

  Heart disease 178 (3.2%) 666 (1.9%)

  Chronic liver disease 242 (4.4%) 1494 (4.2%)

  Stroke 16 (0.3%) 84 (0.2%)

  Asthma 46 (0.8%) 362 (1.0%)

continued

Variable Farmers (N=5555) Non- farmers (N=35 761)

  Anaemia 243 (4.4%) 2330 (6.5%)

  Gout 158 (2.8%) 875 (2.4%)

  Hyperuricaemia 522 (9.4%) 2382 (6.7%)

  Urolithiasis 108 (1.9%) 823 (2.3%)

  Dehydration 1232 (22.2%) 4924 (13.8%)

Chinese herbal medicine

  Current user 70 (1.3%) 341 (1.0%)

  Non- user 5485 (98.7%) 35 420 (99.0%)

The study population comprised participants aged 15–60 in Changhua Community- 
based Integrated Screening programme from 2005 to 2014.
For scalar variables, the SD is presented in parentheses following the mean; for 
categorical variables, the percentage is presented in parentheses following the 
count.
Missing data of laboratory examination accounted for 0.4% of all observations, 
which were removed before further risk assessment of reduced kidney function.
*Urbanisation level of residential location was categorised by a nationwide 
standard commonly applied in Taiwan. The standard was based on the area codes 
or the postal codes, with three urbanisation levels (urban, suburban and rural). 
Changhua County, where our study population was located, has only two levels of 
urbanisation (suburban and rural).
†The measurement of serum creatinine was traceable to an IDMS reference 
measurement procedure. The CKD- EPI formula was adopted to calculate eGFR. The 
number of cases of CKD with KDIGO stages 3–5 were estimated based on a single 
laboratory value of serum creatinine.
BMI, body mass index; BUN, blood urea nitrogen; CKD, chronic kidney disease; 
CKD- EPI, Chronic Kidney Disease Epidemiology Collaboration; CRE, serum 
creatinine; eGFR, estimated glomerular filtration rate; IDMS, isotope dilution mass 
spectrometry; KDIGO, Kidney Disease Improving Global Outcomes; TSCO, Taiwan 
Standard Classification of Occupations.

Table 1 continued
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loss of body fluid and electrolytes triggering renin–angiotensin–
aldosterone system activation and vasopressin release, reducing 
renal blood flow and leading to local hypoxia.29 Second, high 
physical workload under heat directly compete with kidneys and 
gut over blood flow from the cardiac output via sympathetic 
nervous system.28 Third, increased core temperature may result 
in subclinical rhabdomyolysis, and the muscle cell breakdown 
products such as uric acid can further promote the inflamma-
tion in the kidney tubuli.30 Fourth, recurrent dehydration can 
activate the aldose reductase pathway, leading to the generation 
of endogenous fructose and the induction of kidney injury via 
a fructokinase- dependent mechanism.31 Fifth, sustained phys-
ical exertion can lead to decreased gut perfusion and increased 
gut permeability, which enables endotoxins to enter the blood-
stream and trigger cytokine release both systemically and in the 
kidney tubuli, activating an inflammatory response.28 According 
to the above mechanisms, a higher prevalence of dehydration, 
hyperuricaemia and hyperthermia should be found in agricul-
tural workers at risk of CKDu. As previous studies considered 
dehydration and hyperthermia to be the link between heat stress 
and kidney injury,3 4 7 26 this study also provides epidemiological 
evidence that Taiwanese farmers were susceptible to dehydration 
and subsequent CKDu. Accordingly, further efforts (eg, access to 
water, rest and shade) to prevent kidney injury from dehydration 
among farmers are needed.32

While the farmers in our study population appeared to have 
higher risk of CKDu, additional analysis on the labourers yield 
a negative result. Compared with non- labourers, the labourers 
did not present with a higher risk of CKDu. One limitation is 
that we were only able to categorise participants into major job 
groups, which means those categorised as labourers were not 
necessarily exposed to heat stress or a high physical workload. 

Apart from this limitation, this additional analysis inferred that 
working under heat stress might not be the only contributor to 
higher CKDu risk found in Taiwanese farmers compared with 
non- farmers.

The primary nephrotoxic metal pollutants in the soil are 
arsenic, cadmium, lead and mercury.33 In Taiwan, the sources of 
contaminants in rural soils are mainly organic wastes (eg, agro-
chemicals), wastewater containing heavy metals, and corrosive 
metal wastes.34 In Taiwan, some farmlands were polluted by 
heavy metal wastewater from nearby factories. To understand 
the pollution of farmland soil by heavy metals, the Environ-
mental Protection Administration began to investigate a national 
farmland survey of soil heavy metal content and follow- up 
administrative control measures in 1982. If the concentration 
of pollutants in the farmland reaches the soil pollution control 
standard, the planting of crops will be restricted after inspection 
(https:// sgw. epa. gov. tw/ public/ prevent/ 04). We conservatively 
think the heavy metal contamination might not be the primary 
cause of CKDu in farmers. Since heavy metals have a long 
biological half- life, we suggest that further research on CKDu 
could measure heavy metals' biomarkers.

Exposure assessment of potential environmental hazards 
affecting farmers, including pesticide use and other nephrotoxic 
contaminants in soils, were not available in this study. Although 
existing studies provide inconsistent evidence for an associ-
ation between pesticides and CKDu epidemics,35 most studies 
on CKDu in rice farmers have suggested water contaminated by 
agrochemicals to be the leading hypothesis.6 36 37 Accordingly, 
it is possible that agrochemicals may be one of the mediators 
for CKDu among Taiwanese farmers. The use of analgesics, 
including non- steroidal anti- inflammatory drugs (NSAIDs), 
was not available in this study either. If the farmers had higher 

