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ARTICLE INFO ABSTRACT

Keywords: Purpose: The objective of the ongoing study was to investigate how SARS-CoV-2 infection spread within two
SARS'COY'z hospitals in North Rhine-Westphalia, Germany by testing the employees working in high-risk, intermediate-risk
Coronavirus and low-risk-areas for the presence of SARS-CoV-2 IgG antibodies. Presented intermediate results evaluate the
f\gt\i/]l)]z;ii first infection period until the end of September 2020.

Methods: The study “COVID-19: Hotspot hospital?- Seroprevalence of SARS-CoV-2 antibodies in hospital em-
ployees in a secondary care hospital network in Germany " is a prospective, single centre observational cohort
study conducted at the St. Vincenz Hospital Datteln with 316 beds. The presented data include one other hos-
pital: St. Laurentius Stift Waltrop, Germany with 172 beds.

Results: Between June 2020 and September 2020 we analyzed serum samples of 907 employees which represents
62.1% of all employees. Thirteen employees (1.4%), respectively 13/696 healthcare workers (HCWs) (1.9%) had
detectable SARS-CoV-2 IgG antibodies. Among them, 4 (30.8%) were aware of COVID-19 exposure, and 5
(38.5%) reported clinical symptoms. HCWs working in high-risk areas had a seroprevalence rate of 1.6% (1/64),
HCWs working in intermediate-risk area 1.7% (11/632) and 0.5% employees (1/211) in low-risk areas with no
contact to patients were seropositive.

Conclusion: Even if we treated COVID-19 positive patients, we found no clear evidence that infection was
transmitted to HCWs in contact to these patients. As knowledge about SARS-CoV-2 transmission evolves, the
concept of infection prevention must be continuously reviewed and adapted as needed to keep hospitals a safe
place.

Healthcare workers

1. Introduction There are no specific symptoms that can suggest COVID-19 compared to

symptoms of respiratory illnesses caused by other viruses, such as

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
novel beta coronavirus that was first identified in December 2019 in
Wuhan, China (Huang et al., 2020; Ralph et al., 2020). At the beginning
of 2020 the virus spread and became pandemic (Abebe et al., 2020;
Whitworth, 2020). The WHO declared a global health emergency on
January 31, 2020; subsequently, on March 11, 2020, they declared it a
pandemic situation (Dhama et al., 2020).

SARS-CoV-2 infection is presented clinically as corona virus disease
2019 (COVID-19) with a broad range of symptoms from asymptomatic
and mild to critical courses (Guan et al., 2020; Pergolizzi et al., 2020).

influenza and common cold (Abebe et al., 2020). The gold standard for
diagnosing COVID-19 is the detection of SARS-CoV-2 viral nucleic acid
using a quantitative real time-PCR (qRT-PCR) from respiratory tract
samples (e.g, throat swabs) (Abebe et al., 2020). Rapid antigen tests
provide a promising scheme for timely monitoring and eventual control
of the global pandemic (Li et al., 2020). Antibody testing surveys can aid
the investigation of an ongoing outbreak and retrospective assessment of
the attack rate or extent of an outbreak. However, serological tests
cannot be applied to early infection (Li et al., 2020).

The primary means of transmission is person to person through
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droplets that occurred during coughing or sneezing, through personal
contact (shaking hands), or by touching contaminated objects (Abebe
et al., 2020). Additionally, aerosols from infected persons may pose an
inhalation threat even at considerable distances and in enclosed spaces,
particularly if there is poor ventilation (Meselson, 2020).

As a consequence nosocomial transmission of inadequately protected
health care workers (HCWs) can occur during aerosol generating pro-
cedures (Patel et al., 2020), but also in the regular contact to patients
with delayed diagnosis of COVID-19 and in close contact to asymp-
tomatic or presymptomatic virus carriers (patients or colleagues) which
can also spread the virus (Chou et al., 2020a, b; Khonyongwa et al.,
2020; Zhao et al., 2020).

In summer 2020, more than 1.3 Mio HCWs have been tested positive
for SARS-CoV-2 worldwide (Fischer-Fels, 2020). Hence it is of great
importance to implement infection prevention strategies in the health
care sector and provide sufficient personal protection equipment (Chou
et al., 2020a).

Data from German HCWs are scarce so far and mainly focussed on
university hospitals (Bahrs et al., 2020; Brehm et al., 2021; Korth et al.,
2020). The primary objective of this study was to investigate the
SARS-CoV-2 infection spread within two hospitals of a secondary care
hospital network in North Rhine-Westphalia, Germany by testing em-
ployees for the presence of SARS-CoV-2 IgG antibodies. Secondary ob-
jectives were to identify potential risk factors for infection and clinical
symptoms of seropositive employees. Furthermore, we wanted to eval-
uate the results with regard to the number of treated COVID-19 positive
patients and employees that were tested with PCR within the scope of
contact tracking during the first period of SARS-CoV-2 infection.

2. Methods
2.1. Study design

The study “COVID-19: Hotspot hospital?- Seroprevalence of SARS-
CoV-2 antibodies in hospital employees in a secondary care hospital
network in Germany " is a prospective, single centre observational
cohort study conducted at the St. Vincenz Hospital Datteln with 316
beds. The hospital belongs to the group Vestische Caritas Kliniken
GmbH. Until end of September 2020 one other hospital of this group also
took part in our study so far: St. Laurentius Stift Waltrop with 172 beds.
The study is designed from June 2020 to June 2021. We want to publish
intermediate results for the period June 2020 to September 2020 in
order to look at the first surge of the new pandemic virus.

Research was conducted in accordance with the declaration of Hel-
sinki and national standards. The study protocol was approved by the
local ethics committee: Arztekammer Westfalen-Lippe and Westfilische
Wilhelms Universitat Miinster (approval no.2020-478-f-S). The study
was registered at the German Clinical Trials Register (DRKS00022941).

2.2. Enrolment and data management

Participants were recruited since June 1, 2020. All employees of the
St. Vincenz Hospital Datteln and St. Laurentius Stift Waltrop working
with (HCWs) and without patient contact were addressed to take part.
They received information about the study via intranet platform.
Participation was voluntary and free of charge.

Employees were included if they put their laboratory number on a 3
paged document so that we could assign the sample to the person. This
written informed consent included a questionnaire and agreement on
providing a blood sample (not exceeding 9 ml of venous blood).

Pseudonymized blood samples were sent to our central laboratory for
testing of antibodies against SARS-CoV-2. Data from pseudonymized
questionnaires were collected and processed with MS Excel 2010.

International Journal of Hygiene and Environmental Health 235 (2021) 113771
2.3. Questionnaire

The questionnaire included information on personnel data like
name, address, telephone number and working area for future contact-
ing. Individual medical history contained clinical symptoms within the
last two months such as fever, taste disturbances and smell disorders,
dry cough, headache, growing pains, cold-like symptoms, exposure to
confirmed COVID-19 cases, results of previous polymerase chain reac-
tion (PCR) or previous serology.

2.4. SARS-CoV-2 antibody testing

Presence of SARS-CoV-2 antibodies were investigated with a
chemiluminescence-based immunoassay Elecsys, Anti-SARS-CoV-2
(Roche, Basel, Switzerland). The immunoassay targets recombinant
nucleocapsid protein and was carried out according to manufacturers’
instructions. Sensitivity and specificity as provided by the manufacturer
was high (>99%). Volunteers with positive test results were regarded as
SARS-CoV-2 seropositive. Re-testing was offered to all participants
during the test period June 2020 to June 2021. We now only present
results of the first point of testing.

2.5. Outcomes

The primary outcome of the study was to assess the seroprevalence of
SARS-CoV-2 antibodies in hospital employees using an IgG detecting
immunoassay. The study is still running. As we could see a clearly
marked first pandemic infection period until end of September 2020, we
decided to evaluate these data and publish intermediate results.

Secondary outcomes were: (i) differentiation between HCWs work-
ing in high-risk areas with contact to COVID-19 positive patients, HCWs
working in intermediate-risk areas with contact to non-COVID-19 pos-
itive patients and employees working in low-risk areas with no contact
to patients at all (personnel working in administration, kitchen, cleaning
service, and others), (ii) potential risk factors and clinical symptoms for
seropositive employees and (iii) evaluating the results with regard to
infection risk of HCW according to the number of treated COVID-19
positive patients and employees that were tested with PCR within the
scope of contact tracking.

2.6. Statistical analysis

In descriptive analysis participants demographics, professions,
symptoms, and other attributes of COVID-19 exposure were determined
and compared for the whole cohort and stratified by antibody test result
using absolute and relative frequencies. Associations of characteristics
with test results was statistically tested by Fisher exact test. Alterations
of risks for a positive antibodies test result was estimated by univariable
logistic regression, giving odds ratios and 95% confidence intervals
versus the reference level for each main category of the characteristics or
change per unit (for number of symptoms). We applied a significance
level of 0.05. Analyses were done using the statistical programming
software R (R Core Team (2020). R: A language and environment for
statistical computing. R foundation for Statistical Computing, Vienna,
Austria).

3. Results
3.1. Characteristics of the study participants

From June 2020 to the end of September 2020 nine hundred seven of
1460 (62.1%) employees of two hospitals (St. Vincenz Hospital Datteln,
St. Laurentius Stift Waltrop) with together 488 beds took part in our
study (Table 1).

Among the 907 participants 136 (15.0%) were males and 771
(85.0%) were females. We categorized three age groups: 16-25 years (n
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Table 1

Basic information on the conditions in both hospitals in general and with regard
to SARS-CoV-2 infections during the first infection period (until the end of
September 2020).

Basic information St. Vincenz St. Total number

Hospital Laurentius
Datteln Stift Waltrop
Beds 316 172 488
Employees 1085 375 1460
SARS-CoV-2 IgG antibodies tested 671 (61.8%) 236 (62.9%) 907 (62.1%)"
employees
COVID-19 patients
Hospitalized patients 29 0 29
Patients on intensive care unit 2 0 2
Patients died 4 0 4
Outpatients 24 0 24
SARS-CoV-2 infection in employees”
IgG antibodies positive 5 8 13
PCR positive 4 0 4
PCR positive, IgG antibodies 2 0 2
negative

@ Total number of all tested employees is 907.
> Multiple answers possible.

= 124), 26-40 years (n = 254) and >40 years (n = 515). The back-
ground for this was the assumption that participants in these 3 cate-
gories might have different composition of their households (e.g. <25
years: less children, 26-40 years: young children, >40 years: older
children) and consequently different risks for acquiring SARS-CoV-2
infection outside the hospital. However, we unfortunately did not
collect these data (Table 2). The most common professions were nurses
(n = 488; 53.8%), followed by medical doctors (n = 98; 10.8%), care
workers (n = 78; 8.6%) administration staff (n = 81; 8.9%), therapists
(n = 37; 4.1%), cleaning personnel (n = 31; 3.4%) and employees
working in the kitchen service (n = 20; 2.2%). Six hundred ninety-six
employees (76.7%) were HCWs with close contact to patients. Sixty-
four HCWs (7.1%) were working in high-risk areas with regular con-
tact to COVID-19 positive patients in the emergency department,
COVID-19 ward or intensive care unit (ICU). Six hundred thirty-two
HCWs (69.7%) worked in intermediate-risk areas with close contact to
non-COVID-19 patients and two hundred eleven employees (23.3%)
worked in low-risk areas without contact to patients. Fifty-three em-
ployees (5.8%) reported contact exposure to COVID-19 positive persons
and 123 (13.6%) got a PCR test previously. Further details on charac-
teristics of participants are provided in Table 2.

3.2. Seroprevalence from June 2020 to September 2020

Among the 907 participants, 894 (98.6%) were tested negative for
SARS-CoV-2 IgG antibodies. Thirteen employees (1.4%) were tested
positive for SARS-CoV-2 IgG antibodies.

When also considering previously reported PCR and serology results,
cumulative SARS-CoV-2 infection rate was 1.7% as we identified two
persons with previously positive PCR tests who had no detectable anti-
bodies in our study (Table 1).

3.3. Risk factors and clinical symptoms of seropositive employees

Comparing both hospitals 0.7% of tested employees (5/671) working
at the St. Vincenz Hospital Datteln and 3.4% employees (8/236) work-
ing at the St. Laurentius Stift Waltrop had SARS-CoV-2 IgG antibodies.
The difference between both hospitals was statistical significant (p =
0.007) (Table 2).

A cluster of 7 seropositive HCWs (58.3%) worked on one psychiatric
ward. One of these employees reported an exposure to a COVID-19
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positive family member, but received an initially negative PCR result.
Therefore this employee kept working with a surgical face mask until the
second PCR test turned out to be positive. This happened at the begin-
ning of April 2020, when we did not have established universal masking
in the hospital, yet. Furthermore, we were not working generally with
FFP-2 masks at that time. As the St. Laurentius Stift in Waltrop had no
COVID-19 positive patient in the first infection period (Table 1), sero-
positive HCWs in this hospital presumably acquired their infection not in
contact with patients, but more likely during break times or private
contact.

Among the altogether 13 employees with detectable SARS-CoV-2 IgG
antibodies we found the following characteristics: Twelve (92.3%) were
HCWs, 1 (7.7%) was working with no direct contact to patients in the
laboratory. The profession and risk group at work had no statistic sig-
nificant influence on the risk of positive SARS-CoV-2 IgG antibody
detection (Table 2).

Only 1 employee (7.7%) was working in contact with COVID-19
positive patients. Four (30.8%) reported known exposure to COVID-19
positive persons (at work or at home) and 10 (76.9%) had previously
known positive PCR results. Statistical analysis revealed significance for
the risk of SARS-CoV-2 positive antibody test in case of known contact to
a COVID-19 positive person (p = 0.005) and previously performed PCR
test (p < 0.001) (Table 2).

Three employees (23.1%) got to know about their previous infection
only through the result of the SARS-CoV-2 antibody test. Only 5 em-
ployees (38.5%) reported clinical symptoms within the last two months:
cold-like symptoms (2), fever (3), headache (3), cough (1) and taste or
smell disorders (2). The number of clinical symptoms was not statistical
significant. However, we found statistical significance for fever (p =
0.036) and taste or smell disorders (p = 0.047) as expected (Table 2).

3.4. Context to PCR positive patients and staff

From March 2020 to September 2020, we treated 53 SARS-CoV-2
positive patients in the St. Vincent Hospital Datteln: 29 patients were
hospitalized in our COVID-19 ward, 2 of them were treated on the ICU, 4
patients died and 24 outpatients were seen at the emergency depart-
ment. Surprisingly no COVID-19 positive patients were treated in the St.
Laurentius Hospital Waltrop during the first period of infection
(Table 1). Although we established general testing of patients on
admission not until August 2020, all patients who were admitted from
other hospitals to the hospital in Waltrop were tested for SARS-CoV-2
since April 2020 (Table 3).

On 27-Apr-2020 mandatory masking for all employees at the hos-
pitals was implemented. Therewith we were nearly four weeks later than
other regions in Germany, e.g. the University Hospital in Jena which
implemented mandatory masking on 20-Mar-2020 (Bahrs et al., 2020).

We did not test employees routinely for SARS-CoV-2, but according
to the recommendations of the Robert Koch Institute (RKI) at that time,
employees were tested with PCR in case of cold-like symptoms of any
severity, exposure to COVID-19 positive persons and returning from a
region at risk (Robert Koch Institute, 2020). According to the RKI defi-
nitions we initiated 812 SARS-CoV-2 PCR tests in employees until the
end of September 2020. Four employees working at the St. Vincenz
Hospital Datteln were tested SARS-CoV-2 PCR positive, in 2 of them we
found SARS-CoV-2 IgG antibodies in our study (Table 1).

Eight patients on regular wards turned out to be SARS-CoV-2 positive
so that we did contact tracing and testing of contact patients and em-
ployees. At the time we did not have universal masking, one positive
patient resulted in up to 54 contact persons that were not protected
properly. Fortunately, none of the contact persons of these 8 patients
was infected through the exposure.

We reduced the number of exposed persons in COVID-19 positive
patients by implementation of universal masking of employees and pa-
tients in situation of close contact and training of the awareness of
adequate protection.
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Table 2
Characteristics of the study population - stratified by SARS-CoV-2 IgG antibody results.
Variable Overall SARS-CoV-2 IgG Statistics
detectable not detectable OR [95% CI] p-value
n =907 n=13 n = 894
Age 0.722
16-25 years 124 (13.9%) 1 (7.7%) 123 (14.0%) ref.
26-40 years 254 (28.4%) 5 (38.5%) 249 (28.3%) 2.22 [0.34; 59.2]
>40 years 515 (57.7%) 7 (53.8%) 508 (57.7%) 1.51 [0.26; 38.8]
Sex 0.427
Male 136 (15.0%) 3(23.1%) 133 (14.9%) 1.78 [0.38; 6.01]
Female 771 (85.0%) 10 (76.9%) 761 (85.1%) ref.
Hospital 0.007
St. Vincenz Hospital Datteln 671 (74.0%) 5 (38.5%) 666 (74.5%) ref.
St. Laurentius Stift Waltrop 236 (26.0%) 8 (61.5%) 228 (25.5%) 4.61 [1.49; 15.8]
Profession 0.721
Nurse 488 (53.8%) 10 (76.9%) 478 (53.5%) ref.
Medical doctor 98 (10.8%) 0 (0.0%) 98 (11.0%) L]
Care worker 78 (8.6%) 2 (15.4%) 76 (8.5%) 1.26 [0.13; 6.07]
Therapist 37 (4.1%) 0 (0.0%) 37 (4.1%) L]
Cleaning service 31 (3.4%) 0 (0.0%) 31 (3.5%) AN
Kitchen 20 (2.2%) 0 (0.0%) 20 (2.2%) L]
Administration staff 81 (8.9%) 0 (0.0%) 81 (9.1%) L]
Other profession 74 (8.2%) 1(7.7%) 73 (8.2%) 0.66 [0.01; 4.73]
Risk of COVID-19 infection 0.430
Low- risk group: working without patient contact 211 (23.3%) 1 (7.7%) 210 (23.5%) ref.
Intermediate-risk group HCWs 632 (69.7%) 11 (84.6%) 621 (69.5%) 3.32[0.08; 130]
High risk group HCWs 64 (7.1%) 1 (7.7%) 63 (7.1%) 3.29 [0.63; 81.3]
Number of symptoms within the last 2 months" 1.45 [0.87; 2.22] 0.106
No symptoms 685 (75.5%) 8 (61.5%) 677 (75.7%) L]
1 symptom 113 (12.5%) 1 (7.7%) 112 (12.5%) L]
2 symptoms 53 (5.8%) 2 (15.4%) 51 (5.7%) A
3 symptoms 47 (5.2%) 2 (15.4%) 45 (5.0%) L]
4 symptoms 9 (1.0%) 0 (0.0%) 9 (1.0%) L]
Clinical symptoms within the last 2 months®
Cold-like symptoms 55 (6.1%) 2 (15.4%) 53 (5.9%) 3.05 [0.42; 12.0] 0.184
Headache 99 (10.9%) 3(23.1%) 96 (10.7%) 2.58 [0.54; 8.76] 0.161
Fever 53 (5.8%) 3(23.1%) 50 (5.6%) 5.22 [1.09; 18.0] 0.036
Cough 152 (16.8%) 1 (7.7%) 151 (16.9%) 0.46 [0.02; 2.40] 0.707
Hoarseness 12 (1.3%) 0 (0.0%) 12 (1.3%) [ 1.000
Taste or smell disorders 25 (2.8%) 2 (15.4%) 23 (2.6%) 7.24 [0.98; 29.6] 0.047
Other reported information”
Contact to COVID-19 positive person 53 (5.8%) 4 (30.8%) 49 (5.5%) 7.78 [1.98; 25.3] 0.005
Previous PCR testing® 123 (13.6%) 10 (76.9%) 113 (12.6%) 22.1 [6.53; 105] <0.001

The number of participants (n) is provided. Furthermore results from univariable logistic regression are provided, giving odds ratios and 95% confidence intervals
versus the reference level for each main category of the characteristics or as change per unit (number of symptoms). We applied a significance level of 0.05.

Abbreviations: ref. - reference category,.[.; .] - not applicable.

 Clinical symptoms that were reported: cold-like symptoms, headache, fever, cough, hoarseness, taste or smell disorders.

b Multiple answers possible.

¢ Employees were previously tested with PCR according to the R.K.I. recommendations at the time of investigation: in case of i) cold-like symptoms of any severity, ii)
exposure to COVID-19 positive persons and iii) returning from a region at risk. Previous positive PCR test: 2 employees with detectable SARS-CoV-2 IgG antibodies and

2 employees without detectable SARS-CoV-2 IgG antibodies.

As RKI recommendations were adapted continuously according to
the knowledge of science we implemented infection control measures in
both hospitals (Table 3).

4. Discussion

We found a low seroprevalence (1.4%) of SARS-CoV-2 IgG antibodies
in the investigated employees of two hospitals belonging to a secondary
care hospital network in North Rhine-Westphalia, Germany. Even if we
also consider previously reported positive PCR results of seronegative

employees we just reached an infection rate of 1.7%. Two other studies
in Germany reported seroprevalence rates of hospital workers: 2.7% at
the University hospital in Jena (Bahrs et al., 2020) and 1.8% at the
University Medical Center Hamburg-Eppendorf (Brehm et al., 2021).
Regarding HCWs in our study, 1.7% of them (12/696) had detectable
SARS-CoV-2 IgG antibodies. Similiar results were published from Korth
et al. with 1.6% seropositive HCWs (5/316) at the University Hospital
Essen, which is a closely related region in North Rhine-Westphalia,
Germany (Korth et al., 2020). We detected the highest seroprevalence
in intermediate-risk HCWs (1.7%), followed by high-risk HCWs (1.6%)
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Table 3
Implementation of infection control measures in both hospitals during the first
period of SARS-CoV-2 infection.

Date Implementation of infection control measures

06-Mar-20 No visitors with cold-like symptoms are allowed

07-Mar-20 Restricted visitors (1 visitor/patient/day)

16-Mar-20 Corona Hotline for employees
Cancellation of all elective operations and investigations
Cancellation of all internal educational trainings

17-Mar-20 General prohibition of visitors

18-Mar-20 Closure of day hospitals in Waltrop (geriatrics and psychiatry)

24-Mar-20 Limited number of persons in lifts and rooms according to the
size in m?

25-Mar-20 Occupation of 3-bed room with only 2 patients

31-Mar-20 Facemasks for employees only after exposure to COVID-19
patients

02-Apr-20 Facemasks for employees only in direct contact to patients

03-Apr-20 Psychosocial Hotline for employees

07-Apr-20 PCR testing of patients before transfer to other hospitals or care
institutions

13-Apr-20 Facemasks for hospitalized patients in investigations

22-Apr-20 Facemasks for outpatients

27-Apr-20 Universal masking for all employees

29-Apr-20 PCR testing of patients with ambulant nursing service before
discharge

08-May-20 Risk-adapted PCR screening of all patients

19-May-20 Restricted visitors allowed: 1 visitor/patient/day

26-May-20 End of the psychosocial hotline for employees

10-Aug-20 General PCR screening for all patients

14-Oct-20 Restricted visitors allowed: 1 visitor/patient/every 5 days

and the lowest seroprevalence in low-risk employees (0.5%). Two other
studies in Germany reported similiar results: a higher seroprevalence
rate in intermediate-risk HCWs (Essen: 5.4%; Jena: 2.9%) compared to
high-risk HCWs (Essen:1.2%; Jena: 1.5%) (Bahrs et al., 2020; Korth
et al., 2020). Bahrs et al. even found the highest seroprevalence rate in
employees working in low-risk areas (3.3%) (Bahrs et al., 2020).

Another study at the University hospital in Miinster, Germany
investigated HCWs with PCR soon after reported exposure to COVID-19
positive persons. In this setting they found 5.4% of tested HCWs infec-
ted. As HCWs with no known exposure were not tested in this setting,
infection rate in HCWs in total was probably lower (Schwierzeck et al.,
2020). According to a recent analysis of SARS-CoV-2 infections reported
to the RKI, in Germany 273 720 laboratory confirmed infections were
recorded until the end of September 2020, 15 946 (5.8%) in employees
in medical institutions (Kramer et al., 2020).

Seroprevalence rates among HCWs outside Germany range from
4.0% to 11.9% (Garcia-Basteiro et al., 2020; Goenka et al., 2020; Iversen
et al., 2020; Self et al., 2020). A New York City (NYC) hospital even
reported a SARS-CoV-2 antibodies seroprevalence rate of 27% in HCWs
(Venugopal et al., 2020).

Personal protective equipment was available in our hospitals all the
time. As the RKI recommendations to prevent infections in healthcare
facilities were adapted continuously, we started to screen all visitors for
symptoms of COVID-19 infection with a questionnaire and visitors used
facemasks. Additionally we implemented universal masking of em-
ployees and patients in close contact at 27-Apr-2020. Later on we
extended the use of facemasks to HCWs all the time and implemented a
risk adapted screening of all patients resulting in a PCR test of high-risk
patients. Since 10-Aug-2020 all patients in both hospitals were screened
with PCR on admission.

Even if we had no documented SARS-CoV-2 infection that clearly
resulted from contact to a positive patient, we cannot rule out this
scenario.

The strength of our study is the high percentage of employees that
took part, representing 62.1% of all employees. Nevertheless, our study
had limitations. As we did not test at defined points, we are not able to
evaluate the effect of the described infection control interventions on
prevention of nosocomial transmissions.
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5. Conclusion

In our study we conclude that the two included hospitals were not
hotspots for SARS-CoV-2 infection until the end of September 2020. The
seroprevalence rate was low and we had no documented transmission of
the infection that clearly resulted from contact to COVID-19 positive
patients. Although we had numerically more HCWs with detectable
SARS-CoV-2 IgG antibodies than employees with no contact to patients,
community transmission might have played a larger role for COVID-19
infection than professional exposure during the first period of infection.
However, this resulted from an overall low exposure of hospital em-
ployees to COVID-19 positive patients in the investigated hospitals at a
time where the region was not a SARS-CoV-2 hotspot. As the knowledge
about the way of transmission, symptoms and diagnosis of COVID-19 is
increasing, it will be necessary to adapt the concept of infect prevention
continuously to keep the hospital a safe place.
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ARTICLE INFO ABSTRACT

Keywords:

Integrated nested Laplace approximation
Stochastic partial differential equation
Bayesian approach

Ambient air pollution

Covariate misalignment

Spatio-temporal models of ambient air pollution can be used to predict pollutant levels across a geographical
region. These predictions may then be used as estimates of exposure for individuals in analyses of the health
effects of air pollution. Integrated nested Laplace approximations is a method for Bayesian inference, and a fast
alternative to Markov chain Monte Carlo methods. It also facilitates the SPDE approach to spatial modelling,
which has been used for modelling of air pollutant levels, and is available in the R-INLA package for the R

statistics software. Covariates such as meteorological variables may be useful predictors in such models, but
covariate misalignment must be dealt with. This paper describes a flexible method used to estimate pollutant
levels for six pollutants in Suzhou, a city in China with dispersed air pollutant monitors and weather stations. A
two-stage approach is used to address misalignment of weather covariate data.

1. Introduction

Research into the health effects of ambient air pollution requires
long-term measurements of pollutant exposure at the individual level.
Studies on longer-term effects of air pollution exposure in China (and
elsewhere) have used averaged concentrations from static ambient air
pollution monitors (Cao et al., 2011; Chen et al., 2016; Dong et al., 2012;
Li et al., 2014; Zhang et al., 2011; Zhou et al., 2014) or satellite data
(Peng et al., 2017; Yin et al., 2017) for exposure information. For ana-
lyses that require individual exposure levels for study participants,
spatio-temporal models of ambient air pollution may be used to predict
pollutant levels across a geographical region. Predictions at individuals’
residential or employment locations can then be used as estimates of
ambient air pollution exposure.

Bayesian inference offers a practical method for applying such spa-
tio-temporal models and producing predictions. Integrated nested
Laplace approximations (INLA) (Rue et al., 2009) allow fast computa-
tion for Bayesian inference and enable the use of the SPDE approach for
spatial modelling (Lindgren et al., 2011). These methods have been used
in modelling of air pollutant levels in Italy (Cameletti et al., 2013;

Fioravanti et al., 2021) and England (Blangiardo et al., 2016).

Meteorological variables can be useful predictors in models of
ambient air pollution, but weather station locations may not coincide
with the pollutant monitor locations or locations where predictions are
sought. This is a case of the problem of covariate misalignment, where
covariate data are not available at the same locations as observed
dependent data. Joint modelling (Barber et al., 2016) or error models
can be used to incorporate such covariates while accounting for
uncertainty.

We obtained estimated pollutant exposure levels for participants in
Suzhou in the China Kadoorie Biobank study. Data were available from
static monitors for six pollutants: fine (PMs ), and coarse (PM;g) par-
ticulate matter, sulphur dioxide (SO3), nitrogen dioxide (NO3), carbon
monoxide (CO), and ozone (O3). We used Bayesian spatial-temporal
models to predict monthly levels of each pollutant at all clinic loca-
tions in the area. These predictions can be used as proxies for individual
pollution exposure in analyses of health outcomes. This method exploits
the spatial information from having monitors in different locations,
providing localised exposure estimates that are not available by aver-
aging pollution levels across the study area. Weather data were also
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Fig. 1. Locations of clinics (black squares), pollutant monitors (triangles) and weather stations (circles).

available from stations in the city. However, the locations of weather
monitors did not coincide with the pollutant monitors. Previous work
(Blangiardo et al., 2016; Cameletti et al., 2013; Fioravanti et al., 2021)
has used covariates that are fixed over space, or used the geographically
closest available measurements. Given the limited number and place-
ment of weather monitors, we used a two-stage approach to address
misalignment of weather covariate data, and compare four models for
including weather covariates in the pollutant models.

2. Background
2.1. China Kadoorie Biobank study

The China Kadoorie Biobank study (Chen et al., 2005) recruited 512,
726 participants between 2004 and 2008, from ten diverse areas of
China. Participants are followed up for a wide range of health outcomes
via linkages with health insurance systems, established disease surveil-
lance systems and death registries. Details of the study design and
methods have been reported previously (Chen et al, 2005, 2011). In

Suzhou, 53,269 study participants were recruited each of whom is
linked to one of 77 local clinics. One clinic located outside the urban
area of Suzhou was excluded from this analysis.

2.2. INLA and SPDE spatial models

Integrated nested Laplace approximations (INLA) (Rue et al., 2009;
Wang et al., 2018) is a fast alternative to Markov chain Monte Carlo
(MCMC) methods for Bayesian inference from latent Gaussian models.
The method uses numerical integration and Laplace approximations for
approximate Bayesian inference and is implemented in the R package
R-INLA (R-INLA, 2020). The package includes many latent models,
including SPDE spatial models (Lindgren et al., 2011), error models
(Muff et al., 2013), and auto-regressive models. Posterior predictive
distributions produced by fitting Bayesian models can be used to
generate point or ranges of predictions.

The SPDE approach to spatial modelling, implemented in the R-INLA
package, involves representing a continuously indexed Gaussian field
with Matérn covariance as a discretely indexed Gaussian Markov
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Fig. 2. Meshes and locations of clinics (black squares), pollutant monitors (triangles) and weather stations (circles).

random field (GMRF). This is achieved by means of a basis function
representation defined on a triangulation of the domain. The GMRF has
a sparse precision matrix and so computationally efficient methods for
matrix factorisation, and INLA methods for Bayesian inference, can be
used (Bakka et al., 2018; Bivand et al., 2015; Blangiardo et al., 2013;
Blangiardo and Cameletti, 2015; Gomez-Rubio, 2020; Krainski et al.,
2019; Lindgren et al., 2011; Lindgren and Rue, 2015; Moraga, 2019).
The SPDE approach to spatial modelling and the Matérn covariance
function and its parameters are well described in Chapter 6 of Blan-
giardo and Cameletti (2015). Separable space-time models, defined by
the Kronecker product between the two precision matrices, can be
constructed using the group feature in R-INLA. This allows spatial and
temporal correlations to be jointly modelled. This form of spa-
tio-temporal model is well described in Chapter 7 of Blangiardo and
Cameletti (2015) and Chapter 10 of Moraga (2019). These methods have
previously been used for spatio-temporal modelling of PM;g levels in
Italy (Cameletti et al., 2013; Fioravanti et al., 2021) and NOj levels in
England (Blangiardo et al., 2016).

2.3. Pollution and weather data

The data included daily average measurements of six pollutants:
particulate matter with diameter of 2.5 pm or less (PMy 5), particulate
matter with a diameter between 2.5 and 10 pm (PMy), sulphur dioxide

(SO»), nitrogen dioxide (NO3), carbon monoxide (CO), and ozone (O3).
Measurements were available between January 2013 and December
2015 from up to 10 pollution monitors situated in Suzhou (as shown in
Fig. 1). Daily weather data, including temperature, pressure, precipita-
tion and wind speed, were available from five monitors in the region
from January 2013 to June 2016. The locations of the weather monitors
are also shown in Fig. 1 and do not coincide with the locations of the
pollution monitors or clinics. Five geographic covariates were available
for all locations: elevation; distance to nearest major road; distance to
nearest motorway; total length of major roads and motorways in a 1 km
radius; and land use (a binary variable representing “urban” or “non-
urban”). Elevation values were interpolated from the values of the four
nearest raster cells.

