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Abstract
Objectives: WHO’s Children’s Environment and Health Action Plan for Europe (CEHAPE) focuses on improvements 
of indoor environments where children spend most of their time. To investigate the relationship between school indoor 
air pollutants and cognitive performance in elementary school children, a multidisciplinary study was planned in all-day 
schools in Austria. Materials and Methods: In a cross-sectional study (LuKi study: Air and Children) indoor air pollut-
ants were monitored in nine elementary all-day schools in urban and rural regions of Austria. In addition, school dust and 
suspended particulates (PM10, PM2.5) were measured, focusing on semivolatile compounds (e.g. phthalates, phosphoror-
ganic compounds [POC]). Health status and environmental conditions were determined by parents’ questionnaire, cogni-
tive function was measured by Standard Progressive Matrices (SPM). Results: Overall, 596 children (6–8 years of age) 
were eligible for the study. Cognitive tests were performed in 436 children. Analysis showed significant correlations of 
tris(2-chlorethyl)-phosphate (TCEP) in PM10 and PM2.5 and school dust samples with cognitive performance. Cognitive 
performance decreased with increasing concentrations of TCEP. Furthermore, cognitive function decreased significantly 
with increasing CO2 levels. Conclusions: POC are widely used as plasticizers, flame retardants and floor sealing. This is the 
first report of a correlation between TCEP in indoor air samples and impairment of cognitive performance in school chil-
dren. As a precautionary measure, it is recommended to prohibit the use of toxic chemicals and those suspected of a toxic 
potential in children’s environments such as schools.
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INTRODUCTION
Healthy environments for children have been a  focus 
of the World Health Organization (WHO) during the 
last years. The WHO Children’s Environment and Health 

Action Plan for Europe (CEHAPE) aims to protect the 
health of children and young people from environmental 
hazards [1,2]. Regional Priority Goals of this action plan 
include prevention and reduction of illnesses caused by 
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schools were located in different urban (Vienna, Graz, 
St. Pölten) and rural (Carinthia) regions. In each school, 
two classes were selected (one first and one second 
school year). 
Teachers forwarded consent forms to the parents/guard-
ians together with the questionnaire. Parents/guardians 
returned the signed agreement and the parents’ question-
naire in a sealed envelope to the teacher. Both were hand-
ed over to the study team at the time of the measurement 
campaign.
Children were 6 to 8 years of age. Fifty-four percent of the 
children were living in densely populated areas. Sixty-four 
percent of mothers and  55% of fathers had  12  or 
more years of education (Table 1).

Table 1. Demographic characteristics of study participants

Parameters Respondents
(N = 436)

Age (M±SD) (n)
male 7.17±0.68
female 7.20±0.62

Gender (n)
male 218
female 218

Education ≥ 12 years (%)
father’s education 55
mother’s education 64

The study was approved by the Ethics-Committee of the 
Medical University of Vienna and the Vienna General 
Hospital (permit no. EK492/2006).

Building investigations
The nine school buildings were inspected by tech-
nicians and environmental medicine experts using 
a  checklist regarding building characteristics, the 
classroom layout, surface materials, mold or water 
damages, environmental conditions and other build-
ing‑related items. 

indoor and outdoor air pollution, and reduction of risks 
arising from exposure to hazardous chemicals.
The impact of indoor pollutants on wellbeing and health 
of children has been addressed  [3–7]. In particular, the 
long hours children spend in schools makes the assess-
ment of indoor air quality in this setting a relevant target 
of research and evaluation.
Many air pollutants like solvents and other volatile or-
ganic compounds (VOCs) have been implicated as neu-
rotoxic  [8]. There are also hints, especially from animal 
studies, that phosphororganic compounds (POCs), in par-
ticular TCEP (tris(2-chlorethyl)-phosphate), may be neu-
rotoxic [9–13]. POCs have a wide spectrum of indoor use, 
including use as flame retardants, plasticizers, and floor 
sealing. In public buildings (e.g. schools), levels of expo-
sure to POCs are higher compared with domestic build-
ings [14,15].
The present study (LuKi-study: Air and Children) was 
undertaken a) to quantify indoor pollution in elementary 
schools (with a special focus on semivolatile compounds 
like POCs), and b) to explore the influence of indoor air 
pollutants on health and cognitive performance. It was 
hypothesized that exposure to POCs was associated with 
impaired cognitive performance. A  report about other 
endpoints of the LuKi study has been published previo
usly [16].

