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Abstract-Many modern, energy-efficient buildings have been labeled "sick", in view of the fact that their 
occupants display an unusually large number of sensory symptoms (e.g. eye irritation, dry skin and 
perception of persistent odors). Air samples were taken from locations (17) in two Stockholm preschools, one 
considered healthy, the other, sick. The samples (170) were analyzed by gas chromatography /mass 
spectrometry (GC/MS) and 33 volatile organic compounds were identified and quantified by GC peak 
heights. The relationship between chemicals and locations in the two preschools was represented spatially by 
correspondence analysis and other statistical techniques. The analyses clearly distinguish among the 
buildings and among locations within each building, including whether the sample was collected outdoors or 
indoors. Within the sick preschool, concentrations of light aromatic hydrocarbons increased with distance 
from the air supply, but there was no similar gradient in the healthy preschool. The chief results obtained by 
the comparatively new method of correspondence analysis are supported further by a discriminant analysis 
and a principal components analysis. 

Key word index: Volatile organic compounds, indoor pollution, healthy/sick buildings. 

INTRODUCTION 

In recent years. the expression "sick building" has 
denoted modern buildings throughout the world 
whose occupants display symptoms such as: (a) irri
tation of the eyes, nose and throat; (b) dry sensations in 
the mucosa and the skin; (c) erythema; (d) mental 
fatigue; and (e) the perception of weak but persistent 
odors (Berglund ec al., 1984; Stolwijk, 1984; WHO, 
1982). In Sweden, reports of sick buildings first 
appeared around 1977, with the number of reports 
growing ever since. For example, as of 1985, 125 of the 
69l preschools built from 1977 to 1982 in the greater 
Stockholm area were affected (Hult, 1983). 

Theories of mass psychogenic illness cannot explain 
all reports of symptoms in sick buildings (Berglund 
and Lindvall. 1986; Colligan er al., 1982). Chemicals in 
the air provide grounds for an alternative explanation. 

The existence of sick buildings coincides with changes 
in the indoor environment that accompanied the 
introduction of new building designs to save energy 
and new products used in furniture and construction 
materials (Tell, 1983). The chemicals in the air emitted 
by these new products may be responsible for the 
increased number of medical problems reported by 
people spending significant amounts of time in the 
buildings. 

Unfortunately, neither poor indoor climate (e.g. 
high temperature, low humidity) nor formaldehyde 
levels acting alone (Nielsen and Alarie, 1982: Niemela 
and Vainio, 1981; U.S. Consensus Workshop, 1984; 
U.S. Federal Panel, 1982) completely explain the 
phenomenon. Since no single chemical has yet been 
implicated in the sick building syndrome, researchers 
have begun compiling an exhaustive list of indoor 
chemicals in the hope of identifying one or more poten-
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tially hazardous components: Berglund et al. (1982b), 
De Bortoli et al. (1986), Jarke er al. (1981), Johansson 
(1978), MOlhave (1982), Seifert and Abraham (1983) 
and Wallace et al. ( 1984) have together identified more 
than 300 volatile organic compounds that are charac
teristic of the indoor air (see Table 1 in Berglund et al., 
1986). 

By contrast, we adopt a different approach to the 
problem. Instead of seeking a single chemical or 
cataloguing all chemicals in the indoor locations. we 
seek an explanation in terms of differences in subpat
terns of many chemicals across different locations 
within and between buildings. The central idea is that 
joint presence or interactions between pollutants may 
cause the sick building symptoms, and the absolute 
concentrations of pollutants may be less important 
than location-to-location differences in pollutant con
centrations within a building. We introduce a meth
odology to identify chemical gradients within a build
ing and then suggest how these gradients can further 
our understanding of why people become sick in some 
buildings more than in others. 

The general strategy is to collect air samples in a sick 
and a healthy preschool and analyze these samples 
using gas chromatography (GC) and mass spec
trometry . The GC peak heights are tabulated in a 
matrix of air samples by peak number in the gas 
chromatogram. We then employ correspondence 
analysis (e.g. Greenacre, 1984) to highlight locational 
differences in chemistry and to isolate the chemical 
compounds responsible for these differences. Further 
analyses are performed to group chemicals according 
to their effective similarity and to chart the air flow 
patterns through the buildings. 

EXPERIMENT AL STl'OY 

Daca collection sites 

One sick building (denoted S) and one healthy 
building (denoted H) were selected as sites for the 
collection of air samples. Both are Stockholm pre
schools, one built in 1977 and the other built in 1979. 
and both were constructed usi ng si milar buildi.ng 
materials and construction techniques. However, build
ing S has a ventilation system wi th a heat exchanger 
and no reci rculation of air, whereas build ing H has a 
reci rculating ventila tion sys tem. They are located in 
middle"income residential areas consisting mostly of 
single-family dwellings. Both are one-storey buildings. 
The younger (H) continues to be used and is consid
ered healthy while the older (S) was first closed in 1977 
due to health complaints. Minor repairs of preschool S 
were made in 1980, and in 198 1 it was reopened with a 
new staff. However, within 1 month, 75 ·:-~ of the new 
staff reported health problems and the building was 
again closed. It remains so today. 