3. Methods

In order to address the misalignment problem and use weather data
variables as covariates in the pollutant models, two stages of models
were used. Firstly, models for each weather variable were used to obtain
predictions of each weather variable at pollution monitor and clinic
locations. These predictions were then included as covariates in the
models for the pollutants. Approximate Bayesian inference was per-
formed using INLA with the R-INLA software package (R-INLA, 2020)
for R.
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Table 1
Summaries of observed data from five weather monitors (from January 2013 to June 2016) and up to 13 pollutant monitors (from January 2013 to December 2015).
N Mean SD Minimum Median Maximum

Daily values

Weather variables
Temperature (°C) 6385 16.8 8.8 —6.1 17.7 36.2
Wind speed (m/s) 6385 4.6 1.5 1.3 4.4 15.7
Humidity (%) 6385 73.8 13.5 29.0 75.0 100.0
Precipitation (mm) 5927 4.0 11.2 0.0 0.0 170.2

Pollutants (ug/m*)
PM;o 10,230 87.3 48.5 3.0 76.0 429.0
PM, 5 10,209 63.1 39.1 3.0 55.0 405.0
SO, 10,225 24.2 15.3 1.0 21.0 164.0
Cco (mg/ms) 10,237 0.9 0.4 0.1 0.8 3.5
NO, 10,240 50.3 22.1 5.0 47.0 321.0
O3 10,213 97.4 52.0 1.0 90.0 1251.0

Monthly values

Weather variables
Temperature (°C) 210 16.8 8.3 3.6 16.8 32.3
Wind speed (m/s) 210 4.6 0.7 3.5 4.6 6.7
Humidity (%) 210 73.8 6.7 56.4 74.0 91.9
Precipitation (mm) 210 4.1 3.5 0.2 3.3 25.0

Pollutants (ug/m®)
PM;o 348 87.2 27.2 43.2 80.2 194.3
PM, 5 348 63.0 235 24.5 58.7 155.6
SO, 348 24.1 10.2 8.5 21.9 63.4
Cco (mg/mS) 348 0.9 0.2 0.4 0.9 1.8
NO, 348 50.7 15.1 24.3 48.5 109.3
O3 348 95.9 34.5 18.6 104.5 182.2

This analysis used pollutant and weather variables aggregated to
monthly means. This reduced the size of the data being used and number
of values to be estimated, and made distributions approximately normal.
For example, daily rainfall data are highly skewed with many zeroes, but
the observed monthly average rainfall has a symmetric distribution.
Observed daily pollutant levels of zero were set to missing, as these were
believed to indicate errors in the data.

3.1. Meshes for SPDE spatial model

A mesh (triangulation) of the region was required to apply SPDE
spatial models. The same mesh was used for all weather variable and
pollutant models. Latitude and longitude coordinates of all locations
were converted to Universal Transverse Mercator (UTM) coordinates.
All clinic and monitor locations are in UTM zone 51. These coordinates
were then re-scaled with centre equal to the midpoint of all monitor and
clinic locations and so that 1 unit equals approximately 1 km. The R-
INLA inla.mesh.2d function, which employs constrained refined
Delaunay triangulation, was then used to construct a triangular mesh on
the region. The domain was formed by the convex hull of all weather
station, pollutant monitor and clinic locations, with an inner extension
of 5 km and an outer extension of 15 km. The locations of all pollution
monitors and weather monitors were used as initial triangulation nodes.
The maximum edge ledge was set to 5 km (10 km in the outer extension),
the minimum triangle angle was set to 28° (18° in the outer extension),
and the minimum distance between points was set to 0.1 km. A denser
mesh was also constructed using the locations of all clinics, as well as
weather stations and pollutant monitors, as initial triangulation nodes.
The weather and pollutant prediction models were additionally fit using
this mesh, and point predictions (median of the posterior predictive
distribution) of the pollutants were compared between using either
mesh by Pearson correlation. The main mesh had 432 nodes and the
denser mesh 711 nodes. The meshes are shown in Fig. 2.

3.2. Weather models

From the weather data, four variables were selected representing
temperature (daily average temperature), humidity (daily average hu-
midity), wind speed (daily 10 min maximum wind speed), and

precipitation (total 24 h precipitation). The wind speed variable was log
transformed. Each of the four weather variables was aggregated to
monthly means and then re-scaled to have a mean of zero and a variance
of one.

Each of the four weather variables was modelled as a Gaussian
response. Model predictors with and without linear effects for space and
time trends were compared using the Watanabe-Akaike (or “Widely
Applicable”) information criterion (WAIC) (Gelman et al., 2014; Wata-
nabe, 2010). Calendar month was included as a factor. No level was
dropped but the intercept term was dropped, so that prior distributions
were exchangeable for levels of this factor. All models included a
space-time model, using an SPDE spatial model (i.e. an approximation to
a Gaussian field with Matérn covariance) for spatial correlations and a
first order auto-regressive model for temporal correlations. Details and
formulae for the models are provided in a supplementary file.

3.3. Pollutant models

After aggregation to monthly means, pollutant levels were log
transformed and then modelled as Gaussian responses. The model pre-
dictors included spatial trends, a linear time trend, calendar month as a
factor, five geographic covariates, and a space-time model with an SPDE
spatial model (i.e. an approximation to a Gaussian field with Matérn
covariance) and a first order auto-regressive model for temporal corre-
lations. Continuous covariates were re-scaled to have mean zero and
variance one for the pollution monitor and clinic locations. Spatial
trends were included using terms for the x- and y-coordinates and the
square of x- and y-coordinates. Allowing for a quadratic shape of trends
(on the log scale for pollutants) prevented simple linear trends from
being extrapolated in predictions for clinic locations far from the centre
of the region. In particular, including only a simple linear trend led to
extreme, implausible predictions for SO, levels at clinic locations in the
far West of the region.

Four different approaches to include the standardised weather
covariates in the pollutant models were compared:

1. Exclude weather covariates from the model predictor.
2. Include the mean of the values from each of the weather monitors, so
that the same value is used for every location at the same time point.
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Medians and 95% HPD intervals of posterior distributions from models of monthly weather variables.

Temperature (°C)

log (Wind speed m/s)

Humidity (%)

Precipitation (mm)

Month intercepts

January 4.97 (-3.90, 13.72) 1.42 (0.64, 2.20) 73.93 (33.57, 114.84) 1.57 (—0.91, 4.06)
February 6.29 (—2.60, 15.04) 1.50 (0.72, 2.29) 76.31 (35.89, 117.27) 3.49 (1.01, 5.97)
March 11.01 (2.11, 19.77) 1.53 (0.75, 2.32) 71.92 (31.48, 112.91) 2.69 (0.21, 5.18)
April 16.11 (7.21, 24.87) 1.59 (0.81, 2.37) 70.57 (30.14, 111.57) 4.54 (2.05, 7.02)
May 21.14 (12.25, 29.89) 1.54 (0.75, 2.32) 73.82 (33.41, 114.80) 4.33 (1.85, 6.82)
June 24.01 (15.13, 32.74) 1.45 (0.66, 2.23) 83.38 (43.03, 124.30) 10.81 (8.33, 13.29)
July 28.53 (19.60, 37.31) 1.53 (0.75, 2.31) 77.39 (36.80, 118.57) 4.93 (2.08, 7.79)
August 28.15 (19.19, 36.97) 1.50 (0.71, 2.28) 78.71 (37.95, 120.05) 4.78 (1.91, 7.65)
September 24.09 (15.11, 32.92) 1.46 (0.67, 2.24) 78.91 (38.07, 120.33) 3.39 (0.52, 6.25)
October 19.20 (10.23, 28.03) 1.41 (0.62, 2.19) 74.32 (33.48, 115.75) 4.16 (1.30, 7.03)
November 13.20 (4.24, 22.02) 1.38 (0.60, 2.16) 77.13 (36.37, 118.47) 2.30 (-0.57, 5.17)
December 5.82 (-3.10, 14.61) 1.41 (0.63, 2.20) 70.13 (29.52, 111.29) 1.28 (-1.58, 4.13)
Hyperparameters

SD for the Gaussian observations
Range of SPDE model (km)
Variance of SPDE model
Coefficient of AR model

0.08 (0.06, 0.09)

378.63 (308.76, 461.48)

0.01 (0.00, 0.03)
0.96 (0.92, 0.99)

0.04 (0.03, 0.04)
129.85 (99.81, 163.70)
2.61 (0.81, 6.18)
0.99 (0.97, 1.00)

1.15(0.95, 1.38)

247.64 (193.90, 310.69)

1.04 (0.35, 2.44)
0.96 (0.92, 0.99)

0.03 (0.01, 0.08)
108.06 (91.61, 126.83)
0.20 (0.16, 0.25)
0.18 (0.03, 0.33)

Table 3

WAIC values for monthly pollutant models with different methods for using weather covariates.
Model PM;o PM, 5 SO, co NO, O3
1. Exclude weather covariates —810.49 —932.64 —328.12 —467.15 —856.00 —1026.77
2. Mean values —838.14 —1001.50 —350.41 —468.53 —2044.77 —2051.05
3. Means of posterior predictive distribution —833.04 —998.91 —341.33 —467.04 —2027.96 —2057.84
4. Error models —1302.55 —1046.17 —389.43 —646.71 —2097.08 —2086.67
5. Excluding SPDE model —1885.11 —723.74 —319.38 —472.62 —1078.37 —2084.94
6. Excluding quadratic spatial terms —2053.49 —1009.52 —378.29 —690.40 —2067.99 —2139.77

Table 4

Medians and 95% HPD intervals of posterior distributions from models of monthly means of particulate matter pollutants.

PMio PMy 5

Month intercepts (pug/m?)
January

February

March

April

May

June

July

August

September

October

November

December

Covariate coefficients (ratios)
Time trend (per month)
Longitudinal trend (linear term)
Latitudinal trend (linear term)

Longitudinal trend (quadratic term)
Latitudinal trend (quadratic term)

Urban
Elevation (per 10m)
Distance from road (per 0.01)

Distance from motorway (per 0.01)
Length of roads and motorways in vicinity (per 1 km)
Coefficients in error models (ratios)
Temperature (per 10C)

Wind speed (per 1 SD of log (wind speed))
Humidity (per 5%)

Precipitation (per 10 mm)
Hyperparameters

SD of Gaussian observations (on log scale)
Range of the SPDE model (km)

SD of the SPDE model (on log scale)
Coefficient of AR model

65.69 (26.16, 136.98)
52.57 (21.20, 106.33)
63.38 (27.48, 116.50)
66.83 (30.21, 116.49)
83.60 (36.64, 145.90)
88.18 (35.63, 158.04)
90.04 (31.87, 168.05)
91.20 (32.57, 170.06)
75.56 (30.68, 135.92)
79.34 (35.45, 138.56)
77.35 (33.95, 139.55)
66.15 (25.18, 142.37)

1.00 (0.98, 1.02)
1.13 (0.62, 1.76)
1.00 (0.78, 1.25)
1.55 (0.94, 2.25)
1.07 (0.86, 1.31)
0.85 (0.74, 0.98)
0.96 (0.73, 1.21)
0.77 (0.40, 1.28)
1.12(0.98, 1.26)
1.01 (0.98, 1.04)

0.71 (0.50, 0.90)
0.94 (0.91, 0.97)
0.89 (0.87, 0.91)
1.02 (0.90, 1.17)

0.03 (0.02, 0.04)
42.36 (31.64, 51.60)
0.21 (0.17, 0.25)
0.80 (0.72, 0.86)

60.28 (20.52, 132.96)
44.84 (15.98, 95.07)
57.37 (23.88, 109.10)
69.61 (31.51, 123.48)
93.86 (40.65, 167.06)
106.64 (40.72, 199.27)
107.34 (33.93, 218.22)
107.37 (34.28, 217.05)
86.99 (33.60, 162.26)
82.90 (36.95, 146.81)
75.74 (32.37, 140.85)
61.59 (19.71, 142.18)

0.99 (0.97, 1.01)
0.96 (0.51, 1.56)
1.03 (0.79, 1.30)
1.58 (0.93, 2.33)
0.87 (0.69, 1.08)
0.92 (0.80, 1.06)
0.85 (0.65, 1.10)
0.53 (0.27, 0.90)
1.02 (0.89, 1.16)
1.00 (0.97, 1.03)

0.59 (0.31, 0.90)
0.97 (0.94, 1.00)
0.97 (0.92, 1.01)
0.97 (0.79, 1.16)

0.04 (0.03, 0.05)
44.90 (28.53, 62.64)
0.25 (0.18, 0.33)
0.82 (0.68, 0.91)
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Medians and 95% HPD intervals of posterior distributions from models of monthly means of gaseous pollutants.
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SO,

CO

NO,

03

Month intercepts (ug/m>; mg/m? for CO)

January 26.26 (9.79, 52.99)
February 18.24 (7.10, 36.05)
March 25.36 (11.51, 45.60)
April 32.02 (15.61, 54.86)
May 35.70 (16.78, 61.54)
June 42.10 (17.17, 76.31)
July 52.03 (18.22, 101.37)
August 51.60 (18.18, 100.35)
September 45.19 (18.88, 82.12)
October 39.89 (18.88, 68.25)
November 40.12 (18.99, 69.65)
December 31.55 (11.28, 64.90)

0.55 (0.01, 2.53)
0.47 (0.01, 2.19)
0.52 (0.01, 2.37)
0.57 (0.02, 2.58)
0.57 (0.02, 2.57)
0.52 (0.01, 2.36)
0.57 (0.01, 2.65)
0.60 (0.02, 2.78)
0.55 (0.01, 2.49)
0.49 (0.01, 2.17)
0.58 (0.02, 2.60)
0.62 (0.02, 2.90)

64.50 (27.95, 117.11)
47.24 (20.73, 85.19)

66.30 (30.07, 117.38)
67.36 (31.03, 117.93)
58.56 (26.75, 102.62)
56.44 (25.04, 100.51)
53.89 (23.22, 98.06)

54.95 (23.71, 99.87)

56.42 (25.17, 100.18)
62.15 (28.45, 108.73)
67.05 (30.65, 117.96)
66.10 (28.27, 120.83)

114.11 (57.02, 192.03)
170.10 (86.03, 284.64)
150.07 (79.16, 244.05)
142.34 (76.50, 228.09)
114.50 (60.87, 183.91)
97.39 (49.84, 159.54)
72.10 (35.11, 120.89)
74.32 (36.25, 124.55)
89.18 (45.84, 145.70)
107.33 (57.24, 172.34)
88.62 (47.34, 142.90)
95.85 (47.34, 162.26)

Covariate coefficients (ratios)
Time trend (per month)
Longitudinal trend (linear term)
Latitudinal trend (linear term)
Longitudinal trend (quadratic term) 0.85 (0.39, 1.49)
Latitudinal trend (quadratic term) 1.15(0.84, 1.51)
Urban 1.53 (1.22, 1.88)
Elevation (per 10m) 1.01 (0.67, 1.42)
Distance from road (per 0.01) 1.33 (0.42, 2.80)
Distance from motorway (per 0.01) 0.85 (0.70, 1.01)
Length of roads and motorways in vicinity (per 1 km) 1.00 (0.96, 1.04)
Coefficients in error models (ratios)
Temperature (per 10C)

Wind speed (per 1 SD of log (wind speed))
Humidity (per 5%)

Precipitation (per 10 mm)
Hyperparameters

SD of Gaussian observations (on log scale)
Range of the SPDE model (km)

SD of the SPDE model (on log scale)
Coefficient of AR model

0.98 (0.97, 0.99)
0.42 (0.17, 0.78)
1.02 (0.72, 1.38)

0.60 (0.35, 0.90)
0.99 (0.90, 1.08)
0.90 (0.85, 0.95)
1.00 (0.78, 1.26)

0.10 (0.07, 0.13)
14.48 (8.04, 22.75)
0.20 (0.16, 0.25)
0.60 (0.41, 0.75)

0.99 (0.97, 1.02)
2.19 (0.03, 10.60)
1.48 (0.35, 2.92)
0.72 (0.02, 2.75)
1.31 (0.33, 2.55)
1.14 (0.57, 1.78)
1.16 (0.21, 2.43)
1.83(0.01, 9.25)
1.18 (0.60, 1.83)
0.98 (0.88, 1.09)

1.00 (1.00, 1.01)
0.71 (0.23, 1.46)
0.96 (0.63, 1.36)
1.61 (0.60, 3.16)
0.77 (0.53, 1.04)
0.85 (0.63, 1.09)
0.66 (0.40, 0.98)
0.23 (0.05, 0.58)
0.96 (0.76, 1.18)
1.02 (0.98, 1.07)

1.00 (1.00, 1.00)
0.81 (0.34, 1.50)
0.92 (0.65, 1.23)
0.48 (0.21, 0.84)
1.06 (0.79, 1.37)
1.13 (0.88, 1.40)
1.19 (0.78, 1.68)
2.89 (0.83, 6.43)
0.91 (0.75, 1.09)
1.01 (0.97, 1.05)

0.90 (0.69, 1.15)
0.88 (0.84, 0.91)
0.97 (0.94, 0.99)
1.11 (0.99, 1.24)

0.82 (0.63, 1.01)
0.90 (0.88, 0.93)
0.95 (0.92, 0.97)
1.03 (0.95,1.12)

1.96 (1.54, 2.45)
0.95 (0.89, 0.99)
0.97 (0.94, 0.99)
0.90 (0.80, 1.00)

0.07 (0.06, 0.09)
29.70 (18.49, 46.59)
0.41 (0.19, 0.94)
0.96 (0.88, 1.00)

0.01 (0.00, 0.02)
7.61 (4.26, 11.05)
0.17 (0.12, 0.21)
0.79 (0.66, 0.87)

0.01 (0.00, 0.03)
5.61 (3.66, 7.35)
0.15(0.13, 0.17)
0.59 (0.49, 0.70)

3. Use the mean of the posterior predictive distribution at each location
and time point, for each weather variable.

4. Use an error model. This was a Berkson error model, with observed
values equal to the mean of the posterior predictive distribution at
each location and time point, and precision fixed and equal to the
precision of the posterior predictive distribution. This approach is
similar to that investigated by Foster et al. (2012).

There is collinearity between the weather variables and calendar
month, which complicates the interpretation of individual coefficients.
However, the aim of these models is prediction of pollutant levels, rather
than inference for individual coefficients, so this is not a concern and the
prediction ability of the models is not affected (Shmueli, 2010).

Models were also fit for each pollutant excluding the SPDE model,
but including the temporal first order auto-regressive random effects for
stations. This allowed comparison between models which account for
spatial correlation and models which ignore spatial correlation.

Details and formulae for the models are provided in a supplementary
file.

3.4. Prediction models

Given a model with response variable Y and the predictor 7,

Y ~ Normal(n,2)

the posterior distribution of the predictor 7 is the posterior distribution
of the mean response, not the posterior predictive distribution of the
response itself. To obtain posterior predictive distributions of the
response (including uncertainty due to all sources of error — modelled by
a?) an adapted formulation of the model was used:

Y ~ Normal(@7 e’zo)

The precision of the Gaussian response was fixed to be very large
(%) so that the response Y is (effectively) equal to the value of the
predictor 0. An independent and Gaussian distributed random effect was
then added to the predictor, so § =5+ ¢ and ¢ ~ Normal(0, 02). This
strategy means that the posterior distribution of the predictor 6 is the
posterior predictive distribution of the response.

Posterior predictive distributions for pollutants were summarised by
medians and 95% equal tailed intervals. Examples of the R code used for
prediction models, for humidity and PM;(, are provided in a supple-
mentary file.

3.5. Priors

The prior distributions for calendar month and other fixed effect
parameters were Normal with mean 0 and precision 0.001. The priors
for the precision of the responses were Gamma with a shape parameter
of 1 and an inverse scale parameter of 5 x 107>, The priors for the co-
efficient, a, of the first order auto-regressive model were given by
log((1 + a) /(1 — a)) ~ Normal(0,1/,5). Normal priors were used for
the coefficients of Berkson error models with mean 1 and precision
0.001. The mean and precision parameters for the error models were
fixed values and therefore do not have prior or posterior distributions.

For the SPDE spatial models, penalised complexity (PC) priors were
used with P(r< 10) = 0.5and P(6 > 1) = 0.5, where r is the range and ¢
the standard deviation of the field.

3.6. Posteriors and model fit statistics

Posterior distributions for parameters and hyperparameters were
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transformed to the original scale of the dependent variable as applicable, the SPDE models, hyperparameters were transformed to the range and
and then summarised by medians and 95% highest posterior density variance.

(HPD) intervals. As pollutant levels were log transformed in the models, Models were compared using the Watanabe-Akaike (or “Widely
the exponentiated covariate coefficients are interpretable as ratios. For Applicable”) Information Criterion (WAIC), a Bayesian approach for
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estimating out-of-sample prediction error (Gelman et al., 2014; Wata-
nabe, 2010).

To further asses the performance of the modelling approach,
pollutant prediction models were also applied after excluding a sample
of 50 pollutant observations. The sample was a simple random sample
from all 348 combinations of monitor location and month (in which
observed data were available). The RMSE and Pearson correlation be-
tween predicted (median of posterior predictive distribution) and
observed values were then calculated.

4. Results

Observed weather and pollutant data are summarised in Table 1,
using daily values and monthly means calculated for each monitor.

Precipitation data are missing for 458 daily observations. There are at
least 10,209 observations for each pollutant across the three year period.

4.1. Weather models

Including linear trends for time or space did not consistently
decrease the WAIC values, so trends were not included in the weather
prediction models. Medians and 95% HPD intervals of posterior distri-
butions for the calendar month intercepts and hyperparameters of the
four weather models are given in Table 2. Seasonal patterns are present
for each of the weather variables. In particular, temperature and pre-
cipitation have much higher intercepts during the summer months (June
to September) as in the observed data. The ranges of the SPDE models
are large (posterior medians from 108 km to 379 km). Temperature,
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wind speed and humidity have high auto-correlation between months

Table 6 (posterior median of the AR coefficients of 0.96 or greater), whereas

RMSE and correlations between predicted values (posterior medians) and precipitation has weak auto-correlation (posterior median of the AR
observed values for a random sample of fifty observations (excluded when fitting coefficient is 0.18)

the models). Predicted temperature values (medians of posterior predictive dis-

PMo PM, 5 SO co NO, O3 tributions) at pollutant monitor and clinic locations vary between 4.02

RMSE 8.20 5.03 5.90 0.16 5.05 9.14 and 32.18 °C. Wind speed predictions range from 3.38 to 5.83 m/s, and

Correlation 0.96 0.98 0.87 0.80 0.94 0.97 humidity from 56.84 to 84.97%. Predicted precipitation values range

from 0.15 to 16.97 mm.
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4.2. Pollutant models

WAIC values for five models for each pollutant are given in Table 3.
The models including error models for weather variables have lower
WAIC values - indicating a better fit to the data - than models which use
other methods to incorporate weather covariates, for all pollutants. For
all pollutants, except PM;(, the WAIC for models excluding an SPDE
spatial model is larger indicating that accounting for spatial correlations
with an SPDE model improves the fit of the models. This also allows for

10

individual predictions of pollutant levels at locations across the region.
The following results and predictions use models which include error
models for the weather covariates.

Medians and 95% HPD intervals of posterior distributions for the
parameters and hyperparameters of the six pollutant models are given in
Tables 4 and 5. Collinearity between calendar month intercepts and
weather variables inhibits clear interpretation of these parameters. The
particulate matter pollutants have the largest range for the spatial model
(posterior medians 42 km and 45 km), followed by CO and SO, (30 km
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and 14 km), and then NO, and O3 (8 km and 6 km).

Predicted levels (posterior medians) of PMy 5 and SO2 for January
2014 at all clinic locations are shown in Figs. 3 and 4. Posterior medians
and 95% predictive intervals for PMy 5 and SO at four selected clinic
locations (shown in Fig. 2) are given in Fig. 5. Predicted values (medians
of posterior predictive distributions) at clinic locations have medians
(inter-quartile range) of 66.12 (51.39-88.08) ug/m3 for PM, 5, 84.88
(58.65-102.24) pg/m> for PMyq, 25.90 (17.13-38.59) pg/m? for SO,
59.21 (42.65-81.67) pg/m> for NO,, 0.61 (0.42-0.77) mg/m?> for CO,
and 91.09 (54.95-134.28) pg/m3 for Os.

After fitting the pollutant prediction models while excluding a
random sample of fifty observations, posterior medians and 95% pre-
dictive intervals for pollutant levels are shown in Fig. 6. RMSE and
correlations between predicted values (posterior medians) and observed
values are given in Table 6. Correlations range from 0.80 for CO to 0.98
for PM2,5.

Predicted pollutant levels are very similar (Pearson correlation co-
efficients greater than 0.99) when using the denser mesh for both
weather variable and pollutant models. Posterior medians for pollutant
levels after using either mesh are shown in Fig. 7.

5. Discussion

We have used Bayesian spatio-temporal models to predict levels of
six pollutants at clinic locations in Suzhou, China. Inference was per-
formed using the approximate INLA method and spatial models used the
SPDE approach. The application of the SPDE approach for modelling
pollutant levels has previously been reported by Cameletti et al. (2013)
and Blangiardo et al. (2016). These analyses used covariates measured
at or aligned to the same locations as the observed pollutant measure-
ments. We extended this approach using a two-stage method to address
misalignment of covariates. After using spatio-temporal models to
produce predictions for four meteorological variables at all relevant
locations, we used error models to add these as predictors in the models
for pollutants. This ensured that the pollutant models incorporated the
uncertainty in the predicted weather covariate values. To obtain pre-
dictions for pollutant levels at the set of clinic locations we extended the
pollutant models so that posterior predictive distributions were obtained
directly from R-INLA function calls.

The models and methods described in this paper provide a flexible
approach to modelling ambient air pollutant levels in a region with
dispersed monitors. The analysis incorporates fixed and time-varying
covariate data from several sources, including misaligned covariates
for which error models were used to ensure appropriate error propa-
gation. This approach could be adapted for other scenarios, and models
can be expanded with comparative ease.

These results are based on monthly pollutant levels, which were
aggregated from daily data to monthly means before developing pre-
diction models. However, the models could be adapted to use daily
average values for meteorological variables and pollutant levels to
enable more detailed time-series analyses. To capture dependencies over
time, splines could be used with auto-regressive models for the values at
knot locations.

We suggest pollutant levels at clinic locations could be used as
proxies for individual exposure. It would be desirable to have individual
participant residence, employment and other common locations to es-
timate exposure, however only clinic location (anticipated to be close to
residence) is available in the given data. The methods described could be
used to predict pollutant levels at any locations in the city, and if more
extensive location data were available more specific estimates of expo-
sure could be calculated.

The limited number of pollutant and weather monitors did not allow
for detailed modelling of pollutants and weather variables across the
city. It would be preferable to have data from more monitors throughout
the city to allow better predictions of levels across the city. Given the
available data, we have leveraged the geographic information available
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to predict pollutant levels at each clinic location. This is an alternative to
ignoring the locations of pollutant monitors by using city-wide means in
time-series analyses of health outcomes, or using pollutant levels are the
nearest monitor as estimated levels at a clinic location.

The ranges of the SPDE models in the weather models are much
larger than the extent of the area over which the models were applied. In
such cases the model is usually indistinguishable from intrinsic random
fields (Lindgren and Rue, 2015), but we do not expect that this affects
the utility of predicted weather variables as covariates in the pollutant
models.

The narrow locations (East to West) of the pollutant monitors caused
a problem with including overall spatial trends. Extrapolating simple
linear trends to out-of-sample x-coordinates caused predictions to be
implausibly high (with small precision) in some models, but this was
tempered by including quadratic terms for spatial trends. Ideally,
observed pollutant data would be more geographically diverse. Alter-
natively, there may be better methods for ensuring reasonable out-of-
sample predictions, and this potential problem should be considered
when planning this type of analysis.

As an alternative to the error models used here misaligned covariates
could be jointly modelled with the pollutant variables of interest.
Further, health outcome data could be jointly modelled with pollutant
levels. This would allow a single modelling framework for exposure,
covariate, and outcome data, at the cost of more complex models and the
time and resources for computation. However, the use of INLA as an
efficient alternative to MCMC methods could make such an approach
feasible.
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ABSTRACT

Lead exposure is still a major concern for occupations that regularly train or work with firearms, such as law
enforcement and military personnel. Due to the increasing number of women of fertile age in such professions,
there is a strong incentive to monitor lead exposures during firearms training. Personal air sampling was per-
formed during two sessions of a nine-day urban combat training (UCT) course for cadets in the Swedish Armed
Forces, one session employing leaded ammunition (leaded scenario) and one session employing unleaded
ammunition (unleaded scenario). Blood lead levels (BLLs) were measured before and after the course for 42 cadets
and five instructors. During the leaded scenario, the instructors’ airborne exposure (geometric mean, GM, 72.0
ng/m>) was higher than that of cadets (GM 42.9 pg/m®). During the unleaded scenario, airborne concentrations
were similar for instructors and cadets and considerably lower than during the leaded scenario (GM 2.9 pg/m?>).
Despite comparably low external lead exposures during the course, we saw a statistically significant increase in
systemic exposure for cadets (BLL GM increased from 1.09 to 1.71 pg/dL, p < 0.001). For the five instructors,
notable differences were seen depending on task. The largest increase was seen for the two instructors per-
forming close supervision during the leaded scenario (BLL GM increased from 2.41 pg/dL to 4.83 pg/dL). For the
remaining three instructors the BLLs were unchanged (BLL GMs were 1.25 pg/dL before the course and 1.26 pg/
dL after). None of the participants exceeded the applicable biological exposure limits, but extrapolating our
findings shows that instructors in the leaded scenario may reach levels around 10 pg/dL after a year of repeated
exposures. We conclude that comparably low airborne concentrations can contribute to the body burden of lead
and that additional measures to reduce exposure are warranted, particularly for instructors.

1. Introduction

lead particles (Donguk and Namwon 2004; Lach et al., 2015; Park and
Paik 2002).

Shooting with firearms exposes the shooter to various air pollutants,
often containing both metallic lead and soluble lead salts (Aurell et al.,
2019; Grabinski et al., 2017; Laidlaw et al., 2017; Wingfors et al., 2014).
Other metals, especially zinc, copper, chromium, barium, antimony, and
iron, have also been identified in air samples related to weapon emis-
sions, either in the dust or as vapor (Bergstrom et al., 2015; Mancuso
et al., 2008; Vandebroek et al., 2019; Voie et al., 2014). The high tem-
peratures caused by deflagration and friction generate these metals in
the form of vapours, oxides, and fine particulates found in the breathing
zone of shooters. Studies suggest that inhaled fine lead particles are
more easily deposited and absorbed in the respiratory tract than coarse
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Air monitoring of occupational groups that regularly train or work at
firing ranges, such as law enforcement and military personnel, show that
lead exposures vary considerably between settings, such as indoor and
outdoor ranges, variable ventilation conditions, and type of weapons
and ammunition (Novotny et al., 1987; Scott et al., 2012; Svensson et al.,
1992; Valway et al., 1989). Furthermore, exercises vary in terms of
duration, number of participants, and level of activity including number
of rounds fired, making comparisons of exposure levels between studies
challenging. Nevertheless, several studies report levels exceeding
occupational exposure limits (OEL) for airborne lead (Bonanno et al.,
2002; Council 2013; Laidlaw et al., 2017; Svensson et al., 1992).
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However, blood-lead levels (BLL) may be a more favourable method to
assess lead exposure at firing ranges. Studies on the effect of weapons
training on BLL in law enforcement and/or military staff mainly cover
static shooting exercises, from a single shooting session at a covered
outdoor (Tripathi et al., 1989) or indoor firing range (Vandebroek et al.,
2019) to more extended periods of regular training at indoor (Fischbein
et al., 1979; Rocha et al., 2014; Svensson et al., 1992; Valway et al.,
1989; Vivante et al., 2008) or outdoor (Greenberg et al., 2016) firing
ranges. Ample evidence shows that lead exposures at firing ranges in-
creases the body burden both for recreational and occupational
shooters, and long-term exposure increases BLLs to an extent where they
are associated with adverse health outcomes (Laidlaw et al., 2017).

Lead is a highly toxic metal with a number of deleterious health ef-
fects, such as neurotoxicity, kidney toxicity, and cardiovascular out-
comes. The developing foetus and child have been identified as
particularly sensitive to the effects of lead, and there is general agree-
ment that it is not possible to establish a safe level of exposure for this
subpopulation (EFSA 2010; RAC 2020; NTP 2012). Preindustrial BLLs in
humans have been estimated to be below 0.02 pg/dL (Flegal and Smith
1992).