MATERIALS AND METHODS

Participants and questionnaire
The cross-sectional study was conducted in all-day ele
mentary schools for first and second graders in Austria. 
To select study sites, meetings with school authorities, 
headmasters and teachers were held. Out of the  19 
schools that expressed their willingness to participate, 
nine schools were selected in order to include com-
munities of different sizes (> 1 m, large and medium-
large cities, and rural communities). The participating 
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Carbon dioxide, particulate matter, indoor humidity, and 
temperature were continuously monitored in the class-
rooms for two one-week periods. 
Additional samples of particulates were collected on two 
days in two rooms for  24  h for detailed chemical analy
sis. Samples of particulate matter (PM10, PM2.5) were col-
lected by means of glass fiber filters (Whatman) attached 
to Digitel High Volume samplers. Samples were collected 
from  0:00 to  24:00 with a  flow rate of approx.  30  m³/h. 
The total volume of air aspired by the filters was ap-
prox. 730 m³. Due to the noise associated with the sam-
pling, side rooms of the classrooms were chosen. Teachers 
were advised to keep the doors open during the time of 
sampling to guarantee air exchange. The location of mea-
surement apparatus was selected by the expert team to en-
sure that the samples were representative for the indoor 
air the children were exposed to.
For every sample a daily average of PM10 and PM2.5 con-
centration was determined gravimetrically. The applied 
method corresponds to the reference method used in out-
door air measurements  [18,19]. Filters were conditioned 
(20±1°C, relative humidity 50±5%) for a period of 48 h 
prior to weighing. 
Classroom dust was sampled by school personnel by 
means of special industrial vacuum cleaners according to 
a sampling instruction once a day during one week. Sam-
ples were provided in dust pockets. Household dust was 
sieved to a fraction < 63 μm which was used for analytical 
preparation.
The screening of particulate matter and classroom dust 
involved inter alia semivolatile compounds (e.g.  PCBs, 
phthalates, trisphosphates,  PAHs, synthetic musks). 
The method is a modification of EPA method 8270. Filter 
samples were extracted in the laboratory using dichlor-
methane. In this way, about  150 individual compounds 
could be quantified. Samples were analyzed by means of 
gas chromatography – mass selective detection. Data ac-
quisition was carried out in SIM mode; substances were 

Cognitive test
The cognitive evaluation was accomplished by means 
of the Standard Progressive Matrices test  [17]. 
The SPM is a non-verbal assessment tool to measure 
the reasoning component of general intelligence. 
It comprises a series (A to E) of problems of increas-
ing complexity and difficulty. Each item of this test 
consists of a  pattern or matrix with one piece miss-
ing. The task is to complete the pattern by choosing 
from a list of options. Parts D and E of the test were 
not used as these parts require the ability to reason 
in analogies which is developed only in rudimentary 
form in children under the age of 11 years. Besides in-
ductive reasoning, spatial abilities play a certain role 
in SPM achievements.
Two trained psychologists applied these tests in the 
schools according to the recommended procedure for 
group application. Although the test normally lasts ap-
proximately 45 minutes, the children were told that there 
is no time limit, however, all pupils completed the series of 
tests within 45 minutes.