Table 2 Prevalence of CKD and CKDu among farmers and non- farmers

Farmers Non- farmers Overall

Female Male All Female Male All Female Male All

CKDu definition 1

  Cases 40 47 87 89 144 233 129 191 320

  Population 2163 1591 3754 18 099 8699 26 798 20 262 10 290 30 552

  Crude prevalence 1.8% 3.0% 2.3% 0.5% 1.7% 0.9% 0.6% 1.9% 1.0%

  Age- standardised prevalence 0.5% 1.0% 0.7% 0.3% 2.1% 0.6% 0.3% 2.1% 0.7%

CKDu definition 2

  Cases 40 48 88 89 146 235 129 194 323

  Population 2177 1617 3794 18 179 8856 27 035 20 356 10 473 30 829

  Crude prevalence 1.8% 3.0% 2.3% 0.5% 1.6% 0.9% 0.6% 1.9% 1.0%

  Age- standardised prevalence 0.5% 1.0% 0.7% 0.3% 2.1% 0.6% 0.3% 2.1% 0.7%

  Cases 52 58 110 117 171 288 169 229 398

  Population 2615 1723 4338 21 594 9458 31 052 24 209 11 181 35 390

  Crude prevalence 2.0% 3.4% 2.5% 0.5% 1.8% 0.9% 0.7% 2.0% 1.1%

  Age- standardised prevalence 0.6% 1.2% 0.8% 0.3% 2.0% 0.6% 0.4% 2.1% 0.7%

CKD

  Cases 72 101 173 169 312 481 241 413 654

  Population 3285 2244 5529 24 006 11 664 35 670 27 291 13 908 41 199

  Crude prevalence 2.2% 4.5% 3.1% 0.7% 2.7% 1.3% 0.9% 3.0% 1.6%

  Age- standardised prevalence 0.6% 1.5% 0.9% 0.4% 2.3% 0.7% 0.4% 2.4% 0.8%

The study population comprised participants aged 15–60 in Changhua Community- based Integrated Screening programme from 2005 to 2014.
Age- standardisation was based on WHO World population 2000–2025 (http://www.who.int/healthinfo/paper31.pdf).
CKDu definition 1: CKD under the age of 60 years excluding cases of hypertension, diabetes, haematuria, proteinuria and currently taking Chinese herbal medicine.
CKDu definition 2: CKD under the age of 60 years excluding cases of hypertension, diabetes, haematuria, proteinuria.
CKDu definition 3: CKD under the age of 60 years excluding cases of hypertension and diabetes.
CKD: reduced kidney function (eGFR < 60 mL/min/1.73 m2).
CKD, chronic kidney disease; CKDu, Chronic kidney disease of undetermined aetiology; eGFR, estimated glomerular filtration rate. copyright.

 on D
ecem

ber 2, 2021 at N
ew

castle U
niversity. P

rotected by
http://oem

.bm
j.com

/
O

ccup E
nviron M

ed: first published as 10.1136/oem
ed-2021-107369 on 9 June 2021. D

ow
nloaded from

 

https://sgw.epa.gov.tw/public/prevent/04
http://www.who.int/healthinfo/paper31.pdf
http://oem.bmj.com/


855Chang JC- J, Yang H- Y. Occup Environ Med 2021;78:849–858. doi:10.1136/oemed-2021-107369

Workplace

physical strain and tended to take more painkillers, then the 
risk of CKDu could be attributed to the potential nephrotox-
icity of these drugs. It is worth- noting that several reviews have 
concluded that the causes of CKDu are multifactorial, meaning 
the above- mentioned contributors (heat stress, agrochemicals, 
metals, NSAIDs) could be coexisting.4 7 35 Therefore, we suggest 
that follow- up studies on CKDu in Taiwan should include a 
more comprehensive exposure assessment.

The prevalence of CKDu was relatively low in our study 
population, as compared with other studies in Asia. In Uddanam 
region of India, the prevalence of CKDu was 13.3% from a 
cross- sectional study on 2210 adults recruited by a systematic 
random sampling method.38 In West Java of Indonesia, the 
prevalence of CKDu was 18.6% from another cross- sectional 
study on 354 male farmers recruited using a systematic random 
sampling method.37 Because of the lower absolute prevalence of 
CKDu in our study for both farmers and non- farmers, it raises 
the question whether the difference in prevalence can be actu-
ally attributed to CKDu. The current definition of CKDu used 
for epidemiological studies generally only excludes cases with 
diabetes and hypertension, leaving other potential causes of CKD 
to be clarified before diagnosing CKDu. Additionally, residual 
confounding by traditional factors of CKD in the multivariate 
regression could be another potential explanation for the higher 
OR of CKDu in farmers compared with non- farmers. Although 
we had conducted several sensitivity analyses and adopted a 
definition of CKDu stricter than other epidemiological studies, 
the association between farming status and CKDu found in our 
study should be interpreted with prudence.

To address the possibility that the risk of CKDu might be 
higher only in specific regions of the Changhua area, we calcu-
lated the CKDu prevalence by township. We also plotted the 
geographic distribution of temperature in hottest months (online 
supplemental figure 2) and incidents of heavy metal pollution 
along with the CKDu prevalence (online supplemental figure 
3). The prevalence ranged from 0.16% (Fangyuan Township) 
to 3.92% (Xianxi Township). We did not find an extremely 

Table 3 Characteristics of the CKDu cases and controls in the study 
population

Variable
CKDu cases 
(N=320)

Non- CKDu 
(N=30 232)

Age (year) 52.3 (6.2) 47.1 (7.5)

  15–20 0 (0.00%) 4 (0.01%)

  20–30 1 (0.3%) 218 (0.7%)

  30–40 19 (5.9%) 4948 (16.4%)

  40–50 70 (21.9%) 13 130 (43.4%)

  50–60 230 (71.9%) 11 932 (39.5%)

Sex

  Female 129 (40.3%) 20 133 (66.6%)

  Male 191 (59.7%) 10 099 (33.4%)

Education

  High (college or postgraduate) 45 (14.2%) 7507 (24.9%)

  Medium (middle school) 139 (43.7%) 16 119 (53.4%)

  Low (elementary school or below) 134 (42.1%) 6559 (21.7%)

Urbanisation*

  Suburban 83 (25.9%) 9745 (32.2%)

  Rural 237 (74.1%) 20 487 (67.8%)

Occupation (TSCO classification)

  1: Managers 3 (0.9%) 143 (0.5%)

  2: Professionals 28 (8.8%) 4974 (16.5%)

  3: Technicians and associate 
professionals

26 (8.1%) 4022 (13.3%)

  4: Clerical support workers 7 (2.2%) 628 (2.1%)

  5: Service and sales workers 34 (10.6%) 5410 (17.9%)