A factor in the risk assessment of lead is its longevity in the human
body. The half-life of lead in blood is around 30 days. In bone, the half-
life is 10-30 years. Hence, directly after uptake, lead is primarily found
in the erythrocytes and is distributed to organs such as the brain, kid-
neys, liver, and bones. Over time, a high proportion of absorbed lead is
transferred to bone, where it accumulates over time. For adults, bone
lead constitutes a very high proportion of the body burden of lead. If
external exposure ceases (or is reduced), lead will be redistributed from
bone to blood. During periods of degradation of bone, an increase in the
endogenic exposure from lead stored in the bone could be a problem,
especially among breastfeeding women or women at menopause with a
history of high and/or long-term lead exposure. Excretion takes pri-
marily place through urine and faeces. The interindividual variations in
lead uptake and excretion are significant, as are differences in exposure
by “hand to mouth” contact. Thus, it is difficult to establish a close
correlation between airborne lead exposure and resulting BLL (RAC
2020).

According to the GESTIS database on occupational exposure limits
(OELs, GESTIS n.d.), current OELs for lead vary from 3 pg/m3 to 150
pg/m> (respirable, inhalable, and total dust fractions mixed) as
time-weighted averages (TWA) over 8 h. The Swedish TWA OEL is 100
pg/m? for the inhalable fraction and 50 pg/m? for the respirable fraction
(SWEA 2018). There are also a number of recommended biological
exposure limits for the maximal allowable concentration of blood lead.
ECHA’s Committee for Risk Assessment (RAC, 2020) recently proposed
a biological exposure limit value (BLV) of 15 pg lead/dL blood, based on
neurotoxicity. ECHA RAC also recommended a biological exposure
guidance value (BGV) of 4.5 pg/dL as an indicator of occupational
exposure for groups at risk and a TWA OEL of 4 pg/m> (inhalable
fraction) for lead and its inorganic compounds. The BGV is intended as
guidance as neither the recommended BLV or OEL would be protective
for women in fertile age (RAC 2020). Current Swedish BLL limits are
listed in the ordinance on medical surveillance (recently updated in
SWEA 2019). The ordinance states that no occupational exposure to lead
for women under 50 years of age is allowed if the BLL exceeds 10 pg/dL
(0.5 pmol/L). For other employees, the corresponding limit is set to 30
pg/dL (1.5 pmol/L). If BLLs are lower than 8 pg/dL (0.4 pmol/L) during
three consecutive medical check-ups, no further BLL measurements are
needed for men or for women over 50 years of age, as long as changes in
work tasks do not lead to higher lead exposures.

Instructors and certain special task forces have been identified as
more exposed due to frequent and more intensive exposures during
complex shooting exercises, such as Urban Combat Training (UCT,
Mancuso et al., 2008; Rocha et al., 2014; Vandebroek et al., 2019). In
UCT, close-quarter combat is trained using small arms combined with
explosive devices (e.g., stun grenades and smoke) in simulated urban
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zones and shoot houses (Weber et al., 2020). UCT reflects real combat
scenarios but is rarely studied, despite being an essential part of the
training, in addition to marksmanship at flat ranges.

During the last 20 years, women have become an increasingly nat-
ural part of the workforce within the military and law enforcement
sectors. With respect to lead exposure, this positive progress may pose
new challenges due to the potential for developmental toxicity, and
consequently, require increased health surveillance and measures to
control and reduce exposure.

The increasing concern for health effects at low lead exposures, re-
flected by the decreasing levels of OELs, warrant investigation of all
kinds of lead exposure scenarios in the military occupation. In the pre-
sent work, we analyse the findings from exposure measurements for lead
during an introductory UCT course for cadets in the Swedish Armed
Forces. Airborne exposures were measured during two sessions of the
course, corresponding to a leaded and an unleaded exposure scenario in
urban combat environments. BLL was assessed before and after the UCT,
and data was further used to extrapolate to long-term exposures. The
objective was to assess the effect of such training on systemic lead
exposure for cadets and instructors that repeatedly conduct these
exercises.

2. Materials and methods
2.1. Study population and settings

Study participants were military staff taking or leading an intro-
ductory UCT course. The instructors were 35-42 years old (n = 6, me-
dian 36 years, BLL data collected for 5), and the participating cadets
were 21-39 years old (n = 43, median 24 years, BLL data collected for
41). Six of the participants were female (BLL data was collected for 5).
Most of the participants had been employed by the Swedish Armed
Forces for 1-5 years, five had been employed less than 1 year, and seven
more than 5 years.

Forty of the participants reported firing more than 150 rounds a
typical month. Two instructors and two cadets reported to be recrea-
tional shooters. Thirty-seven cadets reported to have participated in
firearms-training in the preceding month, 31 also reported to have up-
coming training in the coming months. Snus (Swedish/oral snuff,
potentially increasing hand-to-mouth transfer) was used by 18 partici-
pants, of which two also reported to be smokers (less than 1 pack/day).
No observations were performed to assess the extent of snus use during
the UCT. A summary of demographic, lifestyle, and activity related
factors of participants in blood monitoring is also presented in the
Supplementary Material Table S1.

During the nine-day UCT, groups of cadets practiced different sce-
narios of urban warfare as well as regular outdoor flat range training (an
overview of the course and sampling is presented in the supplementary
material). During training, participants were given the opportunity to
wash their hands prior to lunch. At the training sites, possibility for
handwashing was limited. Two of the training sessions, one using leaded
and one using unleaded ammunition, were selected for assessment of
inhalable dust and lead in the breathing zone. In the session defined as
the leaded scenario, live leaded rounds were used exclusively (5.56
diameter lead in bullet and primer) in a roofless UCT building. The
average number of rounds per person was 35, reflecting the introductory
nature of the training. In addition, lead-free explosive grenades (total
use 63) and stun grenades (total use 113) were used. In the unleaded
scenario, performed partially outdoors, unleaded ammunition (5.56
diameter, steel core with copper alloy jacket and lead-free primer,
average use 96 per person) was used exclusively. Cadets performed one
leaded exposure scenario, either on day 3 or 4 of the course. The same
two instructors supervised both these sessions. During the remaining
UCT, mainly lead-free ammunition (no lead in bullet or primer) was
used. The average total use per person was 621 lead-free rounds and 12
lead-free bullets with leaded primer (7.62 diameter, used day 9). These
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unmonitored exercises are expected to have resulted in lower or similar
lead exposures as the unleaded scenario.

The lead exposure assessments described herein were originally
performed as part of the Armed Forces work environment assessment
and not for research purposes. Participation in the exposure assessments
during the UCT course was voluntary. This reanalysis of the data has
been approved by the Swedish Ethical Review Authority (decision
2019-06339).

2.2. Exposure assessment

Personal airborne measurements were made for the two instructors
supervising the leaded scenarios (day 3 and 4) and for 13 cadets (day 4).
During the unleaded scenario (day 8), two instructors and 13 cadets
were monitored, but for one cadet data were discarded due to a mal-
functioning air sampling pump. Dust was collected from the partici-
pants’ breathing zone using air pumps with a constant airflow (2.0 L/
min) through preweighed cellulose filters (Millipore, diameter 25 mm,
pore size 3 pm) mounted in an IOM-sampler. Lead content was analysed
using inductively coupled plasma mass spectrometry (ICP-MS, Thermo
Fisher Scientific iCAP-Q). Dust from the filter and the wall of the cassette
was transferred to a 50 mL Falcon tube and digested using concentrated
nitric acid with a small addition of hydrogen peroxide in a microwave
oven (CEM MARS 5) at 115 °C. The solution was then diluted with Milli-
Q water to a 1% nitric acid solution. The limit of detection (LOD) for lead
was 0.5 pg/m3.

Pre-exposure blood samples were drawn six days before (n = 33) or
on the first day (n = 13) of the course. Post-exposure blood samples were
collected the day after the course for all (41 male and 5 female partic-
ipants). Venous blood was collected from the brachial vein using a 7 mL
Vacutainer® trace element tube and stored in a refrigerator until
analysis.

Lead content in the blood samples was analysed using ICP-MS
(Agilent 7700x). Blood samples were diluted 20 times with an alkaline
diluent containing 1-butanol (2% w/v), ethylenediaminetetraacetic acid
(0.05%w/v), TritonX-100 (0.05%w/v), and ammonium hydroxide (1%
w/v), prior to analysis. Measurements were performed in the helium
collision mode. The LOD was 0.16 pg/L.

Data on demographics, lifestyle, and activity-related information,
were collected through a questionnaire in connection to blood sampling.

2.3. Data analysis

We grouped participants into similarly exposed groups based on
tasks during the exercise and measured exposures. For the leaded sce-
nario’s airborne concentrations and the BLL data the instructors and
cadets were considered separate exposure groups. For the unleaded
scenario’s airborne concentrations, instructors and cadets were consid-
ered one mutual exposure group. Airborne concentrations were
lognormally distributed (Shapiro-Wilk normality tests, P > 0.05). BLLs
were lognormally distributed when separating cadets and instructors
(Shapiro-Wilk normality tests, P > 0.05). Differences in BLLs for cadets
were neither normally nor lognormally distributed (Shapiro-Wilk
normality tests, P < 0.05). Pre- and post-BLL comparisons for cadets
were performed with the paired t-test using log-transformed values.
Instructors were divided into two exposure groups, “leaded scenario
instructors” (n = 2) and “remaining instructors” (n = 3). Due to small
sample size, pre- and post-BLL differences for instructors were not
evaluated with any statistical test. Comparisons between groups mixing
cadets and instructors were performed with the two sample Wilcoxon
signed-ranks test. Correlations were tested with Kendall’s rank correla-
tion. Statistical analyses were performed with the R-4.0.1 software.
Results were regarded as statistically significant at the P < 0.05 level.
Statistical tests were two-tailed.

We performed two simple extrapolations to long-term BLL after
repeated exposures for three different exposure scenarios: a worst-case
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instructor scenario, a high exposed cadet scenario, and a median cadet
scenario. These extrapolation scenarios were based on our findings and
are described further in results. For the first kind of extrapolation, we
used the biokinetic slope factor (quasi-steady-state blood level) of 0.4 ug
Pb/dL per 1 pg absorbed Pb/day defined by the US EPA adult lead model
(US EPA, 2003). Lacking data on the height and bodyweight of cadets,
we performed calculations assuming 85 kg and a blood volume of 70
mL/kg. It should be noted that calculations with a lower body weight
and blood volume would yield lower BLLs and vice versa. For the second
kind of extrapolation, we modelled the daily BLL over time based on a
daily consumption of 0.083 pg Pb/kg bw/day (median for the Swedish
population, SFA 2017) and 20% oral absorption, in addition to the
exposure for each of three exposure scenarios, using a half-life in blood
of 30 days. This latter model is not affected by differences in body
weight assumptions. It does also not consider redistribution from other
parts of the body back into blood (i.e., it does not include a soft tissue
compartment nor a bone compartment), nor any other lead exposure
sources. For both kinds of extrapolation, we modelled the contribution
from each repeated course as a bolus dose rather than a stepwise
exposure across several days. We assumed that the corresponding
pre-BLLs were background levels for each of the three exposure sce-
narios, driven by non-occupational exposure, which likely is an over-
estimation for instructors.

For risk characterisation of inhalation exposures, we compared the
measurements, adjusted to an 8 h day, to the Swedish 8 h TWA OELs
(SWEA 2018) and ECHA RAC’s recommended TWA OEL (RAC 2020).
For risk characterisation of systemic exposures, we compare the
measured BLLs to the Swedish ordinance on medical surveillance (SWEA
2019) and ECHA RAC’s recommended BLV (RAC 2020). As we are
concerned about average exposures exceeding the OEL, we calculated
one-tailed confidence intervals. Hence, for lognormally distributed data,
we report the geometric mean (GM) and 95% upper confidence limit
(UCL) of the GM. We also calculated the one-sided upper tolerance limit
(UTL) to identify a value that we are 95% confident that 99% of the
population would not exceed under the same conditions as the investi-
gated UCT. For normally distributed data, the UTL is calculated as:

UTL = Mean + ((Ky,n)(SD))

Where Kir, is a statistical coefficient whose value depends on the
desired confidence level (y), population proportion (p) and sample size
(n). For a 95% confidence level that 99% of the population will be below
the UTL the appropriate K-values are 7.042 (n = 4), 3.659 (n = 13),
3.585 (n = 14), 2.941 (n = 40) (Natrella, 1963). SD is standard devia-
tion. For lognormally distributed data, the UTL was calculated using log-
transformed values. It can be noted that our K-values are more conser-
vative than the desired confidence levels (70%) and population pro-
portion (95%) of the European Standards’ strategy for testing
compliance with occupational exposure limit values (CEN, 2019).

3. Results

The inhalable fraction of lead during the leaded scenario is shown in
Fig. 1. Instructors were assessed during two days (3 and 4), geometric
mean of the airborne concentrations was 72.0 pg/m> (UCL = 120.9 pg/
m>). Cadets’ exposure assessments were from day 4, geometric mean
42.9 pg/m® (UCL = 48.5 pg/m®).

After adjusting the exposure levels to an 8 h day, the airborne con-
centrations ranged from 14.6 to 42.8 pg/m® (GM 25.5 pg/m® UCL =
42.8 pg/m> UTL = 566 pg/m°) for instructors and from 8.2 to 20.8 pg/
m? for cadets (GM = 16.4 pg/m> UCL = 18.7 pg/m> UTL = 44.6 pg/m>).
Thus, on an 8 h basis, all measured lead exposures were below the
Swedish TWA OEL of 100 pg/m?, although all were also above the recent
ECHA recommendation of 4 pg/m® (inhalable fraction). Moreover, we
are 95% confident that 99% of cadets under the same circumstances will
be exposed to no more than 44.6 pg/m?> (the UTL), while the uncertainty
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Fig. 1. Airborne concentrations of inhalable lead dust during the leaded exposure scenario, averaged over sessions (3—4 h) and over 8 h assuming no additional
exposure that day. Cadets participated in 2—4 exercises per session (number in parentheses) on day 4. Instructors followed exercises continuously over the sessions
(days 3 and 4, presented in that order). The dotted line indicates 100 pg/m3 (Swedish OEL), dashed line indicates 4 pg/m3 (ECHA RAC recommendation).

is very large regarding instructors.

The airborne concentrations of lead in the unleaded scenario are
shown in Fig. 2. As the difference between instructors and cadets was
less pronounced than in the leaded scenario, the two groups were
combined. In the unleaded scenario, lead-free ammunition was used in
combination with parts of the training being spent outdoors, leading to
markedly lower lead exposures where a few were close to, but above, the
LOD (GM = 2.9 pg/m® UCL = 4.1 pg/m°>).

After adjusting the exposure levels to an 8 h day, the airborne con-
centrations ranged from 0.6 to 3.4 pg/m> (GM = 1.8 pg/m® UCL = 2.7
pg/m° UTL = 13.5 pg/m®, instructors and cadets combined). Thus, on an
8 h basis, all airborne concentrations were below the Swedish OELs for
inhalable lead, and we are 95% certain that 99% of the population under
the same conditions would be exposed to less than 13.5 pg/m?>. This UTL
poses a considerable margin to the Swedish OEL but not to the recent
ECHA recommendation of 4 pg/m?>.

Fig. 3 displays pre- and post-BLLs for instructors and cadets. For
three instructors and one cadet, BLL did not increase over the course
(Supplementary Material Fig. S1). The highest increase in BLL was seen
for the two instructors supervising the leaded exposure scenario exercise
(BLL GM increased from 2.41 pg/dL to 4.83 pg/dL, see also Supple-
mentary Material Fig. S2), while the BLL geometric mean for the three

Inkalable Po {jugfm?)

L T B

1m

A

other instructors was 1.25 pg/dL before the course and 1.26 pg/dL after
(median 1.32 pg/dL and 1.33 pg/dL, respectively). For cadets, BLLs
increased significantly (paired t4f — 40 = —19, p < 0.001), from a geo-
metric mean of 1.09 pg/dL (UCL = 1.18, median 1.06, UTL = 2.48 pg/
dL) to a geometric mean of 1.71 pg/dL (UCL = 1.84, median 1.64, UTL
= 3.82 pg/dL). The four recreational shooters had higher pre-BLL (me-
dian 1.73 pg/dL) than the median pre-BLL for both cadets and in-
structors, while the five females were below the median levels (Fig. 3).
Across all participants, age and pre-BLL were positively correlated (r; =
0.27, p = 0.01, see supplementary material, Fig. S3). Those with a higher
pre-BLL were also more likely to have a higher absolute increase in BLL
over the course (r; = 0.23, p = 0.027, cadets and instructors combined).
No statistically significant difference was seen between snus users and
non-users, either in pre-BLL (W = 328, p = 0.09) or in the increase in BLL
(W = 330, p = 0.08, see also the Supplementary Material Fig. S1). For
eleven cadets, we had air monitoring data for the leaded scenario (i.e.,
the major source of lead exposure over the duration of the course) as
well as blood monitoring data. However, the amount of lead on the filter
(as proxy for total amount of inhaled lead) did not correlate with the
increase in BLLs (r; = —0.02, p = 1, see also the Supplementary Material
Fig. S2 including also instructors).

Extrapolation to long-term quasi-steady-state BLL (EPA 2003) was
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Fig. 2. Airborne concentrations of inhalable lead dust during unleaded exposure scenario, averaged over sessions (~5 h) and over 8 h assuming no additional
exposure that day. The dashed line indicates 4 pg/m® (ECHA RAC recommendation).
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Fig. 3. Blood lead (pg/dL) for instructors of the leaded scenario (n = 2), remaining instructors (n = 3) and cadets (n = 41), before and after the 9-day course,
horizontal lines indicate the geometric means, white markers indicate recreational shooters (n = 4, all male), black markers female participants (n = 5), grey markers

male participants.

performed for three scenarios: A projected worst-case for instructors
based on the highest instructor pre- and post-BLL values, a median cadet
scenario, and a high uptake scenario for cadets based on the calculated
UTLs for pre- and post-BLLs (Table 1, Fig. 4). Since some instructors
teach continuously, we made a worst-case estimate of 24 exposures per
year based on nine days per course and 220 working days per year. This
includes a 5-week summer break and a 2-week winter break. Both cadet
scenarios assumed cadets under education going through a similar
course 11 times per year (monthly, with an exception for July). The
instructor scenario yielded a contribution on a yearly basis of 4.7 pug/dL,
meaning that if the background BLL of the exposed person is 3.6 pg/dL,
BLL will reach a quasi-steady-state of 8.3 pug/dL. For the projected UTL
cadet scenario, the quasi-steady-state reached 3.4 pg/dL, and for the
median cadet scenario reached 1.5 pg/dL (Table 1). These levels are
similar to the levels in Fig. 4, where we model the BLL over time using
the same assumptions as in Table 1 and a dietary background contri-
bution corresponding to the Swedish average.

All measured BLLs, as well as the UTLs for cadets, were below the
action levels of the Swedish ordinance medical surveillance, including
that for women under the age of 50 years (10 pg/dL) and the recently
proposed BOELV of 15 pg/dL. However, as seen in Table 1 and Fig. 4,
frequently exposed staff members could approach a BLL close to those
levels in a year. Especially, if assignments also include activities leading
to higher lead exposures than this introductory UCT course, or if there
are additional non-occupational sources of exposure to lead, such as
recreational shooting.

Table 1

Long-term extrapolation of blood lead level (BLL, pg/dL) for three different
yearly scenarios using the biokinetic slope factor of the US EPA adult lead model
(0.4 pg/dL per g/day, US EPA, 2003).

Instructor UTL cadet Median cadet
Starting BLL (pg/dL) 3.6 2.5 1.1
Increase per course (pg/dL) 3.0 1.3 0.6
Times per year 24 11 11
Annual contribution (pg/dL) 4.7 0.9 0.4
Quasi-steady-state BLL (pg/dL) 8.3 3.4 1.5

4. Discussion

We have presented exposure assessments of inhalable lead for two
UCT scenarios and measured BLL before and after participation in a 9-
day UCT course. During the leaded scenario, airborne concentrations
were about one-fourth of the Swedish OEL for inhalable lead (100 pg/
m®) when weighted over 8 h. During the unleaded scenario the GM of
airborne concentrations was about 1/50 of the Swedish OEL or roughly
half of ECHA RAC’s recommended OEL (4 pg/m3). Participation in this
nine-day UCT-course increased participants’ systemic exposure to lead,
measured as BLL, significantly. However, the introductory character of
the UCT course, (with a comparably low number of rounds fired - on
average 100 per person and day), most likely resulted in lower airborne
concentrations of lead than what would be expected during a regular
UCT course. Due to differences in study design and sampling strategy,
comparisons with previously reported air levels from firing ranges are
complicated. Nevertheless, airborne concentrations of lead measured in
this UCT-course are low compared to those reported for indoor ranges,
and lower, or similar to, those for outdoor ranges (Greenberg et al.,
2016) or UCT environments (Weber et al., 2020), corroborating that
more intense exercises would result in higher exposure.

Although airborne concentrations were below the Swedish OEL for
inhalable lead, ECHA RAC’s recently recommended OEL was exceeded
for several participants. However, there are limitations to using OELSs for
firearms training. OELs target repeated exposure during every day of a
working life, while these activities are not a daily task, neither for cadets
nor for instructors. Moreover, our adjustment from 4 h to 8 h, assumes
that there is no additional exposure during the day in question, which
may not be the case. In addition, the fact that we could detect airborne
lead during the unleaded scenario indicates the presence of other
sources of lead. Those include resuspension of lead-containing dust from
training grounds or release from contaminated weapons and other
equipment, which could also lead to exposure outside of firearms
training. Taken together, BLL is a more informative measure of expo-
sure, and associated risks, for this professional group.

The measured post-BLLs were below the Swedish BLV for adult men.
In all but one case, post-BLLs were also below the recommended BGV of
4.5 pg 1/dL (based on the background distribution in the EU population,
RAC 2020). However, cadets’ post-BLLs were significantly higher than
their pre-BLLs (Fig. 3), despite the comparatively moderate exposure
conditions of this course. We also saw a large variation between
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Fig. 4. A simple model of blood lead level (BLL) across one year of repeated exposures for three scenarios: instructor (worst-case (3 pg/dL increase 24 times per
year), upper tolerance levels for cadets (1.3 pg/dL increase 11 times per year), and median cadet (0.6 pg/dL increase 11 times per year).

instructors, where instructors of the leaded scenario showed the largest
BLL increases across all participants, while the BLLs of the three other
instructors did not increase.

The most recent estimate of the average background BLL in Sweden
is an investigation in Northern Sweden in 2014 (Wennberg et al., 2017).
For 25-35 year-olds, the median BLL was 1.1 pg/dL for men and 0.97
pg/L for women, which is in line with the pre-BLL of cadets in the pre-
sent study (median 1.06 pg/dL). In comparison to older studies on
occupational firearm users, BLLs in the present study are comparably
low (Fischbein et al., 1979; Goldberg et al., 1991; Rocha et al., 2014;
Svensson et al., 1992; Tripathi et al., 1989; Valway et al., 1989; Vivante
et al., 2008). To some extent, this reflects the age of the previous studies,
since BLLs in the general population were much higher prior to the
phase-out of leaded gasoline. Since lead accumulates in bone over our
lifetime, age of participants is an important factor as well. A study
following 18-19-year-old cadets’ outdoor training noted an increase in
geometric mean of BLL, from below the quantification limit of 0.29
pg/dL to 1.17 pg/dL after 15 weeks of basic training, which further
increased to 3.92 pg/dL after an additional 15 weeks of advanced
training (Greenberg et al., 2016). A one-day session in an indoor firing
range among ten police officers (mean age 44.5 years) yielded a small
but statistically significant increase from 1.41 to 1.47 pg/dL (Vande-
broek et al., 2019). A 45-day UCT course increased the average BLL from
7.2 to 20.5 pg/dL among cadets. The implementation of exposure
reduction measures and lead-free ammunition reduced the post-UCT
average BLL to 10.5 pg/dL (Weber et al., 2020). As a comparison to
studies on occupational firearm users, a recent study of seven Swedish
brass foundry workers aged 22-57 years found levels up to 33 pg/dL
(GM = 8 pg/dL) (Julander et al., 2020). Nevertheless, also the compa-
rably low BLLs in the recently reported investigations of occupational
firearm users are cause for concern, particularly if considering the po-
tential accumulation over a military career (cf. Table 1 and Fig. 4).

The EU presently has a binding biological exposure limit of 70 pg/dL
blood, but this limit is being reviewed. In 2002, the Scientific Committee
on OELs (SCOEL) published a recommendation of 30 pg/dL, with the
reservation that this “is not seen as being entirely protective of the
offspring of working women”. In 2007, the ACGIH adopted a biological
exposure index (BEI) of 20 pg/dL based on neurological and reproduc-
tive toxicity. However, ACGIH recommends that any application of the
BEI is complemented with additional information about developmental
risks to women of child-bearing age. The recent recommendation of 15
pg/dL from ECHA RAC (2020) could result in a lowered binding limit in
the EU. Regardless of its legal status, there is an increasing concern for
the health effects of lead, also within a healthy population of male
workers.

As a comparison to these occupational guidance values, the Euro-
pean Food Safety Authority (EFSA, 2010) concluded that there is no

evidence of a threshold for the critical effects of lead exposure but that
risk for effects on systolic blood pressure in the general population, is
“low” if BLLs are below 3.6 pg/dL (the 1% benchmark dose lower con-
fidence limit, BMDLg,). For renal effects, a BMDL, (the 10% benchmark
dose lower confidence limit) of 1.5 pg/dL was identified (EFSA 2010).
Also, National Toxicology Program (NTP) concluded that BLLs <5 pg/dL
were associated with decreased kidney functions in adults (NTP 2012).
It should be noted that these estimates are intended to cover the entire
population, including more sensitive individuals that may not be part of
the working population. Nevertheless, the most sensitive endpoint is
developmental toxicity, relevant for children and pregnant women
(BMDLy; of 1.2 pg/dL identified by EFSA 2010), highlighting the
importance of considering women of fertile age in risk management
efforts.

The extrapolations in the present study are subject to several limi-
tations. The UTL, as a measure of an exposure level that we are 95%
certain 99% of the population will be below, only applies under condi-
tions resembling those of the studied UCT. Since weather, and factors
influencing particle behaviour such as wind and humidity varies
considerably, repeated measurements across the year are recommended.
As fumes from firearms mainly contain particulates from the smaller
fractions, sampling specifically the respirable fraction may be more
relevant than the inhalable fraction. We based the extrapolation of BLL
to long-term conditions on the assumption of repeated low exposure
conditions, an unlikely scenario as indoor and outdoor training will be
mixed, and intensity increased with increasing experience. The median
cadet scenario is thus a median of a relatively low exposure scenario.
However, the UTL cadet and instructor scenarios are conservative. In
particular, our assumptions for instructors targeted worst-case condi-
tions. We selected the highest observed pre-BLL as the assumed back-
ground value and the highest BLL increase as the course contribution.
Furthermore, we assumed instructors perform 24 similar courses per
year, which would require all working days that year. As instructors
indeed were below the extrapolated BLLs, these values should not be
seen as predictions but illustrations of the need to regularly assess in-
structors’ BLLs and plan their work with a long-term perspective.

Encouragingly, there are several measures to control and mitigate
metal exposure in these settings. Besides the apparent accessibility of
lead-free ammunition for training purposes (Weber et al., 2020; Voie
et al., 2014; Wurster et al., 2006), improved assessment and control of
ventilation systems (Grabinski et al., 2017) can be efficient to reduce
exposures. Routines for ventilation through open windows and doors
during and between exercises are necessary if a ventilation system is
missing or out of order. Moreover, thorough and regular cleaning of
ranges is advised (Scott et al., 2012), preferably using an EX-rated
vacuum cleaner equipped with HEPA filters (or equivalent). If dry
sweeping cannot be avoided, e.g., for the collection of empty sleeves,
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cleaning staff should wear suitable respiratory protection. Since inha-
lation may not be the only route for lead exposure, careful personal
hygiene routines and the use of disposable gloves during firearm
maintenance (Johnson-Arbor et al., 2020) can further be recommended
to participants in these exercises. Hygiene routines include no snuffing
or smoking during, and strict handwashing after, training. Furthermore,
contaminated clothes should be washed at work, not at home. A final
and effective measure, but not always feasible, is the use of respiratory
protection.

5. Conclusions

We have shown that a 9-day training course with mostly low
airborne lead concentrations due to low intensity, favourable outdoor
conditions, and in part use of lead-free ammunition resulted in a
measurable and statistically significant increase in BLLs. None of the
instructors or cadets exceeded the Swedish biological exposure limits
nor the recent recommendation of ECHA. However, because of the
accumulating properties of lead and the uncertainty regarding whether
any blood level is without adverse health effects lead exposure should
always be minimised. The importance of minimising exposures is further
underlined by the fact that the sensitive subpopulation of fertile women
are increasingly represented in military training as the gender gap in
recruitment closes. Since airborne exposure may be difficult to eliminate
entirely in military training, duration and frequency of exposure, and
other factors, need to be considered. Care should be taken to avoid all
sources of lead as far as possible, especially during indoor training.
Exposure reduction measures such as improved ventilation and hygiene
routines should be implemented and evaluated with personal air-
sampling during training sessions. Additionally, when planning in-
structors’ tasks, the case of an instructor repeatedly trailing groups over
several hours should be avoided.
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Behaviour change implementation of healthy behaviours, can be critical for the control and spread of many infectious diseases,
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including COVID-19. Schools provide opportunities for pupils to learn about the importance of hygiene and
Health promotion WASH-related practice, and build healthy habits and skills, with beneficial medium- and long-term consequences
Sub-Saharan Africa particularly in low- and middle-income countries: reducing pupils’ absenteeism due to diseases, promoting
WASH physical, mental and social health, and improving learning outcomes. WASH services alone are often not suf-
ficient and need to be combined with educational programmes. As pupils disseminate their acquired health-
promoting knowledge to their (extended) families, improved WASH provisions and education in schools have
beneficial effects also on the community. International organisations frequently roll out interventions in schools
to improve WASH services and, in some cases, train pupils and teachers on safe WASH behaviours. How such
interventions relate to local school education on WASH, health promotion and disease prevention knowledge,
whether and how such knowledge and school books are integrated into WASH education interventions in
schools, are knowledge gaps we fill.

Methods: We analyzed how Kenyan primary school science text book content supports WASH and health edu-
cation by a book review including books used from class 1 through class 8, covering the age range from 6 to 13
years. We then conducted a rapid literature review of combined WASH interventions that included a behaviour
change or educational component, and a rapid review of international policy guidance documents to con-
textualise the results and understand the relevance of books and school education for WASH interventions
implemented by international organisations. We conducted a content analysis based on five identified thematic
categories, including drinking water, sanitation, hygiene, environmental hygiene & health promotion and dis-
ease risks, and mapped over time the knowledge about WASH and disease prevention.

Results: The books comprehensively address drinking water issues, including sources, quality, treatment, safe
storage and water conservation; risks and transmission pathways of various waterborne (Cholera, Typhoid fever),
water-based (Bilharzia), vector-related (Malaria) and other communicable diseases (Tuberculosis); and the
importance of environmental hygiene and health promotion. The content is broadly in line with internationally
recommended WASH topics and learning objectives. Gaps remain on personal hygiene and handwashing,
including menstrual hygiene, sanitation education, and related health risks and disease exposures. The depth of
content varies greatly over time and across the different classes. Such locally available education materials
already used in schools were considered by none of the WASH education interventions in the considered
intervention studies.

Conclusions: The thematic gaps/under-representations in books that we identified, namely sanitation, hygiene
and menstrual hygiene education, are all high on the international WASH agenda, and need to be filled especially
now, in the context of the current COVID-19 pandemic. Disconnects exist between school book knowledge and
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WASH education interventions, between policy and implementation, and between theory and practice, revealing
missed opportunities for effective and sustainable behaviour change, and underlining the need for better inte-
gration. Considering existing local educational materials and knowledge may facilitate the buy-in and involve-
ment of teachers and school managers in strengthening education and implementing improvements. We suggest
opportunities for future research, behaviour change interventions and decision-making to improve WASH in

schools.

1. Introduction

Many diseases are entirely or partially attributable to inadequate
drinking water, sanitation and hygiene (WASH) (WHO, 2019). There-
fore it is important to provide safe water and sanitation, and to imple-
ment healthy hygiene behaviours.

Schools, as critical settings for the development and the early life of
all children as well as for the work of teachers and other school staff,
play a vital role here. With many pupils spending a substantial amount
of their time on the premises, schools are important for pupils’ physical
and cognitive developments, as well as for their well-being. Moreover,
schools can be critical places for the control and spread of infectious
diseases such as gastrointestinal diseases or respiratory infections,
including COVID-19, depending on their access to and quality of WASH
(Adams et al., 2009; Freeman et al., 2012; Greene et al., 2012; Jasper
et al., 2012; Joshi and Amadi, 2013; McMichael, 2019; Munn et al.,
2020; Onyango-Ouma et al., 2005; Patel et al., 2012).

