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Abstract Objectives: To study the relationships between
dampness in concrete ¯oors and building design on the
one hand, and symptoms and medical signs of the eyes
and nose in hospital workers, on the other. Methods:
Four hospitals for geriatrics were selected to represent
buildings with di�erent ages and design, irrespective of
symptom prevalence. The ®rst building was built in
1925.The second, built in 1985, was known to have
dampness in the ¯oor. Conventional building techniques
were used in the third building, built in 1993, and the last
building was built in 1994, and was specially designed to
include high ceilings, and minimal use of ¯uorescent
lighting and interior plastic materials. The interior sur-
faces were painted with water-based beeswax glazing.
All sta� (n � 95) working day shifts were invited to take
part in a medical examination of the eyes and nose in-
cluding acoustic rhinometry and nasal lavage, and a
medical questionnaire, and 93% participated.
Measurements of temperature, relative air humidity, air
¯ow, illumination, volatile organic compounds (VOCs),
molds, and bacteria were carried out in all buildings,
together with measurements of formaldehyde, respirable
dust, carbon monoxide (CO), carbon dioxide (CO2),
nitrogen dioxide (NO2) and ozone. Statistical analyses
were performed by bivariate analysis, and linear, ordi-
nal, and logistic multiple regressions, adjusting for age,
gender, tobacco smoking, atopy, and the perceived
psychosocial work environment. Results: Dampness in
the upper concrete ¯oor surface (75±84%), ammonia
under the ¯oor [3 parts per million (ppm)], and

2-ethyl-1-hexanol in the air were detected in the two
buildings built in 1985 and 1993. Increased occurrences
of ocular and nasal symptoms, an increased concentra-
tion of lysozyme in nasal lavage, and decreased tear ®lm
stability were found in the subjects working in the damp
buildings. Those in the specially designed building had
fewer ocular and nasal symptoms, and increased tear
®lm stability. All buildings had low levels of formalde-
hyde, molds, bacteria, ozone, and NO2. The lowest total
concentration of VOCs, and the highest concentration of
speci®c VOCs of microbial origin, were found in the
building with special design. Conclusion: The study
provides new evidence of the role of dampness-related
alkaline degradation of di-(2-ethylhexyl) phthalate
(DEHP) in polyvinyl chloride (PVC) building material.
Emissions related to degradation of DEHP due to
dampness in the ¯oor, indicated by increased 2-ethyl-1-
hexanol in the air, seem to increase both the secretion of
lysozyme from the nasal mucosa and the occurrence
of ocular and nasal symptoms. The indoor environment
of the specially designed building with high ceilings and
no ¯uorescent lighting or interior plastics seemed to
have a positive in¯uence on the nasal and ocular mucous
membranes.
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Introduction

Disorders that have been associated with indoor air
pollution include asthma, allergies, and non-speci®c
symptoms from the eyes, upper airways and facial skin
(Kreiss 1989; NorbaÈ ck 1997). These non-speci®c symp-
toms are sometimes referred to as the sick building
syndrome (SBS). The SBS concept was established from
observations that the occurrence of a certain type of
symptom was increased in problem buildings (Apter
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et al. 1994). Several epidemiological questionnaire
studies on SBS have been published, relating SBS to
both personal factors and the indoor environment
(Apter et al. 1994; Hodgson 1995a, b; Mendell 1993).
Recently, the concept of SBS has been criticized as un-
speci®c (JaÈ rvholm 1993; Hodgson 1995a), and a sub-
classi®cation of SBS depending on the type of symptoms
has been suggested (Mùlhave 1989; JaÈ rvholm 1993;
Hodgson 1995a). Objective evaluations, aiming to study
the relationship between SBS-symptoms and clinically
diagnosed bronchial hyperresponsiveness and skin prick
tests have been applied, with con¯icting results
(BjoÈ rnsson et al. 1998; Muzi et al. 1998).

Recently, objective methods to study environmental
e�ects on the eyes and upper airway have been devel-
oped. The application of these methods in epidemiolog-
ical studies may increase the understanding of the
etiology and cellular mechanisms behind symptoms ob-
served in SBS. Measurement of tear ®lm break up time
(BUT), as well as self-reported break-up time [BUT(s)]
have been made in studies in o�ces and hospitals, and
experimentally (Franck et al. 1993; Wyon 1992; Wyon
and Wyon 1987). Stability of the tear ®lm measured by
BUT was reduced in o�ce workers in a sick building
(Muzi et al. 1998). Acoustic rhinometry has been used to
measure patency (Jessen and Malm 1997; WaÊ linder et al.
1998, 1999). Nasal lavage is a well-documented technique
used to study in¯ammatory e�ects in the nasal mucosa
related to inhalatory exposure (Wilcosky 1993; WaÊ linder
et al. 1998, 1999). Experimental studies using nasal la-
vage have shown that there are many possible biomark-
ers, including tryptase, albumin, lysozyme, eosinophilic
cationic protein (ECP) emitted from the granula of ac-
tivated eosinophil granulocytes, and myeloperoxidase
(MPO) from activated neutrophil granulocytes (Pipkorn
et al. 1989; Raphael et al. 1989). A relationship between
poor cleaning routines (WaÊ linder et al. 1999), low air
exchange rate (WaÊ linder et al. 1997; WaÊ linder
et al.1998), mechanical ventilation (WaÊ linder et al. 1998)
and increased concentrations of ECP and lysozyme in
nasal lavage has recently been demonstrated.

Earlier questionnaire studies have demonstrated a
relationship between damp housing conditions and both
SBS and asthma symptoms (Flannigan and Miller 1994;
Husman 1996). There are various types of exposure re-
lated to building-dampness, including house dust mites,
molds and bacteria. Building-dampness may also in-
crease the emission of volatile organic compounds
(VOCs) from the building, due to degradation of
building material or to microbial activity. Dampness in
concrete ¯oors is known to cause chemical degradation
of plasticizers in polyvinyl chloride (PVC) ¯oor coatings
and glues, with the emission of ammonia and 2-ethyl-1-
hexanol (Gustavsson and Lundgren 1997). Other VOCs,
such as 1-octen-3-ol and 3-methylfuran can be produced
by microorganisms in damp buildings (StroÈ m et al.
1993). To our knowledge, there is sparse information on
clinical signs from the eyes or nose in relation to ob-
jectively veri®ed building-dampness.