During 1981 and 1982. 170 air samples were taken in 
17 locations (a list of locations appears in Table l) 
inside and outside the buildings. The particular lo
cations were chosen in order to cover the major. 
distinct volumes of air within the buildings, with 
special emphasis placed on regions associated with the 
heating and exhaust systems. The total number of 
samples in the study was unevenly distributed among 
locations (ranging from 3 to 23): sample sizes were 
limited by practical exigencies arising in the collection 
and analysis of dat1 on a sufficient variety of occasions 
(cf. Baird et al., 1987). To provide further control, the 
sick building was also paired with a second healthy 

Table 1. Locations within two buildings from which air samples were collected. 
Locations are analyzed separately except when grouped for the discriminant analysis 

(Tables 4 and 5) 

Location Location 
No. groups Location name 

S Locations 
lS l Supply air before heat exchanger 
2S 1 Supply air after heat exchanger 
3S l Exhaust air before heat exchanger 
4S l Exhaust air after heat exchanger 
SS 1 In the room at ceiling level 
6S l In the room at floor level 
7S 2 Outdoor air at building S 
SS 3 Room air-with persons in the room in S 
9S 2 Outdoor air at building C 

lOS 3 Room air-with persons in the room in C 

H Locations 
llH 4 Outdoor air 
12H 4 Exhaust air-room 
l3H 4 Exhaust air--stalf room 
!4H 4 Supply air in ventilation system before fan 
lSH 4 Supply air in ventilation system after fan 
16H 4 Exhaust air in ventilation system on roof 
l7H 4 Exhaust air-room, transferred to mobile laboratory 

adjacent to the building 
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building located in the same residential area. This 
additional preschool (denoted as building C) was of 
identical age and design as building S. Locations 9S 
and LOS in building C parallel locations 7S and SS in 
building S. 

Gas chromatography / mass spectrometry 

In each of the air samples, the volatile organic 
compounds were separated using gas chromatography 
and identified by mass spectrometry. In addition, the 
low chemical concentrations required the use of a 
preconcentration step before the main chemical 
analysis. 

Volatile organic compounds in the air were sampled 
and determined using the method reported by 
Johansson (1978): 15 I air saR1ples were adsorbed on 
porous polystyrene filters (Porapak Q, Waters 
Associates. Milford, Massachusetts. U.S.A.), with a 
flow rate of 1 I min - 1 (Sampling pump Model P-
4000A, du Pont de Nemours & Co., Wilmington, 
Delaware, U.S.A.). Within 24 h. the samples were 
desorbed by heat (150cC) and concentrated in a cold 
trap before injection in the gas chromatographic 
column (stainless steel. 100 m x 0.75 mm. coated with 
SF96/ lgepal. 95 ; 5. temperature programmed from 30 
to L40 ' C by 2' C min - i. flame ionization detector, 
FID, in a Varian gas chromatograph model 3700, 
Varian Instruments. Palo Alto. California. U.S.A.). 
Identification of separated compounds was performed 
in a single focusing quadrupole mass spectrometer 
(Model 4500 Series GC/MS. Finnigan MAT, 
Sunnyvale, California. U.S.A.). The detection limit by 
the FID was at least 0.04 ppb in air samples of 15 I . 
The sensitivity of the mass spectrometer was somewhat 
less (Berglund er al ., 1982b). 

The gas chromatographic analysis represents each 
air sample as a strip chart; these chromatograms often 
contain several hundred peaks with the number de
pending on the air chemistry and equipment sensi
tivity. Peak heights and locations can be averaged 
across replications and buildings using statistical pro
cedures (Baird et al .• 1987; Berglund et al .. 1982a; 
Massart and Kaufman. 1983). 

Usually these statistical analyses emphasize the 
differences between sick and healthy buildings in the 
hope of finding chemicals that are universally present 
in sick buildings and absent in healthy ones. In 
previous work, no such consistent pattern has emer
ged. Therefore. here we examine both the chemical 
differences between sick and healthy buildings and 
among selected locations within these buildings. In this 
way we ask whether gross chemical levels are of less 
importance than the distribution of chemicals 
throughout the buildings. An analysis of within
building variation also helps us assess the effects on the 
air chemistry of people in the rooms and of com
ponents of the ventilation system (fans. heat ex
changers, ducts) within a single structure. 

The within-building analysis offers a unique cha!-

lenge since we are not just looking for sick and healthy 
spots within buildings, but rather are seeking patterns 
among the variations in air chemistry within buildings 
and asking whether or not such patterns exist in both 
the sick and healthy cases. 