Minimum requirements for safe WASH in schools, such as drinking
water from an improved source, useable improved facilities and hand-
washing facilities with available water and soap (WHO and UNICEF,
2018a) are not provided in most rural schools in Kenya. According to a
2017 school-based study (Morgan et al., 2017), 25% of the 198 surveyed
schools relied on unimproved drinking-water sources, 38% of the
schools had unsafe sources, contaminated with E. coli, and 44% of the
schools collected drinking-water off-premise. About 25% of the rural
schools had unimproved sanitation facilities and insufficient provisions
for menstrual hygiene, and overcrowding of sanitation facilities was
common in 24% of schools. Handwashing facilities were largely lacking
(40%), as were soap (87%) and hand drying materials (81%) (Morgan
et al., 2017).

As concerns the WASH situation in households, Kenyan data from
2017 show that 32% of the households (15 million people) lack access to
an improved drinking water source at home. WHO and UNICEF define
safe drinking water source as one that by nature of its construction,
protects the water from contamination and has the potential to deliver
safe water. (WHO and UNICEF, 2018a). Nine percent (4.5 million Ken-
yans) spend 30 min (roundtrip, including queuing) or more to collect
water from an improved source (WHO/UNICEF, n.d.). Access to sani-
tation remains a challenge as well, with 10% of Kenyan households
continuing to practice open defecation, and with only 38% having access
to an unimproved sanitation facility, such as pit latrines without a slab
or platform, hanging latrines or bucket latrines (WHO and UNICEF,
2018a). The lack of adequate handwashing facilities with water and
soap in 75% of the households poses additional significant health risks.
Domestic WASH provisions are significantly worse in rural areas, despite
the slow but steady improvements over the course of the past 7 years
(WHO/UNICEF, n.d.).

At schools pupils can learn about the importance of hygiene and
WASH-related practice, and build healthy habits, both of which might
not always happen at home. Adequate WASH provision for healthy
practices at school have beneficial medium- and long-term conse-
quences: WASH interventions in schools, such as - the provision of soap,
water treatment or improvements to sanitation - can reduce absenteeism
due to diseases, improving pupils’ mental and physical health, nutri-
tional status, and learning outcomes (Jasper et al., 2012; Joshi and
Amadi, 2013). Improved WASH services, including means for menstrual
hygiene management, also improve enrolment and gender parity,

increasing girls attendance and well-being (Garn et al., 2013; Sumpter
and Torondel, 2013). Negative health practices such as toilet avoidance
and poor hydration adversely impact on pupils’ attention and cognitive
performance in class and on their health and well-being (D’Anci et al.,
2006; Lukacz et al., 2011; Merhej, 2019). Besides the environmental
provisions for WASH services, WASH education is of importance as well:
the risk of parasitic infections, for example, is lower in children with
knowledge on hygiene and sanitation practices. Moreover, WASH in-
terventions with an integrated education component are more efficient,
and ensure commitment and adherence to healthy practices such as
handwashing (Joshi and Amadi, 2013).

WASH provisions and WASH education in schools also have effects
on the community, as pupils disseminate their acquired health-
promoting knowledge to their (extended) families. Pupils have been
described as hygiene and health change agents for their peers and par-
ents/guardians in school and home environments in the past (Onyan-
go-Ouma et al., 2005). The role that pupils can play in helping to break
the transmission route of various WASH-related diseases is remarkable,
and proven to create significant health improvements (Blanton et al.,
2010; Dreibelbis et al., 2014; O’Reilly et al., 2008).

In summary, water, sanitation, hygiene and health education pro-
motes and multiplies healthy behaviour (Freeman et al., 2015; Greene
et al., 2012; Joshi and Amadi, 2013; Patel et al., 2012).

For this reason, international organisations roll out interventions in
schools to train teachers and pupils on safe WASH behaviour. What we
do not yet know is how such interventions relate to local school book
knowledge in low- and middle-income country contexts. A knowledge
gap is what pupils actually learn during their school curricula with
respect to WASH, health promotion and disease prevention, and
whether and how this knowledge is integrated into WASH education
interventions in schools.

In this paper, we focus on how primary school science text books
content supports WASH and health education to promote healthy
behaviour by the means of a standard science school book review from
Kenya across the 6-13 years age range. We assess whether there is an
integration or a disconnect with WASH behaviour interventions in
schools in Kenya and beyond, and elaborate opportunities that WASH
education in schools holds for interventions.

The novelty of this paper to the scientific community, as well as to
WASH- and education-related practitioners and decision-makers,
includes:

1. First assessment of water, sanitation, hygiene, health and disease in
school books.

2. Mapping over time what and in which level of detail pupils study
about WASH and disease prevention in Kenyan primary schools.

3. Analysing the level of integration of school book knowledge into
WASH-related education interventions and the potential for sus-
tainable health programming.

2. Methods

Building on a study examining the risk perceptions and behaviours to
water-related infectious disease exposure and WASH (Anthonj et al.,
2016, 2019), we further assessed what water, sanitation, hygiene and
health information was being taught at schools. To do so we used the
water-related disease transmission classification by Bradley (1974).
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According to this classification, water-related infectious disease trans-
mission can be due to a water-related insect vector (e.g. Malaria),
water-based (e.g. Schistosomiasis), waterborne (e.g. Typhoid fever) or
water-washed (e.g. Trachoma) — and is overall closely linked to the
provision of safe water and sanitation, and the implementation of
healthy hygiene behaviours. Since water supply and storage, sanitation,
personal as well as environmental hygiene and human behaviour are on
the one hand risk factors for the contraction of infectious diseases, yet
can function as well as health-promoting factors (Anthonj et al., 2018),
we built our school book review on these exact themes. We first con-
ducted a review of text books used to teach science in Kenyan primary
schools under the 8-4-4 education system (Ministry of Education of the
Republic of Kenya, 1984) to capture the representation of WASH issues.
We then conducted a rapid literature review of behaviour change and
health messaging interventions and global policy guidance documents
to contextualise the results of the text book review and understand the
relevance of books and school education for WASH interventions.

2.1. Review of Kenyan primary school science text books

We reviewed primary school science text books in order to answer
two questions:

1. How are drinking water, sanitation and hygiene issues represented in
primary school science text books in Kenya?

2. Which WASH dimensions are addressed in the books and is there a
causal chain relating themes to each other?

2.1.1. Search and screening strategy

Data presented in this paper were gathered in 2016 as part of a
research project on water-related infectious disease exposure and WASH
in Rumuruti, Laikipia County, Kenya. Based on a rapid screening of
teaching materials used in the study area (Anthonj et al., 2016, 2018,
2019), we identified science education as the single source of informa-
tion related to WASH and disease risks in primary schools. We therefore
collected the science text books in use at the time of this study. Eight
primary school standard science books used from class 1 through class 8
covering the age range from 6 to 13 years (Table 1) were obtained and
analyzed.

We conducted a content analysis and encoded the material into five
categories in order to transform the raw data into analysable data.
Building on the classification of water-related disease transmission by
Bradley (1974), and the factors preventing the transmission of these
diseases, we included drinking water; sanitation; hygiene; environ-
mental hygiene & health promotion and disease risks as categories
(corresponding to Anthonj et al., 2018) We manually screened the eight
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books for all information related to our identified categories.

2.1.2. Content analysis

Water supply and storage, sanitation, personal as well as environ-
mental hygiene and human behaviour are on the one hand risk factors
for the contraction of infectious diseases, yet can function as well as
health-promoting factors. We therefore built this school book review on
five themes, that included:

i. Drinking water (water source; water transport; water quality;
water safety; household water treatment and safe storage; water
conservation);

ii. Sanitation (sanitation facility; toilet; sanitary hygiene; sanitation
behaviour);

iii. Hygiene (personal hygiene; handwashing, hygiene item; food
hygiene; food storage);

iv. Environmental hygiene with disease prevention and health pro-
motion; and

v. WASH-related disease risks and transmission pathways.

2.2. Rapid literature review of behaviour change and health messaging
interventions and global policy guidance documents

We conducted a rapid review of peer-reviewed and grey literature to
identify publications on WASH education and how this may affect
WASH behaviour change interventions in schools to answer two addi-
tional questions:

3. In what ways is school book information integrated in WASH in-
terventions in schools?

4. Which potential does WASH education in schools hold for
interventions?

2.2.1. Search and screening strategy

Our a rapid review aimed at identifying publications from (i) grey
literature that address WASH education in schools and (ii) peer-
reviewed journal articles that address the use of WASH in schools
(WinS) interventions. Two comprehensive literature reviews on WASH
in schools (Jasper et al., 2012; Joshi and Amadi, 2013) served as a
starting point for approaching the topic. We screened them for inter-
ventional studies addressing components related to education, health
promotion and behaviour change.

Additionally, we deployed the electronic literature database MED-
LINE for computer-based searches, to retrieve studies published after the
two reviews. The search within titles, abstracts and keywords included
the keyword combination of school AND water OR sanitation OR

Table 1
Kenyan primary school science textbooks for classes 1-8 used for book review.
Class  Code Name of book Authors Year Publisher Place Taught at
used published published age
1 Cl Science Matters 1. A Science Course for Ojwang & 2003 East African Publishers Ltd. Nairobi 6 years
Primary Schools K’ opiyo
2 Cc2 Science Matters 2. A Science Course for Embeywa & 2003 Oxford University Press, East Nairobi 7 years
Primary Schools Ndungi Africa Ltd.
3 Cc3 Science in Action 3 Embeywa et al. 2004 Oxford University Press, East Nairobi 8 years
Africa Ltd.
4 C4 Understanding Science 4. Pupil’s Book 4 Karaka et al. 2005 Longhorn Publishers Ltd. Nairobi 9 years
5 Cc5 Primary Science 5. Pupils’ Book for Standard Gichuki 2005 Kenya Literature Bureau Nairobi 10 years
Five
6 Cc6 Primary Science 6. Pupils’ Book for Standard Gichuki 2005 Kenya Literature Bureau Nairobi 11 years
Six
7 Cc7 Primary Science 7. Pupils’ Book for Standard Gichuki 2005 Kenya Literature Bureau Nairobi 12 years
Seven
8 c8 Primary Science 8. Pupils’ Book for Standard Gichuki 2005 Kenya Literature Bureau Nairobi 13 years

Eight
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hygiene AND intervention.

The results of the search were sorted by “best match”, an option on
MEDLINE to identify the most relevant publications, and the first
identified 100 papers were non-systematically screened in order to
identify potentially relevant studies for abstract review. Of those iden-
tified, only publications on intervention studies on WASH in school
settings that addressed our five categories of the school book review,
namely (i) drinking water; (ii) sanitation; (iii) hygiene; (iv) environ-
mental hygiene with disease prevention and health promotion; and (v)
WASH-related disease risks and transmission pathways, were included.
In case multiple articles were retrieved for the same intervention, only
one was considered. For every included study, the list of related articles
suggested by the database as well as the list of articles citing the study
were screened to possibly find additional studies. Moreover, included
studies were hand-searched for additional bibliographical references.
Publications in languages other than English were excluded.

Grey literature on WASH education for schools was searched on
Google using the following keywords combination: school, water,
sanitation, hygiene, and education (manual). The first 50 results were
screened to identify potentially relevant materials. Of those identified,
only publications on educational programs and objectives on WASH in
school settings that addressed our five categories of the school book
review were considered.

2.2.2. Content analysis

Of the n = 100 papers screened during the rapid review, 23 matched
the search criteria of being an intervention study in a school settings
addressing WASH aspects, considering an educational or behavioural
change component. This final set of eligible texts was subjected to
analysis and synthesis. Corresponding to the analysis of the school book
data, the same five categories were used in order to compare the
included studies to what we found in the school book data. We extracted
and tabulated relevant information, including type of educational
intervention, means of provision of education or health promotion,
topics addressed, educational materials considered and location of
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intervention. We interpreted, contextualised and synthesised the results.
From the grey literature, n = 5 publications were included and we
analyzed suggestions on main WASH topics to be included in WASH
education interventions, learning objectives and WASH curricula.

3. Results

3.1. Overview mapping of WASH themes in Kenyan primary school
science text books

3.1.1. Drinking water, water safety, household water treatment and safe
storage

Drinking water issues are addressed in four of the eight primary
school science text books reviewed. These were C2-C4 and C7 (Table 2),
a total of 22 text book pages (Table 3) and numerous illustrations
(Table 4).

Learning about drinking water starts in class 2 with a reminder to
“always drink clean water” and information on different ways of
removing substances from water. Step-by-step activities navigate the
pupils through using different cloth materials as filters (C2).

C3 teaches the pupils how to make water safe for drinking, and in-
troduces step-by-step guides to filtering and boiling drinking water
because “dirty water can make us sick”. The book recommends filtered
water to be boiled prior to drinking. The need to safely store water in
clean, covered containers is described, with storage options including
bottle, tank, jerry can and pot. Moreover, different ways of transporting
water are addressed, such as carrying water in a pot, using oxen or a cart,
carrying a jerry can on the head, or on the back, using a canal or pipes.

C4 entails more details and specifications on the ways of storing
water in tanks, drums, pots, buckets and dams. Different ways of water
use are described, including using water at home, in the farm, for rec-
reation, industry or transport. Water use at home includes drinking and
health promotion, cooking, personal hygiene, environmental hygiene
and sanitation, and others.

C7 highlights the “proper care and use of water and water sources” in

Table 2
Overview mapping of WASH themes in Kenyan primary school science textbooks for classes 1-8 by themes.
Class book 1 2 3 4 5 6 7 8
Theme covered
Water Water
treatment, transport, Water use, Water
Drinking water removal of household household ;
conservation
substances water storage, water storage
from water water safety
Sanitation Sanitar
Sanitation facilities and tary
hygiene
use
P 1 Hygiene i i
ersona ygiene lltems, Food hygiene,
. hygiene, cleaning N
Hygiene . . preservation and
hygiene items, personal storage
handwashing  hygiene items 8
. Health Prevention of Control of
. . Medical care, X . .
Environmental Cleaning clean education, malaria, water pollution,
hygiene & health compound, . use and tuberculosis, livestock
. X surroundings of .
promotion waste disposal house storage of waterborne parasites and
medicine diseases intestinal worms
Communicable Effects of water  Livestock
diseases, malaria, pollution, diseases,
Disease risks tuberculosis, livestock effects of
waterborne diseases, livestock
diseases parasites diseases

* Pupils’s approximate ages per class are: Class 1: 6-7 years; Class 2: 7-8 years; Class 3: 8-9 years; Class 4: 9-10 years; Class 5: 10-11 years; Class 6: 11-12 years; Class 7: 12-13 years; Class 8: 13-14 years
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Table 3
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Overview mapping of WASH themes in Kenyan primary school science textbook classes 1-8 by number of pages in books.

Class book 1 2 3 4

Theme covered

Drinking water 3
Sanitation 1.5 2
Hygiene 2 2
Environmental
hygiene & health 0.5 1
promotion

Disease risks

* The darker the shades in the table, the higher the number of pages in school books addressing WASH themes in school books.

4 -

5 6 7 8

4

** Pupils’s approximate ages per class are: Class 1: 6-7 years; Class 2: 7-8 years; Class 3: 8-9 years; Class 4: 9-10 years; Class 5: 10-11 years; Class 6: 11-12 years; Class 7: 12-13 years; Class 8: 13-14 years.

Table 4

Overview mapping of WASH themes in Kenyan primary school science textbook classes 1-8 by illustrations in books.

hiss Ll i

Thame ruyErrs

§ L T i

L=

Environmental
hygleme &
Beahh

BPisrase risbe

= Thirse ilsii fafions arr ramnpkn bibon o B revieeni Kespee sifiond bepsio ta giee tbe craber an bhgnesiion an Bic b’ peiieel. Tler srne book ooaldin many mware s hsdiom
= Pypib's spprodmaiy iges pet chise g i 1 8T posct; O #2700 piai Chiso 3 8% poiis Gl & 910 paoers, TBisi S 30- 18 iresirs; Class #1113 powr; Oeine ¥ 02-1 1 jowre Class B 1914 pias

order to “ensure that water is spared for future use,”. The book also teaches
ways of water conservation including rainwater harvesting, recycling
water, reusing water, constructing dams and others.

3.1.2. Sanitation facilities, sanitary hygiene and sanitation behaviour
Sanitation issues are addressed in C2—-C3 (Table 2), with 3.5 text

book pages covering sanitation in total (Table 3).

C2 describes different types of sanitation facilities, including pit la-
trines and flush toilets. Moreover, a simple manual guides the pupils on
how to use toilets: (i) enter the toilet and close the door; (ii) prepare
yourself and sit or squat on the toilet seat; (iii) after you finish, clean
yourself; (iv) flush the toilet; (v) wash your hands. Guides on the right
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use of latrines and urinals are provided as well.

C3 teaches the pupils how to clean toilets, urinals and latrines, and
reminds the pupils that “you will need soap, water and a hard brush”. It
also states that “good health requires clean surrounding” and that “toilets,
urinals and latrines must be kept clean all the time”.

3.1.3. Personal hygiene and handwashing

Hygiene issues are addressed in C1-C2 and C6 (Table 2), with a total
of ten text book pages covering the topic (Table 3).

Learning about hygiene starts in class 1 with a photo story on how to
clean and wash hands with soap and clean water. Different items for
personal hygiene are presented, including soap, towel, sponge and
water. Moreover, the book calls for washing hands at key times,
including (i) before and after eating; (ii) before preparing food; (iii) after
visiting the toilet (C1).

C2 focuses on different hygiene items such as toothbrush, face towel
and handkerchief. It includes a step-by-step guide on how to clean a
handkerchief, because “using dirty handkerchiefs can make you sick”.
Moreover, it reminds the pupils "not share your handkerchief with other
people”.

C6 addresses the topic of food hygiene and proper food storage, and
describes methods of food preservation.

3.1.4. Environmental hygiene, disease prevention and health promotion

Environmental hygiene and health promotion issues are addressed in
five science text books: in C2-C3 and C5-C7 (Table 2), 16 text book
pages were dedicated to this issue (Table 3).

C2 briefly touches upon the need of cleaning the domestic compound
and to “put all the rubbish in the rubbish pit”.

C3 refers to the need to keep the house and classroom clean as well.
Besides, the book underlines the value of good health, as “people feel well
when their bodies are in good health”, “good health means the body feeling”
and “the mind is thinking well”. The book calls for pupils feeling unwell to
notify their teacher or parents to take them to a doctor for assessment
and cure.

In C5, pupils learn about the proper use and storage of medicines by
the means of checklists they can follow.

C6 provides details on how to prevent the following diseases: (i)
Malaria (i.e. draining stagnant water and covering any water storage
containers to prevent breeding places for mosquitoes; sleeping under a
mosquito net; protecting windows with mosquito gauze; taking malarial
preventative drugs); (ii) Tuberculosis (i.e. immunisation; avoiding
exposure to a lot of dust through environmental hygiene; well-ventilated
rooms; avoiding overcrowded places; high standards of cleanliness); (iii)
Cholera (i.e. proper disposal of faeces; use of sanitation facilities; san-
itary hygiene; handwashing at key times; food hygiene; treatment of
drinking water; prevention of water pollution; treatment of infected
persons; cleanliness); (iv) Typhoid fever (i.e. drinking treated water;
food hygiene; handwashing at key times; proper disposal of faeces;
sanitary hygiene); and (v) Bilharzia (i.e. use of sanitation facility;
draining stagnant water; cleanliness; prevention of direct water contact;
killing water snails using chemicals.

In C7, different ways to control water pollution are presented,
including practicing proper hygiene, using sanitation facilities, and
avoiding surface water sources. Moreover, the textbook recommends
“drawing water for animals instead of taking them to water sources. This will
prevent them from releasing waste into the water” and “controlling the
dumping of industrial waste into water sources. All waste should be treated to
make it harmless to the environment”. C7 also suggests different methods
of controlling human intestinal worms. According to the book, the main
ways of breaking the transmission route from one person to another or
from an animal to a person is through proper sanitation practices and
“keeping the sources of water such as wells and rivers clean. Animals should
not be watered in water sources where people get their drinking water. This
ensures that animals do not drop their faeces in the sources of water. This will
help to control the spread of the parasites. Faeces and other garbage should
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not be dumped in rivers or dams where people draw their water.” Moreover,
“burning or burying garbage to destroy the eggs of intestinal worms” is rec-
ommended, as well as “using latrines always so that pigs and other animals
do not get into contact with human waste. This can help to control the
worms”. Besides, food hygiene and regular deworming are advised.

3.1.5. WASH-related disease risks and transmission pathways

Disease risks and transmission pathways related to inadequate
drinking water, sanitation, hygiene and environmental health are
addressed in C6-C8 (Table 2). A total of 19.5 textbook pages deal with
WASH-related diseases (Table 3).

Learning about specific WASH-related disease risks and transmission
pathways starts in C6 with very detailed information on communicable
diseases. The signs, symptoms and causes, along with explanatory il-
lustrations, are detailed for malaria and tuberculosis as follows:

e Malaria, “caused by some small parasites which feed on the red blood
cells of the human body”, with “parasites passed from one person to
another through mosquito bites. When a mosquito bites a person who is
infected with malaria, the parasites enter the body of the mosquito. When
the mosquito carrying malaria-causing parasites bites a healthy person, he
or she gets infected with malaria. In this way, malaria is spread from one
person to another”;

Tuberculosis, “caused by some germs called bacteria” that “mainly
attack the lungs. When a person who has TB coughs, these bacteria get
into the surrounding air. If a healthy person breathes in the air carrying
tuberculosis-causing bacteria, he or she may contract the disease. In this
way, TB is spread from one person to another”.

Moreover, waterborne diseases are discussed in detail. According to
C6, “there can be many disease-causing germs in the water around us. These
disease-causing germs are very small; we cannot see them with the naked eye.
A person can get a disease by drinking, walking in or swimming in water
containing germs. Diseases that are transmitted through water are called
waterborne diseases. Water which contains germs is said to be contami-
nated.“ The signs, symptoms and causes, along with explanatory illus-
trations, are detailed for the following waterborne diseases:

e Cholera, “caused by germs found in contaminated water. It is especially
common when there are floods and water gets contaminated with human
faeces. Cholera germs are passed on through drinking contaminated
water. Flies also carry cholera germs to food. Cholera spreads rapidly
from one person to another”;

Typhoid, “a very serious waterborne disease” affecting the intestines and
“caused by germs found in contaminated water. A person may get typhoid
fever after eating food and drinking water contaminated with faeces or
urine from a typhoid carrier. Water which is contaminated with sewage
can spread typhoid very quickly”;

Bilharzia, “caused by bilharzia worms”, “first found in human beings”.
“They enter into fresh water snails and are later passed through
contaminated fresh water. A person suffering from bilharzia normally
passes out the eggs of bilharzia worms in his/her urine or faeces. If the
eggs are passed into water through the urine or faeces, they hatch into
larvae which enter the body of a freshwater snail and get into the water,
ready to attack human beings. If one walks in, swims in or drinks
contaminated water, the larvae enter his or her body through the skin,
particularly the legs”.

C7 teaches pupils that “polluted water is not safe for drinking by human
beings and animals or for watering crops”, “because it contains harmful
substances that can cause diseases”. It aims at making pupils understand
that water pollution, caused by floods, human and animal waste and
uncontrolled use of pesticides and fertilisers, could be easily prevented.
Moreover, pupils learn about different types of parasites that can affect
livestock and that, “most parasites, both external and internal, that affect
livestock, are also a nuisance to human health. Internal parasites are spread
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from animals to human beings through food and water”. Safe disposal of
sanitary waste and maintenance of environmental hygiene help to
control the spread of these parasites.

In C8, the effects of livestock diseases on livestock are described.
Some of these include stunted growth, loss of weight, reduced yields,
rough coat, coughing and blood in stool. According to the book, “when
livestock are infected with diseases, they affect the farmer and the
community”.

3.2. Overview mapping of WASH in schools interventions; rapid literature
review

3.2.1. Content of grey literature on WASH education

Several guidelines and manuals have been developed by national and
international organisations such as UNICEF, WHO, governmental and
development organisations, specifying curricular content and learning
objectives for WASH education, including tips and examples of activ-
ities. We identified the top five relevant guidance documents in our
rapid review (Kenya Water for Health Organization, 2018; UNICEF,
2012; UNICEF Sri Lanka, n.d.; USAID/Splash, 2015; WHO Regional
Office for Europe, 2019) (Table 5).

Corresponding to what we found in Kenyan school books, WASH
education generally addressed one or more of the following themes
(Table 2 vs. 5):

e Drinking water treatment, handling and storage (UNICEF, 2012;
UNICEF Sri Lanka, n.y.; Kenya Water for Health Organization, 2018;
USAID/Splash, 2015), and hydration (Kenya Water for Health Or-
ganization, 2018; WHO Regional Office for Europe, 2019)

Safe faecal disposal and safe use of toilets and urinals (UNICEF, 2012;
WHO Regional Office for Europe, 2019; UNICEF Sri Lanka, n.y.;
Kenya Water for Health Organization, 2018; USAID/Splash, 2015)
Personal hygiene and handwashing with soap (UNICEF, 2012; WHO
Regional Office for Europe, 2019; UNICEF Sri Lanka, n.y.;
USAID/Splash, 2015), food hygiene (UNICEF, 2012; WHO Regional
Office for Europe, 2019; UNICEF Sri Lanka, n.y.; Kenya Water for
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Health Organization, 2018; USAID/Splash, 2015), male and female
hygiene and menstrual hygiene management (UNICEF, 2012; WHO
Regional Office for Europe, 2019; USAID/Splash, 2015)

e Environmental hygiene, waste management and water drainage
(UNICEF, 2012; WHO Regional Office for Europe, 2019; UNICEF Sri
Lanka, n.y.; Kenya Water for Health Organization, 2018)

e WASH-related diseases (UNICEF, 2012; Kenya Water for Health Or-
ganization, 2018; USAID/Splash, 2015)

Content on faecal disposal includes a lesson on safe disposal of
faeces, and use of toilets. It covers the importance of sanitation for the
prevention of diseases such as diarrhoea and worm infections and the F-
diagram, healthy voiding/defecation, the use of toilets and sanitary
hygiene. For waste management, the content often includes safe
handling of waste and importance of keeping the environment clean, or
detail about reducing, reusing and recycling waste. For older pupils it
covers aspects such as managing infectious waste or dangerous waste.

3.2.2. Content of publications on WASH education interventions

We identified 23 intervention studies addressing WASH or hygiene
education in schools in our rapid review. Twelve of the studies were
conducted in Kenya and eleven were done elsewhere (Table 6).

WASH education interventions typically targeted entire schools and
several classes, grades and a large age range at a time. Only one study
from China targeted only one grade, class 1 (Bowen et al., 2007).

The focus of WASH education interventions was mainly on hand
hygiene (n = 21). Half of the interventions targeted drinking water
safety (n = 12). One third of interventions addressed WASH-related
diseases such as diarrhoea, cholera, influenza (n = 7). Few of the
identified intervention studies included education on waste manage-
ment (n = 4), sanitation (n = 3), cleanliness of the environment (n = 3),
and food hygiene (n = 3). Of the WASH in schools intervention studies
identified through our rapid review, n = 13 included an educational
component such as ad-hoc lessons or a specific curriculum.

Less than half of interventions included a curricular component (n
= 9) (Bowen et al., 2007; Karon et al., 2016; Muckelbauer et al., 2009;

Overview mapping of WASH in schools interventions. Content of grey literature on WASH education.

Grey literature UNICEF (2012) WHO Regional Office for

Europe (2019)

UNICEEF Sri Lanka (n.
y)

Kenya Water for Health
Organization (2018)

USAID/Splash (2015)

Theme covered
Drinking water Water testing and treatment,
removal of faecal or

chemical contamination

Hydration and voiding matters.

Sanitation Toilet and urinal use Toilet use, sanitary hygiene,
healthy voiding/defecation,
link to social education and
respect

Hygiene Personal hygiene and Key personal hygiene

handwashing at key times, behaviours, handwashing tips
genital and menstrual and instructions, importance of
hygiene, importance of food  genital hygiene, menstrual
hygiene hygiene management,
importance of food hygiene
Environmental Solid waste and water Waste management (reducing,
hygiene, waste management to reduce reusing and recycling),
management, mosquito breeding, environmental protection and

reduction of diarrhoeal and
acute respiratory diseases
through WASH, healthy
nutrition

Water-related diseases, e.g.
malaria, risks related to
contaminated food

health promotion resulting health benefits,
management of infectious
waste, WASH-related health
benefits

Health risks related to poor
WASH conditions and
practices, food-borne disease
risks

Disease risks

Water treatment,
handling and storage,
water safety, water
mapping, water
quality testing

Toilet use, mapping
sanitation, de-
rehydration

Importance of
handwashing,
personal hygiene,
importance of food
hygiene and safe
handling

Solid waste and water
drainage mapping,
sorting solid waste

F-diagram and disease
risks related to poor
sanitation, risks
related to unsafe food
handling

Water use, water
treatment methods

Sanitation practices to
keep the home, school
and community
surroundings clean
Hygiene practices and
importance of personal
hygiene

Environmental hygiene
practices, waste
management

Water pollution and
waterborne diseases,
difference between clean
and safe water, food-
borne disease risks

Water transport, household
water storage, water safety,
water treatment measures,
hydrological cycle

Safe disposal of faeces

Personal hygiene, hygiene
items, cleaning personal
hygiene items, handwashing
with soap/ash, building a
handwashing station,
menstrual hygiene
management, food hygiene
Environmental hygiene:
animals, disinfection, disposal
of waste, wastewater, food
hygiene practices to prevent
food-borne contamination

Faecal-oral transmission of
germs, risks related to faecal
contamination and open
defecation, effects of pollution




Table 6
Description of included studies on WASH education interventions in schools based on n = 23 publications identified by rapid review.

#  Study Study setting Class and age Intervention(education/ education topics curricular book
range behaviour component) . R . . .
8 P water sanitation hand food cleanliness waste disease clubs curricular extracurricular unclear ad-hoc  not
hygiene hygiene management material considered

0 32 [uoypuy

Studies conducted in Kenya

1 Blanton et al. Nyanza Classes not Training on hygiene as well as  x X X X X X
Province specified, ages  instructional books.
8-19
2 Caruso et al. Nyando, Classes and ages Head teacher and health patron x X X X X
(2014) Kisumu, not specified training behaviour change
Rachuonyo component: (i) Making & using
Districts, soapy water, (ii) handwashing
Nyanza techniques at critical wash
Province times, (iii) latrine cleaning and
monitoring instruction.
3 Freeman et al. Nyando, Kisumu Classes not Training of teachers on health x X X
(2012) & Rachuonyo, specified, promotion, behaviour change
Suba Districts,  average age 13 and water treatment methods
Nyanza and regular follow-up visits
Province throughout the school year.
4 Garnetal. (2013) Rachuonyo, Classes 1-7, Hygiene promotion (no X X X X X
Suba, Nyando, ages not details).
Kisumu specified
Districts,
Nyanza
Province
5 Greene et al. Nyanza Classees 4 Teacher training on X X X X
(2012) Province through 8 maintenance of drinking and
(typically ages  handwashing facilities and
6-16) behaviour change promotion

lessons with pupils through
health clubs or other venues.

6 LaConetal Western Kenya  Classes 1 Teacher training and provision x X X X X
(2017) through 8, ages of educational materials.
not specified
7 Onyango-Ouma  Bondo District, Classes 2,3 and Action-oriented and X X X X X X X X X
et al. (2005) Western Kenya 5, ages range participatory health education
9-15 and follow-up phase with

pupils working as health
communicators in school,
community and families.

8 O'Reilly et al. Nyanza Classes 4-8, Teacher training on SWS use X X X X X X
(2008) Province ages not and proper six step
specified handwashing practices,

provision of training materials
for classroom, form safe water
clubs with pupils, teach SWS

and hygiene.
9 Pasewaldtetal. Kenya& Uganda Classes 3-8, Hand hygiene curriculum X X X X
(2019) ages not consisting of various lessons
specified and activities to educate pupils
about handwashing and
healthy handwashing
behaviour.
10 Patel et al. Nyando Classes 4-8, Teacher training on X X X X
(2012) Division, ages not handwashing and water
Nyanza specified treatment, provision of
Province instructional materials for
pupils.

(continued on next page)
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Table 6 (continued)

#  Study Study setting Class and age Intervention(education/ education topics curricular book
range behaviour component) water sanitation hand food cleanliness waste disease clubs curricular extracurricular unclear ad-hoc  not
hygiene hygiene management material considered
11 Saboori et al. Nyanza Classes 4-7, Teacher training on X X X X
(2013) Province ages not handwashing prior to
specified implementation.
12 Schlegelmilch District of Classes and ages Health and hygiene promotion X X X X X
et al. (2016) Kinango, Coast  not specified education to communities and
Province schools, employing Community
Led Total Sanitation (CLTS)
methods.

