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Abstract

Objectives: The objective of this study was to examine the possible occurrence of sensory irritation and subjective symptoms in human
volunteers exposed to formaldehyde concentrations relevant to the workplace. The set up of the study included formaldehyde exposures
with and without peaks, the presence and absence of a masking agent, and evaluation of the influence of personality factors.

Methods: Testing was conducted in 21 healthy volunteers (11 males and 10 females) over a 10-week period using a repeated measures
design. Each subject was exposed for 4 h to each of the 10 exposure conditions on 10 consecutive working days. The 2-week exposure
sequences were randomized, and the exposure to formaldehyde and the effect measurements were conducted in a double-blind fashion.
During 4 of the 10 exposure sessions, 12–16 ppm ethyl acetate (EA) was used as a ‘masking agent’ for formaldehyde exposure. Measure-
ments consisted of conjunctival redness, blinking frequency, nasal flow and resistance, pulmonary function, and reaction times. Also
subjective ratings of discomfort as well as the influence of personality factors on the subjective scoring were examined. These were carried
out pre-, during and/or post-exposure, and were used to evaluate the possible irritating effects of formaldehyde at these concentrations.

Results: The results indicated no significant treatment effects on nasal flow and resistance, pulmonary function, and reaction times.
Blinking frequency and conjunctival redness, ranging from slight to moderate, were significantly increased by short-term peak exposures
of 1.0 ppm that occurred at a baseline exposure of 0.5 ppm formaldehyde. Results of the subjective ratings indicated eye and olfactory
symptoms at concentrations as low as 0.3 ppm. Nasal irritation was reported at concentration levels of 0.5 ppm plus peaks of 1.0 ppm as
well as at levels of 0.3 and 0.5 ppm with co-exposure to EA. However, exposure to EA only was also perceived as irritating. In addition,
volunteers who rated their personality as ‘anxious’ tended to report complaints at a higher intensity. When ‘negative affectivity’ was used
as covariate, the level of 0.3 ppm was no longer an effect level but 0.5 ppm with peaks of 1.0 ppm was. Increased symptom scores were
reversed 16 h after the end of the exposures.

Conclusions: The results of the present study indicated eye irritation as the most sensitive parameter. Minimal objective eye irritation
was observed at a level of 0.5 ppm with peaks of 1 ppm. The subjective complaints of ocular and nasal irritation noted at lower levels
were not paralleled by objective measurements of eye and nasal irritation and were strongly influenced by personality factors and smell. It
was concluded that the no-observed-effect level for subjective and objective eye irritation due to formaldehyde exposure was 0.5 ppm in
case of a constant exposure level and 0.3 ppm with peaks of 0.6 ppm in case of short-term peak exposures.
� 2007 Published by Elsevier Inc.
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1. Introduction

At ambient temperature, formaldehyde (CAS reg. no.
50-00-0; 1 ppm = 1.2 mg/m3) is a flammable, colourless,
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reactive, and readily polymerized gas. Formaldehyde is irri-
tating to the eyes and respiratory tract already at low con-
centrations, which is caused by a chemosensory effect, i.e.
interaction with local nerve endings (nervus trigeminus)
which is called trigeminal stimulation or sensory irritation
(see reviews by Paustenbach et al., 1997; Arts et al., 2006a).
Sensory irritation leads to reflex responses such as sneez-
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1 Abbreviations used: EA, ethyl acetate; PANAS, Positive and Negative
Affect Schedule; SPES, Swedish Performance Evaluation System.
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ing, lacrimation, rhinorrhea, coughing, vasodilatation and
changes in the rate and depth of respiration resulting in a
decrease in the total amount of inhaled material thus pro-
tecting the individual. In rodents, it leads to a reduction in
breathing frequency (Alarie, 1973; Nielsen et al., 1999).
The onset of the response is usually observed within a
few seconds and when the respiration rate is low enough
it will be characterized by a pause during the expiratory
phase of respiration (Alarie, 1973). The sensory irritation
potential of formaldehyde resulted in RD50 values of 3–
5 ppm in various strains of mice, and 14 and 32 ppm in
two strains of rats (summarized in Bos et al., 1992 and
Schaper, 1993). It should be borne in mind that trigeminus
stimulation will not necessarily be accompanied by cell or
tissue damage. In contrast, respiratory tract irritation
occurring at high concentrations is a localized pathophysi-
ological response to a chemical involving local redness,
swelling, pruritis or pain; these effects are comparable to
those induced at pathophysiological skin or eye irritation
(Arts et al., 2006b).

In humans, for various odorous irritating chemicals, sub-
stantial differences exist in the lowest concentration found to
be irritating to eyes, nose or throat. These observations can
generally not be explained by differences in sensitivity of
the method, inherent variability in biological response, or
fluctuations in the exposure concentrations. These chemicals
usually have a strong odour, and at least part of the wide var-
iation in the findings may be ascribed to insufficient distinc-
tion between olfactory and trigeminal stimulation in several
of the studies (Arts et al., 2006b). Formaldehyde has a pun-
gent, suffocating odour (NIOSH, 1997). Its odour is detected
and/or recognized by most human beings at concentrations
below 1 ppm (Arts et al., 2006a). The odour threshold for
formaldehyde has been reported to be generally between
0.04 and 0.4 ppm (van Gemert, 2003). As indicated by Dal-
ton, subjective reports of irritation at low levels that cannot
be reconciled with objective measures should prompt a care-
ful investigation into other factors (e.g. cognitive or emo-
tional) that may be modulating the sensory response.
Distinguishing between the exposure that elicits local effects
of sensory irritation in the upper respiratory tract and the
exposure that elicits self-reports of irritation should be a
key component in establishing safe levels for exposed work-
ers (Dalton, 2001, 2002, 2003).

Olfactory and trigeminal stimulation can be distin-
guished (Cain and Cometto-Muniz, 1995; Cain et al.,
1983; Dalton, 1996). Various experimental techniques are
used in both humans and laboratory animals to study
chemical-induced irritation consisting of examinations of
functional changes, e.g. alterations in breathing frequency
and pattern, nasal, bronchial and pulmonary function
parameters, nasal mucosal swelling, acoustic rhinomanom-
etry, eye blinking frequency, tear film stability, and chemo-
sensory evoked potentials (Kjaergaard and Hodgson, 2001;
Arts et al., 2002a, 2006b); in addition, in humans, subjec-
tive measurements such as symptom questionnaires are
used.
In Germany, the current TLV value (MAK value) as a
8-h time weighed average is set at 0.3 ppm formaldehyde
with peak category II (DFG, 2006); this corresponds to
an excursion factor of 2 (0.6 ppm) for four 15-min periods
per working shift; the current Occupational Exposure
Limit (OEL) for formaldehyde is 0.5 ppm.

The objective of the present study was to establish the
possible occurrence of sensory irritation and subjective
symptoms in human volunteers exposed to formaldehyde
concentrations relevant to occupational exposure, viz. up
to 0.5 ppm with peak exposures up to 1 ppm. The set up
of the study included formaldehyde exposures with and
without peaks and the presence and absence of a masking
agent. Objective measurements of irritation such as con-
junctival redness, blinking frequency, nasal resistance and
flow, pulmonary function, and reaction times were used.
Also subjective ratings on discomfort as well as the influ-
ence of personality factors on the subjective scoring were
examined. These examinations were carried out prior to,
during and after exposure, and were used to evaluate the
possible irritating effects of formaldehyde at these
concentrations.