ANALYSIS A1'D RESt.:LTS 

Within each chromatogram. the presence of one (or 
in some cases several) chemical compound is indicated 
by a peak. Across all 170 chromatograms, 158 peaks 
could be differentiated from the base level of the FID
response, so each gas chromatogram (air sample) could 
be summarized by a list of the 158 peak numbers and 
their heights. Of the 158 peaks, 33 could be positively 
identified (by computer comparisons with the 31 331-
spectra NBS Library available on the Finnigan mass 
spectrometer) as one (or in some cases two) specific 
chemical compounds (see Table 2). The 170 gas 
chromatograms (coded by building location) and the 
33 chemical concentrations I peak heights of identified 
compounds) were then analyzed. 

Table 2. Names of 33 chemicals that were present 
in at least one of the air samples collected in the l 7 

locations Listed in Table l 

Peak No. Chemical name 

CI 7 n-Hexane 
C36° n-Heptane 
C59 n-Octane 
C82 n-Nonane 
CllO n-Decane 
C140 n-Undecane 
Cl 70 n-Dodecane 
Cl90 n-Tridecane 
C5! 3-Methylheptane 
C72 3-Methyloctane 
C26 l,1.1-Trichloroethane 
C36° Trichloroethene 
C60 Tetrachloroethene 
C35 l-Butanol 
C58 l-Pentanol 
C33 Pencanal 
C57 Hexanal 
C15 2-Butanone 
CIS Ethylacetate 
C29 Benzene 
CSO Toluene 
C69 Ethylbenzene 
C7 J • m-Xylene 
C7 I• p-Xylene 
C78 o-Xylene 
C94 Propylbenzene 
C99 l.3.5-Trimethylbenzene 
C107 C3-Alkylbenzene 
C!OS (1-Methylethenyl)benzene 
C 114 2- Methyl-benzene-acetaldehyde 
C89 :x-Pinene 
C!Ol /1-Pinene 
Cll! 6. 3 -Carene 
Cl 16 Limonene 
Cl36 Terpene 

•Peaks Nos CJ6 and C7 I were identified as 
mixtures of chemicals. 

.. . ..: .... _:~ . ...:~ 
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Correspondence analysis 

The initial look at the gas chromatographic data 
should not require prior classification of either build
ing locations or chemical compounds. The statistical 
method should create a picture which illuminates the 
interrelations of building locations and chemical 
groups. To accomplish this. the data were subjected to 
a correspondence analysis (Chastrette, 1976; Benzecri 
ec al .• 1973: Greenacre, 1984; Hirsch et al., 1980; Noma, 
1982a, b; Noma and Smith, 1984), which simul
taneously represents both chemicals and building 
locations as points in a geometric space. The scaling 
attempts to place each location as close as possible to 
the chemicals with the highest concentration at that 
location. It simultaneously places each chemical as 
close as possible to the locations where the chemical 
has the highest concentration. 

In our particular application, the procedure works 
by first placing the chemicals arbitrarily in the space 
and then positioning the building locations close to the 
chemicals congregated at that specific site in the space. 
Next. these newly-situated building locations are used 
to rearrange the chemicals in the space by placing each 
chemical near the building location where it has the 
highest concentration. This procedure is repeated and 
eventually results in a stable positioning of both 
chemicals and locations. 

Mathematically. correspondence analysis is a matrix 
decomposition starting with a matrix P containing the 
observed GC peak heights with the rows being the 
building locations and the columns being the chemi
cals. Using the values in P, D is a diagonal matrix of 
row marginals and E is a diagonal matrix of column 
marginals. The analysis finds X and Y (scale values for 
the rows and columns) such that 

P = DX!JY'E 

with n diagonal. The dimensionality of the representa
tive space is determined by a scree test of the eigen
values. (The dimensionality is the number of eigen
values beyond which all subsequent eigenvalues are 
small and gradually decreasing to zero.) 

The correspondence analysis was performed on the 
17 unique locations and the 33 identified chemicals 
with the 17 by 33 matrix containing the arithmetic 
mean peak heights of the chemicals averaged over all 
air samples from that unique location. The averaging 
procedure appeared justified inasmuch as the relative 
error (standard deviation divided by the mean) at each 
location was rather small (approximately 0.2 in most 
cases: further details are given in Baird et al., 1987). The 
results for the first two dimensions (the dimensionality 
of the space was determined by a scree test of the first 
five eigenvalues: 0.044, 0.033. 0.013, 0.006 and 0.006) 
appear in Fig. 1. For sake of clarity, the placement of 
building locations and chemicals is shown in separate 
diagrams despite the fact that they are points in a 
common space. In Fig. 1 the results. show a clear 
division by building with all H-locations in the left side 
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Fig. I. The first two dimensions of a correspondence 
analysis of the peak heights showing the locations 

within the healthy (H) and sick (S) buildings. 
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Fig. 2. Peak heights for the 33 identified chemicals from 
location 14H (building H supply air before the fan) and 
location 15H (building H supply air after the fan). The 
10 "indoor" and five ··outdoor·· compounds have been 

identified. 

of the plot and all S-locations in the right. In addition. 
locations within each building are differentiated in a 
substantively meaningful way, as noted below (see also 
the designations in Table l ). 