Studies conducted outside Kenya

13 Bowen et al. China Classes 1, ages  Handwashing programme. X X X X
(2007) not specified
14 Chard et al. Laos Classes 3-5, Behaviour change component:  x X X X X X
(2019) ages not hygiene action led by pupils in
specified schools implemented after the
installation of WASH hardware
components.
15 Freeman and Southern India  Classes and ages Teacher and pupil training, and x X X X
Clasen (2011) not specified provision of basic hygiene and
water treatment information.
16 Karon et al. Indonesia Classes 4-5, Hygiene promotion with X X X X X X X X
(2016) ages not activities including capacity
specified development of children,

teachers, headmasters, parents
and community members for
improved hygiene behaviour
among school children.

17 Lauetal. (2012) Chigaco Classes pre- Short repetitive instruction in X X X
kindergarten to hand hygiene every two
grade 8, ages months.
4-14
18 Muckelbauer Germany Classes 2-3, Teachers presenting prepared — x X X
et al. (2009) average age 8 classroom lessons to promote
water consumption.
19 Schulte et al. North Texas Classes and ages Sustained instruction in X X X
(2012) not specified handwashing and monitoring
of hygiene practices among
pupils.
20 Shrestha et al. Nepal Classes not Health promotion activities. X X X X X X
(2020) specified, ages
8-17
21 Talaat et al. Egypt Classes not Intensive campaign to promote X X X
(2011) specified, hand hygiene, requiring pupils

average age 8  to wash their hands at least
twice during the school day for
45 s, followed by proper rinsing
and drying with a clean towel.

22 Tidwell et al. India Classes not Teacher training and X X X
(2020) specified, age 8- curriculum for students on
13 handwashing.
23 Vally et al. Philippines kindergarten to  Children Hygiene and X X X X
(2019) grade 6, ages Sanitation Transformation
5-12 (CHAST) methodology, using

exercises and educational
games to teach children about
the links between personal
hygiene and health.

0 32 [uoypuy
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Onyango-Ouma et al., 2005; O’Reilly et al., 2008; Pasewaldt et al., 2019;
Shrestha et al., 2020; Tidwell et al., 2020; Vally et al., 2019). In-
terventions mainly promoted extracurricular educational activities
(n = 14) (Blanton et al., 2010; Caruso et al., 2014; Chard et al., 2019;
Freeman and Clasen, 2011; Greene et al., 2012; Karon et al., 2016; La
Con et al., 2017; Lau et al., 2012; O’Reilly et al., 2008; Saboori et al.,
2013; Schlegelmilch et al., 2016; Schulte et al., 2012; Shrestha et al.,
2020; Talaat et al., 2011) and health clubs (n = 5) (Blanton et al., 2010;
Greene et al., 2012; La Con et al., 2017; O’Reilly et al., 2008; Saboori
et al., 2013). Such extracurricular educational activities were often
health promotion programs or campaigns or behaviour change in-
terventions rather than a structured education program with written
curriculum/lessons, frontal lessons, and specific content/learning
objectives.

The interventions with an educational component were usually
limited in time - ranging from 1 day at the minimum to 2 months at the
maximum - and included ad-hoc developed materials for teachers and
children and lesson programmes (n = 12) (Blanton et al., 2010; Bowen
et al., 2007; Karon et al., 2016; La Con et al., 2017; Muckelbauer et al.,
2009; Onyango-Ouma et al., 2005; O’Reilly et al., 2008; Pasewaldt et al.,
2019; Patel et al., 2012; Shrestha et al., 2020; Tidwell et al., 2020; Vally
et al., 2019).

Three interventions did not provide enough information on the
type of intervention (whether curricular or extracurricular) (Freeman
et al., 2012; Garn et al., 2013; Patel et al., 2012).

Notably, none of our identified WASH education interventions
(n = 23) explicitly considered evaluating or using the existing
school curriculum or integrating the intervention lessons into the
school books in use (Table 6).

4. Discussion

4.1. Why what is in the books matters: primary school teaching material
from Kenya supports WASH and health education and promotes healthy
behaviour

WASH education is not only important to improve knowledge about
healthy behaviours, but it can also improve attitudes and generate
commitment to healthy conditions which eventually drive change,
making students improve their hygiene practices through health-
protective actions (Jasper et al., 2012; Onyango-Ouma et al., 2005;
UNICEF, 2012; WHO, 2019).

The reviewed Kenyan science textbooks address water, sanitation,
hygiene, environmental hygiene, health promotion and disease risks in a
total of 71 book pages over the course of eight years of primary school
education (Table 3). The topic addressed in most detail is drinking water
(22 pages), with pupils learning about different ways of treating, safely
storing and using drinking water. The books discuss the need for and
value of water conservation strategies, such as rainwater harvesting.
Altogether, the information provided by the school textbooks present a
comprehensive understanding on the value and benefits of drinking safe
water, while contextualising drinking water in the bigger hydrological
water cycle and various, competing uses (Table 2).

WASH-related disease risk factors and transmission pathways are
well covered across school years (19.5 pages) and suitably developed in
the Kenyan school books. Specifically, various waterborne (Cholera,
Typhoid fever), water-based (Bilharzia), vector-related (Malaria) and
other communicable diseases (Tuberculosis) are presented. The books
well explain several aspects of the causal chain and interconnection of
(the lack of) WASH and exposure to these diseases such as the adverse
effects of water pollution on human health and risks related to lack of
hygiene when interacting with livestock. This link is also discussed in
the context of environmental hygiene (16 pages), which in the books
covers the need to keep the domestic compound clean and dispose waste
properly, or control water pollution in order to prevent disease.

Drinking water-, WASH-related disease risk- and environmental
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health-related topics are therefore comprehensively covered in the
Kenyan 8-4-4 primary school science textbooks. However, given that
WASH includes the three dimensions of water AND sanitation AND
hygiene, outstanding gaps were identified in lack of detailed educational
content on sanitation (3.5 pages) and hygiene (10 pages). Hygiene and
handwashing, a key measure to prevent water-related and other infec-
tious diseases, are only taught briefly in C1-2 (4 pages). The content
solely covers the importance and implementation of personal hygiene,
handwashing and cleaning of hygiene items. Vital hygiene issues such as
food hygiene could be added in earlier classes, as well as biological and
epidemiological concepts on the need for hygiene and disease preven-
tion. To favour long-lasting behaviour change and healthy practices, it is
recommended to provide sustained hygiene promotion, as negative
habits re-emerge over time even after initially successful interventions
(Neal et al., 2015). Sanitation education only covers the different types
and use of sanitation facilities, as well as the importance of sanitary
hygiene, with a brief reference to WASH-related disease risks. Further
details on risks related to poor sanitation are not addressed. Open
defecation, a major risk factor to WASH-related infectious disease, is not
addressed at all even though 12% of the Kenya’s population still practice
it. Menstrual hygiene management, a key topic in WASH in schools, is
not addressed at all in any of the eight science school textbooks reviewed
either. This is a key gap in the core teaching material given the impor-
tance of menstrual hygiene to prevent infections and reduce girls’
absenteeism in school.

Another challenge in fully understanding the causal chain of (lack of)
WASH and health risk — or health promotion - results from the fact that
the different themes are not consistently covered through the primary
school classes. While hygiene, for example, is addressed in class 1 and 2,
there is a gap until class 6, when pupils continue to learn about hygiene.
Likewise, sanitation is only covered in C2-3, and not at all before or
thereafter. Finally, pupils do not learn about disease risks until C6.

In summary, the depth of content of educational materials varies
greatly across the primary school classes. While Kenyan primary school
teaching material greatly supports WASH, health education and pro-
motes healthy behaviours, there remains room for improvement for
them to serve as entry point to strengthen WASH.

A comparison of our assessment of WASH, health and disease
knowledge and the mapping over time on what and in which level of
detail pupils study about WASH and disease prevention in Kenyan pri-
mary schools (Tables 2-4) with the WASH-related education interven-
tion studies (Table 6) showed the following: Similar to school book
education on WASH, that mainly focuses on drinking water aspects,
most school-based WASH interventions in Kenya also include drinking
water components, covering water treatment (Freeman et al., 2012;
Patel et al., 2012), teacher training on maintenance of drinking water
facilities (Greene et al., 2012), and student water clubs (O’Reilly et al.,
2008). Sanitation interventions in schools in Kenya according to our
review are limited, just as sanitation issues were also only discussed in
school books (Tables 2-4) in a limited way, and include sanitation
behaviour components (Onyango-Ouma et al., 2005) as well as
community-led total sanitation methods (Schlegelmilch et al., 2016).
Hygiene and related behaviour education, on the other hand, which
come up short in our reviewed school books, are well represented in the
school-based WASH interventions, covering hand hygiene training
(Blanton et al., 2010; Garn et al., 2013; Greene et al., 2012; Patel et al.,
2012; Schlegelmilch et al., 2016) including the preparation and use of
soapy water, handwashing techniques and handwashing at critical times
(Caruso et al., 2014; Pasewaldt et al., 2019; O’Reilly et al., 2008). While
vastly addressed among older primary school students (grades 5-7,
Tables 2-4), environmental hygiene and waste management for health
promotion are included in few intervention studies in Kenya only
(Caruso et al., 2014; Onyango-Ouma et al., 2005). Likewise, disease risks
that were addressed in detail in Kenyan school books for older pupils
(grades 6-8, Tables 2-4), are considered only in very few WASH in
school education interventions in Kenya (Onyango-Ouma et al., 2005).
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Similar to the school books that cover drinking water-, sanitation-,
hygiene-, environmental hygiene-, and disease risk-related themes not in
every grade in a similar depth and detail (Tables 2-4), WASH in schools
education interventions in Kenya do not either. Such interventions
typically target entire schools and several classes, grades and large age
ranges at a time. Of our identified WASH in school education inter-
vention studies from Kenya (n = 12), half do not specify grades or age
ranges of targeted pupils (Caruso et al., 2014; Freeman et al., 2012; Garn
et al,, 2013; La Con et al., 2017; Schlegelmilch et al., 2016). The
remaining studies cover multiple age ranges and classes, e.g. from 4
through 8 (Greene et al., 2012; O’Reilly et al., 2008; Patel et al., 2012).

4.2. Local school book knowledge versus global WASH education
interventions: disconnect or integration?

The WASH in school education intervention studies that were
included in our rapid review (Table 6), did not consider using locally
available education materials prior to or during the intervention. Only
few studies (e.g. Blanton et al., 2010; Karon et al., 2016; Pasewaldt et al.,
2019; Vally et al., 2019) evaluated the pupils’ knowledge prior to an
intervention as a baseline value. They included limited general ques-
tions on hand hygiene or water treatment, and only one study included
questions specifically asking about the education received in class
(Karon et al., 2016). Similarly, none of the intervention studies con-
ducted in Kenya (Table 6) made use of the content available in the
primary school science textbooks. A possible reason for this could be
deficient WASH infrastructure in areas where the studies were con-
ducted. The interventions thus centred mainly around infrastructural
improvements instead of educational dimension. However, where
educational materials and traditional lessons-style interventions were
used, ad-hoc materials were generally developed and used instead of
existing school books.

This observation shows a disconnect and lack of integration of WASH
interventions with the local educational systems and characteristics.
This may affect the success and the sustainability of any short-term
behaviour change interventions. It is important to consider that inter-
national organisations rolling out interventions in schools to improve
WASH services and train pupils and teachers on safe WASH behaviours
are usually responding to a funder-determined need. Such projects are
usually implemented in response to requests by, and with involvement
of, ministries in the target countries (Garn et al., 2013).

Integrated interventions, addressing education as well as infra-
structure needs, are known to be more efficacious than purely
infrastructure-focused interventions. Integrated interventions have the
potential to last in the long-term, especially when they include ap-
proaches that stimulate and/or facilitate the development of attitude
and ownership among school users, beyond the mere gain in knowledge
or access (WHO Regional Office for Europe, 2016). An integration of
WASH education into standardised school curricula ensures that ca-
pacity on all topics of relevance is built among all teachers in the system
and that all pupils receive the same evidence-based information and
lessons developed specifically to favour the development of habits. WHO
and UNICEF have long recommended countries and schools to integrate
hygiene and WASH education in the national curriculum to ensure
sustained and standardised hygiene promotion across all schools. Inte-
gration of WASH content in the school curriculum, and training teachers
in the course of their standardised college education, is considered most
sustainable and efficient. Teaching materials must also be available and
accessible for all teachers and pupils at reasonable prices.

4.3. Implications for WASH-related interventions, health programming
and messaging

Our analysis suggests that integrating local school book knowledge
into WASH education interventions is not common. Considering, on the
other hand, that the inclusion of school book content into interventions
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is no indicator for its effective uptake in practice, and that many WASH
interventions are designed as extra-curricular programs to either address
gaps in implementation or augment existing curricula, integrating
WASH education interventions into existing school dynamics and
educational programs holds an evident potential for future projects. This
will enable interventions to complement and strengthen the health
messaging around WASH and health outcomes.

According to our literature review of WASH in schools education
interventions, such interventions typically target entire schools and
several classes, grades and large age ranges at a time (Table 6).
Considering the breadth and depth — but also gaps - of WASH themes
covered in primary school textbooks in Kenya, interventions com-
plementing the school book knowledge with skills-based and partici-
patory education could further support the development of healthy
habits among pupils.

In many schools, health or hygiene education are an integral part of
the curriculum, although in some countries and regions, the number and
breadth of WASH-related topics in schools is limited only to some classes
or is not comprehensive (WHO Regional Office for Europe, 2016).
Considering and building on such curricula, existing local educational
materials and knowledge may facilitate the buy-in and involvement of
teachers and school managers in strengthening education and the
implementation of improvements. As school books represent in part the
knowledge that exists and is provided to children as well as the national
priorities, their long-term consideration is key.

To facilitate translation of the information in the school books into
life-long skills that empower children to take healthy choices, an inter-
active, child-centred, participatory approach that engages the pupils in
the learning process is of great importance (WHO Regional Office for
Europe, 2019). Complementary hygiene or WASH clubs and extracur-
ricular activities which are often considered in interventions (Table 6),
have proven effective, although integration of such educational mes-
sages and behaviour change measures into school curricular activities is
the most sustainable option (WHO Regional Office for Europe, 2019).

New approaches should best be developed around existing knowl-
edge and educational programs to ensure the relevance and uptake at
the local or the national level, particularly when implemented in
collaboration with educational authorities. Finally, to link WASH edu-
cation and real hygiene needs and priorities of the communities in which
the pupils live, dialogue and participation of local actors is vital.

The thematic gaps/under-representations in books that we identified
in our work, namely sanitation, hygiene and menstrual hygiene educa-
tion, are all high on the development and WASH agenda, and altogether
challenging topics which require breaking cultural taboos. Menstrual
hygiene has long been recommended by UNICEF and WHO to be better
integrated into education to ensure the equity, well-being and dignity of
girls in schools (Alexander et al., 2018; Sommer et al., 2016; WHO
Regional Office for Europe, 2019). Likewise, healthy hydration as well
as proper voiding and defecation and learning about the health of bowel
and bladder need to find their space in the books (WHO Regional Office
for Europe, 2019). Finally, it is important that teachers’ materials stress
the importance and suggest approaches of building on child centred and
skills-based education to facilitate the development of healthy attitudes
and habits (WHO Regional Office for Europe, 2019).

4.4. Contextualisation of our findings with the reality in the local settings,
with the unprecedented COVID-19 pandemic and potential of WASH in
school education for future public health emergencies

The Kenya Environmental Sanitation and Hygiene Policy mandates
the Ministry of Health to promote health and hygiene education as part
of the curriculum at nursery, primary and secondary school levels (GoK,
2016). Results of our school book review, however, showed critical gaps
in health and hygiene topics in primary school books. Hand hygiene, for
example, was only covered in the lower C1 and C2 books and was not
developed in the subsequent classes. In the context of the current
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unprecedented COVID-19 pandemic that the woeld is facing, the lack of
sufficient and continuous education on basic hand hygiene - one of the
key preventive measures for COVID-19 - is particularly problematic.
According to Ritchie et al. (2020), there has been a steady increase in
COVID-19-related mortality overall in Kenya, and as schools are
reopening across the country, many have reported positive coronavirus
cases (Yusuf, 2020).

Besides, there is a theory versus practice gap:

As previously mentioned, combined measures addressing both
infrastructure and education are most effective in building healthy
WASH habits. Kenya’s National School Health Policy states that:

e adequate, safe drinking water points shall be available in each
school;

e hand-washing facilities including soap shall be provided in each
school within the vicinity of the toilet/latrine (Republic of Kenya,
2009).

The reality in Kenyan schools however, looks different: In 2014, only
43% of public primary schools had access to reliable water from taps or
boreholes, 48% of the schools relied on rain or river water and 9.5% did
not have access to any water source (Ministry of Education of the Re-
public of Kenya, 2014). Moreover, 40% of rural schools in Kenya do not
have handwashing facilities and more than 80% of those that have them
lack soap (Morgan et al., 2017). Thus, even though the pupils gain a
comprehensive understanding of water-related health risks and healthy
behaviours through the text books, putting this gained knowledge into
practice is impeded by inaccessible WASH infrastructure. WASH, eco-
nomic and social conditions are highly heterogenous in the country,
depending on the local realities. Various geographical factors, including
environmental conditions like climate, weather, water availability, may
play a role in the level of depth that pupils are familiar with WASH
infrastructure and healthy practices and in the level of access of these
services in schools. WASH conditions, perceptions and cultural prefer-
ences or taboos may differ depending on the region and local settings
and influence perceptions, practices and knowledge (Anthonj et al.,
2016, 2019).

The Kenyan Ministry of Education is responsible for implementing
WASH in school programmes and ensuring that all schools are provided
with adequate sanitation and hygiene facilities and services, while tak-
ing into account the special needs of girls and children with disabilities
(GOK, 2016). Although the policy clearly recognised these special needs,
none of the science books covered topics related to menstrual hygiene,
uncovering also a science education versus WASH policy gap.

In the face of the ongoing COVID-19 pandemic particularly, there is
an urgent need to improve and standardise approaches for WASH edu-
cation and WASH infrastructure in schools. Kenya’s Ministry of Educa-
tion health and safety protocols for reopening of basic education
institutions in the context of the pandemic require provision of adequate
handwashing points at strategic locations, sufficient clean running water
(at least 5 L per person per day), and adequate liquid soap at all hand
washing points (Republic of Kenya, 2020). In order to meet these re-
quirements, stakeholders in the education sector need to upgrade WASH
facilities, ensure continuous supply of hand washing soap and promote
hand hygiene as part of COVID-19 control measures in all schools.
Financial aids and efforts to control and reduce the spread of COVID-19
could become the drive to review hygiene curricula and conditions in
schools to provide more comprehensive and participatory education
programmes, including hands-on practice experience, and ensure access
to basic WASH provisions. This would turn in long-term improvements
to protect the health of students and teachers and prevent future public
health emergencies.

4.5. Limitations

Our school book review was limited to Kenya. Within Kenya, only
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one region was sampled to access a set of school books which were
commonly used in Laikipia County, according to head teachers con-
sulted prior to the data collection and analysis,. These science education
books represent what was being taught in the study area at the time of
the study (2015-2016). These books do not represent the entirety of
school books approved for primary schools in Kenya, many of which are
dated well after 2005 (the latest publication date of the books used in the
area) (Table 1) (Ministry of Education of the Republic of Kenya, 2015).
What is being taught on WASH and environmental health in schools may
have changed since the time of the study (Table 1). We acknowledge that
this dataset is not be comprehensive — neither for Kenya, nor in general
but it does capture topics covered during primary school. While in our
research area WASH and disease risk was only taught in science class,
elsewhere, it may be covered also by arts or social science text books.
Nevertheless, it enabled us to gain a good understanding on what level of
WASH- and water-related disease information pupils at primary schools
may have access to; how this relates to WASH education interventions;
and how this knowledge can be better used for WASH in school pro-
gramming. Our rapid review of peer-reviewed and grey literature of
behaviour change and health messaging interventions on WASH in
schools and global policy guidance documents was not aligned with the
PRISMA criteria for systematic literature reviews (Moher et al., 2009).
Instead, we identified our included publications strategically via “best
match”, an option on MEDLINE to identify the most relevant
peer-reviewed publications, and grey literature via first and most rele-
vant results on Google. This review of literature was restricted to pub-
lications that were available in English, which may have affected the
studies identified and included.

The intervention studies included from Kenya underlie a reporting
bias, with eight out of twelve studies conducted in Nyanza province
(Table 6), where a large-scale research and intervention project
designed to develop, test and promote improved water treatment and
hygiene through schools and communities was rolled out in response to
a high diarrhoeal disease burden and poor drinking water access by an
international non-governmental organisation over the past years (Car-
uso et al., 2014; Freeman et al., 2012; Garn et al., 2013; Greene et al.,
2012; O’Reilly et al., 2008). Interventions in the larger part of the
country is therefore not represented in the review.

Finally, the Kenyan 8-4-4 educational system is currently tran-
sitioning towards a competence-based curriculum (CBC). The roll-out of
the new curriculum started in 2018 with children who started their
primary school in that year, while the other classes continue with the 8-
4-4 system as the new curriculum is phased in (Kenya Institute of Cur-
riculum Development, 2017). This CBC will also use different teaching
materials. While this could be considered a limitation of our analyses of
8-4-4 system teaching materials, it can also serve as an entry point for
continuous improvement of the existing and newly developed teaching
materials.

5. Conclusions

Kenyan school books provide pupils with a comprehensive under-
standing of drinking water sources and management - including quality,
treatment, safe storage and water conservation -, water-related disease
risks and transmission pathways, and the importance of environmental
hygiene, disease prevention and health promotion. While this serves as
an entry point for strengthening WASH, there remains room for
improvement. Topics in particular needed for improvement with respect
to thematic and school years coverage are: personal hygiene and
handwashing, menstrual hygiene management, and sanitation educa-
tion, as well as related health risks and disease exposures. These themes
are all high on the development and WASH agenda, which urges for
integration in school books, making an effort to breaking cultural taboos
(WHO Regional Office for Europe, 2019).

In the Kenyan context, WASH improvements still require efforts
addressing both accessibility of services and behaviour change to ensure
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healthy practices, as though education is included in school books,
services do not meet national requirements in many schools. This
analysis revealed a gap between policies and implementation as well as a
disconnect between local education curricular programmes and WASH
education interventions, a missed opportunity for effective and sus-
tainable behaviour change. There is still need for scaling-up improve-
ment interventions and integrating WASH education interventions into
existing school dynamics and educational programs holds an evident
potential for future projects. Considering and building on existing local
educational materials and knowledge may facilitate the buy-in and
involvement of teachers and school managers in strengthen education
and lasting implementation of improvements with sustained beneficial
effects.

Efforts are needed now more than ever, due to the challenges of
schools and communities in the context of the current COVID-19
pandemic.

To our best knowledge, this is the first study addressing the coverage
of WASH in school books and the consideration of curricular materials
for WASH in interventions.

6. Recommendations and future research

Thus we recommend researchers, practicioners and educational au-
thorities to

o integrate WASH in school books and educational curricula, besides
WASH infrastructure;

e investigate how the WASH content of schools books is used and
taught to the pupils, and to what extent knowledge is retained and
multiplies in their households and communities;

e promote implementation research with integrated interventions,
that better consider school book knowledge.

We recommend international organisations working on WASH in
schools behaviour change interventions to

e work even closer with ministries of education to jointly address gaps
in implementation and augment the existing curricula;

e integrate text book knowledge for specific classes and age ranges into
their programs, adapted to thegeographical and cultural contexts
that pupils live in.

We recommend political decision-makers in WASH and education to
consider

working closer with local communities to help provide suitable and
sustainable WASH programming;

working closer with international organisations providing WASH
programming in their country to coordinate and scale-up improve-
ment and monitor integration of interventions with existing mate-
rials and local dynamics;

regularly reviewing evidence-based guidance and recommendations
on WASH education and update curricular programs and learning
objectives - the current revision of the school system provides a good
entry point;

implementing approaches for child-centred participatory teaching
and skills based education to integrate in regular curriculum and
school materials;

reviewing school books and teaching methods to cover the gaps
between policy and implementation and ensure comprehensive
coverage of topics such as sanitation and hygiene;

adapting school learning materials to be comprehensive and appli-
cable in all the realities of different regional and environmental
conditions (e.g. climate, weather, water availability), settings (urban
vs. peri-urban vs. rural vs. informal) and necessities, all of which are
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important drivers for WASH practices, behaviours, perceptions, and
knowledge.

Our future work will continue to build on these analyses, extend
them to other countries and contextualise them with the COVID-19
pandemic and the implications, challenge and solutions of WASH in
schools.
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ARTICLE INFO ABSTRACT

Keywords: Background: Prenatal exposure to organophosphate and pyrethroid insecticides has been associated with
Pyrethroids impaired neurodevelopment. Few longitudinal studies have investigated associations with early language
Organophosphates

development in populations with mainly low dietary exposure.

Objective: To investigate associations between biomarkers of maternal gestational exposure to organophosphate
and pyrethroid insecticides and the child’s language development at age 20-36 months in the prospective
Odense Child Cohort.

Methods: Metabolites of organophosphate and pyrethroid insecticides were measured in maternal urine samples
collected at gestational week 28. Language development was assessed among 755 singletons at age 20-36
months using the Vocabulary and Complexity scores of the MacArthur-Bates Communicative Development In-
ventories, standardized into age and sex specific percentile scores according to a Danish reference study. Multiple
logistic regression models were used to estimate the odds of scoring below the 15th percentile scores in relation
to maternal urinary insecticide metabolite concentrations after adjustment for confounders.

Results: The generic pyrethroid metabolite 3-phenoxybenzoic acid (3-PBA) and the chlorpyrifos metabolite 3,5,6-
trichloro-2-pyridinol (TCPY) were detectable in more than 90% of the urine samples analyzed. Likewise, 82.2%
had detectable concentrations of diethyl phosphates (DE) and 58.4% of dimethyl phosphates (DM), both of which
are common metabolites of organophosphate insecticides. None of the metabolites was associated with higher
odds of delayed results below the 15th percentile language scores. In contrast, reduced probability for scoring
below the 15th percentile Vocabulary score was seen for the highest tertile of 3-PBA in boys and for the upper
tertile of TCPY and DE in girls.

Conclusion: In this prospective cohort, with predominantly dietary insecticide exposure, we found no evidence
that gestational exposure to organophosphate or pyrethroid insecticides adversely affected early language
development in the children. The observed indication of a positive effect of insecticides on language develop-
ment may be explained by residual and unmeasured confounding from socioeconomic factors and dietary habits.
Follow-up of these children should include assessment of more complex cognitive functions in later childhood, as
well as associations with their own postnatal insecticide exposure.
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1. Introduction

Pyrethroids and organophosphates are two major classes of in-
secticides. Due to their acute toxicity, organophosphates were pro-
hibited for indoor use as biocides in both the EU and the U.S. more than a
decade ago, but they are still in use in agriculture, although not in
Denmark. The organophosphate chlorpyrifos has for decades been one
of the most widely used insecticides in agriculture worldwide (Eaton
et al., 2008). However, from February 2020 chlorpyrifos and
chlorpyrifos-methyl are no longer approved for use in the EU because of
concern for developmental neurotoxicity and genotoxicity (EFSA,
2019), although exposure will still occur from produce originating
outside the EU. While the use of organophosphates is decreasing, the use
of pyrethroids is increasing as substitutes for organophosphates in
biocide products and also, to some degree, in agriculture. Human bio-
monitoring studies suggest widespread exposure to both organophos-
phates and pyrethroids, also among pregnant women, based on high
detection rates of organophosphate and pyrethroid metabolites in urine
from pregnant women (Dalsager et al., 2019; Dereumeaux et al., 2018;
Sokoloff et al., 2016; Yolton et al., 2013). The insecticides are able to
cross the human placenta, thus causing fetal exposures as well, as
illustrated by detection of these substances in umbilical cord blood and
meconium (Berton et al., 2014; Rauh et al., 2011; Silver et al., 2016).

Most insecticides target the nervous system of insects. Due to simi-
larities in neurochemistry they also have neurotoxic properties in
mammals (Abreu-Villaca and Levin, 2017). The developing brain is
particularly vulnerable to neurotoxicants, and major windows of
vulnerability occur in utero and during early postnatal life (Grandjean
and Landrigan, 2014; Rice and Barone, 2000). Several birth cohort
studies have reported associations between prenatal exposure to
organophosphate and pyrethroid insecticides and impaired childhood
neurodevelopment, i.e., cognitive and/or behavioural deficits, although
mainly in populations with elevated exposure from occupational or in-
door use or from residence in proximity to pesticide-treated agricultural
areas (Andersen et al., 2015; Bouchard et al., 2011; Eskenazi et al., 2018;
Gunier et al., 2017; Liu et al., 2016; Llop et al., 2013; Rauh et al., 2006;
Shelton et al.,, 2014). A few studies have investigated neuro-
developmental outcomes associated with prenatal organophosphate and
pyrethroid exposure in populations considered to be mainly exposed
through ingestion of residues in foods (Cartier et al., 2016; Dalsager
et al., 2019; Donauer et al., 2016; Jusko et al., 2019; Nkinsa et al., 2020;
Tanner et al., 2020; Viel et al., 2015, 2017; Yolton et al., 2013), and the
results have been equivocal perhaps in part due to differences in study
design. Some of these studies reported on language development as part
of IQ assessment in relation to prenatal pyrethroid (Viel et al., 2015) or
organophosphate exposure (Cartier et al., 2016; Donauer et al., 2016;
Nkinsa et al., 2020). Only one study assessed language skills as a sepa-
rate outcome and found no relationships between prenatal organo-
phosphate exposure and language development at age 4 years (Donauer
et al., 2016). Since early language development can be seen as an
important indicator of early neurodevelopment and is correlated to
subsequent intelligence and later academic achievement (Bleses et al.,
2016; Flensborg-Madsen and Mortensen, 2018; Liao et al., 2015), we
aimed to investigate associations between maternal urinary concentra-
tions of organophosphate and pyrethroid metabolites in pregnancy and
language development in the children up to age 36 months among
mother-child pairs from the Odense Child Cohort (OCC). From this
cohort, mainly exposed to organophosphate and pyrethroid insecticides
from dietary sources, we have previously reported associations between
maternal pyrethroid exposure in pregnancy and more attention deficit
hyperactivity disorder (ADHD) symptoms among the children at age 2—4
years (Dalsager et al., 2019).
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2. Methods
2.1. Study population

We used data from the prospective Odense Child Cohort (OCC). From
January 2010 to December 2012, all pregnant women living in the
Municipality of Odense in Denmark were invited to participate in the
cohort either at a voluntary meeting about ultrasound, at the first
antenatal visit or at the first ultrasound examination at Odense Uni-
versity Hospital at gestational week (GW) 8-16 weeks. A total of 2874
women agreed to participate. Of these women, 52 dropped out before
giving birth, 112 had a miscarriages or stillbirth, and 210 withdrew from
the cohort after giving birth, leaving 2500 families (2549 children) in
the cohort. Participating women tended to be older, more often non-
smokers, better educated, had fewer children, and were more often of
Danish origin than non-participants (Kyhl et al., 2015). At both inclusion
and GW 28 the women filled in questionnaires about health, lifestyle and
social factors. All children were examined at birth, and information on
birth weight (g), gestational age of the child as well as maternal pre
pregnancy BMI (kg/m?), smoking status, parity and age at delivery was
obtained from obstetric records. Maternal country of birth was obtained
from a register in the Municipality of Odense. For 228 women, infor-
mation on education level was missing from the questionnaires. In these
cases, information on occupation obtained from obstetric records was
used to estimate educational level whenever possible. Information on
duration of breastfeeding was obtained from questionnaires answered
by the parents when the child was 18 months and supplemented with
data from a sub-project on breastfeeding reported via text messages
(Bruun et al., 2016). For this study, we excluded twins and children of
mothers not born in Denmark (to ensure that all mothers were native
Danish speakers).

2.2. Pyrethroid and organophosphate insecticide exposure measurements

Spot urine samples were collected in GW 28 (median 28.7, range
26.4-34.0) after overnight fasting and before 9.30 a.m. The samples
were stored at —80 °C until analyses. Out of 1603 women who provided
a urine sample, a subset of 1207 samples (including mothers of twins
and mothers not born in Denmark) was analyzed for the specific
metabolite of chlorpyrifos/chlorpyrifos-methyl, TCPY (3,5,6-trichloro-
2-pyridinol), and the generic pyrethroid metabolite, 3-PBA (3-phenox-
ybenzoic acid), representing exposure to most pyrethroids. In addition,
we measured some more specific pyrethroid metabolites: cis- and trans-
DCCA  (3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane-1-carboxylic
acid) representing exposure to the cis- and trans-isomers of permethrin,
cypermethrin, and cyfluthrin; 4-F-3PBA (4-fluoro-3-phenoxybenzoic
acid) which is a specific metabolite of cyfluthrin; and cis-DBCA (cis-3-
(2,2-dibromovinyl)-2,2-dimethylcyclopropane-1-carboxylic acid) being
a specific metabolite of deltamethrin. The analyses were performed by
high performance liquid chromatography and tandem mass spectrom-
etry (LC-MS/MS) as previously described (Dalsager et al., 2019). Cali-
bration curves, solvent blanks, and quality control samples were
included in each batch of samples. In-house made quality control (QC)
samples (low and high level) with all compounds were made in diluted
urine (1:3). The accuracy of the analysis was also controlled by partic-
ipation in the German External Quality Assessment Scheme (G-EQUAS),
(for 3-PBA, trans-DCCA, and cis-DBCA). Excess sample material from
this program was also used as QC samples. The accuracy of the analysis
for all the compounds ranged from 92.7 to 103.3%. The between batch
variation (CV%) ranged from 3.5 to 17.6%. The limit of detection (LOD)
for the compounds were: 0.3 pg/L for TCPY; 0.03 pg/L for 3-PBA, 0.2
pg/L for 4-F-3PBA; 0.4 pg/L for trans-DCCA, and 0.5 pg/L for cis-DCCA
and cis-DBCA. Spectrophotometric determination of creatinine concen-
trations was conducted on a Konelab 20 Clinical Chemistry Analyzer,
using a commercial kit (Thermo, Vantaa, Finland).