2. Materials and methods

2.1. Study design

Testing was conducted with 21 subjects (11 males and 10 females)
using a balanced design. Subjects satisfying with all study selection criteria
were exposed to 10 different conditions (Table 1). The test sessions for
each subject were carried out Monday through Friday during two consec-
utive weeks. Each subject was exposed for 4 h to each of the 10 exposure
conditions; the sequence of the exposure conditions is outlined in Table 2.
Assignment to the treatment sequence was at a random order. The expo-
sure to the test material and the effect measurements were conducted in a
double-blind fashion, i.e. neither the subject nor the investigator/assistant
was aware of the exposure condition. The study was approved by the Eth-
ics Committee of the Medical Faculty of the University of Heidelberg.

2.2. Characterization of the test material and masking agent

The test material used was paraformaldehyde, supplied by Merck,
Darmstadt, Germany. Since formaldehyde has a pungent, suffocating
odour (NIOSH, 1997), exposed subjects are not blinded with respect to
a control condition (i.e. no formaldehyde present). Therefore, the masking
agent EA1 was used in 4 out of 10 exposure conditions (Tables 1 and 2).
EA was chosen as it has a characteristic typical intensive odour and was
considered a good candidate to mask the odour of formaldehyde. In
humans sensory irritation by EA was not observed at concentrations
below 400 ppm (Nelson et al., 1943; Seeber et al., 2002). EA was obtained
from Roth, Karlsruhe, Germany. It was simultaneously generated (in 4
out of 10 exposure conditions) with formaldehyde at a maximum target
level of 20 ppm.

2.3. Subjects

Twenty-six subjects volunteered as subjects for participation in the
present study. They were recruited via on-line advertisement in the
employment offices in Heidelberg and Mannheim (D) as well as via leaflets



Table 1
Various exposure conditions to formaldehyde

Scenario Formaldehyde continuous
exposure (ppm)

Formaldehdye
peaks (ppm)

EA
(ppm)

1 0 — —
2 0.15 — —
3 0.3 — —
4 0.3 4 · 0.6 —
5 0.5 — —
6 0.5 4 · 1.0 —
7 0 — 12–16
8 0.3 — 12–16
9 0.5 — 12–16

10 0.5 4 · 1.0 12–16

All exposures lasted 4 h.
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on bulletin boards throughout the University of Heidelberg. For inclusion
in the study, each subject had to meet the following criteria: (a) adults up
to 40 years in good health, (b) adequate German language skills, and (c)
written informed consent and voluntary participation. The exclusion crite-
ria were: (1) age below 18 and over 40 years, (2) smoking (status was ver-
ified by cotinine test), (3) severe allergy and/or manifest skin diseases, (4)
acute infection, (5) consumption of more than 50 g alcohol per day, (6)
drug abuse, (7) use of contact lenses, (8) exposure to formaldehyde at
the workplace or in the community, (9) acute or chronic diseases of the
upper airways, lungs, heart or skin, and (10) (potential) pregnancy. The
principles of informed consent in the current revision of the Declaration
of Helsinki (Hong Kong, 1989) were implemented in the study.

Prior to the admission into the study, a check of the subject’s general
health status was performed. The pre-study screening of the selected sub-
jects involved: (1) medical history and physical examination, (2) question-
naire to investigate positive and negative affectivity—PANAS (Positive
and Negative Affectivity Schedule; Watson et al., 1988), (3) a multiple-
choice vocabulary test, a test to determine the subject’s verbal intelligence
independent of social experiences (Lehrl et al., 1995), (4) reaction time, (5)
pulmonary function and spirometry, (6) rhinomanometry, and (7) urine
collection (cotinine test to exclude smokers). Also, subjects were informed
about the possible health effects of formaldehyde, such as irritation of the
airways and/or eyes, and the unpleasant odour. They also received a stan-
dardized schedule of the study plan, detailed information on the tests they
had to undergo, and a leaflet describing how to behave in the exposure
chamber. After allowed adequate reflection, the subjects agreed to partic-
ipate in the study by written consent that included that subjects could
withdraw from the study without a reason. This agreement also included
a statement from the investigator, guaranteeing patient confidentiality,
and anonymous analysis of the collected data.
Table 2
Randomization of the various exposure conditions during the 10-week study

Group Week Day 1 Day 2

1 1 0.5 0.3
2 0 0.5 + EA

2 3 0.15 0
4 0.5 + P + EA 0.3

3 5 0 0.3 + P
6 0.3 + EA 0.5 + P + E

4 7 0.3 0 + EA
8 0.5 + P + EA 0.5

5 9 0.15 0.3 + EA
10 0 0.5 + EA

All exposures lasted 4 h; EA, ethyl acetate 12–16 ppm; P, peaks; number and c
during a complete 2-week period.
The screening of the subjects took place approximately 1 week prior to
the beginning of the experimental phase of the study. Twenty-six subjects
were selected according to the criteria given above but five left the study
prematurely due to various reasons. Out of these five subjects three sub-
jects considered the health risk too high after one or two exposure days
(formaldehyde concentrations of 0 and/or 0.3 ppm). One subject left after
two exposure days for personal reasons, the fifth subject was excluded
from the study after the seventh exposure because of headache and fever
which were considered to be the symptoms of a flu-like infection.

On the last exposure day, a comprehensive series of measurements
were carried out in all subjects (see further). In addition, the subjects
returned for follow-up examinations one, two, and three weeks after the
last exposure to complete the Swedish Performance Evaluation System
(SPES) questionnaire (Iregren et al., 1996).
2.4. Exposure chamber and generation of the test atmosphere

The exposure was carried out in an exposure chamber with a volume of
approximately 30 m3 (length 4.3 m; width 2.9 m; height 2.4 m). An ante-
chamber prevented a sharp reduction in the exposure chamber concentra-
tion when the examiner or subjects entered or left the exposure chamber as
daily exposure start was not the same for each subject. The subjects
entered and left the exposure chamber with one hour time shift, hence
the maximum number of volunteers in a 2-week session was six but max-
imally four subjects were in the chamber at the same time. Three ventila-
tors were used to assure a homogenous distribution of the formaldehyde
(and EA) test atmosphere(s) generated under quasi static conditions.
The homogeneity of the test atmospheres within the chamber was demon-
strated in technical trial runs before the start of exposure of the volunteers.
The temperature and relative humidity in the chamber were controlled and
recorded hourly with a thermohygrometer (model 93353, Bioblock Scien-
tific, Doornik, Belgium). The temperature was kept at 22 ± 3 �C and the
relative humidity at 50 ± 10%. The formaldehyde test atmosphere was
generated by vaporizing paraformaldehyde on a magnetic hot plate stirrer
at 200 �C. Under these conditions paraformaldehyde depolymerizes quan-
titatively to monomeric formaldehyde and water vapor (Walker, 1975).
The vapor was introduced into the exposure chamber by convection via
a metallic duct so allowing adjusting the concentrations. During the expo-
sure conditions containing peak exposures, the peaks were generated by
additional evaporation of formaldehyde until the desired peak concentra-
tion was reached, followed by forced ventilation of the exposure chamber
using an exhaust air system, until the desired basic level was reached again.
Real-time monitoring of the formaldehyde concentrations was carried out
using an Asynco� Formaldehyde Monitor (Interscan, HCHO, model no.
4160-DSP, serial no. 821010, Karlsruhe, Germany). In order to verify the
results of the real-time monitoring, two air samples taken each exposure
day were analyzed using dinitrophenylhydrazine and HPLC analysis
period