The healthy building 

Within the healthy building (H), Fig. 1 shows 
outdoor air near the top of the plot with supply 
locations immediately below, and exhaust locations 
near the bottom. Note especially that there is a large 
distance between the supply air before the fan and the 
supply air immediately after the fan. This suggests a 
change in the chemistry as the air passes through the 
fan. Figure 2 verifies this change in chemistry. All 33 
chemicals show increased concentrations in this part of 
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the air circulation system. Similarly, at all subsequent 
stages in the air flow, chemical concentrations gener
ally increase, as indicated by the many negative 

correlations (see the H column in Table 3) between the 
distance from the air intake (vertical scale values for 
the building locations from Fig. 1) and the chemical 
concentrations in these locations. The fact that we are 
able to effectively distinguish among these various 
locations attests to the sensitivity of the analysis for 
this type of problem. 

The increased concentrations of most chemicals 

with distance from the supply, however, do not imply 
that the degree of increase is the same for all chemicals. 
In fact. the differences are especially noteworthy for 
the 15 chemicals that have been identified as either 
typical "'indoor substances" or typical "outdoor subst7 
ances" (Berglund er al., 1982c). All 15 have a negative 
correlation between distance from supply and concen
tration at each location (column H in Table 3). 
However. the 10 "indoor" chemicals (out of the 15) 

Table 3. Table of correlations between locations 
within buildings H and S and the 33 identified 
chemicals. The measures were the correspondence 
analysis co-ordinates of the building locations and 

the peak heights in the 170 air samples 

Peak No. Building H 

Cl7 
C36 
C59 
C82 
CllO 
Cl40 
Cl70 
Cl90 
C51 
C72 
C26 
C60 
C35 
C58 
C33 
C57 
Cll4 
Cl5 
Cl8 
C29 
C50 
C69 
C71 
C78 
C94 
C99 
Cl07 
Cl08 
C89 
ClOI 
Clll 
Cll6 
Cl36 

0.1421 
0.0632 

-0.0917 
-0.2415 
-0.5716t 
-0.6311 t 
-0.7423t 
-0.6018t 

0.0627 
0.0371 

-0.0385 
-0.7098t 
-0.4369t 
-0.0523 
-0.3831 t 
-0.8383t 
-0.4035t 
-0.0489 
-0.4959t 
-0.0149 
-0.0756 
-0.0412 
-0.0295 
-0.0721 
-0.4829t 
-0.1714 
-0.0675 
-0.3548* 
-0.7699t 
-0.3553* 
-0.8049t 
-0.7435t 
-0.5817t 

Building S 

-Q.1712 
0.0415 

-0.2295 
-0.2263 
-0.3572t 
-0.3093t 
-0.4317t 
-0.3423t 
-0.0777 
-0.1259 
-0.2591 * 
-0.4529t 
-0.6293t 
-0.4828t 
-0.5950t 
-0.7002t 
-0.5682t 
-0.4567t 
-0.3339t 
-0.6619t 
-0.7441 t 
-0.6283t 
-0.3219t 
-0.6117t 
-0.5422t 
-0.4735t 
-0.1219 
-0.5508t 
-0.7446t 
-0.3959t 
-0.7227t 
-0.7225t 
-0.6108t 

0 
0 
0 
0 
0 
I 

Footnote. I= Indoor chemical. 0 =Outdoor 
chemical as classified by Berglund ec al. ( 1982c). 

• p < O.oJ. 
t p < 0.001. 
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have correlations that are large and statistically signifi
cant, thereby indicating their increased concentration 
as air passes through each part of the building. By 
contrast, the five ··outdoor"' chemicals (light aromatic 
HCs) have correlations that are not statistically dif
ferent from zero. This shows that there is no evidence 
for the addition or accumulation of '"outdoor"' chemi
cals in the indoor environment. This finding is both a 
validation of the previous classification of these chemi
cals (indoor vs outdoor) as well as support for the 
utility of the correspondence analysis of the building 
locations. 