Today, there is concern about the health aspects of
building design, and some studies have shown a higher
prevalence of SBS-symptoms in newer buildings (Skov
and Valbjùrn 1987; NordstroÈ m et al. 1995b). Question-
naire studies have shown that higher ventilation rates
can reduce symptom prevalence (NorbaÈ ck et al. 1997).
In addition, a lower degree of nasal patency as measured
by acoustic rhinometry (WaÊ linder et al. 1997), and in-
creased levels of ECP and lysozyme in nasal lavage, was
found in individuals in schools with low air exchange
rates (WaÊ linder et al. 1998). Other studies have found
that SBS is in¯uenced by the type of ventilation system,
with a low occurrence of symptoms in poorly ventilated
buildings with natural ventilation, and higher prevalence
of SBS in buildings with mechanical supply air systems
(WaÊ linder et al. 1998). In addition, there is concern
about the environmental aspects of buildings, with the
aim of producing buildings compatible with a sustain-
able development. This debate has inspired architects to
select speci®c materials or designs, aiming for low
emissions of chemical pollutants and a more recyclable
building. There is, however, little knowledge of the
health aspects of the indoor environment in buildings
with such special design.

The aim of the investigation was to study the occur-
rence relationship between tear ®lm stability, nasal mu-
cosal swelling and lavage biomarkers, nasal and ocular
symptoms, and the indoor environment in hospitals of
di�erent ages and design. The following hypotheses were
tested: Tear ®lm stability, nasal mucosal swelling and
lavage biomarkers, and nasal and ocular symptoms, are
related to building age, building-dampness, ventilation,
and special building design. The protocol of the study
was approved by the Ethical Committee of the Medical
Faculty of Uppsala University.

Material and methods

Study population

The study was performed in the municipality of Ystad in southern
Sweden, with 25,000 inhabitants and eight separate geriatric hos-
pital units. In Sweden nowadays, geriatric health care for people
with chronic diseases, is provided in small geriatric hospital units
and not in the larger hospitals with in-patient beds. Four of these
were included in the study, to represent buildings with di�erent
ages and design, irrespective of the occurrence of symptoms. The
®rst building was built in 1925, and redecorated in 1955. The sec-
ond was built in 1985, and was known to have dampness problems
in the ¯oor. The third was conventionally built in 1993 with and the
last building was constructed by an anthroposophic society in 1994,
with special design and building materials and using hospital sta�
recruited from the ordinary labor market. Wood was frequently
used and plastics and ¯uorescent lighting were avoided. The ceil-
ings were high and special indoor paints were used.

Identi®cation of the subjects was made from current lists of
employees and the study population (n � 95) consisted of all
daytime sta� in the four buildings. They were invited to take part in
a medical investigation of the eyes and nose including acoustic
rhinometry and nasal lavage, and two medical questionnaires. In
total, 88 out of 95 subjects (93%) participated. The investigation
was performed simultaneously in all four buildings during the last
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week in January and the ®rst week in February 1997, out of the
pollen season. Since some e�ects of the mucous membranes may be
transient, all medical examinations were performed at the work-
place. To achieve maximum indoor exposure all subjects had been
at their workplace for at least one hour prior to examination. Those
having a current infection or fever or who were on vacation during
the past 7 days were asked to come to a follow-up investigation two
weeks later.

Assessment of personal factors and nasal or ocular symptoms

Two medical questionnaires were used, the ®rst being self-admin-
istered, and was developed by the Department of Occupational
Health in OÈ rebro (Andersson 1998). The current version
(MM040NA) has been used in subsequent hospital studies (Nor-
dstroÈ m et al. 1994, NordstroÈ m et al. 1995a) and in the large O�ce
Illness Study in northern Sweden (Stenberg et al. 1993; Sundell
et al. 1993). It contains questions on SBS, including one question
on weekly eye symptoms, and another on weekly nasal symptoms,
with a recall period of 3 months. There were also four questions on
psychosocial factors in the MM040NA questionnaire. The question
involving ``interesting/stimulating work'' measured work satisfac-
tion, while ``too much work to do'' covered stress. The ``opportu-
nity to in¯uence working conditions'' measured the degree of
personal in¯uence experienced by the subject, and ``help from
colleagues'' measured social support. There were four possible
answers: ``yes, often'', ``yes, sometimes'', ``no, seldom'' and ``no,
never''. Each of the variables was assigned an index value, 3, 2, 1,
or 0 respectively, according to the answer. In addition, a psycho-
social dissatisfaction index (PSD) was calculated by forming a total
sum of the four indices (0±12).

All participants were questioned by a physician about previous
diseases, allergies and atopy, smoking habits, social status, medi-
cation and occupation. Atopy was de®ned as having a current
history of allergic manifestations related to exposure to common
IgE-mediated allergens in Sweden (tree or grass pollen, or furry
animals) or a history of childhood eczema, reported in the medical
interview. More detailed information on nasal and ocular symp-
toms during the week prior to the medical investigation was
gathered by means of another questionnaire answered during the
medical investigation (WaÊ linder et al. 1998). It included questions
on the home environment, infections, and symptoms noticed in the
7 days prior to examination. Also included were six ``yes/no''
questions on ocular symptoms and four on nasal symptoms. A
nasal symptom index (0±4) and an ocular symptom index (0±6)
were calculated, by adding the number of ``yes'' answers.