Day 3 Day 4 Day 5

0.15 0.3 + EA 0.5 + P + EA
0 + EA 0.5 + P 0.3 + P

0.3 + P 0.5 0 + EA
0.5 + P 0.5 + EA 0.3 + EA

0.3 0.5 + P 0.5
A 0 + EA 0.5 + EA 0.15

0.15 0.5 + P 0.5 + EA
0.3 + P 0 0.3 + EA

0.3 + P 0 + EA 0.3
0.5 + P + EA 0.5 + P 0.5

oncentrations of peaks are indicated in Table 1. Each subject was exposed
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according to DFG (1996). EA was also vaporized on a magnetic hot plate
stirrer at 200 �C and introduced into the exposure chamber via a metallic
duct so allowing adjusting the concentrations. The concentrations of EA
were measured by real-time monitoring using photo ionization (MSA
AUER PPM Photo Ionization Detector; model FZ 9944 107, Berlin, Ger-
many). The PID was calibrated at the start of the study; during the course
of the study the measurements remained fairly constant, proving that no
change in adjustment did occur. A maximum target concentration of
20 ppm was chosen to sufficiently mask the characteristic odour of form-
aldehyde. Both analysers were checked for cross-sensitivity for either
formaldehyde or EA.
2.5. Order of daily examinations

Each exposure session for subjects was carried out as follows: (1) Pre-
liminary examination before the start of exposure, consisting of a SPES
questionnaire and rhinomanometry. In addition, on day 1 pulmonary
function was examined. (2) Exposure during 4 h to formaldehyde (or clean
air) with or without EA. (3) Test cycle, performed at the start of exposure,
and at 120 and 195 min of exposure. The cycle consisted of cycle ergom-
etry during 15 min at 80 watts, SPES questionnaire (2 min), digital slit
lamp photography (1 min), and video recording of blinking frequency
(6 min). (4) Post-exposure tests consisted of SPES questionnaire, rhinoma-
nometry, and reaction time measurements; these were carried out immedi-
ately after exposure stop.

On the last exposure day, after exposure had ended, the following mea-
surements were carried out: physical examination (10 min) and pulmonary
function (15 min).
2.6. Study parameters

2.6.1. Conjunctival redness

Digital slit lamp photographs of the eyes of the subjects were made
three times during each day’s exposure to investigate dilatation of the con-
junctival blood vessels and an indication of irritation of the mucosal mem-
branes of the eyes. A focusing mode was used to obtain photographs
under standardized conditions. A section of the bulbar conjunctiva limited
medially by the lacrimal caruncle was photographed, with the upper and
lower eyelids as upper and lower boundaries of the section, respectively.
As these boundaries were consistently selected for each subject, identical
sections of the conjunctival mucosa were photographed. A standardized
ophthalmologic grading scale of the CCLRU (Cornea and Contact Lens
Research Unit) was used to minimize the influence of a subjective assess-
ment of the degree of redness of the conjunctival mucosa (Wolffsohn,
2004). The severity of the conjunctival redness was ranked as follows:
1 = very slight, 2 = slight, 3 = moderate, and 4 = severe. For the evalua-
tion of the results, the photographs were projected onto a 20-in. computer
screen in random order, and the redness of the eyes was independently
judged by two scorers unaware of the exposure concentration(s).
2.6.2. Blinking frequency

A new semi-automatic method was developed for the quantitative
analysis of the blinking frequency (Ziegler et al., 2007). It was based on
the method described by Tsubota et al. (1996). Blinking frequency was
measured three times during each day’s exposure using a high resolution
camrecorder (JVC, model JY-HD 10). Subjects were asked to sit in an
upright and relaxed position, and their heads were fixed in a rigid foamed
plastic support. During measurements, the subject watched a documentary
film on a video screen. Subjects were told not to speak during recording.
The total recording period was 6 min, the subjects not being informed
when the camera was running. After recording, the data were transferred
to a computer. Blinking sequences were edited using HD Capture Utility
1.0 and MPEG Edit Studio Pro 1.0 software. The final results were film
portions of exactly 90 s during which no movements of the subjects were
noted. The blinks in these 90-s film portions were counted manually and
used for statistical analysis. Counting was done in a randomized and blind
fashion. All film portions were counted again at a different order; this pro-
cedure did not reveal any deviations from the first counting.

2.6.3. Nasal resistance and flow

The resistance in the nasal passages was measured using active anterior
rhinomanometry (AAT; Jaeger Rhinoscreen�, Höchberg, Germany. The
measurements were carried out in strict compliance with the criteria of
the Committee for the standardization of rhinomanometry (Clement,
1984; Carney et al., 2000). This form of rhinomanometry is a standardized
no-load current measurement, i.e. in the case of nasal breathing the energy
to overcome the nasal resistance is produced by the respiratory muscles of
the subject. The active cooperation of the subject is required (Naumann,
1990). The subject deeply inhales and exhales four or five times while sit-
ting in an upright position. The flow rate and differential pressure between
the nasal vestibule and the posterior naris are measured separately for
each side using plugs. The nasal flow and the specific transnasal resistance
are then calculated separately for each side; the total resistance is calcu-
lated from the individual measurements of both sides (Malm et al.,
2000). The difference between each day’s post-exposure and pre-exposure
measurement was used as an indication for the presence of an effect.

2.6.4. Pulmonary function

The pulmonary function of the subjects was examined using a body
plethysmograph with an integrated spirometer (Jaeger Bodyscreen�,
Höchberg, Germany. The following parameters were measured: airway
resistance (Rtot), Peak Expiratory Flow (PEF), Forced Expiratory Vol-
ume in 1 s (FEV1), and Maximum Midexpiratory Flow (MMEF). PEF
measures the maximum flow rate during a forced expiratory manoeuvre,
FEV1 measures the volume of air expired in 1 s at maximum expiration
and MMEF measures the slope of the line between 25% and 75% of
FVC (forced vital capacity). The pulmonary function was assessed during
the initial examination, and on the first and last exposure day, prior to and
immediately after exposure, respectively. The difference between the post-
exposure and pre-exposure measurement was used as an indication for the
presence of an effect: a positive value in airway resistance or a negative
value in FEV1 would be indicative of airway obstruction. Due to technical
reasons, total airway resistance was measured in 15 out of the 21 subjects
only.