  6: Skilled agricultural, forestry and 
fishery workers

88 (27.5%) 3809 (12.6%)

  7: Craft and related trades workers 49 (15.3%) 3723 (12.3%)

  8: Plant and machine operators, and 
assemblers

54 (16.9%) 5011 (16.6%)

  9: Elementary occupations 19 (5.9%) 1925 (6.4%)

  0: Armed forces occupations 0 (0.0%) 8 (0.03%)

  Not classifiable 12 (3.8%) 579 (1.9%)

Cigarette use

  Not smoking 265 (82.8%) 26 335 (87.1%)

  Current smoker 55 (17.2%) 3897 (12.9%)

BMI

  Normal (18.5–24) 124 (38.8%) 15 578 (51.5%)

  Under (<18.5) 12 (3.8%) 1000 (3.3%)

  Over (≥24) 184 (57.5%) 13 649 (45.2%)

Renal function†

  CRE (mg/dL) 1.55 (0.96) 0.77 (0.18)

  BUN (mg/dL) 17.79 (6.98) 11.83 (3.48)

  eGFR (mL/min/1.73 m²) 51.56 (10.84) 99.20 (13.72)

CKD

  CKD stage 3 303 (94.7%) –

  CKD stage 4 8 (2.5%) –

  CKD stage 5 9 (2.8%) –

Disease status

  Hyperlipidaemia 154 (48.1%) 13 049 (43.2%)

  Heart disease 8 (2.5%) 438 (1.4%)

  Chronic liver disease 17 (5.3%) 1267 (4.2%)

  Stroke 0 (0.0%) 50 (0.2%)

  Asthma 2 (0.6%) 284 (0.9%)

  Anaemia 26 (8.1%) 1927 (6.4%)

  Gout 37 (11.6%) 467 (1.5%)

  Hyperuricaemia 86 (26.9%) 1791 (5.9%)

continued

Variable
CKDu cases 
(N=320)

Non- CKDu 
(N=30 232)

  Urolithiasis 11 (3.4%) 593 (2.0%)

  Dehydration 8 (2.5%) 4117 (13.6%)

The study population comprised participants aged 15–60 in Changhua Community- 
based Integrated Screening programme from 2005 to 2014.
For scalar variables, the SD is presented in parentheses following the mean; for 
categorical variables, the percentage is presented in parentheses following the 
count.
CKDu was defined as CKD under the age of 60 years excluding cases of 
hypertension, diabetes, haematuria, proteinuria and currently taking Chinese herbal 
medicine (CKDu definition 1). CKD was defined as a reduced kidney function (eGFR 
<60 mL/min/1.73 m2) based on a single laboratory value of serum creatinine. The 
eGFR calculation was based on the CKD- EPI formula.
*Urbanisation level of residential location was categorised by a nationwide 
standard commonly applied in Taiwan. The standard was based on the area codes 
or the postal codes, with three urbanisation levels (urban, suburban and rural). 
Changhua County, where our study population was located, has only two levels of 
urbanisation (suburban and rural).
†The measurement of serum creatinine was traceable to an IDMS reference 
measurement procedure.
BMI, body mass index; BUN, blood urea nitrogen; CKD, chronic kidney disease; 
CKD- EPI, Chronic Kidney Disease Epidemiology Collaboration; CKDu, chronic kidney 
disease of undetermined; CRE, serum creatinine; eGFR, estimated glomerular 
filtration rate; IDMS, isotope dilution mass spectrometry; KDIGO, Kidney Disease 
Improving Global Outcomes; TSCO, Taiwan Standard Classification of Occupations.

Table 3 continued
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high prevalence of CKDu in specific regions of Changhua, and 
it appeared that the geographic distribution of the prevalence 
was not significantly associated with the ambient temperature. 
There were significant incidents of heavy metal pollution near 
Xianxi Township; however, due to the cross- sectional nature of 
the study and lack of a rigorous exposure assessment, we were 
not able to conclude the association of heavy metal pollutants 
with CKDu in Changhua area.

Representativeness compared with the census data
As a study using the database of a voluntary screening 
programme, it is necessary to examine whether the participants 
were representative of the population in Changhua County. 
From Taiwan’s census data 2005–2014, the population of Chan-
ghua County was 1 306 830, and the agricultural population 
was 377 429 (29%).39 From census data of Changhua County 
in 2010, men account for about 51.3% and women account 
for about 48.7%, and the average age was 38.1 years. Among 
the agricultural population in Changhua County, men account 
for 84.0% and women account for 16.0%, and the average age 
was 62.4 years, according to Changhua’s agricultural statistics 

in 2010. According to a nationally representative study on 
5409 Taiwanese in 2002, the prevalence of CKD stage III was 
3.4% for Taiwanese aged 40–59, estimated by the four- variable 
MDRD equation.40

Compared with the census data, our study population 
showed a lower proportion of farmers (13.4%), and a much 
lower sex ratio (33.7% males and 66.7% females). Among the 
agricultural population in our study, the sex ratio (40.6% males 
and 59.4% females) was also lower compared with Chang-
hua’s agricultural statistics. These findings indicated farmers 
were less likely to participate in the programme. Among both 
farmers and non- farmers, men were less likely to participate in 
the programme. The prevalence of CKD stage III in our study 
was 3.0% (also estimated by the four- variable MDRD equa-
tion), which was comparable to that from the nationwide data. 
Although the demographic trends of Taiwanese farmers (older 
in age and lower in sex ratio) were observed in the partici-
pating farmers, the representativeness of CHCIS study popu-
lation was limited.