Out of the 1207 urine samples, a subset of 564 samples were also
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analyzed for concentrations of six non-specific dialkyl phosphate (DAP)
metabolites of organophosphate insecticides at the Flemish Institute for
Technological Research NV (VITO), Belgium, using solid phase extrac-
tion (SPE) followed by Ultra Performance Liquid Chromatography-
tandem mass spectrometry (UPLC-MS/MS) as previously described
(Dalsager et al., 2018). The DAP metabolites comprise three dimethyl
(DM) phosphate metabolites (dimethyl phosphate (DMP), dimethyl
thiophosphate (DMTP), dimethyl dithiophosphate (DMDTP)) and three
diethyl (DE) phosphate metabolites (diethyl phosphate (DEP), diethyl
thiophosphate (DETP), and diethyl dithiophosphate (DEDTP)). LODs
were 1.49 pg/L for DMP and 0.30 pg/L for DMTP, DMDTP, DEP, DEDTP,
and DEDTP. The metabolite concentrations were converted to their
molar concentrations and summed to yield total DM, total DE, and total
DAP concentrations (nmol/L).

The first 200 urine samples analyzed for insecticides were selected
randomly from the 1603 available urine samples, whereas the remaining
samples were selected based upon availability of information from
baseline questionnaires, birth records and clinical examinations of the
child.

2.3. Language development assessment

Language development was assessed using the validated Danish
adaption of the MacArthur-Bates Communicative Development In-
ventories (MB-CDI) (Bleses et al., 2008; Fenson et al., 2000) which is a
parent report instrument used for assessing children’s early language
development (e.g., vocabulary and grammar) at different age steps.
Every third month from the age of 20-36 months, the parents completed
an electronic version of the MB-CDI: Words and Sentence questionnaire
regarding their child’s current language skills. The questionnaire con-
tained seven subscales, of which two (Vocabulary and Complexity) were
included in the present study to represent important domains of lan-
guage development during the age span of interest (Fenson et al., 2000).
The Vocabulary subscale focuses on the child’s use of commonly used
words for toddlers (lexical development), whereas the Complexity sub-
scale focuses on use of grammar and syntactic complex sentences
(morphosyntactic development). In the questionnaire, parents marked
all words and sentences their child produced prior to or at the time of
reply.

Although parents repeatedly filled in questionnaires during the 16-
month period, we included only one questionnaire per category per
child because some parents only filled in few questionaries while others
filled in many, and at different ages during the 16 month period. For
Vocabulary, we used the first questionnaire filled out to create a pro-
ductive Vocabular summary score (number of words reported to be
expressed), whereas for Complexity, we used the first questionnaire
after the age of 26 months in girls and 30 months in boys for the purpose
of creating a summary score (number of mastered Complexity items).
These age limits were applied as more than 15% of children in the
reference population had a score of zero before the ages chosen (Bleses
et al., 2008). For each child, the summary scores were converted into an
age and sex specific percentile score by comparing the obtained score
with the sex and age specific score for the Danish reference population
(Bleses et al., 2008). A percentile-score < 15 was considered as delayed
language development.

2.4. Ethics

The project was performed in accordance with the Helsinki Decla-
ration II, with written informed consent, and approved by the Regional
Scientific Ethical Committees for Southern Denmark (Project-ID S-
20090130) and the Danish Data Protection Agency (j.no. 2016-231-
0188).
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2.5. Statistical analysis

Insecticide metabolites with detection frequencies below 20% were
dichotomized (>LOD vs < LOD). For all other metabolites, values below
the limit of detection (LOD) were substituted by the metabolite specific
LOD/ \/ 2. Urinary concentrations were expressed as volume-based (ug
or nmol/L) or creatinine-based (pig or nmol/g creatinine) and reported
as medians and 25-75 percentiles. To investigate possible effects of
combined exposure to chlorpyrifos and pyrethroids, we also created a
variable indicating whether the combined exposure was low (both me-
tabolites below the median), medium (one above the median) or high
(both above the median). Correlations between urinary pesticide
metabolite concentrations and between Vocabulary and Complexity
percentile scores were evaluated by Spearman correlation. The language
score percentiles were reported as medians and 25-75 percentiles, and
the language scores were further dichotomized (below/above the 15th
percentile) to indicate potentially delayed language development (Ble-
ses et al., 2008).

Associations between maternal insecticide metabolite concentra-
tions and the age and sex specific percentile language scores were esti-
mated by logistic regression models. For these analyses, the volume-
based metabolite concentrations were divided into tertiles and the
continuous concentrations were In, transformed to obtain a normal
distribution and In-transformed creatinine (g/L) was included as a co-
variate. The odds ratio (OR) for having a language score below the 15th
percentile across increasing tertiles of maternal urinary insecticide
metabolites concentrations as well as for doubling the concentrations
using continuous Iny-transformed variables were calculated. Potential
confounders were identified as variables shown in the literature to be
associated with either pesticide exposure or child language develop-
ment. Of the covariates considered a priori, we had information on
maternal age, pre-pregnancy body mass index (BMI), educational level,
smoking during pregnancy, parity, preterm birth (child born before GW
37), child sex and birth weight and duration of breastfeeding. Breast-
feeding information was missing for 11% of the women and a category
consisting of these women was added to the breastfeeding variable to
avoid exclusion of these data. Differences in characteristics between
participants and non-participants as well as differences in exposure and
outcome variables in relation to maternal and child characteristics were
tested using non-parametric Kruskal Wallis/Mann Whitney tests and chi-
square tests. Covariates included in the adjusted analyses were maternal
education (as the best available estimate of socio-economic status),
breastfeeding and child sex. We did not adjust for child age, as language
scores were categorized into age specific percentile scores according to
age of the reference population. Although the language scores were also
sex standardized, sex was included to account for potential sex-
differences in vulnerability towards pesticides, and interaction be-
tween exposure and child sex was investigated by including an inter-
action term in the adjusted analyses. Further, logistic regression
analyses were performed for boys and girls separately. In a sensitivity
analysis, we extended the adjusted model to include also maternal pre-
pregnancy BMI, as this characteristic was associated with both exposure
and outcome in our data set. The results are presented as OR with 95%
confidence intervals, and p-values < 0.05 were considered statistically
significant.

3. Results

Of 2217 singletons of mothers born in Denmark, MB-CDI question-
naires were completed for 1,360, and 1109 had insecticides measured in
the urine (Fig. 1). A total of 755 mother-child pairs, with data on both
vocabulary outcome and exposure, were included in this study. The
participants were more often non-smokers, had fewer preterm de-
liveries, longer duration of breastfeeding, and the children had higher
birth weight compared to non-participating singletons of mothers born
in Denmark (N = 1462). There was no difference in maternal age, BMI,
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2,217 singletons of mothers born in Denmark

|

|

Singletons with MB-CDI
vocabulary (N = 1360) and
complexity (N = 988) score

between 20 and 36 months

Singletons with maternal urinary
pyrethroid/chlorpyrifos (N=1109) and
unspecific organophosphate (N=518)
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)

!
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Study sample: Singletons with maternal pyrethroid/chlorpyrifos concentrations and MB-CDI vocabulary
(N=755) and complexity (N=559) score; Singletons with maternal DAP concentration and M-CDI

Fig. 1. Flow diagram of study population based on mother-child pairs from the Odense Child Cohort (OCC) with maternal insecticide metabolite concentration and
MacArthur-Bates Communicative Development Inventories (MB-CDI) language assessment in the offspring.

level of education or parity (data not shown).

Most of the women had detectable concentrations of TCPY (92.3%)
and 3-PBA (94.3%). The median concentrations were 1.73 pg/g creati-
nine and 0.24 pg/g creatinine, respectively (Table 1). The specific py-
rethroid metabolites were detectable only in 12.2% (trans-DCCA), 2.6%
(cis-DCCA), 3.2% (cis-DBCA) while 4-F-3PBA was detected only in a
single urine sample (data not shown). For the DAPs, 82.2% of the 365
samples analyzed had detectable concentrations of at least one DE
metabolite and 58.4% of at least one DM metabolite. The median molar
sum of the six metabolites (DAPs) was 59.6 nmol/g creatinine (Table 1)
and 23.7 and 30.9 nmol/g creatinine for DE and DM, respectively (data
not shown). Further, 3-PBA was weakly correlated with TCPY
(Spearman rs = 0.17). Also, as expected, TCPY and DAP were correlated
(rs = 0.34). The TCPY concentration was higher among women with
longer education and women with low pre-pregnancy BMI and among
women who did not breastfeed (Table 1). None of the selected partici-
pant characteristics were statistically significantly associated with 3-
PBA or DAP concentrations.

Due to incomplete responses, the Complexity percentile score could
be calculated only for 559 of the 755 children with maternal 3-PBA and
TCPY concentrations, and for 293 of the 365 with maternal DAPs
(Fig. 1). The MB-CDI questionnaires on Vocabulary were completed at a
median age of 21 months (range 20-36) for both boys and girls. For the
Complexity subscale, the median age was 31 months (range 30-36) for
boys and 27 months (range 26-36) for girls. The Vocabulary percentile
score median was 50 (55 for boys and 50 for girls), and the median
Complexity percentile score was 45 (40 for boys and 45 for girls)
(Table 1). Vocabulary and Complexity percentile scores were highly
correlated (rs oys = 0.69 and ;5 girls = 0.67, p < 0.0001). The language
percentile scores were higher among children who were breastfed the
longest, and the Complexity percentile score was higher among children
of women with longer education and women with lower pre-pregnancy
BMI (Table 1).

The ORs for scoring below the age and sex standardized 15th
percentile on the MB-CDI Vocabulary and Complexity subscales ac-
cording to maternal urinary insecticide metabolite concentrations are
shown in Tables 2 and 3. Generally, none of the insecticide metabolites
were associated with higher odds of scoring below the 15th percentile
language scores in either the crude or the adjusted analyses. For the
highest tertile of 3-PBA, a reduced OR for having a Vocabulary score
below the 15th percentile was seen in the adjusted analyses (OR = 0.51
(95% CI: 0.27; 0.94), p = 0.03). This association in a direction opposite
to the hypothesis was driven by boys (OR = 0.30 (0.12; 0.72), p = 0.007)
while no association was observed for girls. The p-value for sex-exposure
interaction was 0.05. For the upper tertile of TCPY and DE, again a
reduced OR for scoring below the 15th percentile was found for girls (OR
for TCPY = 0.38 (0.15, 0.96), p = 0.04 and OR for DE = 0.21 (0.05,
0.86), p = 0.03) but not for boys or both sexes combined. However, the
associations described were not apparent when 3-PBA, TCPY and DE
were included as continuous variables. No statistically significant asso-
ciations were seen between maternal insecticide metabolites and odds of
scoring below the 15th percentile on the MB-DI Complexity subscale.
Combined maternal 3-PBA and TCPY concentrations were not associated
with altered odds of scoring below the 15th percentile language scores,
but a tendency of a reduced OR among boys was seen for the two cat-
egories with 3-PBA above the median (Table 2). Further adjustment for
maternal pre-pregnancy BMI did not affect these results (data not
shown).

4. Discussion

In this prospective study of mother-child pairs from the Odense Child
Cohort, we did not observe any associations between low-level gesta-
tional exposure to pyrethroid and organophosphate insecticides and
impaired language development in the children at age 20-36 months.
The observed suggestion of a possibly protective effect of pyrethroids
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Table 1

Maternal urinary concentrations (Median (M) and 25th —75th percentiles (25-75)) of 3-PBA, TCPY, and DAP in gestational week 28 and M (25-75) of MB-CDI
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Vocabulary and Complexity score at age 1.5-3 years according to maternal and child characteristics.

3-PBA pg/g creatinine

TCPY pg/g creatinine

DAP nmol/g creatinine

Vocabulary percentile score

Complexity percentile score

Maternal characteristics N M (25-75) M (25-75)
All 755  0.24 (0.14-0.45) 1.73 (1.05-3.02)
Maternal age at delivery (years)
<26 81 0.22 (0.12-0.47) 1.64 (1.06-2.72)
26-34 512  0.24 (0.14-0.45) 1.72 (1.02-3.09)
>34 162  0.23(0.12-0.45) 1.80 (1.11-3.05)
Pre-pregnancy BMI (kg/m?)
<18.5 21 0.16 (0.09-0.37) 2.13 (1.56-3.23)*
18.5-24.9 450  0.23 (0.14-0.43) 1.78 (1.10-3.31)*
>25 284  0.25 (0.14-0.50) 1.63 (0.91-2.73)*
Smoking
No 730  0.24 (0.14-0.45) 1.73 (1.05-3.01)
Yes 25 0.29 (0.16-0.48) 1.61 (0.90-3.50)
Education level®
Low 199  0.24 (0.13-0.42) 1.52 (0.93-2.51)*
Intermediate 389  0.23(0.14-0.48) 1.78 (1.08-3.26)*
High 160  0.24 (0.13-0.47) 1.88 (1.17-3.32)*
missing 7 0.37 (0.21-0.41) 0.78 (0.53-1.34)
Parity
Nulliparous 427  0.24 (0.13-0.46) 1.73 (1.02-3.03)
Multiparous 328 0.23 (0.14-0.44) 1.69 (1.05-3.02)
p-value 0.46 0.99
Child characteristics
Sex
Boy 390 0.24 (0.14-0.46) 1.72 (1.00-3.01)
Girl 365  0.24 (0.14-0.44) 1.73 (1.09-3.05)
Preterm (<37 weeks)
no 743 0.24 (0.14-0.45) 1.70 (1.02-3.00)
yes 12 0.31 (0.21-0.44) 2.74 (1.89-3.19)
Birth weight (g)
<3000 84 0.24 (0.12-0.48) 1.68 (0.89-2.74)
3000-4000 521  0.24 (0.14-0.45) 1.77 (1.08-3.23)
>4000 150  0.24 (0.14-0.43) 1.64 (1.00-2.60)
Total breastfeeding (weeks)
0 19 0.29 (0.14-0.90) 2.05 (1.25-3.27)*
1-25 229  0.24 (0.13-0.42) 1.55 (0.83-2.72)*
>25 426 0.24 (0.14-0.48) 1.79 (1.09-3.18)*
Missing 81 0.21 (0.13-0.37) 1.91 (1.23-3.03)

N M (25-75) N M (25-75) N M (25-75)
365  59.6 (37.0-104.8) 755 50 (25-75) 559 45 (15-70)
40 69.0 (43.8-117.9) 81 50 (25-75) 61 45 (20-65)
242 58.4 (34.3-105.6) 512 55 (30-75) 376 45 (20-75)
83 59.8 (44.0-89.8) 162 45 (19-75) 122 35 (15-66)
12 57.2 (46.2-121.6) 21 60 (40-85) 17 55 (40-75)*
217  64.4 (41.8-107.7) 450 55 (25-75) 319 50 (20-75)*
136  55.6 (29.9-89.8) 284 50 (20-75) 223 40 (15-70)*
352  59.8 (37.4-104.8) 730 55 (25-75) 539 45 (15-75)
13 43.1 (20.4-103.7) 25 55 (28-78) 20 35 (15-56)
111 59.8 (37.7-104.4) 199 45 (20-70) 151 35 (20-60)*
174 59.1 (35.9-105.6) 389 55 (25-75) 280 45 (15-70)*
75 65.8 (38.8-103.7) 160 55 (31-85) 123 55 (25-85)*
5 26.6 (12.9-108.1) 7 85 (55-98) 5 70 (35-98)
197  59.6 (37.6-104.1) 427 55 (25-75) 312 45(20-70)
168  59.6 (36.0-105.3) 328 53 (25-75) 248 40 (15-75)
0.93 0.45 0.93
188  60.6 (38.0-102.9) 390 55(25-75) 262 40 (15-75)
177  59.5(35.1-106.0) 365 50 (25-75) 297 45 (20-70)
360 59.4 (37.0-105.3) 743 55 (25-75) 549 45 (15-75)
5 62.7 (59.6-75.9) 12 40 (25-84) 10 30 (14-51)
39 59.8 (26.6-86.6) 84 45 (16-70) 67 35 (15-65)
253  60.8 (39.7-105.6) 521 55 (25-75) 379 45 (20-75)
73 55.6 (34.4-112.7) 150 50 (25-75) 113 40 (15-73)
9 73.63 (35.6-123.2) 19 55 (15-70)* 14 20 (10-36)*
100  57.3 (30.9-98.6) 229 45 (20-70)* 161 35 (15-60)*
199  60.0 (38.3-103.2) 426 60 (30-85)* 330 50 (20-80)*
57 57.8 (40.6-122.6) 81 40 (20-65) 54 50 (25-65)

*p < 0.05 in Kruskal Wallis test.

@ Low: High school and vocational education or less, Intermediate: High school + 1-4 years, High: High school + 5 years or more.

and chlorpyrifos on language development is considered biologically
implausible and may be explained by residual and unmeasured con-
founding from socioeconomic factors and dietary habits. Fruit, vegeta-
bles, and cereals often contain pesticide residues (Lu et al., 2008;
Morgan, 2012; Vanacker et al., 2020) but at the same time a high intake
of these commodities may be beneficial, thus potentially outweighing
detrimental effects of low organophosphate and pyrethroid exposure, as
has also been suggested elsewhere (Donauer et al., 2016; Yolton et al.,
2013). Unfortunately, we did not have any information on maternal
food habits. Further, due to multiple testing, the few statistically sig-
nificant associations may well be chance findings.

Regarding organophosphates, our findings are in accordance with
two other studies with low maternal DAP-concentrations comparable to
our study. In an urban/suburban birth cohort (HOME) in Ohio, no as-
sociations between maternal DAP concentrations (geometric mean
(GM): 73.7 nmol/g creatinine) and child cognition, including language
development, at 1-5 years of age were found (Donauer et al., 2016).
Further, a study based on a French birth cohort (PELAGIE) reported no
consistent pattern of associations between maternal DAP (median:11.3
nmol/L) and cognitive scores, inclusive of verbal comprehension scores,
in the offspring at age 6 years (Cartier et al., 2016). As in our study, a few
positive associations were reported (Cartier et al., 2016; Donauer et al.,
2016), likely due to similar residual confounding. In contrast, a recent
study from the Canadian MIREC cohort, with a slightly higher median
maternal DAP concentration (86.1 nmol/L), found higher concentra-
tions of DE to be associated with poorer verbal IQ scores at 3—4 years of

age among boys, but not girls (Nkinsa et al., 2020). Interestingly, we
found a reduced probability for scoring below the 15th percentile Vo-
cabulary score related to high maternal DE and TCPY concentrations
among girls only. Assuming this association is due to residual negative
confounding, it may suggest that boys’ benefit from these confounding
factors is hampered by prenatal exposure to chlorpyrifos and other
diethyl organophosphates. Higher vulnerability among boys was found
in two studies from China, in which maternal DE concentrations were
associated with neurodevelopmental delay at 24 months of age in boys
only, but mainly in the adaptive (Liu et al., 2016) or social (Wang et al.,
2017) domains, while language development was not significantly
affected. The exposure levels were considerably higher than in our
study, with median DAP concentrations of 295.8 nmol/L and 352.7
nmol/g creatinine, respectively, but similar to the median of 310 nmol/g
creatinine reported in the Generation R study from the Netherlands
(Jusko et al., 2019). In the Generation R study, lower nonverbal IQ was
associated with maternal DM and total DAP concentrations in late
pregnancy (above GW 25), though the results were inconsistent across
repeated urine sampling periods (<18, 18-25 >25 GW) in pregnancy.
Language development was not included in this study, and the associ-
ations were not modified by child sex. Maternal DAP concentrations in
the Generation R study were markedly higher than reported from other
urban/suburban studies in the EU or US and also higher than in the
CHAMACOS study (GM: 114.9 nmol/L) from an agricultural community
in California (Bouchard et al., 2011). From the CHAMACOS study,
adverse associations with neurodevelopment at 2 years of age (Eskenazi
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Crude and adjusted odds ratio (OR) and 95% confidence intervals (95% CI) for scoring below the age and sex standardized 15th percentile on the MB-CDI Vocabulary
and Complexity subscales according to maternal urinary concentrations of pyrethroid and chlorpyrifos metabolites (categorical and continuous after In,-trans-

formation) among children from the Odense Child Cohort.

MB-CDI Vocabulary score below 15th percentile

MB-CDI Complexity score below 15th percentile

All (N = 755) All (N = 748) Boys (N =389) Girls(N=359) All (N =559) All (N = 554) Boys (N = 261) Girls (N = 293)
Crude Adjusted” Adjusted” Adjusted” Crude Adjusted® Adjusted” Adjusted”
3-PBA
1the tertile (<0.13 pg/L)  Reference Reference
2nd tertile (0.13-0.36 1.21 (0.74; 0.99 (0.59; 0.71 (0.34; 1.38 (0.64; 1.17 (0.70; 1.06 (0.60; 0.53 (0.23; 2.04 (0.93;
pg/L) 1.98) 1.66) 1.48) 2.95) 1.97) 1.83) 1.18) 4.49)
3rd tertile (>0.36 pg/L) 0.71 (0.41; 0.51 (0.27; 0.30 (0.12; 0.88 (0.36; 0.78 (0.45; 0.66 (0.35; 0.49 (0.20; 0.95 (0.40;
1.23) 0.94) 0.72) 2.17) 1.34) 1.23) 1.19) 2.38)
p-trend 0.24 0.03 0.007 0.80 0.37 0.19 0.12 0.89
Continuous” 0.94 (0.83; 0.87 (0.76; 0.81 (0.67; 0.93 (0.75; 0.92 (0.82; 0.89 (0.77; 0.91 (0.74; 0.87 (0.70;
1.05) 1.00) 0.98) 1.15) 1.05) 1.02) 1.10) 1.07)
Trans-DCCA
<LOD (0.4 pg/L) Reference Reference
>LOD 1.12 (0.64; 1.09 (0.58; 1.22 (0.53; 0.96 (0.35; 0.80 (0.39; 0.74 (0.35; 0.83 (0.31; 0.63 (0.21;
2.19) 2.04) 2.81) 2.66) 1.63) 1.53) 2.23) 1.93)
TCPy
1the tertile (<1.13 pg/L)  Reference Reference
2nd tertile (1.13-2.50 1.20 (0.72; 1.06 (0.61; 1.37 (0.61; 0.88 (0.42; 0.98 (0.58; 0.87 (0.50; 1.06 (0.48; 0.78 (0.36;
pg/L) 2.00) 1.82) 3.10) 1.85) 1.64) 1.53) 2.35) 1.72)
3rd tertile (>2.50 pg/L) 1.00 (0.60; 0.79 (0.44; 1.49 (0.66; 0.38 (0.15; 0.72 (0.42; 0.61 (0.33; 0.65 (0.27; 0.59 (0.24;
1.70) 1.43) 3.40) 0.96) 1.24) 1.12) 1.58) 1.38)
p-trend 0.99 0.41 0.35 0.04 0.23 0.10 0.33 0.22
Continuous” 1.00 (0.87; 0.93 (0.79; 1.05 (0.84; 0.83 (0.65; 0.90 (0.78; 0.84 (0.71; 0.87 (0.68; 0.82 (0.63;
1.15) 1.10) 1.31) 1.05) 1.04) 1.00) 1.12) 1.06)
Combined 3-PBA and TCPy
Both<p50 Reference Reference
3-PBA > p50 & 1.15 (0.63; 0.94 (0.50; 0.42 (0.14; 1.69 (0.72; 1.06 (0.56; 0.97 (0.50; 0.88 (0.32; 1.12 (0.44;
TCPy<p50 2.09) 1.79) 1.21) 3.96) 1.98) 1.90) 2.40) 2.83)
3-PBA<p50 & TCPy > 1.11 (0.60; 0.91 (0.48; 1.23 (0.51; 0.67 (0.25; 1.14 (0.62; 1.03 (0.54; 0.94 (0.34; 1.06 (0.43;
p50 2.04) 1.73) 2.99) 1.79) 2.10) 1.98) 2.61) 2.58)
Both > p50 1.15 (0.63; 0.94 (0.50; 0.42 (0.14; 1.69 (0.72; 1.06 (0.56; 0.97 (0.50; 0.88 (0.32; 1.12 (0.44;
2.09) 1.79) 1.21) 3.96) 1.98) 1.90) 2.40) 2.83)

P50: median (0.21 pg/L for 3-PBA and 1.69 pg/L for TCPy).

@ Adjusted for creatinine (In-transformed), maternal education, weeks of breastfeeding, and child sex (for all children).

b For doubling the concentration.

et al., 2007) and with full-scale IQ, including poorer scores for pro-
cessing speed and verbal comprehension, at 7 years of age were reported
(Bouchard et al., 2011).

For chlorpyrifos, dose-response associations have been reported be-
tween the concentration in umbilical cord blood and delayed psycho-
motor development in 3-year-old children (Rauh et al., 2006) and
cognitive development at age 7 years (Rauh et al., 2011) in a New York
inner-city birth cohort established before the ban of chlorpyrifos for
residential use. However, only two previous studies have included TCPY
in maternal urine as biomarker for chlorpyrifos exposure (Eskenazi
et al., 2007; Guo et al., 2019). Both studies reported higher TCPY con-
centrations than in our study, with median TCPY concentrations of 3.54
and 5.39 pg/L, respectively. Neither of these studies found adverse as-
sociations with cognitive development in the children, although asso-
ciations with maternal DAP concentrations were seen. Thus, adverse
neurodevelopment seems more strongly correlated to prenatal exposure
to organophosphates overall than to chlorpyrifos specifically, which is
reasonable assuming additive effects of organophosphates on neuro-
development (EFSA et al., 2019).

Regarding pyrethroids, our findings are in accordance with some
other studies with low maternal pyrethroid exposure. In the French birth
cohort, PELAGIE, verbal comprehension and working memory scores at
age 6 years were not associated with maternal pyrethroid metabolites
(Viel et al., 2015), but some associations with behavioural problems
were reported (Viel et al., 2017) as also seen in the OCC (Dalsager et al.,
2019) and in a study from New York (Furlong et al., 2017). However, a
recent study from Sweden found associations between maternal 3-PBA
and reduced IQ at age 7 years (Tanner et al., 2020), and a study from
Mexico City reported association between maternal 3-PBA and delayed

mental development at 2 years of age (Watkins et al., 2016). A direct
comparison of the urinary pyrethroid metabolite concentrations is
hampered by differences in analytical methods and LODs but reported
maternal 3-PBA concentrations were below 0.25 pg/L in all the studies.
Cognitive deficits have also been associated with higher maternal
exposure levels from residential proximity to agricultural pyrethroid use
(Gunier et al., 2017; Xue et al., 2013) or high indoor use for malaria
control (Eskenazi et al., 2018). Maternal median 3-PBA concentrations
reported from these studies were between 0.70 pg/L (Eskenazi et al.,
2018) and 2.24 pg/L (Xue et al., 2013).

The neurotoxic properties of organophosphates and pyrethroids are
well-known, and several animal studies have demonstrated long-lasting
alterations in brain function, including deficits in learning and memory,
related to prenatal or early postnatal exposure to organophosphates and
pyrethroids (Abreu-Villaca and Levin, 2017; Aldridge et al., 2005;
Laugeray et al., 2017). Nonetheless, the present study failed to identify
adverse associations between maternal exposure to these insecticides
and early language development. Differences in instruments used to
assess cognitive function as well as child age at examination might
explain some of the inconsistency across the studies. Furthermore,
variability and differences in maternal exposure levels, heterogeneity in
exposure routes, exposure patterns and individual susceptibility are
other likely explanations for the disparate findings. Dermal and inha-
lation exposures might lead to higher fetal exposure to the parent
compounds because maternal hepatic first-pass metabolism is avoided.
Interestingly, in the PELAGIE cohort, no association between maternal
metabolite concentrations and impaired cognitive development was
seen, despite the children’s own urinary concentration of DE being
associated with lower working memory scores (Cartier et al., 2016) and
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Crude and adjusted odds ratio (OR) and 95% confidence intervals (95% CI) for scoring below the age and sex standardized 15th percentile on the MB-CDI Vocabulary
and Complexity subscales according to maternal urinary concentrations of dialkyl phosphate metabolites of organophosphate insecticides (categorical and continuous

after In,-transformation) among children from the Odense Child Cohort.

MB-CDI Vocabulary score below 15th percentile

MB-CDI Complexity score below 15th percentile

All (N = 365) All (N = 360) Boys (N = 187) Girls (N=173)  All (N = 293) All (N = 290) Boys (N = 140) Girls (N = 150)
Crude Adjusted” Adjusted” Adjusted” Crude Adjusted” Adjusted” Adjusted”
Diethyl phosphates (DE)
1the tertile (<13.6 nmol/ Reference Reference
L)
2nd tertile (13.6-35.9 1.17 (0.61; 1.04 (0.51; 1.39 (0.47; 0.68 (0.24; 0.94 (0.47; 0.78 (0.36; 1.39 (0.45; 0.37 (0.12;
nmol/L) 2.23) 2.11) 4.09) 1.90) 1.88) 1.67) 4.26) 1.15)
3rd tertile (>35.9 nmol/L) 0.62 (0.30; 0.52 (0.23; 0.82 (0.24; 0.21 (0.05; 0.71 (0.34; 0.57 (0.25; 0.93 (0.26; 0.33 (0.10;
1.28) 1.20) 2.78) 0.86) 1.46) 1.33) 3.33) 1.10)
p-trend 0.21 0.12 0.56 0.03 0.35 0.19 0.93 0.07
Continuous” 0.89 (0.74; 0.83 (0.67; 0.87 (0.64; 0.76 (0.55; 0.99 (0.82; 0.96 (0.76; 1.14 (0.82; 0.80 (0.57;
1.07) 1.03) 1.18) 1.05) 1.20) 1.20) 1.59) 1.12)
Dimethyl phosphates (DM)
1the tertile (<14.3 nmol/ Reference Reference
L)
2nd tertile (14.3-41.1 0.50 (0.25; 0.46 (0.22; 0.39 (0.14; 0.73 (0.23; 1.25 (0.59; 1.21 (0.55; 1.38 (0.46; 1.26 (0.37;
nmol/L) 1.01) 0.96) 1.07) 2.30) 2.65) 2.68) 4.14) 4.27)
3rd tertile (>41.1 nmol/L) 0.75 (0.39; 0.68 (0.34; 0.52 (0.20; 0.94 (0.31; 1.53 (0.75; 1.44 (0.67; 1.21 (0.41; 2.11 (0.67;
1.44) 1.37) 1.35) 2.89) 3.15) 3.09) 3.62) 6.71)
p-trend 0.37 0.28 0.20 0.91 0.24 0.31 0.78 0.19
Continuous” 1.00 (0.84; 1.00 (0.82; 0.96 (0.74; 1.02 (0.75; 1.10 (0.91; 1.09 (0.88; 1.10 (0.83; 1.08 (0.79;
1.22) 1.22) 1.25) 1.40) 1.33) 1.34) 1.48) 1.47)
Dialkyl phosphates (DAP)
1the tertile (<34.5 nmol/ Reference Reference
L)
2nd tertile (34.5-89.0 0.61 (0.30; 0.57 (0.27; 0.78 (0.27; 0.36 (0.11; 1.56 (0.74; 1.57 (0.71; 2.11 (0.65; 1.24 (0.41;
nmol/L) 1.23) 1.21) 2.29) 1.13) 3.29) 3.48) 6.89) 3.78)
3rd tertile (>89.0 nmol/L) 0.90 (0.47; 0.81 (0.39; 0.98 (0.34; 0.55 (0.18; 1.45 (0.69; 1.45 (0.63; 1.67 (0.48; 1.43 (0.42;
1.72) 1.70) 2.86) 1.75) 3.04) 3.37) 5.76) 4.89)
p-trend 0.73 0.63 0.95 0.24 0.36 0.43 0.53 0.57
Continuous” 0.96 (0.78; 0.93 (0.73; 0.97 (0.70; 0.84 (0.58; 1.09 (0.88; 1.07 (0.84; 1.25 (0.86; 0.96 (0.66;
1,19) 1.19) 1.36) 1.23) 1.36) 1.40) 1.83) 1.39)

@ Adjusted for creatinine (In-transformed), maternal education, weeks of breastfeeding, and child sex (for all children).

b For doubling the concentration.

their 3-PBA concentration being negatively associated with verbal
comprehension scores (Viel et al., 2015). Similar associations between
child urinary concentrations of metabolites from pyrethroids and/or
organophosphates and neurodevelopment have been reported in several
other recent studies (Guo et al., 2019; Oulhote and Bouchard, 2013;
Wagner-Schuman et al., 2015; Wang et al., 2016). These findings could
indicate that the child’s own dietary exposure to the parent compounds
may be more hazardous for neurodevelopment than maternal exposure
in pregnancy. Unfortunately, we did not have information on postnatal
exposure at this young age, but it will be interesting to include the
children’s own metabolite concentrations when more complex cognitive
functions can be assessed later in childhood.