The sick building 

The locations within the sick building (S) as shown 
in Fig. I also show a flow of air through the building: 
outdoor air near the top of the plot with supply air 
below, and exhaust air further down the figure. At the 
very bottom are the two special air samples (85 and !OS 
from building C) taken in the presence of people (all 
other building S air samples were taken after the 
building had been vacated for 5 months). Note also the 
close proximity of the before- and after-heat exchanger 
placements for both the supply and exhaust air. This 
indicates only a minor contribution by this part of the 
air system and is to be contrasted with the large 
contribution made by the fan in recirculating air in H 
(see above). In S. as in H, there is also a clear increase in 
chemical concentrations as the air moves through the 
building, as shown by the negative correlations (Table 
3) between the vertical scale values of the S locations 
and the concentrations of chemicals in these locations. 
In both Sand H. the five "indoor" chemicals (Berglund 
et al., 1982c) have large and statistically significant 
correlations. But, unlike those in H. the ··outdoor'· 
chemicals in S also show statistically significant corre
lations. So, in both the healthy and sick building, the 
concentrations of "indoor" chemicals show similar 
increases with increased distance from the air supply. 
but only in the sick building is there a similar large 
increase in the concentration of"outdoor" substances. 
This potentially is one important characteristic of sick 
buildings or of different types of ventilation systems. In 
addition to having high concentrations of "indoor" 
chemicals. '"outdoor" chemicals are trapped within the 
building and unintentionally their concentration is 
augmented. 

The division of chemicals into "indoor" and "out
door" substances is also evident in the plot of the 
chemicals in the common space (Fig. 3). In this figure. 
the two groups of chemicals can be easily segregated: 
the outdoor chemicals are in the upper part of the 
figure and the indoor chemicals are in the lower part. 
This division of the plot is consistent with that of the 
building locations in Fig. 1 where the outdoor and 
supply locations are near the top and the exhaust and 
people locations are near the bottom. This means that 
the other chemicals could be similarly classified as 
indoor or outdoor according to their vertical position 
in Fig. 3. 
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This suggests that pattern differences distinguish sick 
and healthy buildings, but a discriminant analysis must 
be done to determine how well chemicals classify 
buildings and their associated locations. 

Discriminant analysis 

Fig. 3. The first two dimensions of a correspondence 
analysis of the peak heights showing the location of the 

33 identified chemicals. 

Correspondence analysis indicates that air in dif
ferent building locations are distinguishable by their 
chemical composition. However, a finer grained analy
sis is needed to group similar chemicals and evaluate 
their ability to discriminate amongst the locations. To 
do this, the locations were first divided into four 
groups, as suggested by our previous analyses (Table 
1): locations in H, outdoor air samples near S, air 
samples in S with people present and other air samples 
from S. The peak heights of the 33 identified chemicals 
(in each of the 170 air samples) were subjected to a 
discriminant analysis (Maxwell, 1977: Morrison, 1976) 
which creates a decision rule for classifying each 
sample (given only the 33 chemical peak heights) into 
one of the four location-groups. The goal is to 
correct! y classify all of the 170 samples: a 100 "~ 
classification would indicate clear distinctions in the 
air chemistry of the different groups of locations. 

In summary, correspondence analysis shows that 
different locations contain different chemicals and that 
indoor chemicals increase in concentration with dis
tance from air intake. For outdoor chemicals. however. 
concentration increases with distance from the air 
intake in the sick building, but not in the healthy one. 

The discriminant analysis finds coefficients for each 
chemical within each group (Table 4). These coef-

Table 4. Discriminant coefficients for each of the four groups ol' locations 

Peak No. Group l Group 2 Group 3 Group 4 

Cl7 -0.0121 -0.0130 -0.0105 -0.0056 
C36 0.0204 0.0061 0.0237 0.0077 
C59 0.0286 0.0451 0.0635 0.0373 
C82 0.0041 0.0152 -0.0039 0.0047 
Clio 0.0186 0.0307 0.0218 0.0214 
Cl40 -0.0087 -0.0044 -0.0309 -0.0081 
Cl70 -0.0028 -0.0052 -0.0064 -0.0001 
C!90 -0.0058 -0.0036 0.0167 0.0062 
C51 -0.0035 -0.0088 0.0002 -0.0122 en -0.0037 -0.0105 0.0152 -0.0049 
C26 -0.0148 -0.0192 0.0211 0.0280 
C60 0.0032 0.0080 0.0286 0.0145 
C35 -0.0037 -0.0003 -0.0264 -0.0168 
C58 -0.0014 -0.000! 0.0060 -0.0006 
C33 0.0231 0.0214 -0.0534 0.0051 
C57 0.0101 00105 0.0932 '- 0.0112 
Cl14 -0.0020 -0.0182 -0.0269 -0.0066 
C!5 -0.0015 0.0073 0.0153 -0.0003 
C!8 -0.0019 -0.0055 -0.0022 0.0007 
C29 0.0113 0.0104 0.0066 0.0120 
C50 0.0004 0.0008 0.0037 0.0007 
C69 -0.0003 -0.0017 -0.0023 -0.0018 
C71 -0.0453 -0.0424 -0.0519 -0.0324 
C78 0.0712 0.0752 0.0799 0.0415 
C94 0.0226 0.0086 0.0121 0.0102 
C99 0.0042 -0.0133 0.0438 0.0180 
Cl07 0.0196 0.0339 0.0145 0.0081 
C108 -0.0007 0.0066 -0.006! -0.0113 
C89 -0.0022 -0.0037 0.0039 0.0012 
ClO! -0.0039 -0.0086 0.0108 0.0035 
Cl! I -0.0276 -0.0294 -0.0822 -0.0235 
Cl16 -0.0006 -0.0127 0.0151 0.0002 
Cl36 0.0443 0.0557 0.1269 0.0397 