2.6.5. Reaction times

The reaction times of the subjects to stimuli were measured before and
after exposure on each exposure day using the Vienna Test System (Wie-
ner Testsystem) (Schuhfried and Prieler, 2001). In the present study, visual
and acoustic stimuli in different configurations were used. The subjects had
to press a button when a single stimulus (short appearance of yellow light
or a beep tone) or a combination of these two stimuli appeared. Motor
(movement time) and reactive (decision time) components of the reaction
time can be distinguished using this test system, i.e. the decision time cov-
ers the duration from the appearance of the stimulus to the start of the
subject’s motor reaction by leaving the finger from its fixation point.
The movement (motor) time represents the duration of movement of the
finger from its fixation point to the response button.

2.6.6. Subjective ratings

To record the subject’s physical symptoms and mental state, the vali-
dated SPES questionnaire was used (Gamberale, 1989; Iregren et al.,
1996). This questionnaire was translated into German by Seeber et al.
(2002). The questionnaires were filled out each day before exposure, at
three time points during exposure, and a few minutes after leaving the
exposure chamber. Filling out the same questionnaire several times per
day for several days has not resulted in response fatigue (Seeber, 2007).
The total score of all symptoms (see Table 3), and the subscores for irrita-
tion of the eyes, nasal irritations, and olfactory symptoms were evaluated.
The SPES questionnaire also included a second part where the subjects
rated their current complaints and well-being on a scale from 1 to 7
(Table 4).



Table 3
Listing of the individual organ systems with corresponding symptoms
used in the SPES questionnaire

Subscore Symptoms

Eyes Tiring eyes
Itchy eyes
Burning eyes
Irritation of the eyes
Dry eyes
Watery eyes
Redness of the eyes

Nasal Irritation of the nose
Itchy nose
Dry nose
Running nose
Burning nose

Olfactory Perception of impure air
Unpleasant smell
Foul odour
Stench

Respiratory Pressure on chest
Urge to cough
Oppression to breath

Taste Bad taste
Unpleasant taste
Foul taste

Unclassified Unclear vision
Throat irritation
Skin irritation

Unspecific Tiredness
Headache
Dizziness
Malaise

Sham Palpitations
Double vision

These symptoms were scored on 6 levels: 0 = not at all, 1 = slight,
2 = somewhat, 3 = quite, 4 = strong, and 5 = very strong.

Table 4
Listings of ratings of complaints in the SPES questionnaire

Tension level Relaxed Tense

Calm, collected,
harmonious,
well-adjusted

Nervous, quickly excited,
irritated, restlessness

Level of tiredness Awake Tired

Active, alert, ready
for action

Lack of energy, weakness,
exhaustion, sleepy

Complaints No Strong

Complete physical
well-being, no
physical problems

Physical feeling of being
unwell, notable malaise

Level of discomfort Not uncomfortable Very uncomfortable

No negative impact
on subject

Clear negative impact on
subject, difficult to tolerate

These complaints were scored on an analogue scale from 1 to 7.

Table 5
List of feelings and emotions evaluated in the PANAS questionnaire

Positive affectivity Negative affectivity

Interested Distressed
Excited Upset
Strong Guilty
Enthusiastic Scared
Proud Hostile
Alert Irritable
Inspired Ashamed
Determined Nervous
Attentive Jittery
Active Afraid

Feelings and emotions were rated as follows: 1 = very slightly or not at all,
2 = a little, 3 = moderately, 4 = quite a bit, and 5 = extremely.
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2.6.7. Personality factors

The PANAS questionnaire was used to investigate the personality
traits of the subjects before the first exposure. The PANAS is a 20-item
questionnaire in which a subject rates his/her emotional affectivity. Two
dimensions of emotion, positive affectivity (PA) and negative affectivity
(NA) are recorded and evaluated (Watson et al., 1988). Feelings and emo-
tions were rated as indicated in Table 5.

2.7. Statistics

All statistical analyses were performed using SAS version WIN 9.1. If
appropriate, data were visualized by means of box-whisker plots (see
Fig. 1). Concentrations–response relationships were analyzed by repeated
measures two-way analysis of variance (ANOVA) followed by post-hoc
contrast test. In case of inhomogeneity of variances, Kruskall–Wallis
was used followed by Mann–Whitney U test. Categorical variables were
evaluated using Fisher’s exact test. Differences before and after exposure
were tested using Wilcoxon signed rank test. Changes in conjunctival red-
ness between the 0 ppm scenario and the exposure levels were tested using
McNemar’s test of symmetry. The Spearman rank correlation coefficient
and corresponding p-values were calculated to demonstrate possible differ-
ences between blinking frequency and the subjective rating of ocular irri-
tation. Gender differences were tested using the Wilcoxon–Mann–Whitney
U test. For all statistical tests p < 0.05 was considered statistically
significant.

3. Results

3.1. Demographics

The mean age of the study subjects was 26.3 ± 5.6 years
and ranged from 19 to 39 years. The group consisted of stu-
dents (n = 13), employed persons (n = 4), and unemployed
persons (n = 4).

There were no gender-related statistically significant dif-
ferences except for eye redness at formaldehyde concentra-
tion levels of 0.15 and 0.3 ppm, and the rating of ocular
irritations in the SPES questionnaire immediately after
exposure to 0.5 ppm formaldehyde with peaks and co-
exposure to EA (data not shown). Because there was no
general or consistent influence of gender, results of males
and females were combined.

3.2. Exposure

Mean formaldehyde exposure concentrations were cal-
culated by averaging the daily analytical mean values of
each exposure condition over the five exposure groups.
Results of both real-time monitoring and HPLC measure-



Fig. 1. Example of box-whisker plot.
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ments were in good agreement (Table 6). On the days that
the formaldehyde concentration should have been 0 ppm,
in spite of intensive ventilation, nonetheless a minimal con-
centration of formaldehyde was detected that had lingered
over from the previous exposure day. Mean EA (masking
agent) concentrations were between 12 and 16 ppm, lower
than the target concentration of 20 ppm (Table 6).
3.3. Study parameters

3.3.1. Conjunctival redness
In the present study, the degree of eye redness varied

from slight (grade 2) to moderate (grade 3). As grade 2
indicates a normal to slight redness of the eyes only, grade
3 results are presented (Fig. 2). A statistically significant
increase in moderate eye redness compared to the 0 ppm-
control condition was observed in subjects exposed to
0.5 ppm formaldehyde with peaks of 1.0 ppm (without
EA), 195 min after the start of exposure. Using the McNe-
mar’s symmetry test, it was shown that the time of day had
no influence on the degree of redness, indicating that the
Table 6
Measured formaldehyde and EA concentrations in the exposure chamber

Target
formaldehyde
concentration
(ppm)

Formaldehyde
concentration
(real-time
monitoring)
(ppm)

Formaldehyde
concentration
(HPLC)
(ppm)

EA
concentration
(real-time
monitoring)

0 0.05 ± 0.05 0.02 ± 0.01 —
0.15 0.16 ± 0.00 0.14 ± 0.03 —
0.3 0.30 ± 0.01 0.28 ± 0.04 —
0.3 + 4 peaks at 0.6 0.30 ± 0.00 0.26 ± 0.04 —
0.5 0.50 ± 0.01 0.48 ± 0.03 —
0.5 + 4 peaks at 1.0 0.47 ± 0.02 0.46 ± 0.04 —
0 + EA 0.06 ± 0.01 0.04 ± 0.01 12.4 ± 2.7
0.3 + EA 0.30 ± 0.00 0.29 ± 0.03 15.4 ± 3.3
0.5 + EA 0.50 ± 0.00 0.49 ± 0.05 15.8 ± 1.8
0.5 + 4 peaks at 1.0 + EA 0.49 ± 0.02 0.45 ± 0.04 12.9 ± 4.3

Data shown as daily means ± SD (n = 5); air samples for HPLC analysis
of formaldehyde concentrations were not taken during peak exposures,
EA, ethyl acetate.