Assessment of clinical signs from the eyes

Tear ®lm stability was estimated by a standardized method, self-
reported BUT [BUT(s)] measuring the length of time that the
subject could keep the eyes open without pain when watching a
®xed point on the wall. The method has been used previously and
has been shown to correlate well with the ¯uorescein method for
the detection of tear ®lm BUT (Wyon 1992; Wyon and Wyon
1987).

Acoustic rhinometry

Acoustic rhinometry (Rhin 2000; wideband noise; continuously
transmitted) was performed in the o�ce, and each individual had
been at the workplace for at least 1 h prior to the examination. The
measurements were made under standardized conditions (sitting),
after 5 min of rest, and prior to the lavage. By means of acoustic
re¯ection the minimum cross-sectional areas (MCA) on each side
of the nose were measured from 0 and 22 mm (MCA1) and from 23
and 54 mm (MCA2) from the nasal opening. The volumes of the
nasal cavity on the right and left sides were also measured from 0
and 22 mm (VOL1) and from 23 to 54 mm (VOL2). The mean

values were calculated from three subsequent measurements on
each side of the nose. Data on nasal dimensions in the present study
are presented as the sum of the values recorded for the right side
and for the left.

Nasal lavage

Lavage of the nasal mucosa was done with a 20 ml plastic syringe
attached to a nose olive. Each subject stood with head ¯exed ca. 30°
forward, while the room-tempered (20±22 °C) 0.9% sterile saline
solution was introduced into the nasal cavity. Each nostril was
lavaged with 5 ml of the solution, which was ¯ushed back and forth
®ve times via the syringe at intervals of a few seconds. The ¯uid was
transferred into a 10 ml polypropylene centrifuge tube. Samples
were kept on ice and within 300 min the solution was centrifuged at
800 g for 5 min. The supernatant was recentrifuged at 1,400 g for
5 min and frozen immediately to )20 °C.

Lysozyme was analyzed by radioimmunoassay (Venge et al.
1979). The concentrations of ECP and MPO were measured by
means of a double-antibody radioimmunoassay (Pharmacia Diag-
nostics AB, Uppsala, Sweden) (Peterson et al. 1991; Schmekel et al.
1990). The intra- and interassay coe�cients of variation for all
three tests were less than 11%. Albumin was measured by rate
nephelometry on an Array protein system (Beckman Instruments).

Assessment of exposure

The technical investigation was composed of a building survey and
technical measurements. In the survey information was gathered
on building age, types of building material, types of ventilation
system, signs of dampness, and smoking restrictions in the build-
ing. The measurements included dampness in the upper layer of
the concrete ¯oor, room temperature, relative air humidity, ex-
haust air ¯ow, illumination, indoor levels of carbon monoxide
(CO), carbon dioxide (CO2), nitrogen dioxide (NO2), ozone,
formaldehyde, total VOC, speci®c VOCs, and both viable and
total concentration of molds and bacteria. Speci®c VOCs evalu-
ated in this study included 2-ethyl-1-hexanol, 1-octen-3-ol, and 3-
methylfuran. Ozone, and VOCs, were also measured outside the
buildings. Exposure measurements with direct-reading instruments
and pumped-air sampling were made on two di�erent days in each
building. Ozone, CO, CO2 and NO2 were measured by di�usion-
sampling for 7 days. All measurements were performed in Janu-
ary-February 1997, 1±2 weeks after the medical investigations were
completed.

The moisture content in the upper concrete ¯oor surface was
measured with a Waisala moisture instrument with probe HMP36.
The instrument was calibrated with a solution of potassium alu-
minum silicate (KAlSiO4) and sodium chloride (NaCl). Dampness
in the ¯oor was also indicated by a direct-reading dampness indi-
cator. Measurements of room temperature and relative air hu-
midity were performed by a thermohygrograph (CASELLA T
9420) for 2 weeks in each building. The thermohygrograph was
calibrated by comparison with a sling psychrometer. The exhaust
air ¯ow was measured in ®fteen hospital rooms in each building by
thermoanemometer (ALNOR GGA 65P), calibrated by the
Swedish National Institute of Building Research prior to being
used. The illumination was measured by a Hagner instrument in
ten places in each building.

Indoor CO and CO2 were measured by direct-reading detector
tubes from Draeger (50a-D and 1%/a-D). Indoor NO2 was sam-
pled with a di�usion sampler (Toyo Roshi Kaisha, Japan), and
analyzed spectrophotometrically. An overall mass transfer coe�-
cient of 0.10 cm/s was used in the calculations as suggested by Lee
et al. 1993. Ozone was measured with another di�usion sampler
from IVL, Sweden (Ferm and Svanberg 1998).

Indoor concentrations of formaldehyde were measured with
glass ®ber ®lters impregnated with 2,4-dinitrophenylhydrazine
(Andersson et al. 1981), the air sampling rate being 0.2 l/min over
6 h. The ®lters were analyzed by liquid chromatography.
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Volatile organic compounds, other than formaldehyde, were
sampled in parallel on two charcoal sorbent tubes (Anasorb 747;
SKC 226±81), with the same sampling time and rate as for form-
aldehyde. One charcoal tube was desorbed with 1 ml of carbon
disul®de: It was analyzed for total VOC and speci®c VOCs, in-
cluding 2-ethyl-1-hexanol. Speci®c VOCs were analyzed by means
of a Hewlett Packard 5890 gas chromatograph equipped with a
mass-selective detector (HP 5970) (GC-MS), using a 50 m cross-
linked methyl silicone capillary column (HP-1, Hewlett Packard)
with an inner diameter of 0.32 mm and a ®lm thickness of one lm.
The oven temperature was programmed for an initial hold of 5 min
at 35 °C after which the temperature was increased to 200 °C at a
rate of 15 °C min)1. Carrier gas (helium) ¯ow rate was 1 ml min)1.
A mass spectrum and the retention time were determined for each
compound. The concentration of 2-ethyl-1-hexanol was determined
by external standard techniques using a desorption e�ciency of
76% reported for the actual desorption conditions.