Constant -29.313 ! -.+l.8383 -107.7985 -24.0365 
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ficients, together with the peak heights for each of the 
33 chemicals, are used to determine the similarity of the 
profile of the air sample to each group. The similarities 
to each group are compared and the sample is 
identified with the group to which it is most similar. 
Fer instance, Table 5 shows the peak heights of the 33 
chemicals in a sample from location 12H. To de
termine its similarity to Group 1, each peak height is 
multiplied by the coefficient from Group 1 and the sum 
of the products ( 1.7636) is the similarity between the air 
sample and Group 1. Similarly, the coefficients for 

Table 5. CompUtation of the classification score 
with respect to the first group of locations. Data 
are peak heights in the chromatogram of a single 

air sample taken from location l2H 

Peak Peak Group l 
No. height coefficient Product 

Cl7 405 -0.0121 -4.9068 
C36 282 0.0204 5.7635 
C59 259 0.0286 7.4074 
C82 238 0.0041 0.9668 
CllO 321 0.0186 5.9727 
CI40 353 -0.0087 -3.0828 
Cl70 343 -0.0028 -0.9590 
Cl90 0 -0.0058 0.0000 
C51 0 -0.0035 0.0000 
en 0 -0.0037 0.0000 
C26 246 -0.0148 -J.6298 
C60 260 0.0032 0.8274 
CJ5 442 -0.0037 -1.6463 
C58 0 -0.0014 0.0000 
C33 416 0.0231 9.6250 
C57 622 0.0101 6.2822 
Cll4 249 -0.0020 -0.5034 
Cl5 441 -0.0015 -0.6614 
CI8 304 -0.0019 -0.5648 
C29 683 0.0113 7.7132 
C50 1358 0.0004 0.6083 
C69 423 -0.0003 -0.1142 
C71 626 -0.0453 -28.3638 
C78 380 0.0712 27.0709 
C94 310 0.0226 6.9915 
C99 275 0.0042 1.1625 
Cl07 373 0.0196 7.3127 
Cl08 316 -0.0007 -0.2337 
C89 1333 -0.0022 -2.9375 
C!Ol 281 -0.0039 -1.1095 
Cl!! 890 -0.0276 -24.5611 
CI16 408 -0.0006 -0.2602 
CI36 382 0.0443 16.9068 

-29.3131 -29.3131 

Sum= l.7636 

Groups 2-4 are used to compute the similarities 
between the air sample and the three other groups 
( - 8.1220, -47.1289 and 9.5614, respectively). The air 
sample is most similar to Group 4 (which has the largest 
similarity, 9.5614), so we predict that this sample is 
from a location in Group 4. Such is in fact the case. 

Using the above discriminant procedure, any air 
sample may be grouped according to the coefficients of 
each of the four group profiles. When the 170 samples 
are analyzed, 94.7 ~<, ( 161/170) are correctly classified 
by location-group. This demonstrates the predictive 
power of the classification functions and argues 
strongly for actual differences in air chemistry amongst 
the four location-groups. 

To interpret the contrasts among groups, the dis
criminant analysis also produces three canonical dis
criminant functions. (All three are statistically signifi
cant. accounting for 61.0, 33.7 and 5.31 '\ of the 
variance.) Evaluating each of the three functions at the 
four group means shows (Table 6) that the location 
groups may be differentiated as people-present vs 
people-absent (function 1), building-S-people lo
cations vs all others (function 2) and S-outside-air vs all 
others (function 3). 

Each of the 33 chemicals can also be associated with 
one of the three discriminant functions (Table 7). For 
instance. the peak height of C26. 1,1.1-Tri
chloroethane. correlates highly with function 1 and 
therefore discriminates locations with people from 
locations without people. Table 7 shows how each 
chemical correlates with each discriminant function. 
thereby displaying its diagnostic power, while im
plicitly grouping chemicals with similar discriminative 
abilities. 

The discriminant analysis demonstrates how the 
locations may be grouped into chemically-differen
tiable clumps. Next, we need to group the chemicals 
and develop hypotheses relating these groupings to the 
physical characteristics of the buildings and their 
ventilation systems. Such groupings can also be com
pared to classification by chemical class and by molec
ular weight. 