Table 4 Multivariate analysis of the variables associated with CKDu

Covariate

Prevalence OR

Crude Model 1 Model 2

Occupation

  Farmers 2.73 (2.13 to 3.50) 1.46 (1.12–1.92) 1.45 (1.10–1.90)

  Non- farmers 1.00 1.00 1.00

  Age (year) 1.13 (1.10 to 1.15) 1.09 (1.06–1.11) 1.09 (1.07–1.12)

Sex

  Male 2.96 (2.36 to 3.71) 2.60 (2.05–3.29) 2.07 (1.58–2.71)

  Female 1.00 1.00 1.00

Education

  High (college or above) 0.29 (0.21 to 0.41) 0.60 (0.41–0.88) 0.63 (0.42–0.92)

  Medium (middle school) 0.42 (0.33 to 0.54) 0.60 (0.46–0.79) 0.65 (0.49–0.85)

  Low (elementary school or below) 1.00 1.00 1.00

Urbanisation*

  Suburban 0.74 (0.58 to 0.95) 0.87 (0.67–1.13) 0.88 (0.68–1.15)

  Rural 1.00 1.00 1.00

Cigarette use

  Current smoker 1.38 (1.03 to 1.85) – 0.78 (0.56–1.08)

  Not smoking 1.00 – 1.00

BMI

  Under (<18.5) 1.38 (0.74 to 2.57) – 1.64 (0.87–3.08)

  Over (≥24) 1.68 (1.34 to 2.12) – 1.15 (0.90–1.46)

  Normal (18.5–24) 1.00 – 1.00

Comorbidities

  Hyperuricaemia 5.79 (4.50 to 7.46) – 4.09 (3.10–5.40)

  Hyperlipidaemia 1.22 (0.98 to 1.52) – 0.80 (0.63–1.01)

  Heart disease 1.76 (0.87 to 3.58) – 1.24 (0.60–2.55)

  Chronic liver disease 1.29 (0.79 to 2.11) – 1.24 (0.75–2.05)

The study population comprised participants aged 15–60 in Changhua Community- based Integrated Screening programme from 2005 to 2014.
CKDu was defined as CKD under the age of 60 years excluding cases of hypertension, diabetes, haematuria, proteinuria and currently taking Chinese herbal medicine (CKDu 
definition 1). CKD was defined as a reduced kidney function (eGFR <60 mL/min/1.73 m2) based on a single laboratory value of serum creatinine. The eGFR calculation was based 
on the CKD- EPI formula.
The prevalence ORs were estimated by multiple logistic regression. The prevalence ORs were estimated by multiple logistic regression. Model 1 adjusted the OR for age, sex, 
education, urbanisation. Model 2 adjusted the OR for age, sex, education, urbanisation, body mass index and comorbidities. The reference group for each comorbid disease was 
the participants without the disease. The 95% CIs are presented in parentheses following the risk estimates.
*Urbanisation level of residential location was categorised by a nationwide standard commonly applied in Taiwan. The standard was based on the area codes or the postal codes, 
with three urbanisation levels (urban, suburban, and rural). Changhua County, where our study population was located, has only two levels of urbanisation (suburban and rural).
BMI, body mass index; CKD- EPI, Chronic Kidney Disease Epidemiology Collaboration; CKDu, Chronic kidney disease of undetermined aetiology; eGFR, estimated glomerular 
filtration rate.
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Limitations
This cross- sectional study has several limitations. At time of data 
acquirement (9 April 2020), we were not able to identify whether 
patients repeatedly attend the annual programme. The results 
could be biased if some participants attend the programme more 
than one time. We did not perform an exposure assessment on 
agrochemicals or other toxins/toxicants related to CKDu. This 
survey did not obtain data regarding work hours, temperature 
and humidity of the workplace. Therefore, we could not quan-
tify the contribution of heat stress and nephrotoxic agents in the 
development of CKDu among the farmers. There might be recall 
bias in this retrospective study, resulting in a POR of CKDu 
either overestimated or underestimated. Our study is also subject 
to selection bias. Probably, the hard- working farmers who were 
exposed to higher heat stress and physical workloads failed to 
attend the annual health examination project, which may have 
resulted in an underestimation of the OR of CKDu. Lastly, the 
representativeness issue of CHCIS participants discussed above 
has limited the external validity of this study.

Conclusions
Based on the health screening programme in rural communities 
of Taiwan, we provided evidence that Taiwanese farmers have 
an increased risk of CKDu. Follow- up representative studies are 
needed. The epidemic of CKDu in East Asia should be further 
explored using shared protocols, with a rigorous assessment of 
potential exposure; governments should provide farmers with 
occupational health education programmes. In clinical practice, 
we recommend that doctors should be careful of farmers with 
impaired renal function for no apparent reasons. A detailed clin-
ical assessment and occupational history taking is warranted.
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Appendix 1. Rice-farming industry and environmental hazards in Changhua 

 

Taiwan is an island country located on the edge of Eurasia with a tropical and subtropical 

climate. Due to the ideal conditions of high temperature and rain, Taiwan has a long growing season 

for crops and has fewer restrictions on cultivation types.1 The number of Taiwan's rice farmers is 

about 228 thousand, and the planting area is about 670,000 acres (2,700 km²). The annual output of 

unpolished rice is averaged 1.27 million metric tons, and the annual production value is 1.2 billion 

USD.2 The average household size of agricultural families is 4.09. 81.8% of farming households 

have a farm size of 1.0 hectares or below.3 These facts suggest a small-scale, family-based pattern of 

agricultural works in Taiwan. Most agricultural workers in Taiwan are self-employed, temporary 

assistants or family members, and do not have any occupational health education. 

Traditionally, Changhua is well-known by Taiwanese as the "rice barn of Taiwan." Rice crop 

remains to be the main product in Changhua County nowadays. Among 80 thousand plant farming 

families in Changhua County, 51 thousand (64%) families were rice crop farmers, followed by 3.6 

thousand (4.5%) families of peanut farmers, 3.5 thousand (4.4%) families of guava farmers, and 3.4 

thousand (4.2%) families of longan farmers.4 Other renowned agricultural products in Changhua 

County include grapes of Dacun Township and flowers of Tianwei Township.  

In Taiwan, more than ten months a year are suitable for rice growing in Taiwan. Typically, 

the farmers in Taiwan work in two seasons of rice growing each year.5 The first season is from 

February to June; the second season is from July to November. Trends in temperature change are 

different between the two rice growing seasons in Taiwan. Average daily temperature increases from 

15°C to 28°C in the first season and decreases from 30°C to 18°C in the second season. Months of 

potential heat stress are in the grain filling stage (June) of the first rice growing season and the 

tillering stage (July–August) of the second rice-growing season.6 

Agrochemicals are widely used by Taiwanese farmers. According to the statistics of 

Taiwan’s Bureau of Animal and Plant Health Inspection and Quarantine (BAPHIQ), the average 
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annual consumption of agrochemicals in 2014–2016 was 9,139 metric tons (active ingredients), 

equivalent to 12.73 kg/ha.7 Supplementary Table 1 summarizes the common or highly toxic 

agrochemicals in Taiwan. 