Fig. 2. Conjunctival redness in 21 subjects during exposure to different
concentrations of formaldehyde with or without ethyl acetate (EA).
Results are expressed as percentage of subjects showing moderate (grade
3) redness of the eyes. A = 0 ppm, B = 0.15 ppm, C = 0.3 ppm,
D = 0.3 ppm + 4 peaks of 0.6 ppm, E = 0.5 ppm, F = 0.5 ppm + 4 peaks
of 1.0 ppm, G = 0 ppm + EA, H = 0.3 ppm + EA, I = 0.5 ppm + EA,
K = 0.5 ppm + 4 peaks of 1.0 ppm + EA. Statistics: McNemar’s test of
symmetry; *p < 0.05.
degree of redness remained fairly constant throughout
the course of a study day.
3.3.2. Blinking frequency

Blinking frequencies varied considerably per subject
without exposure (0 ppm) from 3 up to 120 blinks per
90 s (see Table 7). This corresponds to 2 and 80 blinks
per minute. Throughout the day (data not shown), there
were no increases in blinking frequency with time. As
results did not differ if expressed as absolute values or as
relative increases, absolute data were used and reported.



Table 7
Blinking frequency per 90 s in subjects during exposure (t = 195 min) to
different concentrations of formaldehyde with or without EA

Formaldehyde
concentration (ppm)

Mean blinking
frequency ± SD

Median Range

0 28.2 ± 30.2 20 3–120
0.15 31.2 ± 31.4 21 3–145
0.3 27.8 ± 24.7 21 4–118
0.3 + 4 peaks at 0.6 34.4 ± 23.6 27 2–92
0.5 29.2 ± 29.7 18 2–128
0.5 + 4 peaks at 1.0 46.3 ± 45.6*,# 37 2–200
0 + EA 28.6 ± 30.9 20 2–114
0.3 + EA 29.6 ± 24.0 24 3–95
0.5 + EA 34.5 ± 35.1 26 4–157
0.5 + 4 peaks at 1.0 + EA 45.2 ± 45.0*,# 30 5–166

Results are expressed in mean, median, and range of 21 subjects. Statistics:
repeated measures ANOVA with contrasts.

* p < 0.05 compared to 0 ppm.
# p < 0.05 compared to 0 ppm + EA. Fig. 3. Decision reaction time upon a visual stimulus after exposure to

different concentrations of formaldehyde with or without ethyl acetate
(EA). Results are expressed in a box-whisker plot. A = 0 ppm,
B = 0.15 ppm, C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm,
E = 0.5 ppm, F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA,
H = 0.3 ppm + EA, I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of
1.0 ppm + EA. Statistics: repeated measures ANOVA with contrasts;
*p < 0.05.

Fig. 4. Decision reaction time upon an acoustic stimulus after exposure to
different concentrations of formaldehyde with or without ethyl acetate
(EA). Results are expressed in a box-whisker plot. A = 0 ppm,
B = 0.15 ppm, C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm,
E = 0.5 ppm, F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA,
H = 0.3 ppm + EA, I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of
1.0 ppm + EA. Statistics: repeated measures ANOVA with contrasts;
*p < 0.05.
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A statistically significant increase in blinking frequency was
observed 195 min after the start of exposure in subjects
exposed to 0.5 ppm formaldehyde with peaks of 1.0 ppm
with or without EA compared to the 0 ppm-control condi-
tion with or without EA (Table 7).

3.3.3. Nasal resistance and flow

In general, mean total nasal resistance values had a posi-
tive value and mean total nasal flow values a negative value
after exposure which indicated that subjects had slightly
more difficulty in breathing through the nose when com-
pared to before exposure. These differences were not statis-
tically significant. These changes were seen in all exposure
conditions, 0 ppm control included (data not shown) and
therefore these were considered not to be related to formal-
dehyde or EA exposure.

3.3.4. Pulmonary function

There were no statistically significant differences in pul-
monary function between the baseline measurements on
day 1 and the post-exposure measurements on day 10 (data
not shown), indicating that exposure to formaldehyde (and
EA) did not induce pulmonary function changes.

3.3.5. Reaction times

Decision reaction time upon a visual stimulus was signif-
icantly increased in subjects exposed to 0.3 ppm with or
without co-exposure to EA (Fig. 3); the motor reaction
time had not changed (data not shown). Also, the reaction
time upon an acoustic stimulus had increased in subjects
exposed to 0.3 ppm without co-exposure to EA (Fig. 4);
the motor reaction time had not changed (data not shown).
Finally, the decision reaction time upon a combined visual/
auditory stimulus had increased in subjects exposed to
0.3 ppm without co-exposure to EA (Fig. 5); and again,
the motor reaction time had not changed (data not shown).
As effects were observed in subjects exposed to 0.3 ppm
only and due to high variability, the slight change in deci-
sion reaction time was considered to be an incidental
finding.
3.3.6. Subjective ratings

As symptom scores were highest for all subjects after
195 min of exposure, these scores are reported. The mean
total symptom score ranged from about 3 to 8 (at a scale
up to 35) and had slightly but significantly increased in sub-



Fig. 5. Decision reaction time upon a combined visual/auditory stimulus
after exposure to different concentrations of formaldehyde with or without
ethyl acetate (EA). Results are expressed in a box-whisker plot.
A = 0 ppm, B = 0.15 ppm, C = 0.3 ppm, D = 0.3 ppm + 4 peaks of
0.6 ppm, E = 0.5 ppm, F = 0.5 ppm + 4 peaks of 1.0 ppm, G =
0 ppm + EA, H = 0.3 ppm + EA, I = 0.5 ppm + EA, K = 0.5 ppm + 4
peaks of 1.0 ppm + EA. Statistics: repeated measures ANOVA with
contrasts; *p < 0.05.
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jects exposed to 0.5 ppm with peaks of 1.0 ppm with and
without co-exposure to EA. The total symptom score at
0 ppm formaldehyde with co-exposure to EA was almost
similar to that at exposure to 0.5 ppm formaldehyde with
peaks of 1.0 ppm (Fig. 6).

Subjective ratings of eye irritation were clearly different
from the 0 ppm-control condition. At exposure concentra-
tions as low as 0.3 ppm subjects rated eye irritation as sig-
nificantly higher than at 0 ppm. However, also the
0 ppm + EA condition was significantly more irritating to
the eyes than the 0 ppm without EA. At exposure concen-
trations of 0.3 ppm with peaks of 0.6 ppm, and at 0.5 ppm
Fig. 6. Total symptom score recorded during exposure (t = 195 min) to
different concentrations of formaldehyde with or without ethyl acetate
(EA). Results are expressed in a box-whisker plot. A = 0 ppm,
B = 0.15 ppm, C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm,
E = 0.5 ppm, F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA,
H = 0.3 ppm + EA, I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of
1.0 ppm + EA. Statistics: repeated measures ANOVA with contrasts;
**p < 0.01 compared to 0 ppm; #p < 0.05 compared to 0 ppm + EA.
with peaks of 1.0 ppm with and without EA, but not at
0.5 ppm without peaks, eye irritation was rated signifi-
cantly higher than at the 0 ppm + EA control condition.
Nevertheless, eye irritation was on average rated less than
2, indicating a score of less than ‘somewhat’ (Fig. 7).