Total VOC was determined on a gas chromatograph (Hewlett
Packard 5880A) equipped with a packed non-polar column, and
¯ame ionization detector (FID). The total concentration of volatile
organic compounds (TVOC) below n-dodecane (C12) was calcu-
lated assuming the same response rate as for n-decane (decane-
equivalents).

To detect possible hidden microbial growth in the buildings,
VOCs of possible microbial origin (MVOCs) were determined by
selective ion monitoring (SIM) by a previously described method
(StroÈ m et al. 1993). One additional charcoal tube (Anasorb 747)
was desorbed by 2 ml of methylene chloride. The following ten
compounds were measured: 3-methylfuran, 3-methyl-1-butanol,
2-pentanol, 2-pentanone, 2-hexanone, 2-heptanone, 3-octanone,
3-octanol, 1-octen-3-ol, dimethyldisul®de. The total concentration
of the ten selected MVOCs (TMVOC) was also calculated, by
adding the concentrations of detected MVOCs.

Airborne microorganisms were sampled on 25 mm Nucleopore
®lters with a pore size of 0.4 lm and a sampling rate of 1.5 l/min
for 6 h. The total concentration of airborne molds and bacteria,
respectively, was determined by the CAMNEA method (Palmgren
et al. 1986). Viable molds and bacteria were determined by incu-
bation on two di�erent media. The detection limit for viable or-
ganisms was 100 colony-forming units (cfu) per m3 of air.

Statistical analysis

Analyses of relationships between symptoms, clinical signs, and
exposure were performed with both crude, bivariate analysis and
multiple linear, ordinal, and logistic regression analysis. The chi-
square-test, or Fisher's exact test was used, depending on the
number in the cells, when analyzing the relationship between binary
dependent and independent variables. Kendall's rank-correlation
test (tau-beta) was used for the bivariate analysis of continuous
variables, and the Mann-Whitney U-test for the dichotomized
variables.

Multiple regression analysis was applied for the control of po-
tential confounders: age, gender, smoking habits, atopy and

psychosocial index, by using the SPIDA statistical package, (Sta-
tistical Laboratory, Macquarie University, Australia) (Gebski et al.
1992). Multiple logistic regression was applied when ocular and
nasal symptoms during the last 3 months was the outcome vari-
able. Multiple ordinal regression was used for the indices of ocular
and nasal symptoms during the past week, while multiple linear
regression was used for the rhinometric values, nasal lavage data,
and BUT. Residual plots were made in the linear regression
models, to ensure that the residuals were approximately normally
distributed. Collinearity diagnostics available in SPIDA were ap-
plied for linear and logistic regression. As suggested, a conditioning
index exceeding 30 was used as an indicator of collinearity prob-
lems in the linear regression models. For logistic regression, the
program uses a method described by Belsey (Belsey 1991) in which
a condition index exceeding 20 was used as an indicator of collin-
earity problems. Adjusted partial regression coe�cients, with 95%
con®dence intervals (CI), were calculated. In all statistical analyses,
two-tailed tests and a 5% level of signi®cance were applied.

In the multiple logistic, ordinal or linear regression analysis,
each exposure variable was introduced in the model separately,
adjusting for potential confounders (age, gender, atopy, smoking
habits, and PSD-index. In these models, no collinearity problems
were detected, and the residuals of the linear regression models
were approximately normally distributed.

Results

Personal factors, symptoms and signs

The majority of the subjects were women: 16% had hay
fever, one third had a history of atopy and 8% had
doctor's diagnosed asthma. The mean age was 45 years
[standard deviation (SD) � 12]. If the ``yes, often'' and
``yes, sometimes'' alternatives were grouped together for
the psychosocial scales, the following ®gures were ob-
tained (Table 1). The average PSD index was 4.4; 3.8;
3.9 and 3.0 in buildings A; B; C and D respectively.
These di�erences were not statistically signi®cant.

In all subjects, the 3-months prevalence of weekly
symptoms from the eyes and nose was 36% and 26%
respectively. The 7-days prevalence of at least one nasal
and one ocular symptom was 66% and 54% respectively
(Table 2). Subjects showed great di�erences in symptom
prevalence between buildings. Data on tear ®lm stabili-
ty, rhinometry, and biomarkers in nasal lavage in all
subjects are shown in Table 3. The concentrations of
biomarkers were above the detection limits in most cases
except for albumin. Subjects reporting weekly ocular

Table 1 Prevalence of personal
factors and self-reported psy-
chosocial climate in the four
buildings

Factor Building Total
(n = 88)

A (n = 15) B (n = 32) C (n = 18) D (n = 23)

Female 100 97 89 96 95
Atopy 14 33 41 30 31
Current smoking 14 34 22 22 25
Interesting/stimulating
worka

100 100 100 100 100

Stress at worka 79 75 100 78 82
In¯uence at worka 64 84 89 91 84
Social support from

colleaguesa
100 100 100 100 100

aOften or very often
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symptoms in the last 3 months had signi®cantly lower
BUT(s) (median 12; interquartile range 8±21), compared
with those without eye symptoms (median 35; inter-
quartile range 18±55) (P < 0.001). Moreover, there was
a signi®cant inverse relationship between BUT(s) and
the number of ocular symptoms in the last week (Ken-
dall's tau � 0.41; P < 0.001). There was a positive
relationship between the number of nasal symptoms
during the last week and the concentration of MPO in
nasal lavage (Kendall's tau � 0.23; P � 0.006). There
were no signi®cant relationships between nasal symp-
toms, or nasal symptom index, and ECP, lysozyme,
albumin, or any rhinometric data.