Agricultural works are energy demanding (males, 240–590 watts; females, 130–270 watts) 8 

and are usually categorized as moderate-to-heavy workloads regarding metabolic work rates. For 

acclimatized workers, a regular work break is required when the Wet Bulb Globe Temperature 

(WBGT) is over 29°C during a moderate workload and over 27.5°C during a heavy workload.9 For 

unacclimatised workers (i.e., workers not used to hot conditions), a regular work break is required 

when the WBGT is over 26°C during a moderate workload and over 24°C during a heavy workload. 

Theoretically, Taiwanese rice farmers are at risk of heat stress-related injuries according to the 

ambient temperature and moderate-to-heavy workloads.  
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Supplementary Figure 1. The annual temperature trends in the Changhua area. 
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 (A) Annual average of daily mean temperature. Under global warming, Changhua's temperature (dry 

bulb temperature) rises by 0.25°C every ten years; (B) Monthly average of daily maximum 

temperature in July, the hottest month in Changhua; (C) Monthly average of daily maximum wet-

bulb globe temperature (WBGT) in July. According to the WBGT data, the farmers must adjust the 

hourly ratio of work to rest time. (D) Monthly average of daily maximum Universal Thermal Climate 
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Index (UTCI) in July. Changhua's highest UTCI in July each year is 32-38°C, which belongs to 

strong heat stress. (Data source: Climate CHIP, available at https://www.climatechip.org/). 
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Supplementary Figure 2. Heat map of average daily temperature in the hottest 

months (June–September) in Changhua area 
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C 

 

(A) Average of daily mean temperature; (B) Average of daily maximum temperature; (C) Average of 

daily minimum temperature.  

Raw data were extracted from open weather data published by Taiwan’s Central Meteorological 

Bureau (https://opendata.cwb.gov.tw/index). There were 18 weather stations available in Changhua. 

Ordinary Kriging estimation obtained using ArcGIS 10.5 was used to interpolate and extrapolate the 

available temperature into raster data. Zonal estimation was used to aggregate the estimation of 

temperature and to calculate the mean from data within the township polygon. 
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Supplementary Figure 3. Heat map of CKDu prevalence by township in 

Changhua area, with scatter plot of heavy metal pollution incidents in 2005–2014 

 

 

The incidents and sites of heavy metal pollution were from Taiwan’s Environmental Protection 

Administration (https://sgw.epa.gov.tw/ContaminatedSitesMap/Default.aspx). 

The study population comprised participants aged 15–60 in Changhua Community-based Integrated 

Screening program from 2005–2014.  

Prevalence of CKDu was calculated by township. CKDu was defined as CKD under the age of 60 

years excluding cases of hypertension, diabetes, haematuria, proteinuria, and currently taking 

Chinese herbal medicine (CKDu definition 1). CKD was defined as a reduced kidney function 
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(eGFR < 60 ml/min/1.73m2) based on a single laboratory value of serum creatinine. The eGFR 

calculation was based on the CKD-EPI formula. 

Abbreviation: CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CKDu, Chronic 

kidney disease of undetermined aetiology; eGFR, estimated glomerular filtration rate. 
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Supplementary Table 1. Common or highly toxic agrochemicals in Taiwan 

Agrochemicals category Common agrochemicals 

Bipyridyl Balak 

Organic phosphate Ethion, terbufos, chlorpyrifos, methyl parathion, 

methamidophos, phorate、mevinphos、dimethoate 

Carbamates Methomyl, carbofuran, carbaryl, isoprocarb, benomyl, 

carbendazim, thiocarbamate 

Organic nitrogen and 

heterocyclic compounds 

Probenazole, isoprothiolane, pencycuron, thiophanate-methyl, 

tricyclazole, pendimethalin 

Organic chlorine and nitro 

compounds 

Chlorothalonil 

Pyrethroid Cypermethrin, permethrin, alpha-cypermethrin, fenpropathrin, 

flucythrinate 

Dithiocarbarmates Mancozeb, propineb, metiram 

Organocopper Oxine-copper, copper hydroxide 

Organic arsenic Neo-asozin, calcium bis (hydrogen methylarsonate) 

Chloroacet anilide Alachlor, butachlor, propanil 

Phosphinic acid Glyphosate, glufosinate 

Pyrazole Fipronil 

Fumigant Methyl bromide, aluminum phosphide, chloropicrin, 

magnesium phosphide 

Source: Taiwan’s Bureau of Animal and Plant Health Inspection and Quarantine.10  
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Supplementary Table 2. Multivariate analysis of the variables associated with 

CKDu (definition 2) 

Covariate 
Prevalence odds ratio 

Crude Model 1 Model 2 Model 3 

Occupation     

 Farmers 2.73 (2.13–3.50) 1.46 (1.12–1.91) 1.45 (1.10–1.90) 1.44 (1.10–1.90) 

 Non-farmers 1.00 1.00 1.00 1.00 

Age (year) 1.12 (1.10–1.15) 1.09 (1.06–1.11) 1.09 (1.07–1.11) 1.09 (1.07–1.12) 

Sex     

 Male 2.97 (2.37–3.71) 2.63 (2.07–3.33) 2.09 (1.60–2.74) 2.10 (1.60–2.75) 

 Female 1.00 1.00 1.00 1.00 

Education     

 High (college or above) 0.29 (0.20–0.40) 0.58 (0.40–0.85) 0.60 (0.41–0.88) 0.60 (0.41–0.89) 

 Medium (middle school) 0.42 (0.33–0.53) 0.59 (0.45–0.77) 0.63 (0.48–0.83) 0.63 (0.48–0.83) 

 
Low (elementary school or 

below) 
1.00 1.00 1.00 1.00 

Urbanization¶     

 Suburban 0.73 (0.57–0.94) 0.87 (0.67–1.12) 0.88 (0.68–1.14) 0.88 (0.67–1.14) 

 Rural 1.00 1.00 1.00 1.00 

Cigarette use     

 Current smoker 1.39 (1.04–1.86) - 0.78 (0.56–1.07) 0.78 (0.56–1.07) 