Nasal irritation was reported to be significantly higher
in subjects exposed to 0.5 ppm with peaks of 1.0 ppm with
or without EA compared to either the 0 ppm condition or
the 0 ppm + EA condition. In contrast, the exposure con-
ditions of 0.3 ppm + EA or 0.5 ppm + EA, although
resulting in significantly higher ratings than at the 0 ppm
condition, did not result in significantly higher ratings than
at 0 ppm + EA (Fig. 8), indicating that the subjects did not
differentiate between the irritation caused by formaldehyde
and the perception of the EA odour. The nasal irritation
rating ranged from about 0.5 to 2, therefore a mean max-
imum score of ‘somewhat’ was reached.

Scores of olfactory symptoms were significantly
increased at concentrations of 0.3 ppm formaldehyde and
up, and were higher when peak exposure was present when
compared to the 0 ppm-control condition. Co-exposure to
EA clearly increased the olfactory symptom ratings. Only
the 0.5 ppm with peaks + EA condition was significantly
higher than the 0 ppm + EA control condition. Overall
mean symptom ratings were not higher than the level of
‘somewhat’ (Fig. 9).

Respiratory irritation ratings were significantly
increased at concentrations of 0.3 ppm (without peaks),
at 0.5 ppm with peaks, and at all formaldehyde levels with
co-exposure to EA. These ratings were not increased at the
level of 0.3 ppm with peaks or 0.5 ppm without peaks.
Moreover, mean symptom ratings were between 0 and 1,
in other words between ‘not at all’ and ‘hardly’ (Fig. 10).
Fig. 7. Symptom score for eye irritation recorded during exposure
(t = 195 min) to different concentrations of formaldehyde with or without
ethyl acetate (EA). Results are expressed in means ± SD. A = 0 ppm,
B = 0.15 ppm, C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm,
E = 0.5 ppm, F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA,
H = 0.3 ppm + EA, I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of
1.0 ppm + EA. Statistics: repeated measures ANOVA with contrasts;
*p < 0.05 and **p < 0.01 compared to 0 ppm; #p < 0.05 and ##p < 0.01
compared to 0 ppm + EA.



Fig. 8. Symptom score for nasal irritation recorded during exposure
(t = 195 min) to different concentrations of formaldehyde with or without
ethyl acetate (EA). Results are expressed in means ± SD. A = 0 ppm,
B = 0.15 ppm, C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm,
E = 0.5 ppm, F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA,
H = 0.3 ppm + EA, I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of
1.0 ppm + EA. Statistics: repeated measures ANOVA with contrasts;
*p < 0.05 and **p < 0.01 compared to 0 ppm; ##p < 0.01 compared to
0 ppm + EA.

Fig. 9. Olfactory symptom score recorded during exposure (t = 195 min)
to different concentrations of formaldehyde with or without ethyl acetate
(EA). Results are expressed in means ± SD. A = 0 ppm, B = 0.15 ppm,
C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm, E = 0.5 ppm,
F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA, H = 0.3 ppm + EA,
I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of 1.0 ppm + EA. Statistics:
repeated measures ANOVA with contrasts; *p < 0.05 and **p < 0.01
compared to 0 ppm; ##p < 0.01 compared to 0 ppm + EA.

Fig. 10. Respiratory symptom score recorded during exposure
(t = 195 min) to different concentrations of formaldehyde with or without
ethyl acetate (EA). Results are expressed in means ± SD. A = 0 ppm,
B = 0.15 ppm, C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm,
E = 0.5 ppm, F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA,
H = 0.3 ppm + EA, I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of
1.0 ppm + EA. Statistics: repeated measures ANOVA with contrasts;
*p < 0.05 and **p < 0.01 compared to 0 ppm; ##p < 0.01 compared to
0 ppm + EA.

Fig. 11. Annoyance ratings recorded during exposure (t = 195 min) to
different concentrations of formaldehyde with or without ethyl acetate
(EA). Results are expressed in means ± SD. A = 0 ppm, B = 0.15 ppm,
C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm, E = 0.5 ppm,
F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA, H = 0.3 ppm + EA,
I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of 1.0 ppm + EA. Statistics:
repeated measures ANOVA with contrasts; *p < 0.05 and **p < 0.01
compared to 0 ppm; #p < 0.05 and ##p < 0.01 compared to 0 ppm + EA.
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With regard to complaints and well-being, the mean
total score did not show significant differences between
the various exposure conditions; there was, however, a
large inter-individual variability. Ratings varied between
‘hardly’ and ‘somewhat’ (data not shown). The mean rating
of annoyance increased with elevated formaldehyde con-
centrations, it had also increased at all levels with co-expo-
sure to EA, including the 0 ppm + EA control condition
(Fig. 11), indicating that EA was the main cause of these
symptoms. Mean annoyance ratings varied from 2 to 3.5
(on a scale from 1 to 7).
3.3.7. Personality factors
The subjects reported an overall higher score for positive

affectivity (mean ± SD: 3.6 ± 0.4, median: 3.7, range: 2.8–
4.5) than for negative affectivity (mean ± SD: 1.9 ± 0.7,
median: 1.7, range: 1.1–3.5). When negative affectivity
was used as covariate in the evaluation of the subjective
symptom scores, many changes or differences were no
longer statistically significant; symptoms that were still sta-
tistically significantly different from the 0 ppm control con-
dition are indicated in Table 8. From this Table it can be
seen that (a) significant differences only persisted at the



Table 8
Significant changes measured using the SPES questionnaire with negative
affectivity ratings as covariate

Symptoms Formaldehyde concentration
(ppm)

Time of observation

Eye irritation 0.5 + EA 195 min of exposure
0.5 + peaks of 1.0 + EA
0.5 + peaks of 1.0 Directly after exposure
0.5 + peaks of 1.0 + EA

Nasal irritation 0.5 + peaks of 1.0 195 min of exposure
0.5 + peaks of 1.0 + EA

Olfactory 0 + EA 15 min of exposure
0.5 + EA
0.5 + peaks of 1.0 + EA
0.3 + EA 120 min of exposure
0.5 + EA
0.5 + peaks of 1.0 + EA
0.5 + EA 195 min of exposure
0.5 + peaks of 1.0 + EA
0.5 + EA Directly after exposure
0.5 + peaks of 1.0 + EA
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highest exposure concentration of 0.5 ppm formaldehyde,
indicating that at lower formaldehyde concentrations per-
sonality factors had a stronger influence on subjectively
perceived symptoms than at higher concentrations, and
(b) the co-exposure to EA had a very strong influence on
olfactory symptoms due to its intensive odour, or in other
words, EA at 12–16 ppm had a stronger smell than formal-
dehyde at 0.3 or 0.5 ppm.