Building characteristics

All buildings were of concrete or bricks with sloping
tiled roofs, and all had windows that could be opened.
According to information from the constructors, con-
ventional concrete with high water content had been
used in all buildings. There were no air humidi®cation or
air cooling devices in operation in any of the buildings.
The ®rst building (A) was erected in 1925, and had not

been renovated since 1955. It was an old-fashioned sin-
gle-storied building with a basement. The second, (B)
from 1985 was known to have damp in the ¯oor. It was
also a single-storied, partly with a basement and partly
with concrete slabs on the ground. The third building
(C) was conventionally built in 1993 and was a two-
storied building with a basement. The last building (D)
was built in 1994, by an anthroposophic Society. It was
one-storied with concrete slabs on the ground and was
specially designed, with no plastic material on the inte-
rior walls, ¯oors or ceilings and was painted inside with
water-based beeswax glazing. The rooms in building D
had high ceilings, and the lighting, except in the corri-
dors, was by electric bulbs, with a lot of daylight.

Building B was equipped with mechanical ventilation
with both supply and exhaust air (mixed system) in the
hospital rooms. The three others had only mechanical
exhaust air ventilation in the hospital rooms. The ¯oor
coatings were of PVC material in all buildings except
building D, which had linoleum and clinker.

Measured indoor climate

The average room temperature was similar in all build-
ings, ranging from 22.0 to 23.0° C. Average relative air
humidity was 30±37%, with 37% in the oldest building
and 30±33% in the others. Because of the small variation
between buildings, of room temperature and air
humidity, the in¯uence of these variables was not eval-
uated. The average exhaust air ¯ow in the hospital
rooms was between 16 and 68 m3/h in the di�erent
buildings. The two conventional buildings from the
1980s and 1990s with veri®ed building-dampness (B and
C) had the highest ventilation ¯ow (Table 4).

Measurement of building-dampness and air pollutants

Dampness in the upper concrete ¯oor surface [75±
84% Relative Humidity (RH)], ammonia in the ¯oor [3
parts per million (ppm)], and 2-ethyl-1-hexanol in the air
was detected in building B and C (Tables 4, 5). The two
other buildings had less dampness in the ¯oor (<70%

Table 2 Di�erent types of symptoms during the previous 7 days,
and three-month prevalence of weekly ocular and nasal symptoms
in all subjects (n = 88)

Type of symptoms Total (%)

Any symptom during previous 7 daysa

Sore eyes 44
Itching in the eyes 32
Dry eyes 56
Gritty eyes 36
Eye redness 16
Swollen eyelids 14
At least one eye symptom 66
Nasal catarrh 23
Nasal itch 20
Sneezing 31
Nasal obstruction 41
At least one nasal symptom 54

Weekly symptoms during previous 3 monthsb

Itching, burning or irritated eyes 36
Irritated, stu�y or runny nose 26

a From a detailed symptom questionnaire (WaÊ linder et al. 1998)
b From the MM040NA questionnaire

Table 3 Rhinometric measurements and lavage biomarkers in all
subjects (n = 88)

Parameter Median Interquartile range

BUT(s) 17 10±33
MCA1 (cm2) 1.00 0.85±1.15
MCA2 (cm2) 1.34 1.00±1.59
VOL1 (cm3) 3.61 3.18±4.00
VOL2 (cm3) 8.74 6.82±10.4
ECP (lg/l) <1 <1±1.2
MPO (lg/l) <2 <2±8.0
Lysozyme (mg/l) 1.00 0.57±1.59
Albumin (mg/l) <2 <2±<2

Table 4 Building characteristics of the four buildings

Factor Building

A B C D

Building date 1925 1985 1993 1995
Special building design no no no yes
Average ventilation rate (m3/h) 16 59 68 45
Average illumination (lux) 95 195 85 185
Damp buildinga no yes yes no
Measured dampness in
the ¯oor (RH%)

58 84 75 69

Measured ammonia under
the ¯oor (ppm)

0 3 3 0.5

aAccording to observation
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RH) and no detectable emission of 2-ethyl-1-hexanol.
The average concentration of viable molds and bacteria
as well as total molds and bacteria was low and similar
in all four buildings (Table 5). Among viable molds and
bacteria, Penicillium sp., Dematiaceous hyphomycetes,
Cladosporium sp., Streptomyces sp., yeast, and Asper-
gillus sp. were detected in the air of the buildings. As-
pergillus sp. including Aspergillus fumigatus, and yeast
were found only in the damp buildings. Dematiaceous
hyphomycetes and Streptomyces sp. were found only in
the other two buildings without dampness. The lowest
concentration of viable spores was found in the specially
designed building. Indoor concentrations of MVOCs
di�ered, with a factor of 3±10 between the buildings.
Higher concentrations of MVOCs were found in the two
newest buildings, and the lowest concentration in the
best ventilated building (B) with known dampness in the
¯oor (Table 5). The outdoor concentrations of the sum
of MVOCs (0.01±0.08 lg/m3, 3-methylfuran (<0.01±
0.01 lg/m3), and 1-octene-3-ol (<0.01±0.02 lg/m3) was
about one order of magnitude lower than in than that of
the indoor environment. The outdoor concentration of
2-ethyl-1-hexanol was below the detection limit (<1 lg/
m3) in all samples.

The concentration of formaldehyde was low in all
four buildings, ranging from 2 to 7 lg/m3. Indoor

concentration of NO2 and CO, which are tra�c exhaust-
related pollutants, was low in all four buildings. The 7-
day mean indoor concentration of NO2 was 8±11 lg/m3

in the four buildings, and the CO concentration ranged
from 0.16 to 0.24 ppm. The average indoor concentra-
tion of ozone, another outdoor air pollutant, ranged
from 1.2 to 8.5 parts per billion (ppb), with the lowest
concentration in the newest, specially designed building,
and the highest concentration in the oldest building. The
average 7-day level of CO2 was 610±960 ppm. Values
above the recommended limit of 1,000 ppm (National
Swedish Board of Occupational Safety and Health 1993)
were measured in the oldest building only.