 Not smoking 1.00 - 1.00 1.00 

BMI     

 Under (<18.5) 1.38 (0.74–2.56) - 1.64 (0.87–3.09) 1.63 (0.87–3.07) 

 Over (≥24) 1.68 (1.33–2.11) - 1.14 (0.90–1.44) 1.14 (0.90–1.45) 

 Normal (18.5–24) 1.00 - 1.00 1.00 

Comorbidities     

 Hyperuricaemia 5.74 (4.47–7.37) - 4.04 (3.07–5.32) 4.08 (3.10–5.38) 

 Hyperlipidaemia 1.24 (0.99–1.54) - 0.81 (0.64–1.02) 0.81 (0.64–1.02) 

 Heart disease 1.70 (0.84–3.46) - 1.16 (0.56–2.39) 1.18 (0.57–2.44) 

 Chronic liver disease 1.25 (0.76–2.04) - 1.18 (0.71–1.95) 1.20 (0.73–1.98) 

Chinese herbal medicine     

 Current user 1.04 (0.33–3.26) - - 0.56 (0.17–1.79) 

 Non-user 1.00 - - 1.00 

The study population comprised participants aged 15–60 in Changhua Community-based Integrated 

Screening program from 2005–2014.  

CKDu was defined as CKD under the age of 60 years excluding cases of hypertension, diabetes, 

haematuria, and proteinuria (CKDu definition 2). CKD was defined as a reduced kidney function 
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(eGFR < 60 ml/min/1.73m2) based on a single laboratory value of serum creatinine. The eGFR 

calculation was based on the CKD-EPI formula.  

The prevalence odds ratios were estimated by multiple logistic regression. The prevalence odds 

ratios were estimated by multiple logistic regression. Model 1 adjusted the odds ratio for age, sex, 

education, urbanization. Model 2 adjusted the odds ratio for age, sex, education, urbanization, body 

mass index, and comorbidities. Model 3 adjusted the odds ratio for age, sex, education, urbanization, 

body mass index, comorbidities, and use of Chinese herbal medicine. The reference group for each 

comorbid disease was the participants without the disease. The 95% confidence intervals are 

presented in parentheses following the risk estimates.  

Abbreviation: CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CKDu, Chronic 

kidney disease of undetermined aetiology; eGFR, estimated glomerular filtration rate. 

¶ Urbanization level of residential location was categorized by a nationwide standard commonly 

applied in Taiwan. The standard was based on the area codes or the postal codes, with three 

urbanization levels (urban, suburban, and rural). Changhua County, where our study population 

located, has only two levels of urbanization (suburban and rural). 
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Supplementary Table 3. Multivariate analysis of the variables associated with 

CKDu (definition 3) 

Covariate 
Prevalence odds ratio 

Crude Model 1 Model 2 Model 3 

Occupation     

 Farmers 2.81 (2.25–3.51) 1.46 (1.15–1.86) 1.45 (1.13–1.85) 1.45 (1.13–1.85) 

 Non-farmers 1.00 1.00 1.00 1.00 

Age (year) 1.13 (1.11–1.15) 1.09 (1.07–1.11) 1.10 (1.07–1.12) 1.10 (1.08–1.12) 

Sex     

 Male 3.00 (2.45–3.66) 2.62 (2.12–3.24) 1.99 (1.55–2.54) 1.99 (1.56–2.55) 

 Female 1.00 1.00 1.00 1.00 

Education     

 High (college or above) 0.27 (0.19–0.37) 0.56 (0.39–0.80) 0.59 (0.41–0.84) 0.59 (0.41–0.85) 

 Medium (middle school) 0.43 (0.35–0.54) 0.63 (0.49–0.81) 0.67 (0.53–0.86) 0.68 (0.53–0.86) 

 
Low (elementary school or 

below) 
1.00 1.00 1.00 1.00 

Urbanization¶     

 Suburban 0.71 (0.56–0.89) 0.84 (0.67–1.06) 0.85 (0.67–1.08) 0.85 (0.67–1.08) 

 Rural 1.00 1.00 1.00 1.00 

Cigarette use     

 Current smoker 1.56 (1.21–2.02) - 0.86 (0.64–1.14) 0.86 (0.64–1.14) 

 Not smoking 1.00 - 1.00 1.00 

BMI     

 Under (<18.5) 1.27 (0.72–2.25) - 1.56 (0.87–2.78) 1.55 (0.87–2.77) 

 Over (≥24) 1.67 (1.36–2.05) - 1.10 (0.89–1.37) 1.11 (0.89–1.37) 

 Normal (18.5–24) 1.00 - 1.00 1.00 

Comorbidities     

 Hyperuricaemia 6.27 (5.01–7.83) - 4.43 (3.46–5.67) 4.47 (3.49–5.72) 

 Hyperlipidaemia 1.31 (1.07–1.60) - 0.84 (0.68–1.03) 0.84 (0.68–1.04) 

 Heart disease 1.77 (0.94–3.34) - 1.19 (0.62–2.28) 1.21 (0.63–2.31) 

 Chronic liver disease 1.10 (0.68–1.77) - 1.05 (0.64–1.70) 1.06 (0.65–1.72) 

Chinese herbal medicine     

 Current user 1.15 (0.43–3.10) - - 0.60 (0.22–1.64) 

 Non-user 1.00 - - 1.00 

The study population comprised participants aged 15–60 in Changhua Community-based Integrated 

Screening program from 2005–2014.  

CKDu was defined as CKD under the age of 60 years excluding cases of hypertension and diabetes 

(CKDu definition 3). CKD was defined as a reduced kidney function (eGFR < 60 ml/min/1.73m2) 
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based on a single laboratory value of serum creatinine. The eGFR calculation was based on the 

CKD-EPI formula.  

The prevalence odds ratios were estimated by multiple logistic regression. The prevalence odds 

ratios were estimated by multiple logistic regression. Model 1 adjusted the odds ratio for age, sex, 

education, urbanization. Model 2 adjusted the odds ratio for age, sex, education, urbanization, body 

mass index, and comorbidities. Model 3 adjusted the odds ratio for age, sex, education, urbanization, 

body mass index, comorbidities, and use of Chinese herbal medicine. The reference group for each 

comorbid disease was the participants without the disease. The 95% confidence intervals are 

presented in parentheses following the risk estimates. 