Collection and analysis of indoor air pollutants
Besides indoor climate factors (temperature, humid-
ity),  252 indoor chemical parameters were measured. 
The measured chemical parameters included inter alia 
substance groups like aromatic, aliphatic and chlorinates 
hydrocarbons, alcohols, aldehydes, terpenes, volatile 
compounds in PM/school dust, synthetic musks, phenols, 
phthalates, trisphosphates,  PAH,  PCB, organohospho-
rous esters, pesticides, polybrominated diphenyl ethers, 
organotins, metals, inorganic components, industrial 
chemicals, disinfectants. Measurements were conducted 
in the classrooms where pupils from stay six to seven 
hours per day except for lunch, sports and other outdoor 
activities. Two classrooms were selected per school and 
all classrooms were sampled twice in different seasons 
(autumn and spring).
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RESULTS

Overall 596 children (6 to 8 years of age; 306 boys and 290 
girls; 318 first graders, 278 second graders) were eligible 
for the study. Four hundred forty-nine questionnaires 
(75.3%) were returned. SPM was applied in 436 children 
(73.2%;  218 boys and girls each;  225 first graders,  211 
second graders). Demographic characteristics are shown 
in Table 1.
PM10 concentrations (daily mean values) in schools ranged 
from 2 μg/m³ to 62 μg/m³ (median: 29 μg/m³), PM2.5 con-
centrations ranged from 1 to 34 μg/m³ (median: 12 μg/m³). 
CO2 concentrations (1-hour-moving average) ranged 
from  350 to  3300  ppm and daily mean values were 
from 500 to 1400 ppm. 
With regard to VOC and aldehydes, almost all compounds 
investigated were above the limit of quantification (LOQ). 
The following substances were above the 90th percentile 
of the German AGOeF data base [20] in more than three 
measurements: acetophenone (11 samples), n-decane 
(13 samples), and formaldehyde (4 samples).
Out of the polybrominated diphenylethers,  PBDE  209 
showed by far the highest concentrations (median values 
in school dust:  600  μg/kg range:  <  LOQ  –  2300 μg/kg; 
in PM10: 300 μg/kg; in PM2.5 275 μg/kg). As to phthalates, 
the highest values in classrooms dust were found for di-
ethylhexylphthalte (DEHP: median  3350  mg/kg) with 
values ranging between  750 and  7260  mg/kg (median 
in PM10: 10 000 mg/kg; PM2.5: 19 000 mg/kg).
Within the group of phosphororganic com-
pounds,  Tris(2-chlorethyl)phosphate  TCEP was found 
at higher concentrations in almost all samples, similar 
to another trisphosphate reaching the statistical crite-
rion (Tris(1,3-dichlor-2-propyl)-phosphate  TDCPP). 
Results of measurement for these phosphororganic 
compounds as well as for classical indoor air pollutants 
(formaldehyde, ethylbenzene, n-decane, benzo(a)‑py-
rene, phenanthrene) for which the criterion was ful-
filled are summarized in Table 2.

identified by their retention time and by mass fragments 
and their response ratio.
In addition, volatile organic compounds (VOCs) 
and aldehydes were measured in air samples from 
the classrooms. VOCs  were sampled by passing air 
through activated charcoal tubes (ORBO-32  S Su-
pelco) according to the Austrian Standard ÖNORM 
M  5700-2. Sample flow rates were approx.  25  l/h. 
The  VOCs were extracted from activated carbon 
with CS2, methanol and dichlormethane. Analysis was 
performed using GC/MS (SIM mode). Details of the 
measurement procedure have been published else-
where [16].