Signs, symptoms, and building-dampness

In the two buildings (B and C) with observed dam-
pness and emission of 2-ethyl-1-hexanol, the bivariate
analysis showed an increased occurrence of ocular and
nasal symptoms during the previous 3 months (Ta-
ble 6). In addition, hospital sta� in the buildings with
observed dampness had increased ocular (P < 0.001)
and nasal symptom indices (P < 0.001). Finally,
BUT(s) was signi®cantly decreased, and lysozyme in
nasal lavage was increased (Table 8). All these ®ndings
remained signi®cant in the multiple regression analysis,
controlling for age, gender, atopy, smoking, and PSD-
index.

In the bivariate analysis, measured dampness in the
upper concrete ¯oor surfaces was related to increased
occurrence of ocular (P � 0.002) and nasal symptoms
during the past 3 months (P � 0.004) (Table 7). In
addition, there was a relationship between measured
dampness and the ocular symptom index (Kendall's
tau � 0.43; P < 0.001), and nasal symptom index
(Kendall's tau � 0.24; P � 0.04). There was also a
decreased BUT(s), decreased VOL2, and increased
concentrations of lysozyme (Table 9). All these rela-
tionships remained signi®cant when multiple regression
analysis was applied, except for VOL2 in relation to
measured dampness (P � 0.07).

In the bivariate analysis, the concentration of am-
monia under the ¯oor surface was related to ocular
(P � 0.002) and nasal symptoms in the previous

Table 5 Mean concentration of dampness-related indoor pollu-
tants in the four buildings

Compound Building

A B C D

Indoor VOCs
Sum of MVOC (lg/m3)a 0.19 0.13 0.32 0.78
3-methylfuran (lg/m3) 0.01 0.01 0.03 0.02
1-octen-3-ol (lg/m3) 0.03 0.01 0.05 0.11
Formaldehyde (lg/m3) 6 2 7 5
2-ethyl-1-hexanol (lg/m3) <1 5 20 <1

Indoor microorganisms
Viable bacteria (cfu/m3) 80 80 60 <50
Total bacteria (103/m3)b 10.9 8.5 8.4 6.0
Viable molds (cfu/m3) 120 90 160 80
Total molds (103/m3)b 6.1 6.1 6.0 6.0

a Sum of ten speci®c VOCs of possible microbial origin
bMeasured by the CAMNEA method

Table 6 Three-month prevalence of weekly ocular and nasal symptoms, in relation to observed building-dampness and special building
design

Type of symptoms Observed building-dampness Special building design

Yes (n = 50)
(%)

No (n = 38)
(%)

2-tailed
P-valuea

Yes (n = 23)
(%)

No (n = 65)
(%)

2-tailed
P-valuea

Weekly symptoms during the
previous 3 monthsb

Itching, burning or irritated eyes 60 3 <0.001 5 47 <0.001
Irritated, stu�y or runny nose 42 6 <0.001 0 36 <0.01

a By chi-square test or Fisher's exact test for four-fold tables b From the MM040NA questionnaire
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3 months (P � 0.004), ocular symptom index (Ken-
dall's tau � 0.42; P < 0.001), nasal symptom index
during the past week (Kendall's tau � 0.25; P �
0.004), decreased BUT(s), decreased VOL2, and in-
crease of lysozyme in nasal lavage (Table 9). All re-
lationships between symptoms (Table 7) and signs of
dampness, ammonia, exhaust air ¯ow, and building
age remained signi®cant in the multiple regression
model, except for VOL2 in relation to ammonia
(P � 0.30).

Signs and symptoms in the specially designed building

In the bivariate analysis, subjects in the building with
special design and materials had signi®cantly fewer
ocular and nasal symptoms during the previous
3 months (Table 6). Moreover, the subjects in that
building had a decreased ocular symptom index
(P � 0.01) and decreased nasal symptom index
(P � 0.02). Finally, they had increased BUT(s) (Ta-
ble 8). For nasal and ocular symptoms and symptom
indices, the results remained signi®cant in the multiple
regression analysis, controlling for age, gender, atopy,
smoking and PSD-index. Self-reported BUT became
non-signi®cant (P � 0.27).

Signs and symptoms in relation
to other building characteristics

No relationships between illumination and ocular
symptoms during the past 3 months, ocular symptom
index during the last week, or BUT(s) was observed.
Signi®cant relationships between a high exhaust venti-
lation ¯ow and higher prevalence of ocular (P � 0.006)
and nasal symptoms in the previous 3 months
(P � 0.004) was observed in the bivariate analysis.
Moreover, relationships between ventilation ¯ow and
ocular symptom index (Kendall's tau � 0.33; P <
0.001), nasal symptom index (Kendall's tau � 0.20;
P � 0.01), and increased lysozyme in nasal lavage
(Table 9) were also found. The relationship between
high ventilation ¯ow and symptoms remained signi®cant
in the multiple regression analysis.

In the bivariate analysis, VOL1 was increased with
increased building age (P � 0.002). No signi®cant re-
lationship was observed in the bivariate analysis between
building age and eye or nasal symptoms during the last
3 months, symptom indices in the past week, BUT,
other rhinometric data or other biomarkers (Table 9). In
the multiple regression analysis controlling for age,
gender, atopy, current smoking, and PSD-index, the
relationship between VOL1 and building age remained
signi®cant (P � 0.002). Moreover, lysozyme decreased

Table 7 Odds ratio (OR) adjusted for possible in¯uence of age,
gender, atopy, current smoking and psychosocial dissatisfaction
index, with 95% con®dence interval (95% CI) of relationships

between weekly ocular and nasal symptoms and measured build-
ing-dampness, exhaust air ¯ow and building age

Table 8 Rhinometric measurements and lavage biomarkers in relation to observed building-dampness and special building design (M
median, IR interquartile range)

Parameter Observed building-dampness Special building design

Yes (n = 50) M (IR) No (n = 38) M (IR) P-valuea Yes (n = 23) M (IR) No (n = 65) M (IR) P-valuea