Abbreviation: CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CKDu, Chronic 

kidney disease of undetermined aetiology; eGFR, estimated glomerular filtration rate. 

¶ Urbanization level of residential location was categorized by a nationwide standard commonly 

applied in Taiwan. The standard was based on the area codes or the postal codes, with three 

urbanization levels (urban, suburban, and rural). Changhua County, where our study population was 

located, has only two levels of urbanization (suburban and rural). 
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Supplementary Table 4. Characteristics of the matched case-control population 

Variable 

  
CKDu cases (N = 320) Non-CKDu (N = 640) 

Age (year) 52.3 (6.2) 52.4 (6.2) 

 20–30 1 (0.3%) 2 (0.3%) 

 30–40 19 (5.9%) 34 (5.3%) 

 40–50 70 (21.9%) 149 (23.3%) 

 50–60 230 (71.9%) 455 (71.1%) 

Sex   

 Female 129 (40.3%) 258 (40.3%) 

 Male 191 (59.7%) 382 (59.7%) 

Education   

 High (college or postgraduate) 45 (14.2%) 115 (18.1%) 

 Medium (middle school) 139 (43.7%) 317 (49.8%) 

 Low (elementary school or below) 134 (42.1%) 204 (32.1%) 

Urbanization¶   

 Suburban 83 (25.9%) 191 (29.8%) 

 
Rural 237 (74.1%) 449 (70.2%) 

Occupation (TSCO classification) 
  

 1: Managers 3 (0.9%) 3 (0.5%) 

 2: Professionals 28 (8.8%) 63 (9.8%) 

 
3: Technicians and associate professionals 26 (8.1%) 68 (10.6%) 

 
4: Clerical support workers 7 (2.2%) 4 (0.6%) 

 5: Service and sales workers 34 (10.6%) 93 (14.5%) 

 
6: Skilled agricultural, forestry and fishery workers 88 (27.5%) 115 (18.0%) 

 7: Craft and related trades workers 49 (15.3%) 102 (15.9%) 

 
8: Plant and machine operators, and assemblers 54 (16.9%) 121 (18.9%) 

 9: Elementary occupations 19 (5.9%) 50 (7.8%) 

 0: Armed forces occupations 0 (0.0%) 0 (0.0%) 

 
Not classifiable 12 (3.8%) 21 (3.3%) 

Cigarette use   

 Not smoking 265 (82.8%) 513 (80.2%) 

 Current smoker 55 (17.2%) 127 (19.8%) 

BMI   

 Normal (18.5–24) 124 (38.8%) 309 (48.3%) 
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 Under (<18.5) 12 (3.8%) 18 (2.8%) 

 Over (≥24) 184 (57.5%) 313 (48.9%) 

Renal function§    

 CRE (mg/dL) 1.55 (0.96) 0.85 (0.18) 

 BUN (mg/dL) 17.79 (6.98) 12.72 (3.40) 

 
eGFR (mL/min/1.73 m²) 51.56 (10.84) 92.92 (12.64) 

CKD   

 CKD stage 3 - 303 (94.7%) 

 CKD stage 4 - 8 (2.5%) 

 CKD stage 5 - 9 (2.8%) 

Disease status   

 Hyperlipidaemia 154 (48.1%) 321 (50.2%) 

 Heart disease 8 (2.5%) 12 (1.9%) 

 Chronic liver disease 17 (5.3%) 33 (5.2%) 

 Stroke 0 (0.0%) 0 (0.0%) 

 Asthma 2 (0.6%) 5 (0.8%) 

 Anaemia 26 (8.1%) 27 (4.2%) 

 Gout 37 (11.6%) 27 (4.2%) 

 Hyperuricaemia 86 (26.9%) 67 (10.5%) 

 Urolithiasis 11 (3.4%) 13 (2.0%) 

 Dehydration 8 (2.5%) 63 (9.8%) 

The matched study population comprised participants aged 15–60 in Changhua Community-based 

Integrated Screening program from 2005–2014. All 320 CKDu cases were matched 1:2 with non-

CKDu participants, based on age (coarsened into groups of 3 years) and sex. 

For scalar variables, the standard deviation is presented in parentheses following the mean; for 

categorical variables, the percentage is presented in parentheses following the count.  

CKDu was defined as CKD under the age of 60 years excluding cases of hypertension, diabetes, 

haematuria, proteinuria, and currently taking Chinese herbal medicine (CKDu definition 1). CKD 

was defined as a reduced kidney function (eGFR < 60 ml/min/1.73m2) based on a single laboratory 

value of serum creatinine. The eGFR calculation was based on the CKD-EPI formula. 

Abbreviation: BMI, body mass index; BUN, blood urea nitrogen; CKD, chronic kidney disease; 

CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CRE, serum creatinine; eGFR, 

estimated glomerular filtration rate; IDMS, isotope dilution mass spectrometry; KDIGO, Kidney 
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Disease Improving Global Outcomes. TSCO, Taiwan Standard Classification of Occupations. 

§ The measurement of serum creatinine was traceable to an IDMS reference measurement procedure.  

¶ Urbanization level of residential location was categorized by a nationwide standard commonly 

applied in Taiwan. The standard was based on the area codes or the postal codes, with three 

urbanization levels (urban, suburban, and rural). Changhua County, where our study population was 

located, has only two levels of urbanization (suburban and rural). 
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Supplementary Table 5. Multivariate analysis of the variables associated with 

CKDu on the matched case-control population 

Covariate 
Prevalence odds ratio 

Crude Model 1 Model 2 

Occupation    

 Farmers 1.76 (1.28–2.43) 1.63 (1.15–2.30) 1.56 (1.09–2.23) 

 Non-farmers 1.00 1.00 1.00 

Age (year) 1.00 (0.98–1.02) 0.98 (0.95–1.00) 0.98 (0.96–1.01) 

Sex    

 Male 0.99 (0.75–1.31) 1.12 (0.84–1.49) 0.91 (0.65–1.27) 

 Female 1.00 1.00 1.00 

Education    

 High (college or above) 0.60 (0.40–0.90) 0.59 (0.37–0.93) 0.62 (0.39–0.99) 