In our study, language development was reported by parents, which
can be seen as both a strength and a limitation, since it is independent of
the current well-being of the child and test setting, but at the same time
dependent on the subjective perception of the parents. Thus, some
measurement error is likely, but since the women were unaware of their
pesticide exposure status when responding to the questionnaire, this is
expected to be non-differential and may contribute to our null findings.
The major strengths of the present study are the longitudinal design, the
high number of mother-child pairs enrolled, and the access to a large
reference population of more than 3500 Danish children for language
development (Bleses et al., 2008). The MB-CDI instrument applied at
preschool age has shown good predictive validity in regard to language
development (Bleses et al., 2008; Fenson et al., 2000). However, the
young age of the children when assessing their language skills could
limit the ability to detect subtle effects that might manifest later in
childhood because of cascading developmental processes (Rice and
Barone, 2000) and better opportunity for examination of more complex
language skills and other cognitive functions. Among other limitations

was that only 43% of the eligible pregnant women (N = 2874) were
recruited and included in the OCC, and these women were better
educated and more likely to be non-smokers, older and nulliparous than
non-participants (Kyhl 2015). We cannot rule out the possibility that this
enrollment bias might attenuate potential neurotoxic impacts of the
insecticides due to more stimulating environments and healthier life-
styles. Furthermore, it was only possible to analyze urine samples and
obtain information about child language development from around a
third of the eligible women in the OCC. Participating families may differ
from non-participating families leading to selection bias. They were
probably more likely to have a healthier lifestyle (e.g., higher intake of
organic food and thereby lower pesticide exposure) and exposure
contrast may therefore be smaller reducing the possibility to find an
association. In addition, families of children with poor language devel-
opment may have been more or less likely to complete the MB-CDI
questionnaire. However, participants were unaware of their urinary
pesticide concentration when they responded to the questionnaire and it
is therefore unlikely to have affected our findings. An additional concern
is the fact that the insecticide metabolite concentrations were deter-
mined in a single spot urine sample. Pyrethroids and organophosphates
are rapidly metabolized and excreted from the body within few days.
When combining this with within-subject variability, misclassification is
likely and may bias again the findings toward the null (Spaan et al.,
2015). Under the assumption of stable dietary habits, the exposure
variation in our study might be lower than in studies with additional
exposure from agricultural or indoor use of insecticides. Furthermore,
the urinary metabolites may not entirely reflect exposure of the parent
compounds but also intake of metabolites preformed in food items.
Thus, food samples have been found to contain TCPY and DAP residues
(Morgan et al., 2011; Zhang et al., 2008), while the content of pyrethroid
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degradates was reported to be very low (Morgan et al., 2018). Finally,
we cannot exclude the possibility of residual and unmeasured con-
founding by socioeconomic, dietary, lifestyle or behavioural factors.
Accordingly, the women with high education had highest urinary con-
centrations of TCPY, and the same tendency was seen for DAPs. Most
likely organophosphate and pyrethroid exposure was primarily through
intake of fruit, vegetables, and cereals (Lu et al., 2008; Morgan, 2012;
Vanacker et al., 2020), which also contain essential vitamins and anti-
oxidants with beneficial effects that may diminish potential harmful
effects of insecticides as has been reported for other environmental ex-
posures (Choi et al., 2014; Kim et al., 2011). Finally, we did not have
information on parental IQ, although we did take into account maternal
education. Given these considerations, the study findings suggest that no
detectable pesticide-associated deficits in language development
occurred below age 3 years, but extended follow-up will be needed to
obtain more conclusive data.

5. Conclusion

In this relatively large prospective study, more than 90% of the
pregnant women had measurable, though low, concentrations of
organophosphate and pyrethroid metabolites in urine. We found no
adverse associations between maternal insecticide exposure and early
language development in their children at age 20-36 months among
these rather privileged families with mainly dietary exposure to in-
secticides. The unexpected suggestion of a positive effect of pyrethroids
and chlorpyrifos on language development could likely be explained by
residual and unmeasured confounding from socioeconomic factors and
dietary habits that may mask early adverse effects of insecticides.
Follow-up of these children should include assessment of more complex
language skills and cognitive functions in later childhood as well as
associations with their own postnatal insecticide exposure.
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ARTICLE INFO ABSTRACT
Keywords: Background: Several studies have assessed the relationship between exposure to natural environments (NEs) and
Green spaces childhood mental health and development. In most cases, a positive association has been found, but results are

Urban nature

Public health inconsistent, and the strength of association is unclear. This inconsistency may reflect the heterogeneity in
ublic healt

measurements used to assess NE.

Exposure L . . . . . . . . .
GISp Objectives: This systematic review aims to identify the most common NE metrics used in childhood mental health
Epidemiology and development research. Our second aim is to identify the metrics that are most consistently associated with

health and assess the relative strength of association depending on type of NE exposure measurement, in terms of
metric used (i.e., measurement technique, such as remote sensing), but also rate (i.e., spatial and temporal
exposure).

Methods: We used the PRISMA protocol to identify eligible studies, following a set of pre-defined inclusion
criteria based on the PECOS strategy. A number of keywords were used for retrieving relevant articles from
Medline, Embase, PsychINFO, and Web of Science databases between January 2000-November 2020. From
these, we extracted data on type of NE measurement and relative association to a number of indicators of
childhood mental health and development. We conducted a systematic assessment of quality and risk of bias in
the included articles to evaluate the level of evidence. Case studies and qualitative studies were excluded.
Results: After screening of title (283 studies included), abstract, and full article, 45 studies were included in our
review. A majority of which were conducted in North America and Europe (n = 36; 80%). The majority of studies
used land use or land covers (LULC, n = 24; 35%) to determine exposures to NEs. Other metrics included the
normalized difference vegetation index (NDVI), expert measures (e.g., surveys of data collection done by ex-
perts), surveys (e.g., self-reported assessments), and use of NE (e.g., measures of a participant’s use of NE such as
through GPS tracts or parent reports). Rate was most commonly determined by buffer zones around residential
addresses or postal codes. The most consistent association to health outcomes was found for buffers of 100 m,
250 m, 500 m, and within polygons boundaries (e.g., census tracts). Six health categories, academic achieve-
ment, prevalence of doctor diagnosed disorders, emotional and behavioral functioning, well-being, social
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functioning, and cognitive skills, were created post hoc. We found sufficient evidence between NDVI (Landsat)
and emotional and behavioral well-being. Additionally, we found limited evidence between LULC datasets and
academic achievement; use of NE, parent/guardian reported greenness, and expert measures of greenness and
emotional and behavioral functioning; and use of NE and social functioning.

Discussion: This review demonstrates that several NE measurements must be evaluated further before sufficient
evidence for a potential association between distinct NE exposure metrics and childhood mental health and
development can be established. Further, we suggest increased coordination between research efforts, for
example, by replication of studies and comparing different NE measurements systematically, so that effect sizes
can be confirmed for various health outcomes. Finally, we recommend implementing research designs that assess
underlying pathways of nature-health relations and utilize measurement techniques that adequately assess
exposure, access, use, and perception of NEs in order to contribute to a better understanding of health impacts of
surrounding natural environments.

1. Introduction

Childhood mental health and development are strong predictors of
health, well-being, and social ability throughout life (Gluckman et al.,
2016). From the life course perspective, it is important to understand
how the complex set of early life environmental exposures, sometimes
referred to as the exposome, may influence the origin and development
of disease (Tamayo-Uria et al., 2019). Harmful exposures have been
studied most often, but an increasing number of studies have analyzed
natural environments (NEs) as potential health promoting factors on
childhood development. NEs consist of green spaces like parks, street
trees, and gardens, and blue spaces, like beaches and waterfronts. A
majority of studies have shown exposure to NEs improves childhood
health (Mygind et al., 2021; Vanaken and Danckaerts, 2018), however, a
stronger evidence base is needed to provide recommendations of what
constitutes healthy environments in early life, particularly for support-
ing physical, social, and emotional development (Poore et al., 2017).

Many studies have investigated the relationship between NE expo-
sure and various health outcomes. Positive effects of NEs have been
observed for multiple childhood health outcomes including decreased
emotional and behavioral difficulties (Vanaken and Danckaerts, 2018),
improved birth outcomes (Dzhambov et al., 2014), higher academic
achievement (Browning and Rigolon, 2019) and improved overall
mental well-being, and cognitive development (McCormick, 2017).
Multiple pathways have been hypothesized to explain the association
between NE exposure and health, such as through a reduction in heat,
air, and noise pollution (Christian et al., 2015; Hartig et al., 2014),
increased physical activity (Gray et al., 2015), restoration of attention
(Markevych et al., 2017), and decreased stress (Hartig et al., 2014;
Vanaken and Danckaerts, 2018). In order to measure these pathways,
various NE metrics have been used to capture different forms of expo-
sure. Childhood mental health and development encompasses socio-
emotional functioning, cognitive development, academic achievement,
overall development and well-being, and mental disorders such as
Attention Deficit Hyperactivity Disorder (ADHD).

While previous reviews have investigated associations between
childhood health and NEs (e.g., Browning and Lee, 2017; Labib et al.,
2019; Smith et al., 2021), the role of different NE metrics, such as remote
sensing, land cover, use of, or perceived NEs, have not been specifically
evaluated in childhood health studies. NEs are dynamic and may
differentially capture pathways linking NE to health outcomes, which
creates challenges when assessing exposure to NEs (Labib et al., 2019).
These challenges are reflected in the different and numerous techniques
for measuring NEs that have been used in research to date. The high
heterogeneity in NE measurements (e.g., differences in data collection,
data attributes, and definitions of exposure) and different types of study
designs may result in inconsistent findings across studies (Labib et al.,
2019). For instance, some studies found an association between physical
health and well-being, social competence, and emotional well-being
(Christian et al., 2017), while others using similar study designs did
not (Bell et al., 2020). By investigating if some metrics are more related
to health outcomes than others, we may be able to determine the relative

importance and potential differences in association depending on NE
metric or rate.

Common NE measures used in health research relate to surrounding
greenness, presence of street trees, and distance to nearest park areas
(Labib et al., 2019; Smith et al., 2021). NE measurements are typically
composed of ways to quantify NE (metric) and the amount of exposure
(spatial and/or temporal rate). Techniques used to derive NE metrics
include remotely sensed indices, land use/land cover (LULC) datasets,
on-site evaluations, and self-reports (Table 1). Depending on the metric
used, rate can be determined as spatial (e.g., different sizes of buffer
zones or polygons around residential address) or temporal (e.g., re-
ported time spend in NEs). NE measurements can also be accessed via
the mode of exposure, such as active interaction with green spaces (e.g.,
use through physical activity) or passive exposure (e.g., surrounding
greenness) (Smith et al., 2021).

Among the most common metrics used for NE exposure assessments
are vegetation indices, such as the normalized difference vegetation
index (NDVI) and soil-adjusted vegetation index (SAVI) (Gascon et al.,
2016; Labib et al., 2019). In principle, both NDVI and SAVI are in-
dicators of vegetation health but use different areas of the electromag-
netic spectrum to determine vegetation health (Hay, 2000). The quality
of the remote sensing derived metrics (e.g., NDVI, SAVI) depends on
various sensor characteristics, such as spatial and temporal resolutions,
and are essential for determining how many details an image holds and
the frequency of image sampling. As such, the choice of sensor usually
incurs a trade-off between these features (Hay, 2000; Pettorelli et al.,
2018). The Moderate Resolution Imaging Spectroradiometer (MODIS,
250 m spatial resolution), Landsat (30 m spatial resolution), and Rap-
idEye (5 m spatial resolution) are the most frequently used sensors, due
to their availability both geographically and temporally (Table 1).

LULC based metrics incorporate data from various sources, usually
including high-resolution remote sensing imagery, but also input from,
for example, on-site assessments, lidar-derived datasets, zoning, and
municipal datasets of urban features, to create discrete representations
(classes) of features on the ground (Foody, 2002) (Table 1). Such classes
can represent urban NEs (possibly distinguishing between types of green
spaces, such as trees, shrubs, or grass), built-up surfaces, and water. The
quality of a LULC dataset is usually assessed by the number of pixels that
are accurately classified in the dataset and by the resolution of the
classification (Finegold et al., 2016).

On-site evaluations can be conducted by experts or by lay people
through surveys (Table 1). These evaluations may be potentially less
objective than remote sensing indices or LULC datasets, but can provide
more detailed data on features and qualities of the landscape (Mazum-
dar et al., 2020). Although similarly subjective, self-reports can indicate
people’s perception and experience of NEs, adding another dimension to
the assessment (Macintyre et al., 2008; Mazumdar et al., 2020).

With a few exceptions, metrics indicating use of NE have rarely been
applied. Use of NE can be measured by, for example, mobile devices and
global navigation satellite systems (GNSS, e.g., Almanza et al., 2012),
tracking people’s mobility patterns and location (Helbich, 2018) or
through surveys.
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For metrics derived from remotely sensed imagery or LULC datasets,
spatial rate is often determined by buffers or polygons of varying sizes
around a location of interest (e.g., residential address), wherein
distance-to-address or proportion of NE within the area can be deter-
mined. Buffers are used as proxies for estimating amount or type of
exposure — in the near neighborhood or in a larger area of activity space.
These proxies may be indicative of different pathways between NE
exposure and health; for instance, smaller buffers may represent im-
mediate NE exposure possibly contributing to stress reduction, whereas
larger buffers may be more representative of opportunities for physical
activity (Cusack et al., 2017; Jarvis et al., 2020). For metrics like surveys
or expert assigned walks, the temporal rate can be assessed by the
observed or reported time spent in an NE.

In this review, we aim to complete a systematic evaluation of relative
associations between different NE measurements and childhood mental
health and development indicators such as socioemotional functioning,
cognitive development, academic achievement, mental disorders, and
overall development and well-being. Our focus is to assess the metric
component of the NE measurement, but rate will be considered when
relevant. Our objectives are two-fold: firstly, we aim to identify the most
common NE measurements used in childhood mental health and
development research. Secondly, we aim to identify which NE mea-
surements are most consistently related to childhood mental health and
development and determine the level of evidence for an association
between different NE measurements and respective health outcomes.

2. Materials and methods
2.1. Search strategy and methods

We developed a review protocol, defining our design, strategy, and
methods a priori (Supplementary Materials, Section 2). We followed the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) protocol (Moher et al., 2009) and in accordance with the
PECOS framework, our search referred to: children (Participants),
exposure to natural environments (Exposure), any other type of envi-
ronment in case of controlled studies (Comparator), childhood mental
health and development (Outcomes) (Morgan et al., 2018). The initial
search for relevant articles was conducted on July 31, 2018 in four da-
tabases: EMBASE, MEDLINE (National Library of Medicine), Web of
Science, and PsycINFO (American Psychological Association) using
Medical Subject Headings (MeSH) and/or keywords (Supplemental
Materials, Table S1). For full reproducible queries, see Supplementary

Table 1
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Materials, Table S2. The keywords for children’s health and develop-
ment were derived from a reproducible search filter curated by the
University of Alberta (Desmeules, 2014) and modified for queries in the
Web of Science and PsycINFO. The original search was limited to studies
published in English between January 1, 2000 and July 31, 2018 in
order to capture recent studies focused on child outcomes. Given the
ambitious and time-consuming scope of this review, a complementary
search was conducted on November 2, 2020 in MEDLINE using the same
search strategy previously used (Supplementary Materials, Table S2b),
to update the results for studies published after July 2018. The initial
screening for both search events considered title and abstract. Studies
deemed potentially valid were retrieved for full article screening and
review.

2.2. Study eligibility

The selection criteria were as follows: (a) the study was an original
research article published in a peer-review journal in English; (b) the
population consisted of children below teenage years. Studies which
analyzed population which exceeded the age cut-off were included only
if the mean age of the included children was below 13 and at least 80%
of the population was below 15. Where possible, only children below the
age of 12 were included; (c) the study used quantitative methods of
reporting mental health and development (e.g., disease classification,
validated scales, or school achievement); (d) environmental exposure
included an NE measurement, including self-reports of neighborhood
greenness; and (e) the study was either of experimental, longitudinal,
cross-sectional, or ecological design. Case studies and qualitative studies
were excluded. The selection of studies to be included was determined
by two authors (ZD and MvdB) and disagreements were resolved by
discussion between the authors until consensus. For details on inclusion
and exclusion criteria, see Supplementary Materials, Section 2.

2.3. Data extraction

We reviewed and evaluated the study characteristics of each
included article, following similar approaches as in previous reviews
(Gascon et al, 2015, 2017). We extracted a large set of data from each
study, including author(s), title, publishing journal, year of publication,
study design, study country, population, sample size, NE measurement
(metric and rate), mental health and development outcome (measure
and collection method), main results (including effect sizes), statistical
methods, confounding factors/covariates, reported sources of bias,

Characteristics and examples of different NE metrics including spatial and temporal resolution and the relationship of the metric to the participant. Exposure type is
broken into passive and active, where passive refers to metrics of simple exposure to surrounding NEs and active denotes actual use by participants.

Metric Example Common source Spatial resolution Temporal resolution Exposure
type
Vegetation NDVI, SAVI Landsat 30 m e Imagery available since 1984 (Landsat 5) Passive
indices e 16-day revisit time
MODIS 250 m e Imagery available since 2000 Passive
e 16-day composite imagery
RapidEye 5m e Imagery available from 2009 Passive
e 5.5-day revisit time
Sentinel-2 10 m e Imagery available since 2015 Passive
e 5-day revisit time
LULC Proportion of NE, distance to High resolution Depends on source e Availability depends on the agency (e.g., Passive
nearest NE imagery, orthophotos, imagery (<10 m most municipality) responsible for production
lidar common)
Survey Self-reported greenness or quality Self-reported surveys Passive/
of neighborhood Active
Expert Survey conducted by professional e Greenness measures are sometimes collected at the Passive/
measures (e.g., sky-view index, objective same time as health assessment Active
quality measures)
Use Self-reported survey or GPS e Availability depends on the method of collection, for ~ Passive/
instance, GPS measurements could be for a week, Active

and surveys could cover a year
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reported strengths and limitations, and other pertinent information. A
modified version of our data extraction sheet is provided in Supple-
mentary Materials, Table S4. Initially, one reviewer (ZD) worked inde-
pendently to extract this information. A second reviewer (MG, 1J, MJ,
LN, TO, HS, JS, or MvdB) then reread the articles and reviewed the
extracted data for control and accuracy. We only reported statistically
significant effect sizes for specific subscales and subcategories of out-
comes (positive or negative association) in the data extraction sheet. We
also reported if no statistically significant association was found for the
main outcome of the study.

2.4. Quality assessment and classification of evidence

Many different approaches have been suggested for reaching a
composite score of study quality in systematic reviews (Russell et al.,
2009). In this study, the quality assessment criteria to derive a numerical
score per study were based on an established methodology previously
published (Gascon et al, 2015, 2017) and included, for instance, quality
of remote sensing product (e.g., spatial and temporal resolution), expert
or lay-person NE evaluation, quality of health outcome measure (e.g.,
self-reported or objective test or diagnose), study design, and risk of
bias. As an adaptation of the Gascon et al. (2017, 2015) method, we also
included separate assessments of the NE metric used due to the specific
objective of this review. For more information on the decision making
for each category, please refer to the protocol (Supplementary Materials,
Section 2). Similar, to Gascon et al. (2015, 2017), we did not consider
criteria that were not applicable for the study as to not double count or
penalize studies for different study designs and use of NE measurements.
For criteria that were not applicable (NA), we gave no points for the
category and removed the points that the category was worth from the
overall total of possible points. This meant that each study had a
different number of possible maximum points, ranging from 21 to 25
points. This method resulted in a final three-grade quality assessment of
the study — poor (<40%), moderate (41-60%), or good quality (>61%),
where each category was determined by the relative percentage. The
quality assessment was conducted independently by ZD and a second
reviewer (either MG, 1J, MJ, LN, TO, HS, JS, or MvdB). For each study,
the reviewers provided a numerical score for each criterion item (Sup-
plementary Materials, Table S5). A final decision of the quality score was
made after iterative reviews and discussion between the reviewers until
consensus. The quality scores were used to establish a degree of evidence
for relationships between separate measurements of NE and childhood
mental health and development. Similar to previous reviews Gascon
et al. (2017, 2015), we used an adapted version of the International
Agency for Research on Cancer (IARC) definitions to describe causal
relationships (International Agency for Research on Cancer, 2019) to
create categories for the level of evidence for an association between the
selected health outcomes and NE exposure. While acknowledging that
most of the studies included in this review would not allow for estab-
lishing causal relationships, we included the following evidence cate-
gories for commonly observed association between exposure and
outcome — sufficient, limited, insufficient, and lack of evidence. Suffi-
cient evidence indicates significant relationships were observed be-
tween NE and improved health outcome in studies rated as
predominantly moderate or good quality. Limited evidence indicates
that significant relationships were observed in studies of varying quality,
but more studies are required to rule out bias and confounding. Insuf-
ficient evidence suggests that there is a lack of good quality studies, lack
of replication, and/or lack of statistical power, which prevents a
conclusion of evidence to be made. Finally, lack of evidence is when
there are several good quality studies which indicate no association
between outcome and exposure.

3. Results

We are presenting the full search results from both search dates. We
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identified 2050 articles in Embase, 3547 articles in Medline, 6808 ar-
ticles in Web of Science and 1364 articles in PsycINFO. 3045 duplicates
were identified and removed. After screening titles, 283 articles were
selected for an abstract screening. Additionally, we identified 56 articles
from other sources (e.g., known citations) that passed the title screen.
The bibliography search yielded eight additional papers. We evaluated
the abstract of each paper and selected 95 papers for full-text screening.
During the full-text screening, we eliminated 50 studies. Thus, 45 arti-
cles were included in the final review (Fig. 1). Of full articles selected, 35
were identified during the initial search and 10 were identified during
the complementary search conducted in 2020. Individual PRISMA dia-
grams for each search are presented in the Supplementary Materials,
Figures S1 and S2. For the extracted data of each paper, including study
design, population, sample size, NE metric and rate, health outcome,
and main results and effect sizes, see Table S4 in Supplementary
Materials.

A majority of the studies had a cross-sectional design (n = 33; 73%),
of which twelve (26%) had an ecological design. Six (13%) studies were
longitudinal, two (4%) had a pseudo-experimental design, and one (2%)
had a case-control design (Supplementary Materials, Table S4).

The 45 studies were conducted in ten different countries. A majority
of the studies were conducted in the United States (n = 19; 42%). The
other studies were conducted in the United Kingdom (n = 6; 13%),
Australia (n = 3; 6%), China (n = 3; 6%), New Zealand (n = 3; 6%),
Spain (n = 3; 6%), Canada (n = 2; 4%), Germany (n = 2; 4%), Lithuania
(n = 2; 4%), and Sweden (n = 2; 4%). Most of the studies were published
within the last five years (2015-2020) (n = 31; 69%) and only five
studies were published prior to 2004. The sample sizes ranged from 17
(Faber Taylor and Kuo, 2009; Wells, 2000) to 66,823 (Markevych et al.,
2018). The sample sizes in studies of ecological design ranged between
eleven schools (Martensson et al., 2009) and 1772 schools (Mac-
Naughton et al., 2017). Thirteen (28%) studies received a composite
score of poor quality, 27 (60%) of moderate quality, and five (11%) of
good quality (Supplementary Materials, Table S5).

3.1. Natural environment measurements

Multiple types of measurements were used to evaluate NEs, including
remote sensing products such as NDVI and LULC datasets, information
collected via survey or by experts, exposures assigned to participants by
experts, and evaluations of participants’ use of NEs (Table 2). In many
cases, multiple rates were used for the same NE metric (Table 2; Sup-
plementary Materials, Table S4). As such, we considered them sepa-
rately in our analysis. LULC datasets were the most commonly used
metric (n = 24; 35%). Thirteen of these datasets had high accuracy
(>80%) and were derived from moderate-to high-resolution imagery (5-
to 30-m imagery). Seven studies had moderate accuracy (60-80%) and
four studies had low accuracy (<60% accurate or no information on
dataset development). When accuracy level of the LULC data was not
reported in the article, we tracked the original source. NDVI was the
second most common metric used across all the studies (n = 21; 31%). In
particular, NDVI derived from Landsat was used in 10 (15%) studies and
NDVI derived from MODIS (250 m resolution) was used in six (9%)
studies. One (1%) study used NDVI from RapidEye (5 m resolution) and
one (1%) study used NDVI from the US National Agricultural Imagery
Program (NAIP, 1 m resolution). In addition, NDVI derived from Rap-
idEye and Landsat were used to estimate cumulative exposure during
home-school commutes (n = 2; 3%).

3.2. Natural environment measures and relation to health outcomes

Based on the data extraction of health outcomes from the included
studies, we created six health outcome categories: academic achieve-
ment (n = 9; 20%), prevalence of doctor diagnosed disorders (n = 3;
6%), emotional and behavioral functioning (n = 22; 49%), well-being (n
=9; 20%), social functioning (n = 11; 24%), and cognitive skills (n = 5,
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Fig. 1. Combined PRISMA diagram of the procedure for article selection. Snowballing refers to studies that were identified during citation screenings on the studies
put forward for full text screening (i.e., bibliography search). For separate PRISMA diagrams for each search date, please see Supplemental Materials, Section 1

Figure S1 for 2018 and Figure S2 for 2020.

Table 2

NE metric categories and rates included in the studies. Count and percentage
refer to the number of studies (68 significant findings) that employed the metric
and rate. See Table 1 for details of metrics and rates.

Metric Rate

NDVI (n = 21; 31%) NDVI summarized (e.g., mean, median) within specified
area around residence (e.g., buffer or polygon) (n = 19;
28%). Buffer sizes varying between 50 m and 2000 m
NDVI as a proxy for exposure during commute (n = 2;
3%)

Proportion of classes considered NE within a specified
area around a residence (e.g., buffer or polygon) (n = 16;
24%)

Distance to nearest NE from residence (continuous or
discrete) (n = 7; 10%)

Landscape distribution of NE patches (n = 1; 1%)
Parent or guardian reported amount of “greenness” of
surroundings (n = 4; 6%)

Parent or guardian reported “quality” of NE around
residence (n = 1; 1%)

On-site measurements of NE around residence (e.g.,
surveys conducted by professionals, OPEC”, sky-view
index) (n = 5; 7%)

Expert assignments of participant exposure to pre-
selected environment (e.g., a walk through an urban or
natural environment pre- and post- health assessment) (n
= 2; 3%)

Survey on child’s use of NE completed by parents (n = 9;
13%)

Time child spent in NE measured by GPS tracts (n = 1;
1%)

LULC (n = 24; 35%)

Survey (n = 5; 7%)

Expert Measures (n =
7; 10%)

Use (n = 10; 15%)

# OPEC: Outdoor Play Environment Categories. Percentages were rounded up
to the nearest whole.

11%), where multiple outcomes could be assessed within the same
study. Academic achievement describes a child’s performance in school
either through scores on standardized tests or through attendance.
Prevalence of doctor diagnosed disorders refers to the rate of disease
diagnosis within populations. The emotional and behavioral function
describes various disabilities related to, for example, attention, inter-
personal relationships, and also includes some of the common symptoms
associated with ADHD. The well-being category refers to measures of
overall development and well-being. The social functioning category
refers to prosocial behavior and positive functioning. Finally, the
cognitive skills category refers to tests that evaluate memory perfor-
mance and cognitive performance. Descriptions of the outcome mea-
sures used in each health category are provided in Table 3.

Across the health outcomes, different NE metrics were favored in
different health outcome categories. LULC and NDVI metrics were used

across all health categories (Table 4). Specifically, academic achieve-
ment and prevalence of doctor diagnosed mental disorders only used
metrics derived from remote sensing data (e.g., vegetation indices and
LULC datasets), whereas other health outcomes, such as emotional and
behavioral functioning, well-being, and social functioning, used the
most diverse array of NE metrics. We found positive associations be-
tween NEs and childhood mental health and development in 56 cases
(82%), an inverse association in nine cases (13%), and no statistically
significant association in three cases (4%) (Table 5). The counts do not
sum up to the number of studies included (n = 45), because outcomes
were evaluated separately, and some studies analyzed more than one
outcome. When available, effect sizes for the respective health outcomes
are reported in Table S4 in the Supplementary Materials. In the
following we provide a synthesis of the results from the studies included
in the review as well as the level of evidence per each outcome.

3.2.1. Academic achievement

Nine studies (20%) evaluated academic achievement, including
success of students (ages 5-12) on standardized tests or school atten-
dance (Table 5; Supplementary Materials, Table S4). Most students were
in the third grade (ages 8-9) (n = 5; 56%). All studies assessed NEs at the
school, either by estimating the spatial rate of NEs within school prop-
erty or within the neighborhood that the school serves. Results for ac-
ademic achievement were mixed (Table 5) — six studies showed positive
associations between NE and measures of academic achievement via
standardized test scores (Hodson and Sander, 2017; Kuo et al., 2018;
Kweon et al., 2017; Sivarajah et al., 2018; Tallis et al., 2018; Wu et al.,
2014) and two studies showed inverse associations between NE and the
outcomes (Beere and Kingham, 2017; Browning et al., 2018). One study
analyzed the association between chronic absenteeism and school sur-
rounding NE (MacNaughton et al., 2017) and found a 2.6% decrease in
absenteeism with each 1-IQR increase of NDVI (250 m MODIS).

Level of evidence: Given the ecological study design of these studies
and the mixed results, we classified the evidence between NE, as
measured by LULC datasets, and standardized test scores as limited. Due
to differences in findings, we classified the association between stan-
dardized test scores and NDVI as insufficient. We classified the level of
evidence for an association between NE and absenteeism as insufficient
(Table 6).

3.2.2. Prevalence of doctor diagnosed disorders

Three studies (6%) analyzed prevalence of doctor-diagnosed mental
disorders; two studies of the studies evaluated ADHD (Donovan et al.,
2019; Markevych et al., 2018) and one study evaluated autism (Wu and
Jackson, 2017) (Table 5; Supplementary Materials, Table S4). All three
studies found that NEs was correlated with lower disease prevalence,
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Table 3
Specific tests and subscales used in each health outcome categories.

Category Health outcome (Tool)

Academic achievement o Standardized test scores
Rates of absenteeism
Rate of disease diagnosis

Prevalence of doctor
diagnosed disorders

Emotional and behavioral
functioning

SDQ total difficulties (SDQ)

Hyperactivity (SDQ)

Internalizing difficulties (SDQ)

Externalizing difficulties (SDQ)

School functioning (HRQOL)

Emotional functioning (HRQOL)

Aggressive behavior

Anxiety (parent reported questionnaire)
Conduct problems (SDQ)

Behavioral problems (CBCL)

Depression (CBCL, Behavioral Assessment System
for Children)

Inattention (ECADDES, ADDES, ADHD/DM-1V, SDQ)
Attention (Digit Span Backwards, Stroop Color-word
test, Symbol Digit Modalities, ANT, K-CPT)
Parent reported symptoms

Physical health and well-being (AEDC)

Total health-related quality of life (HRQOL)
Life satisfaction (Life Satisfaction Scale)
Happiness

Well-being index

Global self-worth

Self-esteem (Kid KINDL)

Subjective health reports

Social competence (AEDC)

Peer relationship problem (SDQ)

Pro-social behavior (SDQ)

Social functioning (HRQOL)

Psychosocial functioning (HRQOL)
Psychosocial health (Lewis Stressful Life Events
Scale)

Friends (Kid KINDL)

Social problems (CBCL)

Spatial working memory

Working memory (n back test)

Superior working memory (n back test)
Cambridge Neuropsychological Test Automated
Batter

Neurodevelopment (BSID)

Cognitive ability (WPPSI-R)

Well-being

Social functioning

Cognitive skills

Abbreviations.

ADDES = Attention Deficit Disorder Evaluation Scale.

ADHD/DSM IV = Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition.

AEDC = Australian Early Development Census.

ANT = Attentional Network Test.

BSID = Bayley Scales of Infant Development.

CBCL = Child Behavior Checklist.