BUT(s) 12 (7±24) 25 (14±41) 0.002 25 (12±41) 15 (9±27) 0.049
MCA1(cm2) 1.00 (0.85±1.10) 1.00 (0.90±1.21) 0.3 0.96 (0.87±1.10) 1.00 (0.85±1.18) 0.30
MCA2(cm2) 1.34 (1.00±1.53) 1.36 (1.00±1.60) 0.48 1.38 (1.05±1.62) 1.38 (1.00±1.53) 0.31
VOL1 (cm3) 3.64 (3.17±3.88) 3.60 (3.18±4.19) 0.45 3.39 (3.00±3.71) 3.74 (3.29±4.01) 0.08
VOL2 (cm3) 8.62 (6.71±9.88) 8.90 (6.96±11.1) 0.16 8.71 (6.89±9.67) 8.74 (6.75±10.71) 0.44
ECP (lg/l) <1 (<1±1.2) <1 (<1±1.1) 0.22 <1 (<1±1.1) 1.0 (<1±1.2) 0.07
MPO (lg/l) <2 (<2±9.2) <2 (<2±6.1) 0.42 <2 (<2±<2) <2 (<2±<2) 0.16
Lysozyme (mg/l) 1.21 (0.82±1.66) 0.65 (0.34±1.17) 0.002 0.76 (0.47±1.21) 1.04 (0.59±1.59) 0.24
Albumin (mg/l) <2 (<2±<2) <2 (<2±<2) 0.42 <2 (<2±<2) <2 (<2±<2) 0.35

aCalculated by Mann-Whitney U-test

Type of symptom Dampness in the
upper concrete ¯oor
OR(95%CI)b

Ammonia in the
¯oor OR(95%CI)c

Exhaust air ¯ow
OR(95%CI)d

Building age
OR(95%CI)e

Weekly symptoms during previous 3 monthsa

Itching, burning or irritated eyes 1.29(1.15±1.45)*** 4.77(2.08±10.9)*** 1.11(1.05±1.18)** 0.70(0.52±0.96)*
Irritated, stu�y or runny nose 1.10(1.02±1.18)* 2.36(1.33±4.18)** 1.05(1.01±1.10)* 0.94(0.73±1.21)

*P < 0.05; **P < 0.01; ***P < 0.001
a From the MM040NA questionnaire
bOdds ratio expressed as change of coe�cient per % relative hu-
midity in the upper concrete ¯oor
cOdds ratio expressed as change of coe�cient per ppm of ammonia
under the ¯oor carpets

dOdds ratio expressed as change of coe�cient per m3/h of exhaust
air ¯ow
eOdds ratio expressed as change of coe�cient per 10 y of building
age
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with building age (P � 0.048), and eye symptoms in the
previous 3 months decreased with building age
(P � 0.03).

Discussion

Our results suggest that dampness in concrete ¯oors,
causing emission of 2-ethyl-1-hexanol due to alkaline
degradation of octyl-phthalates in ¯oor materials, is
related to ocular and nasal symptoms, decreased tear
®lm stability and signs of in¯ammatory or secretory
activity in the nasal mucosa. To our knowledge ours is
the ®rst epidemiological study on biological e�ects such
as ocular and nasal e�ects of building-dampness. The
study was small, and the number of buildings limited.
Problems with impaired indoor air quality in relation to
dampness in concrete ¯oors is common in Scandinavia
(Gustavsson and Lundgren 1997; NorbaÈ ck et al. 1999;
NordstroÈ m et al. 1995b). Moreover, a relationship be-
tween clinically veri®ed asthma, bronchial hyperre-
sponsiveness and signs of dampness in the ¯oor has been
demonstrated (NorbaÈ ck et al. 1999). In addition, the
results indicate that measurement of tear ®lm stability
and biomarkers in nasal lavage such as ECP and lyso-
zyme, may be used as tools to monitor biological e�ects
of the indoor environment.

The design was cross-sectional and in such studies
selection-e�ects may result in an underestimation or
overestimation of the true relationship. In this study,
selection bias due to a low response rate is less likely
since the participation rate was high (93%). There was a
high prevalence of self-reported nasal and ocular
symptoms, which might be due to both recall bias and
attention bias. On the other hand, other studies have
also shown a high prevalence for self-reported nasal and
ocular symptoms (Jessen and Malm 1997). Recall bias
due to awareness of exposure may a�ect symptom-re-
porting, but is unlikely to a�ect nasal congestion or
biomarkers in nasal lavage ¯uid.

A time di�erence between examination of the nasal
mucosa and exposure measurements may induce a pos-

sible bias. In this study, exposure measurement and
inspections were done 1±2 weeks after the medical
investigation. Thus, we do not believe that our con-
clusions are seriously biased by selection or response
errors.

Symptoms and signs

We found some relationship between low building age
and decreased nasal patency. An increased occurrence of
symptoms compatible with SBS has been found in new
buildings (Skov and Valbjùrn 1987), or in newly-deco-
rated buildings (Wieslander et al. 1997). It has also been
found that SBS symptoms increase after moving from
old to new buildings (NorbaÈ ck et al. 1990). The fact that
the newest, specially designed building had a low oc-
currence of symptoms and low concentrations of ECP
and lysozyme indicate that it is not the building age itself
that is of importance.

Unexpectedly, we found an increase in symptoms,
lysozyme and BUT(s) at higher air ¯ow rates. Similar
observations have been made in an earlier study in ge-
riatric hospitals, concerning symptoms compatible with
the sick building syndrome (NordstroÈ m et al. 1995b). In
a recent review of available studies on SBS in relation to
ventilation ¯ow (Godish and Spengler 1996), it was
concluded that increased personal outdoor air ¯ow rate,
up to 10 l/s, is related to a decreased occurrence of SBS.
In contrast, available review articles on building-dam-
pness suggest ocular and respiratory e�ects (Husman
1996). Thus, we conclude that our results concerning
ventilation are due to the covariation between ventila-
tion ¯ow rate and building-dampness in our study.