4. Discussions and conclusion

Sensory irritation induced by formaldehyde in humans
at low concentrations mainly consists of eye and nasal irri-
tation. Several volunteer studies have been carried out to
examine these effects (see reviews by Paustenbach et al.,
1997 and Arts et al., 2006a). In all studies, except for two
studies in which eye blinking frequency was additionally
measured (Weber-Tschopp et al., 1977; Yang et al.,
2001), subjective methods (questionnaires) were used to
examine eye or nasal irritation. In these studies using sub-
jective methods, it appeared that both eye irritation as well
as nasal irritation was reported in healthy volunteers at lev-
els below 1 ppm, and that eye irritation was observed at a
slightly lower level than nasal irritation (Paustenbach et al.,
1997; Arts et al., 2006a). Based on these studies, Appel
et al. (2006) concluded that a slight sensory irritation
response could be observed at concentrations of 0.2–
0.3 ppm.

The present study was aimed at establishing the possible
occurrence of sensory irritation in human volunteers
exposed to formaldehyde using objective methods and to
correlate this with subjective symptoms. Subjects were
exposed to concentrations relevant to the workplace, viz.
up to 0.5 ppm with peak exposures up to 1 ppm. The levels
were chosen in line with the current German MAK value of
0.3 ppm with peak category II (an 8-h time weighed aver-
age of 0.3 ppm with four 15-min periods of 0.6 ppm per
working shift; DFG, 2006) and the current Occupational
Exposure Limit (OEL) of 0.5 ppm.

The set up of the study included a combination of sev-
eral items that, as far as known, have not been tested in a
single study: (a) formaldehyde exposures with and without
peaks, (b) the presence and absence of a masking agent,
viz. EA, (c) objective and subjective measurements of irri-
tation, and (d) using the ‘negative affectivity’ of the volun-
teers as covariate. The results of this study demonstrated
that eye irritation was indeed the most critical effect. A
significant increase in eye blinking frequency was
observed at 0.5 ppm formaldehyde with peaks of
1.0 ppm. It was noted that blinking frequency showed a
considerable inter-individual variability, ranging from 2
to 80 blinks per minute, with a mean value of about 13
blinks per minute. The latter value was in line with those
reported by others (Monster et al., 1978; Al-Abdulmun-
em, 1999; Doughty, 2001; Wolkoff et al., 2003, 2005;
Nojgaard et al., 2005; Ziegler, 2007). Two subjects had
high blinking frequencies of 69 and 80 per minute. How-
ever this is to our opinion not abnormal because in the
literature high blinking frequencies up to 60 per minute
were regarded as normal. Nakamori et al. (1997)
described 60 blinks per minute, Monster et al. (1978) a
frequency up to 50 per minute, Bentivoglio et al. (1996)
described a range up to 48 blinks per 60 s and Ziegler
et al. (submitted for publication) observed 68 blinks per
minute. Furthermore it is to stress that these two persons
were in good health condition and had no obvious eye
diseases. The blinking reflex involves the short and rapid
closure of the eyelids as a response to external stimuli.
These may be auditory, cognitive, or visual but most of
all a reflex response due to trigeminal nerve stimulation.
The blinking frequency may not only be influenced by
extrinsic factors such as a direct stimulation of the nerve
endings by debris or by ocular dehydration due to evap-
oration of the tear film, but also by factors such as tem-
perature and ambient humidity (Acosta et al., 1999).
Nevertheless, measurement of blinking frequency has been
used as a sensitive indicator of irritation effects of expo-
sure to vapors (Norn, 1992; Hempel-Jorgensen et al.,
1998; Walker et al., 2001; Norbäck and Wieslander,
2002; Emmen et al., 2003; Kleno and Wolkoff, 2004;
Kiesswetter et al., 2005; Nojgaard et al., 2005). Weber-
Tschopp et al. (1977) observed an increase in eye blinking
frequency at a concentration of 1.7 ppm formaldehyde.

In addition to measurement of blinking frequency, con-
junctival redness was used as a second objective parameter.
Ocular redness was investigated in two other studies using
other compounds (Emmen et al., 2003; Ziegler et al., 2007).
In the present study, an increase in conjunctival redness
was also observed at 0.5 ppm formaldehyde with peaks of
1.0 ppm. This indicates that (a) an increase in ocular red-
ness was associated with an increase in eye blinking fre-
quency, and (b) because such changes were not observed
at 0.5 ppm without peaks, nor at 0.3 ppm with peaks of



Fig. 13. Correlation between subjectively rated eye irritation and the
number of blinks in 90 s in subjects exposed to 0.5 ppm formaldehyde with
peaks of 1.0 ppm (q = 0.36; y = 14.94x + 23.47; p = 0.10). The highest
value in this graph is an outlier (after the three sigma criteria). Without
this value, the correlation is q 0.26 with a p-value of 0.26.
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0.6 ppm, peak exposures of 1.0 ppm seem to have been
responsible for the observed effects.

The subjective rating of eye irritation in the present
study was significantly higher at concentrations of
0.3 ppm and above. It should, however, be noted that (a)
the 0 ppm + EA condition was also classified as more irri-
tating to the eyes than the 0 ppm condition without EA, (b)
increased eye irritation was seen at both 0.3 and 0.5 ppm
with peaks but not at 0.5 ppm without peaks, and (c) eye
irritation was on average rated less than 2, indicating a
score of less than ‘somewhat’. These results indicate that
the intensive odour of EA (the odour threshold of EA
was reported to be generally between 0.8 and 14 ppm, with
levels as low as 0.1 ppm (van Gemert, 2003)) may have
prompted the volunteers to report irritation of the eyes,
that formaldehyde peaks may have had a significant influ-
ence, and finally, although significant increases were
reported in the severity of eye irritation, the degree still
was minimal (less than somewhat). In the present study,
there was a statistically significant correlation between
the subjectively experienced irritation and the blinking fre-
quency at the highest level tested (0.5 ppm with peaks) in
the presence of EA (Fig. 12). The correlation was only
slightly positive when EA was not present; a significant
degree was not obtained (Fig. 13). These positive correla-
tions seem to indicate that the ratings of symptoms of
eye irritation by the subjects could be interpreted as valid.

These results were fully in line with several other studies,
i.e. increases in eye irritation were observed at increasing
formaldehyde concentrations at comparable levels (Schuck
et al., 1966; Bender et al., 1983; Andersen and Mølhave,
1983; Kulle et al., 1987; Kulle, 1993), and the degree of
eye irritation was minimal. In these studies, the severity
of the eye symptoms at formaldehyde concentrations
61 ppm were rated between none and slight/mild; the
Fig. 12. Correlation between subjectively rated eye irritation and the
number of blinks in 90 s in subjects exposed to 0.5 ppm formaldehyde with
peaks of 1.0 ppm and co-exposure to ethyl acetate (q = 0.54;
y = 22.12x + 8.62; p = 0.01). After using the three sigma criteria, the
two highest values were no outliers. A = 0 ppm, B = 0.15 ppm,
C = 0.3 ppm, D = 0.3 ppm + 4 peaks of 0.6 ppm, E = 0.5 ppm,
F = 0.5 ppm + 4 peaks of 1.0 ppm, G = 0 ppm + EA, H = 0.3 ppm + EA,
I = 0.5 ppm + EA, K = 0.5 ppm + 4 peaks of 1.0 ppm + EA.
response slight/mild was generally reported to be ‘present
but not annoying’. Arts et al. (2006a) therefore concluded
that the eye irritation ratings at formaldehyde levels below
1 ppm should be translated into perception or awareness
rather than an annoying ocular irritation.