Principal components analysis 

To cluster the chemicals, a principal components 
analysis (Malinowski and Howery, 1980; Wold and 
Christie. 1984; Wold et al., 1984) was done of the peak 
heights of the 33 chemicals as measured in each of the 
170 air samples. Four factors satisfy the Kaiser cri-

Table 6. Canonical discriminant functions evaluated at group means. See Table I for a list of 
specific locations in each group 

Location-Group Function l Function 2 Function 3 

1 S:Locations (not in Groups 2 or 3) -2.11440 -0.19819 0.27800 
2 S:Outdoor locations - 2.43694 0.82406 -3.34409 
3 S: Locations containing people l.78873 9.23165 0.39651 
4 H:Locations 2.78832 -0.63359 -0.04977 
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Table 7. Discriminant analysis structure matrix showing 
the pooled within-groups correlations between the cano
nical discriminant functions and the peak heights of each 
of the 33 discriminating chemicals. Chemicals are ordered 
by the function with the largest correlation. The orderings 
within each cluster of chemicals was done by magnitude of 

Peak 
No. 

C26 
Cl90 
C60 
C170 
C140 
Cl8 
CllO 
C29 
C71 
C72 
Cl7 
Cl07 
cso 
C15 
C69 

C57 
CI36 
C35 
Cl08 
C33 
C59 
C82 

C114 
C94 
Cl16 
Cl!! 
C!Ol 
C89 
C58 
C99 
C78 
CS! 
C36 

Function I 

0.58579• 
0.36203• 
0.31290• 
0.28863• 
0.25841 • 
0.24342• 
0.23929• 
0.22585• 
0.1795! • 
0.174!5• 
0.14339• 
0.13887• 
0.12611 • 
0.12167• 
0.10469• 

0.09474 
-0.05831 

0.03404 
-0.25942 

0.04995 
-0.05101 

0.08068 

0.11706 
0.06495 
0.15889 
0.02693 
0.26299 
0.05638 

-0.08322 
0.04541 
0.06787 
0.03317 

-0.00864 

correlation 

Function 2 

0.06680 
0.15146 
0.18440 
0.01482 

-0.02939 
0.09463 
0.13408 
0.04351 

-0.04457 
-0.01460 
-0.04032 
-0.04559 
-0.00969 

0.11887 
-0.03307 

0.35680• 
0.33312• 
0.29572• 
0.29247* 
0.18705• 
0.15201 • 
0.15169• 

0.02630 
0.06395 
0.05414 
0.09945 
0.08264 
0.12413 
0.04870 
0.12102 

-0.00186 
-0.00329 

0.04943 

Function 3 

-0.00963 
0.04853 
0.13520 
0.16660 
0.01940 
0.12300 

-0.00640 
0.04614 

-0.00676 
0.00130 

-0.03426 
-0.05528 

0.10236 
-0.02091 
-0.06038 

0.25601 
0.15919 
0.16520 
0.09711 
0.09923 

-0.05294 
-0.04416 

0.46625* 
0.39711 * 
0.38949* 
0.28640• 
0.27866• 
0.27676• 
0.24363* 
0.13850• 
0.11065• 
0.08835* 
0.07072* 

•Chemical best discriminates contrasts for this 
function. 

terion (four eigenvalues exceed one: 13.59, 5.22, 3.05 
and 2.00) and these factors were rotated using a 
varimax rotation (Table 8). 

The factors in Table 8 do not show groupings of 
chemicals by chemical class (e.g. when chemicals are 
uniquely identified with a single factor, three terpenes 
are in factor 2: Cl36, Cl 11, C89, and two are in factor 
3: Cl 16, ClOl). This means that the chemicals in the 
terpene class are not a unified entity which either 
occurs or does not occur in an air sample. Also, when 
each class of chemicals is entered alone in the dis
criminant analysis, none does an adequate job of 
correctly classifying the location-groups. For instance, 
the three aldehydes correctly classify only 33 % of the 
location-groups and the five terpenes correctly classify 
only 35 ~~ of the location-groups. Such results indicate 
that no single chemical class differentiates sick from 
healthy buildings, and chemicals in the same class do 

Table 8. Factor loadings of the 33 chemicals using a factor 
analysis and varimax rotation into four factors. Loadings less 

than 0.3 are not presented 

Peak No. 