 Medium (middle school) 0.67 (0.50–0.90) 0.65 (0.47–0.91) 0.75 (0.53–1.06) 

 Low (elementary school or below) 1.00 1.00 1.00 

Urbanization¶    

 Suburban 0.84 (0.62–1.14) 0.91 (0.67–1.24) 0.88 (0.64–1.20) 

 Rural 1.00 1.00 1.00 

Cigarette use    

 Current smoker 0.82 (0.58–1.17) - 0.86 (0.58–1.28) 

 Not smoking 1.00 - 1.00 

BMI    

 Under (<18.5) 1.52 (0.70–3.32) - 1.26 (0.56–2.82) 

 Over (≥24) 1.48 (1.12–1.95) - 1.29 (0.96–1.74) 

 Normal (18.5–24) 1.00 - 1.00 

Comorbidities    

 Hyperuricaemia 3.15 (2.21–4.50) - 3.09 (2.10–4.54) 

 Hyperlipidaemia 0.92 (0.70–1.20) - 0.83 (0.62–1.11) 

 Heart disease 1.47 (0.58–3.68) - 1.52 (0.58–3.99) 

 Chronic liver disease 1.03 (0.57–1.88) - 0.97 (0.51–1.84) 

The study population comprised participants aged 15–60 in Changhua Community-based Integrated 

Screening program from 2005–2014. All 320 CKDu cases were matched 1:2 with non-CKDu 

participants, based on age (coarsened into groups of 3 years) and sex. 

CKDu was defined as CKD under the age of 60 years excluding cases of hypertension, diabetes, 

haematuria, proteinuria, and currently taking Chinese herbal medicine (CKDu definition 1). CKD 

was defined as a reduced kidney function (eGFR < 60 ml/min/1.73m2) based on a single laboratory 
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value of serum creatinine. The eGFR calculation was based on the CKD-EPI formula.  

The prevalence odds ratios were estimated by multiple logistic regression. The prevalence odds 

ratios were estimated by multiple logistic regression. Model 1 adjusted the odds ratio for age, sex, 

education, urbanization. Model 2 adjusted the odds ratio for age, sex, education, urbanization, body 

mass index, and comorbidities. The reference group for each comorbid disease was the participants 

without the disease. The 95% confidence intervals are presented in parentheses following the risk 

estimates.  

Abbreviation: CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CKDu, Chronic 

kidney disease of undetermined aetiology; eGFR, estimated glomerular filtration rate. 

¶ Urbanization level of residential location was categorized by a nationwide standard commonly 

applied in Taiwan. The standard was based on the area codes or the postal codes, with three 

urbanization levels (urban, suburban, and rural). Changhua County, where our study population was 

located, has only two levels of urbanization (suburban and rural). 
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Supplementary Table 6. Multivariate analysis of the variables associated with 

CKDu (a comparison between labourers and non-labourers) 

Covariate 
Prevalence odds ratio 

Crude Model 1 Model 2 

Occupation    

 Labourers 2.08 (1.65–2.62) 1.15 (0.89–1.50) 1.15 (0.88–1.50) 

 Non-labourers 1.00 1.00 1.00 

Age (year) 1.13 (1.10–1.15) 1.09 (1.07–1.12) 1.10 (1.07–1.12) 

Sex    

 Male 2.96 (2.36–3.71) 2.56 (2.01–3.25) 2.02 (1.54–2.66) 

 Female 1.00 1.00 1.00 

Education    

 High (college or above) 0.29 (0.21–0.41) 0.60 (0.40–0.90) 0.63 (0.42–0.95) 

 Medium (middle school) 0.42 (0.33–0.54) 0.59 (0.45–0.77) 0.63 (0.48–0.83) 

 Low (elementary school or below) 1.00 1.00 1.00 

Urbanization¶    

 Suburban 0.74 (0.58–0.95) 0.82 (0.64–1.06) 0.83 (0.64–1.07) 

 Rural 1.00 1.00 1.00 

Cigarette use    

 Current smoker 1.38 (1.03–1.85) - 0.79 (0.57–1.09) 

 Not smoking 1.00 - 1.00 

BMI    

 Under (<18.5) 1.38 (0.74–2.57) - 1.65 (0.88–3.10) 

 Over (≥24) 1.68 (1.34–2.12) - 1.16 (0.91–1.47) 

 Normal (18.5–24) 1.00 - 1.00 

Comorbidities    

 Hyperuricaemia 5.79 (4.50–7.46) - 4.11 (3.11–5.42) 

 Hyperlipidaemia 1.22 (0.98–1.52) - 0.80 (0.63–1.00) 

 Heart disease 1.76 (0.87–3.58) - 1.26 (0.61–2.60) 

 Chronic liver disease 1.29 (0.79–2.11) - 1.26 (0.77–2.08) 

The study population comprised participants aged 15–60 in Changhua Community-based Integrated 

Screening program from 2005–2014. Based on the occupations, the participants were categorized 

into labourers (TSCO group 6–9) and non-labourers (TSCO group 0–5).  

CKDu was defined as CKD under the age of 60 years excluding cases of hypertension, diabetes, 

haematuria, proteinuria, and currently taking Chinese herbal medicine (CKDu definition 1). CKD 

was defined as a reduced kidney function (eGFR < 60 ml/min/1.73m2) based on a single laboratory 
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value of serum creatinine. The eGFR calculation was based on the CKD-EPI formula.  

The prevalence odds ratios were estimated by multiple logistic regression. The prevalence odds 

ratios were estimated by multiple logistic regression. Model 1 adjusted the odds ratio for age, sex, 

education, urbanization. Model 2 adjusted the odds ratio for age, sex, education, urbanization, body 

mass index, and comorbidities. The reference group for each comorbid disease was the participants 

without the disease. The 95% confidence intervals are presented in parentheses following the risk 

estimates.  

Abbreviation: CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CKDu, Chronic 

kidney disease of undetermined aetiology; eGFR, estimated glomerular filtration rate; TSCO, 

Taiwan Standard Classification of Occupations. 

¶ Urbanization level of residential location was categorized by a nationwide standard commonly 

applied in Taiwan. The standard was based on the area codes or the postal codes, with three 

urbanization levels (urban, suburban, and rural). Changhua County, where our study population was 

located, has only two levels of urbanization (suburban and rural). 
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