Because the perception of sensory irritation is highly
influenced by personal factors such as anxiety, expecta-
tions, and attitudes towards health risks (Seeber et al.,
2000) and subjects who indicate ‘anxiety’ as a characteristic
of their personality tend to evaluate their complaints at an
increased rate (Seeber et al., 2000; Dalton, 2003; Ihrig
et al., 2006), in the present study, ‘negative affectivity’ from
the PANAS questionnaire was used as a covariate in the
evaluation of the subjective symptom scores. In doing so,
significant differences in perceived eye irritation persisted
at the highest exposure concentration of 0.5 ppm formalde-
hyde, almost exclusively with peaks. This indicated that at
lower formaldehyde concentrations ‘negative affectivity’
had a stronger influence on subjectively perceived symp-
toms than at higher concentrations which resulted in
over-interpretation of the symptoms ratings at these lower
concentrations. In addition, the co-exposure to EA had a
very strong influence on these symptoms due to its inten-
sive odour (Table 8).

Objective measurements of functional nasal parameters
at exposure levels up to 0.5 ppm (with and without peaks)
did not result in any significant changes which was in line
with observations by Kulle et al. (1987) and Kulle (1993).
They found an increase in nasal resistance at a concentra-
tion of 3 ppm but not at 1 or 2 ppm. Subjective measure-
ments revealed that nasal irritation was reported to be
significantly higher in subjects exposed to 0.5 ppm with
peaks of 1.0 ppm with or without EA. At lower concentra-
tions, subjects could not differentiate between the irritation
caused by formaldehyde and the perception of the EA
odour. The nasal irritation was rated from about 0.5 to
2, therefore a mean maximum score of ‘somewhat’ was
reached. Using the ‘negative affectivity’ score as a covari-
ate, significant differences in perceived nasal irritation per-
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sisted at the concentration of 0.5 ppm formaldehyde with
peaks.

In addition, significant changes in lung function were
absent in the present study. A small, statistically insignifi-
cant, decrease in lung function was reported in asthmatic
volunteers at a level of 3 ppm formaldehyde (Sauder
et al., 1987). A slight reduction in FEV1 was found at levels
of 1–1.24 ppm (Khamaonkar and Fulare, 1983; Akbar-
Khanzadek and Mlynek, 1997). Other authors, however,
did not observe such changes in asthmatic volunteers at
levels of 2 ppm (Witek et al., 1987) nor at 0.7 ppm (Har-
ving et al., 1990), nor in healthy volunteers at levels of
1 ppm (Day et al., 1984), at 2 ppm (Schachter et al.,
1986), or at 3 ppm (Sauder et al., 1986). Ezratty et al.
(2007) exposed 12 subjects, with intermittent asthma and
allergy to pollen, to 0.4 ppm formaldehyde for 60 min.
Exposure to formaldehyde had no significant deleterious
effect on airway allergen responsiveness of patients with
intermittent asthma; in contrast, they found a trend toward
a protective effect.

Subjective ratings of respiratory irritation were
increased in the present study at several formaldehyde lev-
els but a consistent increase was not observed. Moreover,
mean symptom ratings were between 0 and 1, in other
words between ‘not at all’ and ‘hardly’. Using the ‘negative
affectivity’ score as a covariate, significant differences in
perceived respiratory irritation were absent.

A perception of smell was reported at a level as low as
0.3 ppm formaldehyde which was in line with the observa-
tion that odour detection thresholds of formaldehyde are
generally between 0.04 and 0.4 ppm (van Gemert, 2003).
Co-exposure to EA clearly increased the olfactory symp-
tom ratings but overall mean symptom ratings were not
higher than the level of ‘somewhat’. Using the ‘negative
affectivity’ score as a covariate, significant differences in
olfactory symptoms were only present in the case of co-
exposure to EA generally in combination with peak expo-
sure (Table 8), indicating that the formaldehyde peaks were
of influence but also that subjects could not easily differen-
tiate between odour and irritation, or in other words, were
not sufficiently able to differentiate between stimulation of
the nervus olfactorius and nervus trigeminus. This also
indicates that conclusions about irritation in the presence
of olfactory stimuli should be interpreted with care. This
was in line with other studies showing that the mere pres-
ence of smell could cause a perception of a sensory effect
(Dalton, 1996, 1999; Dalton and Wysocki, 1996; Dalton
et al., 2000). In addition, inter-individual differences in sen-
sitivity to the perception of unpleasant odours may play a
significant role (Dalton, 1999; Dalton et al., 2000).

Overall, from the results of the present study it can be
concluded that eye irritation was the most critical effect
induced by formaldehyde based on significant increases in
both eye blinking frequency and conjunctival redness at a
concentration of 0.5 ppm with peaks of 1.0 ppm. Subjective
measurements of irritation revealed that eye and respira-
tory irritation and olfactory symptoms were recorded at
formaldehyde levels as low as 0.3 ppm. However, taking
into account the odour of formaldehyde, the influence of
the presence of EA with its characteristic odour, and the
use of ‘negative affectivity’ as covariate in the statistical
analyses, only the concentration of 0.5 ppm with peaks of
1.0 ppm was considered an effect level. It was, in addition,
considered a Lowest-Observed-Effect Level (LOEL)
because of its low irritation score (always less than ‘some-
what’) and complete reversibility of the symptom scores
16 h after exposure. Based on the absolute levels of the
responses it can even be argued whether the classification
of the symptoms, viz. less than ‘somewhat’, is adverse
indeed. But the objectively measured eye irritation shows
that reflex mechanisms are induced at 0.5 ppm with peaks
of 1.0 ppm resulting in increased eye blinking and increased
vasodilatation. Again, these effects in themselves are not
regarded as adverse but are induced to protect the
individual.

In conclusion, concentration levels of 0.5 ppm formalde-
hyde without peaks, and 0.3 ppm with peaks of 0.6 ppm
were considered to be No-Observed-Adverse-Effect Levels
(NOAELs). These results were in line with those of Pau-
stenbach et al. (1997) stating that: ‘for most persons eye
irritation clearly due to formaldehyde does not occur until
at least 1.0 ppm, and that moderate to severe eye, nose and
throat irritation does not occur for most persons until air-
borne concentrations exceed 2.0–3.0 ppm, and those of
Arts et al. (2006a) who concluded that mild/slight eye irri-
tation was observed at levels >1 ppm, and mild/slight respi-
ratory tract irritation at levels >2 ppm. The time course of
effects shows, as in most experimental studies (reviewed by
Arts et al., 2006a) and in the occupational study reported
by Ryan et al. (2003) that all symptoms disappeared very
quickly, underlining the mildness of the effects at these
low concentrations.
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