C71 
Cl07 
C78 
Cl7 
C29 
C50 
C36 
en 
C51 
C59 
C82 
C!14 

C136 
Cll! 
C89 
C!08 
C57 
C35 
C58 
C94 

C190 
C170 
C140 
C26 
Cl!O 
C!!6 
C60 
C18 
C!Ol 

C!5 
C33 
C69 
C99 

Factor L 

0.93405 
0.89264 
0.88813 
0.78962 
0.78857 
0.74359 
0.69692 
0.59003 
0.53565 
0.49255 
0.47861 
0.44146 

0.45409 

0.41566 

0.32394 

0.49357 
0.48104 

Factor 2 

0.36377 

0.48579 
0.32153 
0.42212 

0.87743 
0.86222 
0.83460 
0.75490 
0.75426 
0.74807 
0.59866 
0.52826 

0.50570 

0.56932 

0.47198 

Factor 3 

0.40631 

0.30197 

0.42261 

0.34245 
0.39868 

0.44722 

0.34188 

0.80131 
0.79897 
0.78786 
0.68821 
0.67719 
0.66029 
0.65325 
0.59755 
0.56771 

0.31203 

Factor 4 

0.41752 

0.38612 

0.39185 

0.36124 

0.91414 
0.69609 
0.57490 
0.57070 

not have common origins or circulation patterns 
within buildings. 

An alternative hypothesis is that the ventilation 
system circulates lighter chemicals more readily than 
heavier ones, thereby causing chemicals with similar 
molecular weights to have synchronized changes in 
concentration across locations. This hypothesis was 
tested by identifying each chemical with one of the four 
factors and treating the chemicals as 33 observations 
divided into four blocks in a one-way analysis of 
variance: The mean molecular weights for the chemi
cals in each of the four groups were 109.21, 114.75, 
145.67 and 96.00 (F (3, 13) = 6.81, significant at P 
< 0.01). This grouping of chemicals by molecular 
weight might be due to deficiencies in the ventilation 
system which make it unable to move heavy com
pounds out of the buildings. 

Recently, Lebret et al. (1986) claim to have found 
similar clusterings of volatile organic compounds in 
indoor air (cf. Table 8). They interpret their results as 
suggesting the presence of common sources for these 
HCs, but they are unable to distinguish between 
building materials and consumer products as the 
sources of these compounds. 
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DISCUSSION AND CONCLUSIONS 

When interpreting the increased concentration of 
chemicals in certain building locations, three expla
nations seem most plausible: (1) emission of gases by 
materials within the buildings; (2) inadequate circu
lation and resupply from outdoors; and (3) chemical 
reactions (or the lack of chemical reactions) within the 

indoor air itself. 
The effect of building materials and objects within 

the buildings on air chemistry is apparent in the 
different chemistry for locations containing or not 
containing people. Also, different materials and ac
tivities (e.g. type of cleaning solvents) changes the 
composition of the indoor air. In this study, the 
buildings were matched (constructed with similar 
materials and serving identical functions as preschools) 
to minimize the differences caused by building ma
terials as such. But this control cannot eliminate the 
possibility that the handling of building materials may 
make a major difference in their subsequent contri
bution to the indoor air chemistry. 

The effects of air recirculation are clear from the 
correlations in Table 3 and the change in chemistry 
before and after the fan in H (Fig. 2). Buildings Sand H 
have different ventilation systems: the recirculation 
system in the healthy building actually returns pol
lutants to the indoor environment whereas the heat 
exchanger in the sick building successfully prevents the 
recirculation of indoor pollutants. but does not clear 
the building of outdoor pollutants. This shows that 
preventing air recirculacion within the ventilation 
system alone does not prevent the sick building 
syndrome. So, the actual effect of different air circu
lation systems requires a more detailed analysis of 
different systems and flow patterns within a variety of 
building layouts. 

In outdoor air, u.v.-light, 0 3 , NOx and other 
reactive gases acting together, cause a continuous 
breakdown of volatile organic compounds (Altshuller, 
1983). In the indoor environment. however. these 
agents are present to a lesser degree, thereby slowing 
the breakdown of volatile organic compounds. 

Both the correspondence analysis and the discrimin
ant analysis reveal sharp chemical differences between 
sick and healthy buildings and even amongst locations 
within the buildings. In fact, our analyses suggest that 
the main distinction between sick and healthy build
ings are location-to-location differences in chemistry 
within the buildings and not the concentrations of the 
chemicals in the building as a whole. That is, within the 
sick building, outdoor chemicals (light aromatic HCs) 
seem to be trapped or produced as secondary pol
lutants, as indicated by their increased concentration as a 
function of distance from the external air intakes. By 
contrast, the healthy building exhibits only minor 
location-to-location changes in the concentration of 
these chemicals. From these findings it is still unclear 
whether the concentration gradient of light aromatic 
HCs is a key to unravel the causes behind the sick 

building syndrome or is only symptomatic of other 
more serious problems. However, the gradients them
selves could trigger the syndrome since the changing 
concentration of light aromatic HCs may prevent 
people from adapting completely to their presence. 
This lack of sensory adaptation could lead to a 
persistent awareness of these chemicals together with a 
heightened sensory awareness of other annoying fac
tors (agents). In a related vein, although the for
maldehyde levels in the present study were extremely 
low, this chemical might interact detrimentally with 
one or several volatile organic compounds (cf. 
Berglund and Lindvall. 1986). 
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