ECADDES = Early Childhood Attention Deficit Disorder Evaluation Scale.
HRQOL = health-related quality of life.

HRT-SE = hit-reaction time — standard error.

K-CPT = Conners’ Kiddie Continuous Performance test.

Kid KINDL = Kid KINDL Health-related quality of life.

SDQ = strengths and difficulties questionnaire.

WPPSI-R = Wechsler Preschool and Primary Scales of Intelligence - Revised.

while using different NE measurements. Donovan et al. (2019) and
Markevych et al. (2018) used NDVI, derived from 30 m Landsat and 250
m MODIS. In New Zealand, Donovan et al. (2019) found that rural
meshblocks protective against ADHD for children who had always lived
in them, however, early life exposure to green space had no significant
results. For every 0.1 increase in NDVI, Markevych et al. (2018) found a
decrease in the rate of ADHD diagnosis in Germany. Wu and Jackson
(2017) utilized a LULC dataset and found a decrease in autism preva-
lence with increase in proportion of NE within school district areas in
California, USA.

Level of evidence: Due to the limited number of studies, we classified
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the evidence for an association between NE exposure and each of the
mental health and developmental disorders as insufficient (Table 6).

3.2.3. Emotional and behavioral functioning

Twenty-two studies (49%) assessed emotional and behavioral func-
tioning. NDVI from Landsat was used to evaluate exposure to NEs in
eight studies (Amoly et al., 2014; Balseviciene et al., 2014; Dadvand
etal., 2017; Liao et al., 2020; Madzia et al., 2019; McEachan et al., 2018;
Yang et al., 2019). In addition, one study, Dadvand et al. (2015), utilized
NDVI from RapidEye (5 m spatial resolution) and one study, Yang et al.
(2019), used the soil-adjusted vegetation index (SAVI) derived from
Landsat to estimate NE exposure. Eight buffer sizes were used, ranging
from 50 m to 1000 m, the most common being the 100 m buffer (n = 6;
32%) and the 500 m buffer (n = 4; 21%). All eight of these studies found
decreased emotional and behavioral problems with increased exposure
to NEs as measured through vegetation indices.

Six studies utilized LULC datasets for evaluating exposure to NEs
(Balseviciene et al., 2014; Bell et al., 2020; Christian et al., 2017; Feng
and Astell-Burt, 2017; Larson et al., 2018; Markevych et al., 2014b).
Two used the relative distance between participant’s home address and
the nearest NE (Balseviciene et al., 2014; Christian et al., 2017) and
found mixed results. Markevych et al. (2014) evaluated the presence of
NEs within 500 m of home addresses and found an inverse relationship
between park presence and emotional and behavioral functioning. Three
studies evaluated the proportion of NEs within polygons surrounding
home addresses (Bell et al., 2020; Feng and Astell-Burt, 2017; Larson
et al., 2018). Bell et al. (2020) and Feng and Astell-Burt (2017) con-
ducted similar studies in the Perth, Australia metropolitan area, and
found opposing results; however, Bell et al. (2020) evaluated home yard
space, whereas Feng and Astell-Burt (2017) estimated park space within
census tracts. Finally, Larson et al. (2018) evaluated the association
between the proportion of tree canopy and anxiety in a population
diagnosed with autism in California.

Five studies evaluated exposure to NE via parent-reported survey
(Faber Taylor et al, 2001, 2002; Faber Taylor and Kuo, 2009, 2011; Kuo
and Faber Taylor, 2004). Of these, four studies (Faber Taylor et al.,
2001; Faber Taylor and Kuo, 2009, 2011; Kuo and Faber Taylor, 2004)
stated that participants had a formal ADHD diagnosis. Faber Taylor et al.
(2002) found that girls who had more views of NE from their residence
had better concentration, impulse inhibition, and self-discipline
compared to those with less view. Faber Taylor et al. (2001) found
that children who played in areas with higher amounts of NEs had fewer
symptoms than children who played indoors or in built environments
(Table 5). Similarly, children had more severe ADHD symptoms when
playing “deep indoors” compared to “open grass” or “big trees and grass”
(Faber Taylor and Kuo, 2011) (Table 5). Kuo and Faber Taylor (2004)
used parent-reported survey data to assess ADHD symptoms in after-
school or weekend activities and found no significant association to NE
(Table 5). One study (Faber Taylor and Kuo, 2009) evaluated NE
exposure through expert measures. Faber Taylor and Kuo (2009) found
participants performed better on a puzzle task after they had gone for a
20-min walk in a park compared to after they had taken a walk in a
downtown area (Table 5; Supplementary Materials, Table S4).

Two studies used expert measures to evaluate exposure to NEs
(Martensson et al., 2009; Wells, 2000). Martensson et al. (2009) found a
decrease in hyperactivity of children whose play areas had a higher
outdoor play environment categories (OPEC) score in Sweden. Wells
(2000) followed children who moved from a neighborhood with less NE
to one with more and found the children’s directed attention capacity
increased after the move.

Finally, three studies assessed use of NE through surveys to identify
the amount of time (e.g., hours/year, days/week) children spent in NEs
(Amoly et al., 2014; Flouri et al., 2014; Richardson et al., 2017) and all
three found decreased behavioral problems with increased NE exposure.

Level of evidence: Given the positive findings and similar study de-
signs, the evidence of association between NDVI (Landsat), particularly
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Table 4
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Number of NE metrics used for each health outcome. Note: For studies that used multiple NE metrics, each significant finding was counted separately, therefore, the

total n exceeds the total number of studies evaluated (n = 45).

Health outcome NDVI SAVI LULC Survey Expert measures Use of NE Total
Academic achievement 3 0 6 0 0 0 9
Prevalence of doctor diagnosed disorders 2 0 1 0 0 0 3
Emotional and behavioral functioning 9 1 6 5 3 3 27
Well-being 3 0 5 0 2 3 11
Social functioning 3 0 5 0 1 4 13
Cognitive skills 1 0 1 0 1 0 5
Total 21 1 24 5 7 10 68

within in 100 and 300 m buffers, and emotional and behavioral function
was classified as sufficient (Table 6). The evidence of association be-
tween LULC datasets and emotional and behavioral functioning was
classified as limited due to the differences in study design, quality of
studies, and inconsistent results. The evidence of association for surveys
of NEs and expert measures was classified as limited due to the quality
and heterogeneity of the studies. Finally, due to the lack of replicated
studies, the evidence of association between use of NE was classified and
emotional and behavioral development was classified as insufficient.

3.2.4. Well-being

Nine studies (20%) assessed the association between NEs and
childhood well-being (Andrusaityte et al., 2020; Bell et al., 2020;
Christian et al., 2017; Kim et al.,, 2016; McCracken et al., 2016;
Soderstrom et al., 2013; Tillmann et al., 2018; Ward et al., 2016; Wells
and Evans, 2003) (Table 5; Supplementary Materials, Table S4). Use of
NE, as defined by parent survey or GPS tracking, was used in three
studies (Andrusaityte et al., 2020; McCracken et al., 2016; Ward et al.,
2016). Four studies utilized LULC datasets for assessing the relative
distance to a park and for determining the proportion of NE within areas
surrounding a residence (Bell et al., 2020; Christian et al., 2017; Kim
et al., 2016; Tillmann et al., 2018). One study used average NDVI from
Landsat (30 m) within 100 m, 300 m, 500 m buffers to evaluate NE
exposure (Andrusaityte et al., 2020). Finally, two studies used expert
evaluations of the amount of vegetation visible within school yards or
from inside participants’ homes (Soderstrom et al., 2013; Wells and
Evans, 2003). Eight studies found some positive associations between
NE exposure and outcome, while two studies, both using LULC datasets
to quantify the proportion of land cover types, found inverse associa-
tions (Larson et al., 2018; Tillmann et al., 2018) and one study found no
significant results (Soderstrom et al., 2013).

Level of evidence: Due to the varying quality of studies and the het-
erogeneity in NE measurements used for NDVI, LULC datasets, expert
measures, and use of NE, we classified the evidence of association as
insufficient (Table 6).

3.2.5. Social functioning

Eleven studies (24%) analyzed various aspects of social functioning
(Amoly et al., 2014; Andrusaityte et al., 2020; Balseviciene et al., 2014;
Bell et al., 2020; Christian et al., 2017; Flouri et al., 2014; Liao et al.,
2020; McCracken et al., 2016; Richardson et al., 2017; Tillmann et al.,
2018; Wells and Evans, 2003) (Table 5; Supplementary Materials,
Table S4). Three studies utilized average NDVI from Landsat within 100
m, 250 m, and 300 m buffers to estimate green space exposure (Amoly
et al., 2014; Balseviciene et al., 2014; Liao et al., 2020).

Five studies used LULC datasets to evaluate NE exposure. Two
studies found a positive association between social functioning and
estimated exposure to NE through the distance to the nearest NE from a
residential address (Balseviciene et al., 2014; Christian et al., 2017).
Three studies used the proportion of NE within either a polygon
boundary or a 500 m buffer from a residential address (Bell et al., 2020;
Richardson et al., 2017; Tillmann et al., 2018). Wells and Evans (2003)
quantified vegetation by assessing views from windows using surveys
conducted by professionals. Finally, parent reported use of NE (e.g.,

hours/year, days/week) was included in four studies (Amoly et al.,
2014; Andrusaityte et al., 2020; Flouri et al., 2014; McCracken et al.,
2016).

Level of evidence: We classified the level of evidence of association
between NE exposure, as measured by use of NE, and social functioning
as limited following the overall positive results and quality of the studies
(Table 6). Evidence of association for NE exposure determined by NDVI
(Landsat), LULC, and expert measures was classified as insufficient due
to the quality and small number of studies (Table 6).

3.2.6. Cognitive skills

Five studies (11%) analyzed associations between memory function,
neurodevelopment, or cognitive ability and NE exposure (Dadvand
et al., 2015; Flouri et al., 2018; Liao et al., 2019; Reuben et al., 2019;
Schutte et al., 2017) (Supplementary Materials, Table S4). Dadvand
etal. (2015) used NDVI (30 m Landsat) to quantify exposure over a year
and observed an increase in working memory and superior working
within the schools with more NEs compared with schools with less NEs.
Flouri et al. (2019) estimated NE exposure through determining the
proportion of green space within each child’s neighborhood of resi-
dence. They found that a decile increase in green space was associated
with higher spatial working memory. Schutte et al. (2017) assigned
20-min walks in different environments prior to and after completing a
memory test and found children had more accurate spatial working
memory after a walk in a natural environment compared to a walk in an
urban environment (Table 5; Supplementary Materials, Table S4). Liao
et al. (2019) and Reuben et al. (2019) both utilized average NDVI (250
m MODIS) within 300 m or 1-mile buffers, and both found increased
cognitive performance with increased greenness levels.

Level of evidence: Due to the differences in NE measurements and
limited number of studies, there is insufficient evidence in regard to the
association between NE exposure and memory (Table 6).

4. Discussion

To our knowledge, this is the first review examining the evidence for
an association between NE and childhood mental health and develop-
ment that includes a systematic assessment of relative influence on
outcome depending on NE measurement. While the number of studies
representing various metrics differ, our results suggest that the statistical
association to childhood health, to some extent, depends on the metric
used. We found sufficient evidence of association between NDVI
(derived from Landsat) and emotional and behavioral outcomes. There
was also evidence, although limited, for an association between aca-
demic achievement and LULC based metrics; emotional and behavioral
functioning and use of NE, parent/guardian measure of NE, and expert
measures of NE; and social functioning and use of NE (Table 6). For the
remaining metrics, there was insufficient evidence to confirm an asso-
ciation to health outcomes, mostly due to small number of studies and
high variability of metrics (Table 6).

LULC dataset and NDVI were the most common metrics used across
all health outcomes (Table 4) and may be the most common choice due
to the ease of assessing such data and for assigned individual NE expo-
sures in large cohorts. In studies using NDVI, exposure was typically
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Table 5

Associations (adjusted results) between NE and outcome for each study. 1 indicates positive associations between NE exposure and health outcome, i.e., NEs improves
health; |indicates an inverse association between NE exposure and health outcome, i.e., NEs worsens health; x indicates no significant association between NE
exposure and health outcome. The score indicates the quality of each study: P indicates poor; M, moderate; G, good.

Health Outcome Article Metric Sensor/Source Rate Direction of association Score

Academic achievement

Standardized tests Browning et al. (2018) NDVI MODIS 250 m, 500 m, 1000 m, 2000 m l P
Wu et al. (2014) NDVI MODIS 250 m, 500 m, 1000 m, 2000 m 1 M
Beere and Kingham (2017) LULC Proportion of NE School ground, school zone l P
Hodson and Sander (2017) LULC Proportion of NE Polygon, attendance zones ) P
Kuo et al. (2018) LULC Proportion of NE Polygon, school zone 1 M
Kweon et al. (2017) LULC Proportion of NE Polygon, school boundary 1 M
Sivarajah et al. (2018) LULC Proportion of NE Polygon, school boundary ) M
Tallis et al. (2018) LULC Proportion of NE 750 m, 100 m ) M
Absenteeism MacNaughton et al. (2017) NDVI MODIS 250 m T P
Prevalence of Doctor Diagnosed Disorders
ADHD prevalence ~ Markevych et al. (2018) NDVI MODIS Polygon 1 M
Donovan et al. (2019) NDVI Landsat Polygon X M
Autism Wu and Jackson (2017) LULC Proportion of NE Polygon, school boundary 1 M
Emotional and Behavioral Functioning
Amoly et al. (2014) * NDVI Landsat 100 m, 250 m, 500 m 1 M
Balseviciene et al. (2014) NDVI Landsat 300 m 1 P
Dadvand et al. (2017) NDVI Landsat 100 m, 300 m, 500 m 1 G
Liao et al. (2020) NDVI Landsat 100 m around residence 1 M
Liao et al. (2020) NDVI Landsat 100 m around school 1 M
Madzia et al. (2019) NDVI Landsat 400, 800 m 1 M
McEachan et al. (2018) NDVI Landsat 100 m, 300 m, 500 m T M
Yang et al. (2019) NDVI Landsat 100 m, 500 m, 1000 m 1 M
Dadvand et al. (2015) NDVI RapidEye 50 m, 100 m 1 G
Yang et al. (2019) SAVI Landsat 100 m, 500 m, 1000 m 1 M
Balseviciene et al. (2014) LULC Distance to NE Address-to-NE-distance T P
Christian et al. (2017) LULC Distance to NE Address-to-NE-distance 1 P
Markevych et al. (2014b) LULC Distance to NE 500 m | G
Bell et al. (2020) LULC Proportion of NE Polygon l M
Feng and Astell-Burt (2017) LULC Proportion of NE Polygon 1 M
Larson et al. (2018) LULC Proportion of NE Polygon l M
Faber Taylor et al. (2002) Survey Parent/guardian survey NA T P
Faber Taylor and Kuo (2011) ®  Survey Parent/guardian survey NA T P
Faber Taylor et al. (2001) Survey Parent/guardian survey NA T P
Kuo and Faber Taylor (2004) Survey Parent/guardian survey NA X P
Feng and Astell-Burt (2017) Survey Quality of NE NA ) M
Faber Taylor and Kuo (2009) ©  Expert measure  Assigned walk 20 min walk 1 M
Mértensson et al. (2009) Expert Measure On-site NA 1 G
Wells (2000) Expert Measure  On-site NA 1 M
Amoly et al. (2014) ? Use of NE Parent/guardian survey Hours/year 1 M
Flouri et al. (2014) ? Use of NE Parent/guardian survey Day/week 1 M
Richardson et al. (2017) * Use of NE Parent/guardian survey Private garden 1 M
Well-being
Andrusaityte et al. (2020) ? NDVI Landsat 100 m, 500 m 1 M
Christian et al. (2017) LULC Distance to NE Address-to-NE-distance 1 P
Kim et al. (2016) LULC Distance to NE 400 m, 800 m ) P
Bell et al. (2020) LULC Proportion of NE Polygon l M
Tillmann et al. (2018) LULC Proportion of NE (park) 500 m T M
Tillmann et al. (2018) LULC Proportion of NE (water, grass) 500 m 1 M
Soderstrom et al. (2013) Expert Measure On-site NA X M
Wells and Evans (2003) Expert Measure On-site NA 1 P
Andrusaityte et al. (2020) * Use of NE Survey Hour/week 1 M
McCracken et al. (2016) * Use of NE Parent/guardian survey Day/week 1 M
Ward et al. (2016) @ Use of NE GPS For 7 days 1 M
Social Functioning
Amoly et al. (2014) * NDVI Landsat 250 m 1 M
Balseviciene et al. (2014) NDVI Landsat 300 m I3 P
Liao et al. (2020) NDVI Landsat 100 m around residence 1 M
Balseviciene et al. (2014) LULC Distance to NE Address-to-NE-distance 1 P
Christian et al. (2017) LULC Distance to NE Address-to-NE-distance T P
Bell et al. (2020) LULC Proportion of NE Polygon l M
Richardson et al. (2017) # LULC Proportion of NE 500 m 1 M
Tillmann et al. (2018) LULC Proportion of NE 500 m T M
Wells and Evans (2003) Expert Measure On-site NA 1 P
Amoly et al. (2014) * Use of NE Survey Hours/year 1 M
Andrusaityte et al. (2020) * Use of NE Parent/guardian survey Hours/week 1 M
Flouri et al. (2014) @ Use of NE Parent/guardian survey Days/week 1 M
McCracken et al. (2016) ? Use of NE Parent/guardian survey Days/week 1 M
Cognitive Skills
Dadvand et al. (2015) NDVI RapidEye 50 m, 100 m T G
Liao et al. (2019) NDVI MODIS 300 m t P
Reuben et al. (2019) NDVI MODIS 1 mile 1 M

(continued on next page)
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Table 5 (continued)
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Health Outcome Article Metric Sensor/Source Rate Direction of association ~ Score
Flouri et al. (2019) LULC Proportion of NE Polygon 1 P
Schutte et al. (2017) Expert measure Assigned walk 20 min walk 1 M

The spatial resolutions of the sensors are as follows: Landsat, 30 m; MODIS, 250 m; and RapidEye, 5 m.
Abbreviations: NDVI = normalized difference vegetation index; MODIS = the moderate resolution imaging spectroradiometer; m = meter; LULC = land use/land

cover; NE = natural environment; NA = not applicable.

@ Indicates that the study assessed temporal rate, or the amount of time spent in NEs. For more information, see Supplementary Materials, Table S4. For detail

assessment of the Quality Scores, see Supplementary Materials, Table S5.

Table 6
Summarized results of the associations between health outcomes and NE
metrics.

Outcome NE Metric Evidence of
Association
Academic Standardized LULC Limited
achievement test scores NDVI (MODIS) Insufficient
Absenteeism NDVI (MODIS) Insufficient
Prevalence of mental Autism LULC Insufficient
doctor diagnosed Autism LULC Insufficient
mental disorders
Emotional and NDVI (Landsat) Sufficient
Behavioral LULG, survey, expert  Limited
Functioning measures Insufficient
Use of NE
Well-being NDVI (Landsat, Insufficient
MODIS), LULC,
expert measures, use
of NE
Social functioning Use of NE Limited
NDVI (Landsat), Insufficient
LULC, expert
measures
Cognitive skills NDVI (Landsat), Insufficient

LULC, expert
measures

assessed via circular buffers around residential addresses. Studies that
most commonly employed LULC datasets for evaluating NE exposure
applied polygon boundaries as spatial exposure unit. Rate was most
commonly determined by buffer zones around residential address or
postal code and the most consistent association to health outcomes was
found within 100 m, 250 m, 500 m, and within polygons boundaries (e.
g., census tracts). Only a few studies (n = 2; 3%), namely the ones that
evaluated NE exposures during commutes, utilized network buffer, or
buffers that follow road paths.

Of note, NDVI derived from Landsat was the only measure to have a
sufficient level of evidence with a health outcome (emotional and
behavioral functioning). This was due to the high number of the studies
of relatively high quality and overall positive associations, which may
suggest that NDVI is an adequate way of estimating exposure to NEs. It is
possible, however, that this finding is caused simply by the common use
of NDVI. While NDVI has been one of the most common methods for
evaluating exposure, and has shown to closely resemble self-reported
greenness estimates by adults (Rhew et al., 2011), it does not offer
street-level estimates of greenness or other greenness qualities, which
may be important for determining specific pathways linking health and
NEs (Labib et al., 2020).

Use of NE, particularly when assessed via parent-reported survey,
was the third most common NE metric and was utilized in three health
categories (emotional and developmental function, well-being, and so-
cial functioning). Time periods was assessed in days or hours per week
(Andrusaityte et al., 2020; Flouri et al., 2014; McCracken et al., 2016;
McEachan et al., 2018; Richardson et al., 2017), hours per year (Amoly
et al., 2014), or by GPS tracking over the course of a week (Ward et al.,
2016). Other reviews have evaluated moderate to vigorous physical
activity of children within NEs (e.g., McCrorie et al., 2014), however,

more research is needed to connect use of NEs to mental health and
well-being. Due to the limited number of studies and lack of replication,
it was not possible to determine an optimal time for children to spend in
NEs. Previous research has estimated optimal rates for adult pop-
ulations. For instance, White et al. (2019) found that a minimum of 120
min in NE per week was required for positive association to self-reported
health and subjective well-being among adults, however, similar study
designs are needed in order to determine optimal rates of NE exposure
for children.

NE measurements based on surveys to assess surrounding NEs (n = 5;
7%) and expert measures of NEs (n = 6; 9%) were less commonly used
and, therefore, we were unable to determine consistency in the results.
This does not necessarily mean that they would be less useful or
appropriate; it rather calls for replication of studies and efforts to vali-
date and standardize such measurements for increased application. The
assessment of an optimal NE measurement was challenged by the large
number of different scales or indicators for the various health outcomes
included in this review. In the majority of cases, even though most scales
were of high validity and reliability, heterogeneous measures were
applied across studies.

It is plausible that there may be a stronger association between
certain health outcomes and NE metrics based on the pathway exam-
ined. For instance, social functioning may be more related to NE as
measured by metrics of perception or experience through surveys or on-
site evaluations. Comparatively, emotional and behavioral functioning
may relate more to ability to play and exercise, such as through mea-
sures of use. Before a conclusion about a universal or optimal NE metric
for studying associations to childhood mental health and development
can be drawn, study replication across different geographical and social
contexts and comparisons between different metrics for one defined
outcome are required.

In general, our findings of an association between NE exposure and
childhood development and mental health are consistent with previous
reviews (Browning and Rigolon, 2019; McCormick, 2017; Mygind et al.,
2021). For instance, Browning and Rigolon (2019) noted a positive as-
sociation between NE surrounding schools and academic achievement,
for which we found some supporting evidence. Additionally, our find-
ings of increased mental health and development with NE exposure are
supported by a review by Mygind et al. (2021). Finally, a recent review
by Labib et al. (2019) also concluded that the most common metrics
used in studies around NE and health were LULC, NDVI, or a combi-
nation of the two.

4.1. Strengths and limitations of included studies

In general, studies of predominantly high quality made efforts to
include more than one NE measurement, such as NDVI in combination
with high accuracy LULC datasets (e.g., Cusack et al., 2017b; Dadvand
et al., 2012a; Markevych et al., 2014a, 2014b). In urbanizing areas with
rapid development of commercial and residential areas, substantial land
cover changes can occur over short periods of time (Aguilera et al.,
2011), therefore, temporal alignment of spatial and health data is of
importance to avoid exposure misclassification (Helbich, 2019). This
aspect was taken into consideration in the majority of the studies.
Additionally, due to variation of naturalness across study areas, it may
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be possible that some effects go undetected, even in cases of
high-resolution exposure metrics.

Only a small number of studies considered quality of NE in their
assessment (Feng and Astell-Burt, 2017; Kim et al., 2016; Martensson
et al., 2009; McEachan et al., 2018; Soderstrom et al., 2013). The Out-
door Play and Environment Categories (OPEC) is an example of quality
assessment that can be applied to assess children’s recreational and
psychological benefits from NEs (Martensson et al., 2009). Another
common characteristic for studies of high quality was the accuracy of
exposure assignment, in other words, that the NE exposure was linked to
the child per accurate home address, rather than on aggregated neigh-
borhood scale. Related to this is whether the exposure is assigned per the
child’s activity space and use of NE. This was considered in one of the
high-quality studies (Dadvand et al., 2015), though it was accounted for
in several studies that got an overall score of moderate quality (Amoly
et al., 2014; Flouri et al., 2014; Martensson et al., 2009; McEachan et al.,
2018; Soderstrom et al., 2013). Other strengths that characterized some
of the high-quality studies were appropriate control for a number of
adequate confounders (Cusack et al., 2017; Dadvand et al, 2012, 2017;
Markevych et al., 2014b), and application of longitudinal or case-control
study designs (Dadvand et al, 2015, 2017; Richardson et al., 2017).

A common limitation of the included studies was the risk of bias, for
example, residential selection bias effects, mostly a consequence of
cross-sectional study design. The self-selection bias means that positive
associations may be a result of residential-choice processes so that
neighborhoods with an abundance of NEs tend to be more expensive,
thus attracting residents of higher income and education who already
have healthy habits and lifestyles (Yu and Zhu, 2015). Other limitations
include non-validated outcome variables, limited control of con-
founders, lack of effect estimates, suboptimal statistical approaches (e.
g., failure to control for spatial autocorrelation), and failure to account
for the actual time period a child had resided in the environment.

4.2. Strengths and limitations of this review

The main strengths of this review are the systematic assessment of
various NE metrics and rates (spatial and temporal) and the analysis of
relative associative consistency to a wide variety of childhood mental
health and developmental outcomes. The inclusion of a large number of
studies provided an opportunity to assess a broad set of NE metrics and
rates, contributing to fulfill our objective to evaluate association and
evidence per different measurements. We used an established method
(see Gascon et al., 2017, 2015 for details) for assessing the quality of
each study and by compiling the results of the quality assessment, we
were able to conclude the evidence level per separate health outcomes.
We made substantial efforts to make valid evaluations of the quality of
NE metrics in the included studies and, for example, tracked the original
sources for LULC datasets to determine accuracy. Article selection, data
extraction, and quality assessment were conducted by at least two au-
thors independently.

While we invested in a careful and broad selection of keywords,
partly derived from an established and previously used search filter for
childhood mental health and development (Desmeules, 2014), and
conducted our search across several databases, we did not assess grey
literature outside of peer-reviewed journals. This may have resulted in
exclusion of some studies, especially for geographic regions not repre-
sented in this review, and economically disadvantaged areas which may
not have access to the peer-reviewed literature needed to support and
justify their own publications. We focused on an inclusive search
approach, directed at population rather than outcome, creating a large
search yield. This may have potentially resulted in low specificity,
although we made substantial efforts to carefully go through the search
results, aiming for high sensitivity. We were limited in our search to
articles published in English and may thus involuntarily failed to assess
studies in other languages. Due to the heterogeneity in study designs, the
large variation in types of NE measurements, and many different
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indicators of health outcomes, we were not able to pool the effect sizes
or conduct a meta-analysis. This also prevented us from creating a funnel
plot or use other methods to control for publication bias (Mavridis and
Salanti, 2014). This may skew the results towards more positive asso-
ciations compared to if more negative results are published.

The quality assessment and evidence scoring used in this review may
inherently have an element of subjectivity. We tried to reduce this
subjectivity by replicating methods from previous reviews and quality
assessment tools (Gascon et al., 2017; 2015; Higgins and Green, 2011;
International Agency for Research on Cancer, 2019) and having each
article evaluated by two different authors independently, aiming for as
high reliability as possible in our approach. We aimed for following the
previously published quality assessment method, although some aspects
may potentially be improved in future reviews, such as including aspects
of whether the NE metric was appropriate for the study area, whether
masking of water bodies or level of cloud free images was appropriately
conducted in NDVI calculations, and increase the granularity and
specificity in the scaling of, for example, health outcome measurement
quality, confounder control, and bias assessment. Nevertheless, in spite
of these limitations, the large number of studies included and numerous
attempts to avoid assessment bias contribute to the accuracy of our
overall assessment of the level of evidence. It is unlikely that this
conclusion would change significantly by a quality reclassification of
some studies. It should be noted that some of the included studies used
overlapping datasets. Amoly et al. (2014) and Dadvand et al. (2015)
used children who participated in the BREATHE study; Andrusaityte
et al. (2016) and Balseviciene et al. (2014) utilized the Kaunas birth
cohort; Bell et al. (2020) and Christian et al. (2017) both used the 2012
Australian Early Development Census (AEDC); and finally, the Millen-
nium Cohort study was used in both Flouri et al. (2014) and Flouri et al.
(2018). While utilizing overlapping datasets may contribute to inflated
findings, these studies analyzed either different outcome metrics (e.g.,
Flouri et al. (2014) analyzed emotional and behavioral outcomes
whereas Flouri et al. (2018) analyzed spatial working memory) or tar-
geted different populations (e.g., Bell et al. (2020) analyzed a random
sample of children in a localized area compared with Christian et al.
(2017) who analyzed a regional dataset).

4.3. Recommendations for future work and conclusions

In this systematic review, we found sufficient or limited evidence for
an association between NE and several childhood mental health and
developmental outcomes, but for a number of outcomes the evidence
was insufficient and conclusions for decision making are thus difficult to
draw. We have several recommendations for future studies. Firstly, to
improve the level of evidence, studies should prioritize elements of high-
quality studies in terms of study design and control of bias. For example,
the common issue of residential self-selection can, at least partly, be
addressed via statistical methods, such as propensity score matching
(Crouse et al., 2018). Likewise, studies can harness data on individuals
who change their NE exposure over time due to, for example, moving
(van den Bosch et al., 2015) or natural changes in the environment, such
as tree loss due to pest infestation (Donovan et al., 2015).

Secondly, we also suggest replication of studies and consistency in
both NE and health measurements to provide options for comparability
and identification of effect sizes across populations and regions. Future
studies should also aim for considering length of exposure by including
data of residential history of the participants to identify cumulative ef-
fects (Helbich, 2018). To date, most studies have used residential
address as a proxy for exposure and we recommend that future studies
aim for accessing and incorporating a child’s daily exposures at, for
example, daycare facilities and schools, to better capture the full extent
of children’s living environments.

Thirdly, to address causality, longitudinal study designs, randomized
controlled trials, or natural experiments should be prioritized. In addi-
tion, biological mechanisms for effects of NE on childhood mental health
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and development needs to be investigated. This would need to include
collection of biomarkers, such as cortisol to measure stress, or brain
imaging techniques to evaluate neurological responses to environmental
exposures (Tost et al., 2019). However, these kinds of studies are often
costly, thus raising challenges for individual researchers. Additionally,
innovative techniques for ambulatory assessments, including mobile
devices for monitoring of momentary psychological and physiological
reactions, in combination with environmental parameters, including
GPS and accelerometers for monitoring physical behavior and activity,
should be further refined and developed for managing and analysis of
big data. This would provide longitudinal data and opportunities for
“real-life”, “real-time” studies, increasing the ecological validity and
thereby study quality and evidence level (Reichert et al., 2020).

While aiming for consistency among measurements, it is important
to further improve the knowledge by novel measurements and inclusion
of different user perspectives of the environment by making use of, for
example, volunteered geographic information, including the collection
of environmental perception data from social media or participatory GIS
(Brown et al., 2017; Reichert et al., 2020; Schwartz et al., 2019). These
kinds of techniques are still in their infancy, but findings from existing
studies are promising (Almanza et al., 2012; Epstein et al., 2014). A
recently developed NE measurement reflects human perception at a
vertical level by creating green view indices from Google Street View
(GSV) that (Li et al., 2015; Nutsford et al., 2015), likely capturing a
different component of NE exposure compared to, for example, remote
sensing products (Larkin and Hystad, 2018). GSV datasets are becoming
increasingly available, but to our knowledge, no studies on childhood
health have harnessed on this technique. In parallel with development
and incorporation of new, possibly more accurate, NE exposure mea-
surements, we would suggest to regularly include NDVI in forthcoming
studies, at least for sensitivity analyses, to provide comparable material
and opportunities for assessing effect sizes across studies.

Finally, findings from this review reflect the unequal distribution of
research resources by demonstrating a dominance of studies from the
Minority World (i.e., high income countries, mainly North America,
Western Europe, and Australasia) while research from the Majority
World (i.e., low- and middle-income countries), where the most rapidly
urbanizing countries exist, is lacking (Punch and Tisdall, 2012). Ulti-
mately, many of the suggested improvements are dependent on re-
sources both for the individual researcher and for institutions.
Therefore, it is imperative that funders and health agencies recognize
the importance of investing in knowledge production around health
promotion, by for example healthy environments, in research grants and
investments, especially in the majority world. It is particularly impor-
tant to understand what factors contribute to improved health of chil-
dren, given the life course impacts (Gluckman et al, 2007, 2016). If we
are to fully realize the importance of NEs in urban areas in different
regions of the world, this type of research needs to be strongly priori-
tized, and only then can we provide sufficient evidence for decisions
around healthy urban planning where every child can live, play, and
thrive.
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