Our main ®nding was that dampness in concrete
¯oors with emission of 2-ethyl-1-hexanol, was related to
ocular and nasal symptoms, decreased tear ®lm stability
and lysozyme in nasal lavage. Building-dampness is
common and is related to an increased risk of respira-
tory symptoms (Dales et al. 1991; Husman 1996), in-
cluding ocular (Routsalainen et al. 1995) and upper
respiratory symptoms (Waegemaekers et al. 1989). In

Table 9 Rhinometric measurements and lavage biomarkers in relation to measured building-dampness, exhaust air ¯ow and building age

Parameter Dampness in the upper
concrete ¯oor (% R.H.)

Ammonia under the
¯oor carpet (ppm)

Exhaust air ¯ow (m3/h) Building age (y)

Tau-beta P-valuea Tau-beta P-valuea Tau-beta P-valuea Tau-beta P-valuea

BUT(s) )0.30 <0.001 )0.29 0.001 0.21 0.007 )0.08 0.17
MCA1(cm2) )0.11 0.09 )0.06 0.26 0.01 0.45 0.02 0.43
MCA2(cm2) )0.03 0.36 0.02 0.40 0.07 0.20 )0.11 0.11
VOL1 (cm3) )0.11 0.10 )0.13 0.07 )0.13 0.07 0.24 0.002
VOL2 (cm3) )0.20 0.01 )0.15 0.047 )0.07 0.22 )0.01 0.48
ECP (lg/l 0.01 0.44 0.08 0.19 0.14 0.07 0.08 0.20
MPO (lg/l) 0.05 0.30 0.05 0.30 0.04 0.33 0.12 0.08
Lysozyme (mg/l) 0.28 <0.001 0.29 <0.001 0.23 0.002 )0.03 0.37
Albumin (mg/l) )0.09 0.17 )0.06 0.27 )0.02 0.42 0.05 0.30

aCalculated by Kendall's tau-beta test
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the Uppsala part of the European Community Respi-
ratory Health Survey (ECRHS) (Burney et al. 1994),
increased concentrations of ECP in serum, and eosino-
philic granulocytes in blood were found in subjects in
damp buildings (BjoÈ rnsson et al. 1995). A relationship
between building-dampness and microbial growth in an
o�ce building, and increased concentrations of ECP,
MPO, lysozyme, and albumin in nasal lavage has earlier
been reported (WaÊ linder et al. 1993). None of the sub-
sequent studies, however, has ascertained building-
dampness by objective measurements of dampness in the
construction.

Our study suggested that emissions from dampness in
the concrete ¯oors were related to both symptoms and
signs. There were no indications of water leakage, and
we found no indication of microbial growth in the
buildings with dampness in the concrete ¯oors. It is well
known that dampness in the ¯oor may cause chemical
degradation of building material without microbial
growth. One example is the formation and emission of
2-ethyl-1-hexanol from the plasticizer di-(2-ethylhexyl)
phthalate (DEHP) in PVC ¯oor coatings or glues
(Gustavsson and Lundgren 1997). DEHP is widely used
in PVC plastics, and may constitute 40% of the PVC
material (Doelman et al. 1990). There are some recent
indications that DEHP and related compounds may
cause respiratory in¯ammation. Preterm infants exposed
to DEHP from respiratory tubing have been reported to
have a higher risk of asthma (Roth et al. 1988). On al-
kaline hydrolysis of DEHP, 2-ethyl-1-hexanol and
mono-(2-ethylhexyl) phthalate (MEHP) are formed (éie
et al. 1997). Since 2-ethyl-1-hexanol is a volatile com-
pound, it can be detected easily by conventional VOC
measurements, and the presence of 2-ethyl-1-hexanol is
commonly used in Sweden as an indicator of alkaline
degradation of DEHP (Gustavsson and Lundgren
1997). MEHP is a larger and less volatile compound, but
has been found to induce bronchial hyperresponsiveness
in rats (Doelman et al. 1990). It has been hypothesized
that MEHP mimics prostaglandins and thromboxanes
in the lungs and thereby increases the risk of inducing
airway in¯ammation (éie et al. 1997). Recently, a mat-
ched-case control study in a cohort of 3,754 newborn
infants in Oslo, Norway demonstrated an increased risk
of bronchial obstruction in the presence of PVC ¯oor
materials in dwellings (Odds Ratio (OR) � 1.89; 95%
CI 1.14±3.14) (Jaakkola et al. 1999). In this study, it was
pointed out that plasticizers have a high a�nity for
particles, and that the exposure to DEHP and MEHP
could be mediated by respirable dust.

Possible cellular mechanisms

We found a relationship between building age and
dampness, and lysozyme in nasal lavage. Moreover, we
found a relationship between MPO and nasal symptoms.
In cytological analyses of nasal lavage about 90% of

leukocytes are neutrophil granulocytes (Pipkorn et al.
1989), and MPO has been shown to be a speci®c bio-
marker for the activity of neutrophil granulocytes
(Schmekel et al. 1990). The level of ECP is a measure of
the activity of eosinophil granulocytes. This protein is
cytotoxic and can be destructive to the epithelium of the
airways (Venge et al. 1989). Lysozyme, which is a less
speci®c biomarker in nasal lavage ¯uid, might be the
most sensitive end point in the lavage test-battery of
biomarkers, especially since it is secreted from several
sources: nasal submucosal glands via parasympathetic
cholinergic e�ects, activated macrophages, and neutro-
phil granulocytes (WaÊ linder et al. 1998).

In conclusion, the study provides new evidence of the
role of dampness-related alkaline degradation of
(DEHP) in PVC building material. Emissions related to
the degradation of DEHP due to dampness in the ¯oors,
indicated by increased 2-ethyl-1-hexanol in the air, may
a�ect the mucous membranes in the eyes and nose, de-
crease tear ®lm stability and increase the occurrence of
ocular and nasal symptoms. The low occurrence of both
symptoms and signs in the building with special mate-
rials and design illustrates that it is possible to construct
a new building with a minimum of adverse e�ects on
nasal and ocular mucous membranes.
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