Statistical analysis
Collected data were analyzed using the Statistical 
Package  STATA  9.2 (StataCorp) and  SPSS  18.0 for 
Windows (SPSS Inc. Chicago IL, USA).
Due to the large number of indoor air quality indi-
cators measured (overall  252 indicators), only those 
that showed substantial variation across schools were 
considered in the analyses of the  relationship with 
cognitive performance. A  ratio of  4 of the between-
school to the pooled within-school variance was cho-
sen as the criterion. These were, in air samples: form-
aldehyde, ethylbenzene, n-decane; in  PM10,  PM2.5 or 
classroom dust samples: benzo(a)pyrene, phenan-
threne, TDCPP, and TCEP. In addition, CO2 as a con-
tinuously measured indicator of classroom ventilation 
was analyzed.
For analyzing the SPM outcome, the raw scores were 
converted to T scores based on the age-related stan-
dards. Multivariate linear regression was performed 
with social status (parental education and occupa-
tion), gender, and region (population density) includ-
ed as potential confounders. Results were expressed 
as partial correlation coefficients for the air pollutant. 
P-values below 0.05 were considered significant. 
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the concentration of the phosphororganic compound 
tris(2-chlorethyl)-phosphate (TCEP) in indoor samples 
(classroom dust, PM10, and PM2.5) and impairment of cog-
nitive performance in school children. 
The widespread use of such chemicals can lead to their 
relatively high concentrations in house dust [9,14].
A case report on neurotoxic effects of TCEP on humans is 
mentioned in the EU risk assessment report: A five‑year‑old 
girl developed neurogenic defects after  TCEP exposure 
(her sleeping room was equipped with wood panelling 
treated with 3% TCEP) [9]. After the removal of all timber 
panels, the clinical status of the child improved. Two years 
later, no functional deficits were present.
Based on animal studies, however, the EU risk assessment 
report concluded that there is a sufficient margin of safety 
for children’s exposure to TCEP via inhalation (and other 
routes) [9]. Since 2010, TCEP is listed as SVHC-substance 
(Substance of Very High Concern) in the candidate list for au-
thorization under the European REACH regulation [21,22].

Average T scores of the SPM were 47.7 (SD: 8.60) for boys 
and 46.1 (SD: 8.53) for girls. The difference between boys 
and girls was not significant. Results of the regression analy-
ses of the relation between T scores and concentrations of 
selected indoor pollutants were as follows (Table 2): Analy-
sis revealed significant correlations of tris(2-chlorethyl)-
phosphate (TCEP) in classroom dust and filter samples 
(PM10 as well as PM2.5) with cognitive performance. Cogni-
tive performance decreased with increasing concentrations 
of TCEP. Furthermore, a significant correlation was found 
with phenanthrene concentrations in  PM2.5. Also  CO2 
showed a negative relation to performance.

DISCUSSION

Indoor air in schools may affect the health of children 
and their learning performance. At present, data about 
the effects of semivolatile compounds in schools’ air are 
sparse. This is the first report of a  correlation between 

Table 2. Pollutants analyzed (measurements above LOQ out of 36, minimum, maximum, and median)* 

Source Substance > LOQ Minb Maxb P50b rpart p
Air CO2 36 500.0 1 400.0 840.0 –0.102 0.034
Air formaldehyde 35 6.5 136.5 29.8 0.061 0.215
Air ethylbenzene 35 0.5 10.3 1.5 –0.096 0.051
Air n-decane 35 0.8 245.4 6.6 –0.068 0.169
PM10 phenanthrene 11 < LOD 6.0 < LOD –0.090 0.067
PM10 benzo(a)pyrene 22 < LOD 38.0 5.0 –0.081 0.098
PM10 TCEP 35 < LOD 4 700.0 141.0 –0.147 0.003
PM10 TDCPP 35 < LOD 4 200.0 90.0 –0.083 0.091
PM2.5 phenanthrene 10 < LOD 12.0 < LOD –0.097 0.047
PM2.5 TCEP 35 54.0 11 000.0 522.0 –0.149 0.002
PM2.5 TDCPP 35 29.0 16 000.0 164.0 –0.088 0.242
Dust TCEP 36 0.6 35.0 2.5 –0.154 0.002

* Partial correlation coefficientsa from multivariate regression and p-values for the relationship between concentrations of selected substances and 
cognitive performance (standardized SPM values).
a Corrected for social status, gender and region (urban/rural).
b Values for air samples in μg/m³ except CO2 in ppm; for PM10, PM2.5, and dust samples in mg/kg.
LOD – limit of detection; LOQ – limit of quantification; SPM – Standard Progressive Matrices.
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